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15 Abstract：Shale reservoirs commonly contain numerous geological discontinuities, such as 

16 natural fractures, faults, and lithological interfaces. These discontinuities significantly 

17 influence the formation of hydraulic fracture networks. Therefore, to investigate the impact 

18 of different natural fracture parameters on fracture network development, this study 

19 establishes a stress-seepage-fracture multi-field coupling model for fractured reservoirs 

20 based on the continuous-discontinuous algorithm. The effects of natural fracture angle, 

21 stress difference, natural fracture strength, and injection rate on fracture network 

22 morphology, injection pressure, and fracture complexity are systematically analyzed. The 

23 results indicate that the natural fracture angle and stress difference jointly control fracture 

24 propagation patterns. At high natural fracture angles and high stress differences, hydraulic 

25 fractures tend to directly cross natural fractures. Additionally, as natural fracture strength 

26 increases, the difficulty of natural fracture activation gradually rises, while the number of 

27 branch fractures increases. Under high injection rates, the fluid pressure builds up rapidly, 

28 facilitating better activation of natural fractures. Meanwhile, as the injection rate increases, 

29 the growth rate of fracture complexity accelerates significantly. However, under the same 

30 injected volume, the fracture complexity is highest at 0.001 m³/s and lowest at 0.01 m³/s. 

31 This study aims to provide guidance for understanding the interaction mechanisms between 

32 hydraulic and natural fractures and optimizing fracturing design parameters.

33 Keywords ： Continuous-discontinuous element method ； Natural fracture ； Fracture 
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34 network；Hydraulic fracturing 

35

36 1 Introduction

37 Unconventional oil and gas resources have become a crucial component of the global 

38 oil and gas supply1–4. Hydraulic fracturing technology is the key technical means for the 

39 economic development of unconventional reservoirs5. Unconventional reservoirs typically 

40 exhibit low porosity, low permeability, and strong heterogeneity, with widespread 

41 geological discontinuities such as natural fractures and weak planes6,7. These geological 

42 discontinuities significantly influence the propagation path of hydraulic fractures, thereby 

43 further affecting hydrocarbon production. Therefore, in-depth investigation of the 

44 interaction mechanisms between hydraulic fractures and natural fractures is essential for 

45 optimizing fracturing parameters and enhancing well productivity. Weng et al.8 classified 

46 the interaction modes between hydraulic fractures (HFs) and natural fractures (NFs) into 

47 five categories: (i) direct penetration of the HF through the NF, (ii) crossing with or without 

48 offset, (iii) intersection between fracture trajectories, (iv) branching, and (v) shear slip along 

49 the NF. Zheng et al.9 evaluated parameters such as the approach angle, fluid viscosity, and 

50 injection rate, and developed qualitative diagrams to illustrate their respective influences 

51 on HF propagation. Bakhshi et al.10 demonstrated how different orthotropic in-situ stress 

52 states, friction angles, tensile strengths, and shear strengths of natural fractures affect the 

53 interaction behavior of cemented and uncemented fractures at various approach angles, and 

54 constructed diagrams depicting arresting, opening, and crossing scenarios. 

55 In recent decades, numerous scholars have investigated hydraulic fracture propagation 

56 behavior through theoretical analysis, numerical simulation, and laboratory 

57 experiments11,12. For theoretical models, the primary approaches include the KGD model13, 

58 PKN model14, and Penny-shaped model15. However, these theoretical models are often 

59 based on numerous assumptions and fail to account for the influence of interactions between 

60 hydraulic fractures and natural fractures16. Various numerical algorithms have been 

61 developed to enable further investigation of interaction mechanisms between hydraulic 

62 fractures and natural fractures under complex scenarios, including finite element method 

63 (FEM17,18), discrete element method (DEM19–21), boundary element method (BEM22,23), and 
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64 extended finite element method (XFEM)24,25. The DEM discretizes the rock matrix into 

65 individual rigid blocks interconnected through contacts. The explicit difference method is 

66 employed to simulate the mutual motion and interaction between these rigid blocks. The 

67 discontinuous interfaces formed between the rigid blocks can effectively characterize 

68 fractures and rock defects. Chong26, Fatahi27, Lyu et al28. have utilized DEM to investigate 

69 the interaction mechanisms between hydraulic fractures and natural fractures. The BEM 

70 discretizes only the domain boundaries or discontinuous interfaces, significantly reducing 

71 model complexity. Olson et al. first employed two-dimensional displacement discontinuity 

72 method (DDM) to simulate hydraulic fracture propagation. Zheng et al.29 utilized a boundary 

73 element method incorporating rock failure criteria to demonstrate the influence of hydraulic 

74 fracture geometry on fracture interaction mechanisms. The extended finite element method 

75 (XFEM) achieves mesh-independent fracture propagation simulation by incorporating 

76 enriched discontinuous shape functions into conventional finite element displacement 

77 interpolation functions, thereby representing displacement field discontinuities without 

78 requiring mesh refinement30. In recent years, hybrid algorithms combining the advantages 

79 of different numerical methods have been proposed for enhanced fracture simulation. Zhang 

80 et al.31 proposed a novel XFEM-PFM coupled approach for hydraulic fracturing simulation 

81 and investigated the interaction mechanisms between hydraulic fractures and natural 

82 fractures. Zhu et al.32 developed a hybrid FEM-DEM numerical algorithm that combines the 

83 advantages of both finite element and discrete element methods to simulate hydraulic 

84 fracture propagation. 

85 Hybrid methods demonstrate superior advantages in hydraulic fracture propagation 

86 simulation, yet their application in complex scenarios requires further investigation. In this 

87 study, a stress-seepage-fracture multi-field coupling algorithm based on the continuous-

88 discontinuous method was developed to investigate the interaction behavior between 

89 hydraulic fractures and natural fractures in fractured reservoirs. The interaction behavior 

90 was validated against theoretical criteria. Furthermore, the coupled effects of natural 

91 fracture angles and stress differences, natural fracture strength, and injection rate on 

92 fracture geometry, pressure response, and stimulation effectiveness were systematically 

93 analyzed. The paper is organized as follows: Section 2 introduces the numerical 
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94 methodology and coupling scheme; Section 3 describes the model construction and 

95 simulation schemes; Sections 4 and 5 present the interaction results for a single natural 

96 fracture and natural fracture networks, respectively; and Section 6 summarizes the main 

97 findings, significance, limitations, and future research directions.

98 2 Numerical methods
99 The continuum-discontinuum algorithm integrates the advantages of the finite element 

100 method and discrete element method, employing the generalized Lagrange equation to 

101 accurately describe rock damage and failure processes33,34. The algorithm divides the model 

102 into block elements and interface elements. Each block element consists of one or more 

103 finite elements to characterize rock's continuous behavior. Interface elements include real 

104 interfaces (representing natural discontinuities such as natural fractures and weak planes) 

105 and virtual interfaces (providing potential propagation paths for hydraulic fracturing). 

106 Adjacent blocks are connected through normal and tangential springs that transmit 

107 interaction forces, where spring failure reflects rock fracture characteristics.

108 2.1 Solid constitutive model

109 Assuming the rock deformation follows linear elasticity and satisfies the small 

110 deformation hypothesis, the fracture propagation process is considered quasi-static35. All 

111 finite elements within the block elements satisfy stress equilibrium, and the matrix form of 

112 the stress field governing equation can be expressed as:

113 e e e e+ + =&& &Mu Cu Ku F 。 (1)

114 where， e&&u ， e&u ，and eu is the acceleration matrix, velocity matrix, and displacement matrix of 

115 all nodes in the element, respectively； M， C ， K， eF is the element mass matrix, damping 

116 matrix, stiffness matrix, and external force respectively.

117 The CDEM employs an explicit Euler forward difference method for time-domain 

118 iterative solutions. The iterative formulation can be expressed as:

119
1

1 1

n n n

n n n
t
t

+

+ +
ì = + Dïí = + Dïî

& & &&
& 。

u u u
u u u

(2)

120 where， n is the iteration steps， tD is the time step.

121 2.2 Failure criterion
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122 Two adjacent block elements are connected via tangential and normal springs. The 

123 relative displacement at the contact point between neighboring blocks and the 

124 corresponding spring forces obey Hooke's law: 1 2( )
2

n n n
n

n n

F Au K K
s s+D = = ；

125 (3)

126 1 2( )
2

t t t
t

t t

F Au K K
s s+D = = 。 (4)

127 where, nuD 、 tuD  are the normal displacement and tangential displacement， nF 、 tF  are the 

128 normal force and tangential force， nK , tK  are the normal stiffness and tangential stiffness of 

129 the spring； A  is the contact area， 1ns , 2ns  are the normal stress at the contact point， t1s , t2s

130 are tangential stress at the contact point.

131 The Coulomb-Mohr criterion and maximum tensile stress criterion are adopted as the 

132 rock failure criteria to characterize tensile and shear failure modes. Specifically, the 

133 maximum tensile stress criterion can be expressed as: n Ts ³ 。

134 (5)

135 where， ns is the normal stress；T is the tensile strength。
136 The Coulomb-Mohr criterion can be expressed as:

137 tant ncs s j> + 。 (6)

138 where, ts is the tangential stress ， c、 j are the cohesion and internal friction angle, 

139 respectively.

140 2.3 Seepage calculation

141 Assuming the material is isotropic, the finite volume method is employed to separately 

142 compute the pore seepage field and fracture seepage field. Both fields satisfy Darcy's law 

143 and mass conservation36. When the nodal saturation reaches unity, the pore fluid pressure 

144 and fracture fluid pressure can be calculated according to Equations (7-8).

145
0

( )( )
Et appE E

p
t

Q Qp k tnV=

+=- Då ； (7)

146
0

( )( )
Ft appF F

p
t

Q Qp k tnV=

+=- Då 。 (8)
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147 where, E
pp is the pore fluid pressure， F

pp is the fracture fluid pressure， Ek is the permeability 

148 coefficient of the porous matrix ， Fk  is the fracture permeability coefficient， EQ is the pore 

149 nodal flow rate ， FQ is the fracture nodal flow rate ， appQ is the external flow boundary 

150 condition.

151 The total pressure at pore element nodes and fracture element nodes can be determined 

152 according to Eq. (9~10).

153 ( )E E E
p x y zP p s xg yg zgr= - + + ； (9)

154 ( )F F F
p x y zP p s xg yg zgr= - + + 。 (10)

155 where, EP is the total pressure at pore element nodes， FP is the total pressure at fracture 

156 element nodes， Es is the average saturation of pore elements， Fs is the average saturation of 

157 fracture elements， xg ， xg ， xg  are the global components of gravitational acceleration， r is 

158 the fluid density.

159 3 Model construct and parameters

160 3.1 The model construction of single hydraulic fracture and single natural 

161 fracture 

162 Fig.1 shows the schematic diagram of the single hydraulic fracture and single natural 

163 fracture model. The model dimensions are 10 m × 10 m × 2 m. The natural fracture is 

164 predefined as a hard line, with its center located 5 m from the injection point, measuring 2 

165 m × 2 m in size. The model was discretized using the open-source software Gmsh37 (Version 

166 [2.16.0]; https://gmsh.info/), comprising a total of 960 block elements and 1,240 interface 

167 elements. The mesh size is set at 1 m. The block elements employ triangular prism meshes, 

168 while the interface elements utilize quadrilateral meshes. The model is primarily used to 

169 investigate the interaction mechanisms between hydraulic fractures and natural fractures, 

170 comparing the results with theoretical criteria to validate the reliability of the proposed 

171 interaction model. The study systematically examines hydraulic-natural fracture 

172 interactions under varying natural fracture angles (30°, 45°, 60°, and 90°) and different 

173 horizontal stress differences (2 MPa, 6 MPa, 10 MPa, and 14 MPa). Model parameters are 

174 provided in Table 1, and detailed simulation schemes are listed in Table 2.
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175
176 Fig. 1 The schematic diagram of single hydraulic fracture and natural fracture 

177 model

178

179 Table 1 The model parameter

Types Parameter Value Unit

In-situ stress (X/Y/Z) 34/20/35 MPa

Elastic modulus 50 GPa

Poisson's Ratio 0.22 /

Tensile Strength 3 MPa

Cohesion 8 MPa

Internal Friction Angle 40 °

Rock Matrix

Loss Coefficient 1e-14 m2/Pa/s

Tensile Strength 0 MPa

Cohesion 1 MPaNatural fracture

Internal Friction Angle 20 °

Injection rate 0.001 m3/s
Injection parameter

Fluid viscosity 1 mPa∙s

180 Table 2 The parameter simulation scheme

No. Stress Natural fracture Tensile strength/ Cohesion/ Injection Viscosity
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difference

（MPa）

angle

（°）

Internal friction angle

（MPa/MPa/°）

rate

（m3/s）

（mPa∙s）

1 0 30

2 5 30

3 10 30

4 15 30

5 0 45

6 5 45

7 10 45

8 15 45

9 0 60

10 5 60

11 10 60

12 15 60

13 0 90

14 5 90

15 10 90

16 15 90

0/1/20 0.001 1

181 3.2 The model construction of single hydraulic fracture and the natural fracture 

182 network 

183 Fig. 2 shows the schematic of a single hydraulic fracture interacting with the natural 

184 fracture network. The model sizes is 30 m × 30 m × 2 m, with the injection well centered at 

185 (15 m, 15 m, 1 m). The naturally fractured system contains uniformly distributed discrete 

186 fractures, each measuring 2 m × 2 m × 2 m with 2 m spacing between adjacent fractures. 

187 The computational mesh was generated using Gmsh software with the element size of 1 m. 

188 The matrix was discretized using triangular prism elements, while the interface network 

189 was represented by quadrilateral elements.
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190
191 Fig. 2 The schematic diagram of single hydraulic fracture and natural fractures 

192 model

193

194 The model investigates hydraulic fracture propagation in naturally fractured reservoirs, 

195 analyzing geological parameters (stress difference, natural fracture orientation and 

196 intensity) and engineering parameters (injection rate and fluid viscosity) on fracture 

197 propagation. Model parameters are shown in Table 1, with simulation schemes detailed in 

198 Table 3. Cases 1-16 investigate the effect of different stress differences (0, 5, 10, 15 MPa) 

199 and natural fracture orientations (0°, 30°, 60°, 90°) on fracture propagation. Cases 17-19 

200 investigate the effect of natural fracture intensity at 0 MPa stress anisotropy with dual 

201 natural fracture sets (60° and 120°) on fracture propagation. Cases 17, 20, and 21 analyze 

202 injection rate impacts under the stress difference of 0 MPa and dual natural fracture sets of 

203 60° and 120°.

204

205 Table 3 The parameter simulation scheme

No.

Stress 

difference

（MPa）

Natural fracture 

angle

（°）

Tensile strength/ Cohesion/ 

Internal friction angle

（MPa/MPa/°）

Injection 

rate

（m3/s）

Viscosity

（mPa∙s）

1 0 30

2 0 45

3 0 60

0/1/20 0.005 10
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4 0 90

5 5 30

6 5 45

7 5 60

8 5 90

9 10 30

10 10 45

11 10 60

12 10 90

13 15 30

14 15 45

15 15 60

16 15 90

17 0 60+120 0/1/20 0.005 10

18 0 60+120 1.5/4/20

19 0 60+120 0/0/0
0.005 10

20 0 60+120 0/1/20 0.001 10

21 0 60+120 0/1/20 0.01 10

206

207 4 The results of interactions between hydraulic fracture and single 

208 natural fracture
209 Fig. 3 shows the interaction patterns between hydraulic fracture and natural fracture 

210 under different stress differences and natural fracture angles. The results show that the 

211 interaction modes can be categorized into three types: (1) fully activating the natural 

212 fracture; (2) partially activating the natural fracture; (3) crossing the natural fracture. When 

213 the natural fracture angle is 30° or 45°, the natural fractures are activated under all stress 

214 differences. For natural fracture angles exceeding 60°, the hydraulic fractures cross the 

215 natural fractures when the stress difference exceeds 2 MPa.

216 Fig. 3 shows the interaction patterns between the hydraulic fracture (HF) and natural 
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217 fracture (NF) under different stress differences and NF orientations. Three interaction 

218 modes are observed: (1) full activation of the NF; (2) partial activation of the NF; and (3) 

219 HF crossing. When the NF angle is 30° or 45°, the NFs are activated under all stress 

220 differences. This is because low-angle NFs are subjected to a lower normal stress and a 

221 higher shear component of the far-field stress, which promotes shear slip and tensile dilation. 

222 As a result, the energy required for HF diversion along the NF plane is lower than that 

223 needed for direct propagation, making NF activation more favorable. In contrast, NFs with 

224 orientations greater than 60° experience significantly higher normal stress, which 

225 suppresses both shear displacement and tensile opening. When the horizontal stress 

226 difference exceeds 2 MPa, the driving stress intensity at the HF tip becomes sufficiently 

227 large to overcome the sliding potential of the high-angle NF. Under these conditions, the 

228 HF maintains its trajectory and crosses the NF rather than being arrested or diverted. 

229 Furthermore, increased confining stress strengthens the NF by increasing normal stress on 

230 the fracture plane, which further inhibits NF activation and promotes HF crossing. These 

231 mechanisms explain the observed transition from NF activation to HF crossing with 

232 increasing fracture angle and stress difference.

233
234 Fig. 3 The interaction pattern of hydraulic fracture and natural fracture under different stress 
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235 difference and natural fracture angle

236 Fig. 4 compares the simulation results of this study with Blanton's criterion. The area 

237 above the curve indicates hydraulic fracture penetration through natural fractures, while 

238 the region below the curve signifies natural fracture activation by hydraulic fracturing. The 

239 results demonstrate good agreement with Blanton's criterion. Specifically, hydraulic 

240 fractures tend to activate natural fractures even under high stress difference when the 

241 natural fracture angle is less than 45°. Conversely, when natural fractures are oriented at 

242 angles exceeding 60°, hydraulic fractures will penetrate through them even at low stress 

243 difference.

244
245 Fig. 4 Comparison of numerical simulation and Blanton’s criterion

246

247 5 The results of interactions between hydraulic fracture and natural 

248 fracture network

249 5.1  The effect of natural fracture angle and stress difference 

250 (1) The natural fracture network with 30°

251 Fig. 5 shows the interaction patterns between hydraulic fractures and a 30° natural 

252 fracture network under different stress differences. It can be observed that at 0 MPa stress 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

13

253 difference, the hydraulic fracture activates the natural fractures and propagates along their 

254 orientation. Under a 5 MPa stress difference, the hydraulic fracture initially extends in the 

255 direction of the maximum horizontal principal stress, then activates and diverts along the 

256 natural fractures upon encountering them. When the stress difference exceeds 10 MPa, the 

257 natural fractures are no longer activated, and the hydraulic fracture propagates solely along 

258 the direction of the maximum horizontal principal stress.

259
260 Fig. 5 The hydraulic fracture morphology under different stress difference

261

262 Fig. 6(a) shows the injection pressure evolution curves versus time under different 

263 stress differences. The results indicate that within the 30° natural fracture network, the 

264 maximum breakdown pressure of 29.6 MPa occurs at 0 MPa stress difference. For stress 

265 differences exceeding 5 MPa, the breakdown pressures remain relatively consistent. 

266 Additionally, the fracture propagation pressure shows a gradual increase with rising stress 

267 difference. Fig. 6(b) shows the evolution of fracture degree with time under various stress 

268 differences. At 20 s, the highest breakdown degree occurs at 15 MPa, followed by 0 MPa 

269 and 10 MPa, while 5 MPa exhibits the lowest value. This phenomenon primarily results from 

270 the 15 MPa hydraulic fracture propagating along the maximum horizontal principal stress 
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271 direction, enabling earlier arrival at the model boundary. Under the constant-pressure 

272 boundary condition employed in this study, the hydraulic fracture stop propagation upon 

273 reaching the boundary and undergoes pressure accumulation followed by re-initiation. Fig. 

274 6(b) clearly demonstrates a significant increase in fracture breakdown degree at 16 s, 

275 attributable to this pressure buildup and subsequent re-fracturing process.

276

277

278

279

280
281 Fig. 6 The injection pressure (a) and fracture degree (b) with the time evolution

282 (2) The natural fracture network with 45°

283 Fig. 7 shows the interaction patterns between hydraulic fractures and 45° natural 

284 fracture networks under different stress differences. The results show that at 0 MPa stress 

285 difference, three distinct fracture branches develop: one propagating along the maximum 

286 horizontal principal stress direction, one extending along the natural fracture orientation, 

287 and one advancing perpendicular to the natural fractures. However, when the stress 

288 difference exceeds 5 MPa, the hydraulic fractures predominantly propagate along the 

289 maximum horizontal principal stress direction.

(a) (b)
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290
291 Fig. 7 The hydraulic fracture morphology under different stress difference

292 Fig. 8 (a) shows the injection pressure evolution curves under different stress 

293 differences. The results show that at 0 MPa, two distinct breakdown pressures are observed 

294 due to the formation of branch fractures. The breakdown pressure gradually increases with 

295 increasing stress difference, reaching a maximum value of 29.6 MPa at 15 MPa. Fig. 8 (b) 

296 shows the fracture degree evolution curves under various stress differences. At 20 s, the 

297 fracture degree follows the order: 0 MPa > 15 MPa > 10 MPa > 5 MPa. This demonstrates 

298 that during hydraulic fracturing, simply activating natural fractures does not enhance the 

299 stimulated reservoir volume. Conversely, the formation of branch fractures while activating 

300 natural fractures during hydraulic fracture propagation can significantly improve the 

301 stimulation area.
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302
303 Fig. 8 The injection pressure (a) and fracture degree (b) with the time evolution

304

305 (3) The natural fracture network with 60°

306 Fig. 9 shows the interaction patterns between hydraulic fractures and 60° natural 

307 fracture networks under different stress differences. At 0 MPa stress difference, three 

308 branch fractures form near the injection point, with one propagating along the 60° natural 

309 fracture direction and two extending perpendicular to natural fractures at higher 

310 propagation velocities. When the stress difference exceeds 5 MPa, natural fractures are 

311 nearly completely deactivated and hydraulic fractures propagate predominantly along the 

312 maximum horizontal principal stress direction. The results clearly demonstrate a critical 

313 stress threshold (5 MPa) that governs the transition from complex fracture network 

314 development to simplified stress-dominated propagation for 60° natural fracture systems.

(a) (b)
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315
316 Fig. 9 The hydraulic fracture morphology under different stress difference

317

318 Fig. 10(a) shows the evolution of injection pressure with time under different stress 

319 differences. The results show that the maximum breakdown pressure of 29.3 MPa occurs at 

320 0 MPa stress difference, while the breakdown pressure gradually increases as the stress 

321 difference rises from 5 MPa to 15 MPa. Fig. 10(b) presents the evolution of fracture 

322 breakdown degree with time under various stress differences, revealing that the highest 

323 breakdown degree occurs at 15 MPa, followed by 10 MPa, with 0 MPa and 5 MPa showing 

324 comparable values. This behavior primarily results from distinct fracture propagation 

325 mechanisms: under high stress differences, fractures propagate predominantly along the 

326 maximum horizontal principal stress direction with relatively larger fracture widths, while 

327 under low stress differences, hydraulic fracture propagation is less constrained by stress 

328 differences and is influenced by the activation of partial branch fractures in natural 

329 fractures, leading to relatively smaller fracture widths. Consequently, when the activated 

330 length of natural fractures is relatively small, the overall stimulated area is less effective 

331 compared to the single dominant fracture formed under high stress difference conditions.
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332

333
334 Fig. 10 The injection pressure (a) and fracture degree (b) with the time evolution

335

336 (4) The natural fracture network with 90°

337 Fig. 11 shows the interaction patterns between hydraulic fractures and 90° natural 

338 fracture networks under varying stress differences. The results demonstrate that at 0 MPa 

339 stress difference, three branch fractures form near the injection point: one propagating 

340 along the 90° natural fracture orientation while the other two extend horizontally. When the 

341 stress difference exceeds 5 MPa, natural fractures remain completely inactive and hydraulic 

342 fractures propagate exclusively along the maximum horizontal principal stress direction. 

343 This behavior confirms the critical 5 MPa stress threshold observed in other configurations, 

344 beyond which fracture propagation becomes purely stress-dominated regardless of natural 

345 fracture orientation. The consistent 5 MPa transition threshold across different natural 

346 fracture angles (30°, 45°, 60°, and 90°) suggests a universal stress-controlled mechanism 

347 governing the interaction between hydraulic and natural fractures in this system.

348

(a) (b)
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349
350 Fig. 11 The hydraulic fracture morphology under different stress difference

351 Fig. 12 (a) shows the evolution pattern of injection pressure under different stress 

352 differences, showing that the maximum breakdown pressure of 28.7 MPa occurs at 0 MPa. 

353 While the breakdown pressure shows insignificant variation as the stress difference 

354 increases from 5 MPa to 15 MPa, the fracture propagation pressure exhibits a substantial 

355 increase at 15 MPa. Fig. 12 (b) displays the evolution of fracture breakdown degree with 

356 time under various stress differences, revealing that the 0 MPa condition achieves 

357 significantly higher breakdown degree due to the formation of branch fractures and 

358 activation of numerous 90° natural fractures. In contrast, the breakdown degree remains 

359 relatively consistent across 5-15 MPa stress differences as the fractures propagate 

360 predominantly along the maximum horizontal principal stress direction in these cases. The 

361 results demonstrate that complex fracture networks with multiple branches (0 MPa) provide 

362 superior stimulation effectiveness compared to single planar fractures (5-15 MPa), despite 

363 requiring higher initial breakdown pressures.
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364
365 Fig. 12 The injection pressure (a) and fracture degree (b) with the time evolution

366

367 5.2  The effect of natural fracture strength

368 To investigate the influence of natural fracture strength on hydraulic fracture 

369 propagation, this study established three types of natural fracture networks with different 

370 cementation strengths by varying their tensile strength, cohesion, and internal friction angle. 

371 The natural fracture networks consisted of conjugate fractures at 60° and 120°, categorized 

372 as: (a) uncemented (zero tensile strength, cohesion, and internal friction angle); (b) weakly 

373 cemented (0 MPa tensile strength, 1 MPa cohesion, and 20° internal friction angle); and (c) 

374 strongly cemented (1.5 MPa tensile strength, 4 MPa cohesion, and 20° internal friction 

375 angle). Fig. 13 shows the interaction patterns between hydraulic fractures and natural 

376 fractures under different cementation strengths. The results show that at 0 MPa in-situ 

377 stress difference, the number of branch fractures increases with natural fracture strength. 

378 This occurs because, under uncemented conditions, hydraulic fractures tend to propagate 

379 along low-angle natural fractures following the principle of energy minimization. However, 

380 as natural fracture strength increases, fracture opening becomes more difficult. 

381 Consequently, in the absence of significant stress differences, hydraulic fractures tend to 

382 develop multiple branch fractures rather than following a single dominant path.

(a) (b)
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383
384 Fig. 13 The hydraulic fracture morphology under different cementation strength

385

386 Fig. 14(a) shows the evolution of injection pressure with time under different natural 

387 fracture strengths. The result show that the breakdown pressure gradually increases with 

388 higher cementation strength. Fig. 14(b) displays the evolution of fracture degree with time 

389 for various natural fracture strengths, revealing that the weakly cemented condition 

390 achieves the maximum breakdown degree, while both uncemented and strongly cemented 

391 cases exhibit relatively lower values. Under weakly cemented conditions, the fracture 

392 interface has moderate cohesion and stiffness, so hydraulic pressure can partially debond 

393 and open the interface, inducing both shear slip and tensile dilation along the natural 

394 fracture. At the same time, the remaining bond strength is sufficient to transfer stress 

395 perturbations into the surrounding matrix, which promotes repeated branching and re-

396 initiation of fractures at the natural-fracture tips. This leads to the highest fracture 

397 complexity and stimulated volume. In contrast, strongly cemented natural fractures behave 

398 similarly to intact rock; the high cohesion and normal stiffness favor direct crossing of the 

399 interface and suppress fracture diversion, resulting in a simpler, more planar hydraulic-
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400 fracture geometry. Under uncemented conditions, the interfaces are easily activated and 

401 quickly become dominant, highly conductive flow channels. Fluid then preferentially 

402 migrates along these pre-existing open fractures, reducing the net pressure at the hydraulic-

403 fracture tip and limiting the formation of new branches in the matrix. Therefore, both very 

404 low and very high interface strengths tend to reduce the degree of newly generated 

405 fracturing, whereas intermediate (weakly cemented) conditions promote the most complex 

406 fracture network. 

407
408 Fig. 14 The injection pressure (a) and fracture degree (b) with the time evolution

409 5.3 The effect of injection rate

410 To investigate the influence of injection rate on hydraulic fracture propagation, this 

411 study simulated three different injection rate conditions: (a) 0.001 m³/s, (b) 0.005 m³/s, and 

412 (c) 0.01 m³/s, with corresponding simulation times of 100 s, 20 s, and 10 s respectively to 

413 maintain consistent total injection volume. Fig. 15 presents the hydraulic fracture 

414 propagation patterns under different injection rates. Under low injection rate (0.001 m³/s), 

415 natural fractures were rarely activated, resulting in three branch fractures - two 

416 propagating horizontally and one extending perpendicular to the horizontal direction. At the 

417 medium injection rate (0.005 m³/s), limited natural fracture activation occurred, forming 

418 two branch fractures: one propagating horizontally and another following the natural 

419 fracture orientation. The high injection rate condition (0.01 m³/s) demonstrated significantly 

420 improved natural fracture activation due to rapid pressure buildup, ultimately developing 

421 three branch fractures - one propagating along natural fractures while continuously 

422 activating them, and the other two crossing through natural fractures during extension.

(a) (b)
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423
424 Fig. 15 The hydraulic fracture morphology under different flow rate

425

426 Fig. 16(a) presents the evolution of injection pressure with time under different 

427 injection rates. The results demonstrate a significant increase in rock breakdown pressure 

428 with higher injection rates. At 0.001 m³/s, two distinct breakdown pressure peaks occur 

429 (26.1 MPa and 26.4 MPa). When the rate increases to 0.005 m³/s, the breakdown pressure 

430 rises to 31.3 MPa, and further increases to 34.3 MPa at 0.01 m³/s. Fig. 16(b) shows the 

431 fracture breakdown degree evolution under various injection rates. While the rate of 

432 breakdown degree increase accelerates with higher injection rates, the final breakdown 

433 degree at equal injected volume reveals an inverse relationship: the 0.001 m³/s condition 

434 achieves the maximum breakdown degree, whereas 0.01 m³/s yields the minimum value. 

435 Under a high injection rate, the rapid increase in fluid pressure generates a stronger driving 

436 force at the fracture tip. This promotes rapid dilation of the main hydraulic fracture near 

437 the wellbore and facilitates hydraulic fracture crossing rather than the reactivation of 

438 natural fractures. As a result, fewer shear-activated natural fractures and fewer secondary 

439 branches are formed, which reduces the overall fracture complexity. In contrast, under a 
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440 low injection rate and with the same total injected volume, pressure buildup is slower, 

441 allowing more time for stress redistribution around the fracture tip. This condition favors 

442 the shear activation of natural fractures, leading to the formation of multiple secondary and 

443 branching fractures as well as a more tortuous propagation path. Consequently, fracture 

444 complexity is significantly higher at lower injection rates. 

445
446 Fig. 16 The injection pressure (a) and fracture degree (b) with the time evolution

447

448 6 Conclusion
449 In this study, a stress–seepage–fracture multi-field coupling algorithm based on a 

450 continuous–discontinuous framework was developed to investigate the interaction between 

451 hydraulic fractures and natural fractures in fractured reservoirs. The results clarify the 

452 mechanistic relationships among stress difference, natural fracture orientation, and the 

453 resulting hydraulic fracture–natural fracture interaction mode, thereby providing new 

454 theoretical insights and predictive capability for fracture propagation behavior.

455 (1) Single natural fracture: The simulations show that natural fractures with 

456 orientations of 30° and 45° are consistently activated under all tested stress differences due 

457 to favorable shear stress conditions. When the natural fracture angle exceeds 60°, hydraulic 

458 fractures tend to cross the natural fracture once the horizontal stress difference is greater 

459 than 2 MPa. This identifies a critical threshold for the transition from fracture activation to 

460 fracture crossing.

461 (2) Natural fracture networks: For networks with multiple fracture orientations, the 

462 stress difference exerts a dominant influence on the overall fracture geometry. When the 

(a) (b)
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463 stress difference exceeds 5 MPa, hydraulic fractures predominantly propagate in the 

464 direction of the maximum horizontal principal stress, resulting in a more linear, directionally 

465 controlled fracture morphology.

466

467 (3) Effect of natural-fracture mechanical properties: The number of branching fractures 

468 increases as the natural fracture strength increases. Under uncemented conditions, 

469 hydraulic fractures preferentially propagate along low-angle natural fractures due to 

470 energy-minimization mechanisms.

471

472 7 Limitations and Outlook

473 Despite these advances, the present model still adopts several simplifying 

474 assumptions. The simulations are based on quasi-static deformation and single-

475 phase flow, without incorporating proppant transport, fracture roughness, or 

476 fluid leak-off heterogeneity. In addition, although the model is three-dimensional 

477 in mesh structure, fracture behavior is effectively constrained to quasi-2D 

478 propagation due to computational cost considerations. These simplifications may 

479 limit the direct applicability of the results to highly heterogeneous or strongly 

480 three-dimensional reservoirs. Future work will focus on incorporating multi-

481 phase flow, proppant transport mechanisms, and fully three-dimensional 

482 fracture propagation to better capture the complexity of actual field operations. 

483 These developments are expected to support more reliable prediction of fracture 

484 network geometry and more effective optimization of hydraulic fracturing 

485 strategies in naturally fractured reservoirs.
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