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Abstract: Fracture propagation caused by a hydraulic fracturing operation can be significantly influ-10 

enced by nearby fractures. This paper presents a detailed coupled hydro-mechanical analysis to study 11 

the effect of nearby fractures on hydraulically induced fracture propagation and changes in fracture 12 

permeability. Two fractured rock domains were considered in comparison: FD1, with one single frac-13 

ture, and FD2, with two adjacent parallel and non-parallel fractures. It is assumed that water injection 14 

occurs in a borehole that intersects the single fracture in FD1, and one of the two fractures, in FD2. 15 

Simulations were made for a time period of 3 hours with an injection period of 2 hours followed by 1 16 

hour of shut-in. An elastic-brittle model based on material properties degradation, was implemented in 17 

a 2D finite-difference scheme, and used for elements of the intact rock subjected to tension failure. 18 

The intact rock was considered to have a low but non-negligible permeability. A verification study 19 

against analytical solutions showed that the fracture propagation and stress concentrations due to 20 

differential boundary stresses can be accurately represented by our model. Then, a base case is con-21 

sidered, in which the ratio SR between the magnitudes of the maximum and minimum boundary 22 

stresses, the permeability kR of the intact rock and the initial permeability kTF of the tension failure re-23 

gions, are fixed. In FD2, the distance d between the two fractures defined as the closest distance is 24 

also fixed. Results show that in both fractured rock domains, the fracture starts to propagate when the 25 

pore pressure is approximately 85% of the magnitude of minimum boundary stress. The propagation 26 

of a single fracture is significantly larger than the propagation of a double fracture system, because in 27 

the latter case, the pore pressure decreases when the two fractures connect. As a result, changes in 28 

permeability in FD2 were found to be smaller than in FD1. At 2 hours of injection the maximum ratio 29 

between the final and initial permeability of the fractures was found to be approximately 3 and 2 for 30 

fractured rock domains FD1 and FD2, respectively. For non-parallel fractures, the controlling factor is 31 

the separation between the tips of pressurised fracture to the neighbouring non-pressurised fracture. A 32 

sensitivity analysis was done to study the influence of the key parameters d, SR, kR and kTF on the 33 

simulation results. Fracture propagation showed more sensitivity to d and SR than to the other param-34 

eters.  35 
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1. INTRODUCTION 39 

 Hydraulic fracturing is a method used routinely in oil and gas exploitation and in enhanced geo-40 

thermal systems. This is a technique which creates fractures in deep-rock formations by mean of high 41 

pressure fluid injection and thus increases flow permeability in the injection region. Hydraulic fracturing 42 

stimulation leads to changes in pore pressure and effective normal stress across the created fractures, 43 

which in turn, leads to consequent fracture propagation. Hence, the fracture permeability depends on 44 

the in situ stress conditions and on the pressure of the flowing fluid [1]. Hydro-mechanical coupling is 45 

an important issue that needs to be taken into account [2,3]. 46 

 In order to understand the fracturing processes, several laboratory experiments and 2D and 3D 47 

numerical studies have been made by many researchers. In those studies, the fracture closure, exten-48 

sion and mechanical interactions for parallel and quasi-parallel fractures have been analysed [4, 5, 6]. 49 

Laboratory experiments were done in gypsum ([7], [8]) and gympsum and marble ([9], [10]) to under-50 

stand the fracture propagation caused by differential boundary stresses. In [11] and [12], samples of 51 

granite with single and double flaw geometries under quasi-static vertical compressive loads were 52 

tested. In [13] fractures were created by compressing granite cores uniaxially. In [14] the fracture 53 

propagation in sandstones induced by the confining stresses and increase pore pressure was studied. 54 

Fracture propagation based on application of dynamic loads was studied in [15], [16] and [17]. 55 

 Numerical continuum and discrete based models have been developed to study the fracture prop-56 

agation induced by hydraulic injection pressure under confining stresses. Continuum based models 57 

have used the finite element method ([18], [19], [20], [21], [22]), the extended finite element method 58 

([23], [24], [25], [26]) and the explicit finite differences method ([27], [28], [29]). Discrete based models 59 

used the boundary element method ([30], [31], [32]), the particle flow method ([33], [34], [35], [36], 60 

[37]), the bonded particle model ([38]), the distinct element code ([39]) and the discontinuum defor-61 

mation analysis method ([40]). 62 

 Discrete based models are more realistic for discontinuous media, but they have the limitation of 63 

not considering the intact rock permeability and are time consuming for modelling the hydro-64 

mechanical behaviour of fractured rock domains with curved or dead-end fractures. Continuum based 65 

models require a representation of discrete fracture behaviour in an element cell by appropriate equiv-66 

alent hydro-mechanical properties [41]. Compared with discontinuous approaches, they have as main 67 

advantages, the representation of complex fracture networks without the need of update their topology 68 

and the modelling with high accuracy of the hydro-mechanical behaviour of both rock matrix and the 69 

fractures which can be sealed or filled with mineral materials. Thus, once the fracture propagates into 70 

the continuum medium, stress-induced changes in permeability and porosity can be included ([42], 71 

[43], [44], [45], [46]). By using an elastic-plastic and strain softening model, a continuum based model 72 

may not be very effective in simulating fracture propagation because of large plastic zones around the 73 

fracture tips. However, it has been shown that a model based on degradation of the mechanical prop-74 

erties and stress distribution for the failure elements of the intact rock by tension and shear, is effective 75 

for this purpose ([27], [28], [29]).  76 

 To the authors’ knowledge, no continuum based model was used in a detailed coupled hydro-77 

mechanical study to understand the difference between the propagation in a low permeable medium of 78 
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a single fracture and double parallel and non-parallel fractures under various stress conditions and 79 

different levels of fluid injection pressure. For our study of coupled hydro-mechanical effects as a func-80 

tion of increases in pore pressure, we consider two fractured rock domains: the first with one single 81 

fracture, and the second with double adjacent parallel and non-parallel fractures. Changes in fluid pore 82 

pressure are assumed to be caused by constant injection flow rate in a well that intersects one of the 83 

fractures. 84 

 The main objectives of the paper are (1) firstly to verify or demonstrate the effectiveness of using a 85 

continuum mechanics based model with an implemented elastic-brittle stress relation to simulate the 86 

fracture propagation and stress concentrations around fracture tips, (2) to study how a single fracture 87 

propagates when it is subjected to hydraulic fracturing stimulation (3) to evaluate changes in the pore 88 

pressure field and fracture permeability induced by coupled hydro-mechanical processes (4) to ana-89 

lyse how the results are influenced by a nearby parallel and non-parallel fracture and (5) to conduct a 90 

sensitivity analysis to determine the key parameters with significant influence on fracture propagation 91 

and linkage between nearby fractures during hydraulic fracturing process. The paper is completed with 92 

some concluding remarks.  93 

 94 

2. PROBLEM DEFINITION 95 

 For our study, we choose to consider two fractured rock domains, FD1 and FD2, each with dimen-96 

sions 50 m × 50 m, which allow us to conduct a large number of simulations in order to explore the 97 

detailed coupled hydro-mechanical processes involved. The fractured rock domains FD1 and FD2 98 

consider one single and two fractures, respectively (Fig. 1). In FD2, the left and right hand-side frac-99 

tures are identified as fractures 1 and 2. In both rock domains, the length 2f of the fractures is 2 m. 100 

 101 
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Fig. 1: Geometry of the fractured rock domains FD1 (left) and FD2 (right) 103 

 104 
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 To study in detail the linkage between the two fractures, in FD2, parallel and non-parallel fractures 105 

with different angles between those and the maximum horizontal boundary stress direction, were con-106 

sidered. Thus, for parallel fracture case, the fractures were assumed to be at angles α1 and α2 equal 107 

to 30°, 45° and 60°, and for non-parallel fracture case, the angle α1 of fracture 1 is taken to be equal to 108 

45°, and the angle α2 of fracture 2 to be equal to 30° and 60°. The origin of the x and y-axis system is 109 

located in the centre of the studied regions. In FD2, the closest distance d (see Fig. 1) between the 110 

fractures is 0.25 m, with a sensitivity analysis conducted to study the influence of d on the obtained 111 

results (see section 6.1).  112 

 Let us now assume that these fractured rock domains are located at 1000 m depth. By assuming a 113 

vertical gradient of 0.027 MPa/m, the magnitude of the vertical stress component (Sv) at 1000 m depth 114 

below the surface is 27 MPa. A loading case was considered, in which the minimum horizontal bound-115 

ary stress magnitude (Sh) is equal to the vertical stress magnitude (σv) and the ratio SR between the 116 

maximum horizontal SH and minimum horizontal Sh boundary stresses is 2 (Fig. 2). Further, a sensitivi-117 

ty analysis is made to study the influence of SR on the simulation results (see section 6.2). Because 118 

the vertical dimension of the model is only 50 m, the vertical gradient of all stress components was 119 

neglected. The stresses are applied normal to the boundaries which are free to move. No shear 120 

stresses are considered at the boundaries (see Fig. 2). Results of our simulations showed that be-121 

cause the boundary conditions are imposed far enough, they do not influence the stresses around 122 

fractures as well as their propagation in the intact rock. 123 

 124 
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Fig. 2: Boundary loading and pore pressure conditions: SH and Sh are the maximum and minimum 126 

horizontal boundary stresses, respectively; p is the initial fluid pore pressure; Qinj is the constant flow 127 

rate 128 

 129 

 By assuming that the water table is located at the land surface and a fluid pore pressure vertical 130 

gradient of 0.01 MPa/m, the fluid pore pressure p at 1000 m depth below the surface is 10 MPa. The 131 
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pore pressure gradient in the x and y-axis directions was neglected. All the boundaries were consid-132 

ered to be closed to flow. Results of our simulations showed that the results are not influenced by the 133 

flow boundary conditions.  134 

 We simulate a water injection at a constant rate Qi for two hours in one borehole penetrating the 135 

only fracture in FD1 and the fracture 1 in FD2 (see Fig. 2). The borehole is assumed to be vertical 136 

(perpendicular to FD1 and FD2). In this way, hydraulic fracturing was imposed in the single fracture in 137 

FD1 and in the fracture 1 in FD2. After two hours, water injection is stopped, and the simulation con-138 

tinues for another hour. 139 

 140 

3. NUMERICAL APPROACH 141 

3.1 Finite-difference numerical model 142 

 To study the fracture propagation due to coupled hydro-mechanical effects as a result of hydraulic 143 

fracturing stimulation, a 3D model is desirable if at all possible. However a global 3D model would be 144 

very large and the necessary fine refinement close to the fracture would require a great computational 145 

effort. A 2D model is adequate from a mechanical perspective, particularly for investigating the fracture 146 

propagation, because this is driven by the pore pressure build-up at the tip of the fractures that can be 147 

simulated explicitly with a 2D model and an adequate injection rate. This should lead to a pore pres-148 

sure at the fracture tip necessary to start fracture propagation, as observed in field experiments. A 2D 149 

finite-difference model was developed in FLAC3D ([47]). This code was chosen because we want to 150 

have the possibility to consider multi-phase flow in the future studies, and we have already the rou-151 

tines to couple FLAC3D with TOUGH2 [48], which is a leading multiphase flow and transport simula-152 

tor. The model is a square region with 50 m side, with a thickness of 1 m (Fig. 3). A plane strain analy-153 

sis was carried out. The mesh consists of 56000 elements and is more refined in a square region 10 m 154 

by 10 m around the fractures, where the elements are squares with each side 0.05 m (Fig. 3). 155 

 Fractures can be modelled as an equivalent solid material, in which the elastic modulus EF of the 156 

elements intersected by a fracture trace is calculated according with the following equation ([41], [49]): 157 

 158 

 
dkEE nRF

111 += , (1) 159 

 160 

where d is the element size (0.05 m). 161 

 The hydraulic behaviour of the fractures may be described in terms of the flow transmissivity and 162 

the normal and shear stiffness of the fractures. Laboratory experiments on single fractures show that 163 

the fracture transmissivity can be very sensitivity to changes in stress normal to the fractures as well 164 

as to shear displacement. Thus, mechanically induced changes in the fracture´s ability to conduct fluid 165 

may be estimated using the cubic relations between flow along an open fracture and fractures aper-166 

ture ([2], [50]): 167 

 168 
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 170 

where T is the fracture transmissivity, bh is fracture aperture, ρ and µ are fluid density and viscosity, 171 

respectively, and g is the acceleration of gravity. 172 

 The permeability kF of an element containing by a fracture trace is related to the fracture aperture 173 

bh by the cubic law: 174 

 175 
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 177 

where d is element size (0.05 m). 178 

 179 

 180 

Fig. 3: Detail of the mesh of the finite-difference model to study the hydro-mechanical behaviour of the 181 

fractured rock domains FD1 (left) and FD2 (right), for the case of parallel fractures 182 

 183 

3.2 Model parameters 184 

 Necessary model parameters are listed in Table 1. For the intact rock, a Mohr-Coulomb model with 185 

tension cut-off was used, in which the mechanical properties (elastic modulus ER, Poisson’s ratio νR, 186 

cohesion cR, friction angle φR) are characteristic of limestone rocks ([51], [52]). An elastic-brittle model 187 

was implemented in FLAC3D to describe the behaviour of the failure elements in the intact rock. This 188 

model is described in the next section. A tensile strength σtR of 5 MPa for the intact rock was as-189 

sumed. In the regions of the intact rock where the tensile stress exceeds the tensile strength, tension 190 

failure occurs. A sensitivity analysis was done to study the influence of this parameter on the results. 191 

An additional value of 10 MPa was considered which is acceptable for intact limestone at 1000 m 192 
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depth. Results showed a decreased fracture extension when the tensile strength increases. It was 193 

found that when the tensile strength increases from 5 to 10 MPa, in FD1 the fracture propagation de-194 

creases 0.7 m. In FD2, this decrease is 10 cm and 25 cm, for fractures 1 and 2, respectively. Howev-195 

er, the conclusions are similar to those reported in this paper. Regarding the hydraulic properties, the 196 

values of 10-18 m2 and 0.001 were assigned to the permeability kR and porosity eR of the intact rock, 197 

which are typical of limestone rocks. Further, a sensitivity analysis is done to evaluate the influence of 198 

the permeability of intact rock on the simulation results (see section 6.3). 199 

 200 

Table 1: FLAC3D model parameters 201 

Intact rock 

Elastic modulus ER (GPa) 20 

Poisson´s ratio νR 0.2 

Tensile strength σtR (MPa) 5 

Cohesion cR (MPa) 30 

Friction angle φR (°) 25 

Permeability kR (m2) 10-18 

Porosity eR 0.001 

Fractures 

Elastic modulus EF (GPa) 14.3 

Poisson´s ratio νF 0.2 

Tensile strength σtF (MPa) 0 

Friction angle φF (°) 25 

Dilation angle ψF (°) 5 

Normal stiffness kn (GPa/m) 1000 

Cohesion cF (MPa) 0 

Aperture bh (µm) 30 

Permeability kF (m2) 4.5×10-14 

Porosity eF 0.01 

 202 

 The mechanical fracture behaviour is modelled with continuum elasto-plasticity using a Mohr-203 

Coulomb constitutive model with tension cut-off. The mechanical properties of the fractures (Poisson’s 204 

ratio νF, friction angle φF, dilation angle ψF, cohesion cF, fractures aperture bh) were extracted from [1]. 205 

When the Mohr-Coulomb criterion is exceeded, plastic shear strain (and corresponding shear dis-206 

placement) occurs along the fractures. The tensile strength σtF for fractures was assumed to be zero. 207 

Results of our simulations showed low sensitivity to this parameter, because tension failure occurs in 208 

the intact rock and in the fractures, shear failure is the dominant mechanism. The fracture normal stiff-209 

ness kn was assumed to be 1000 GPa/m ([49]). Based on a fractures aperture of 30 µm (see Table 1), 210 

Eqs. (2) and (3) lead to a fracture transmissivity T of 2.2 ×10-8 m2/s and permeability of fractures kF of 211 

4.5×10-14 m2, respectively. The porosity eF of an element representing a fracture was assumed to be 212 

equal to 0.01 ([49]).  213 
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 In the theoretical study presented in this paper, we simulated water injection as representative of 214 

conditions that lead to propagation of existing fractures. We assumed a 2D injection rate of about 4.0 215 

×10-4 m3/s into a 0.0025 m3 grid block. This pressurization rate enables to reach to a maximum injec-216 

tion pressure that is about 2.5 times the initial pore pressure. 217 

 218 

3.3 Elastic-brittle model in the failure regions in the intact rock 219 

 The behaviour of the intact rock undergoing tension or shear failure may be simplified to be repre-220 

sented by an elastic-brittle, elastic-strain softening (a combination of brittle and ductile) or elastic-221 

ductile (plastic) mechanisms. An elastic-plastic and strain softening model cannot effectively simulate 222 

the fractures propagation because a large plastic zones appear around the fracture tips. An elastic-223 

brittle stress-strain relation, based on degradation of the mechanical properties and consequent stress 224 

distribution for the failure elements by tension and shear (Fig. 4) has been shown to be more effective 225 

for this purpose ([27], [28], [29]). In this model, failure of an element causes disturbance of the local 226 

stress field, which may lead to progressive failure of surrounding elements. 227 

 228 

 229 

Fig. 4: Degradation of the stiffness and strength properties for the failure elements of the intact rock by 230 

(a) tension and (b) shear: E, σt and c are the initial values for elastic modulus, tensile strength and 231 

cohesion, respectively; Eres, σt,res and cres are their residual values, respectively, εt0 is the strain thresh-232 

old of tension damage, εtu is the limit strain of tensile strength and εs0 is the strain threshold of shear 233 

damage. 234 

 235 

 In this model, for the elements in the intact rock that undergo yield tensile strength (Fig. 4a), stiff-236 

ness and strength properties are degraded, according to a damage variable D. This variable can be 237 

expressed by the following equations ([29]): 238 
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 244 

where σt,res is the residual tensile strength, E and σt are the elastic modulus and tensile strength of the 245 

intact rock (Table 1), η is the residual strength coefficient, εt0 is the initial damage threshold, εtu is the 246 

limit of tensile strength, and ε1, ε2 and ε3 are the three principal strains. 247 

 For the elements subjected to shear failure (Fig. 4b), the damage variable D can be expressed as 248 

follows ([29]): 249 

 250 
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 252 

where E is the elastic modulus, τs,res is the residual strength of shear damage, εs0 is the strain thresh-253 

old of shear damage, and εs is the shear strain. 254 

 This model was implemented in a finite difference scheme. In our case, it was found that shear 255 

failure does not occur in the intact rock where tension failure is the dominant mechanism. In those 256 

regions, the stiffness and strength properties were degraded. Stiffness degradation is implemented by 257 

simply updating elastic modulus E in the stress-strain calculations, and strength degradation is mod-258 

elled by reducing the tensile strength σt and the cohesion c of the intact rock. The friction angle was 259 

kept invariant ([29]). The corrected values for the elastic modulus Ecorr, tensile strength σt,corr and co-260 

hesion ccorr are given by the following equations: 261 

 262 

 DEEEE rescorr ×−−= )( ,   (8) 263 

 264 

 D
restttcorrt ×−−= )(

,, σσσσ ,   (9) 265 

 266 

 Dcccc rescorr ×−−= )( ,   (10) 267 

 268 

where Eres, σt,res and cres are the residual values of the elastic modulus, tensile strength and cohesion 269 

(Fig. 3), respectively. In our simulations, the initial values of the elastic modulus, tensile strength and 270 

cohesion (Table 1) were reduced to one percent of the original values ([29]). This enabled our model 271 

to obtain a good fit for fracture extension with the analytical solutions when the rock domain is subject-272 

ed to differential boundary stresses, as it will be shown in section 4. 273 
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 In the original fractures, shear failure is the dominant mechanism. The elements that represent 274 

them get into shear failure for very small shear strains because they have null cohesion. Consequent-275 

ly, for those elements, the stiffness is not degraded and the elastic modulus is given by equation (1). 276 

 277 

3.4 Permeability changes in the natural fractures and tension failure regions 278 

 In fractured rock masses, effective stresses (which include effect of fluid pore pressure) induce 279 

changes in hydraulic properties, such as the permeability and porosity. In natural fractures the initial 280 

values of porosity and permeability were corrected by taking into account changes in volumetric 281 

strains ([50]), which are defined as the ratio of the change in volume of the fracture elements to its 282 

original volume. For this purpose, a model developed and applied by [53] to consider permeability 283 

changes in petroleum reservoirs was used. This model first relates the porosity φ at a given stress to 284 

the isotropic volumetric strain variation εv in the fracture elements and then the permeability k at a 285 

given stress to changes in porosity, according to the following equations:  286 

 287 

 ( ) ( )vi εφφ −−−= exp11 ,  (11) 288 

 289 
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 291 

where φi is the initial porosity, ki is the initial permeability and n is a power law exponent. 292 

 With the changes in volumetric strains resulting from changes in the fractures normal stress, 293 

changes in fractures aperture are considered: if the compressive stress normal to the fractures de-294 

creases, the fractures aperture increases and the compressive volumetric strains decrease. Volumet-295 

ric strains include elastic and plastic components. Elastic component is originated by elastic shear 296 

deformation until the Mohr-Coulomb criterion is reached. After this criterion is reached, shear failure 297 

occurs and variations in the volumetric strains include effects of plastic shear deformation and associ-298 

ated shear dilation. Shear dilation leads to an increase in the fractures aperture and a subsequent 299 

increase in the initial values of porosity and permeability of the fractures.  300 

 The empirical relation between permeability and porosity expressed in Eq. (12) has been shown to 301 

be widely applicable to geological materials. Even though the exponent n could vary between 3 and 25 302 

for consolidated geological materials ([54]), we have set the exponent to 3, based on a cubic variation 303 

of the permeability with the aperture and porosity of the elements intersected by the fracture trace 304 

([55]): 305 

 306 
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 308 

where bhi is the initial aperture of the fractures.  309 
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 The failure regions by tension in the intact rock are considered to be similar to natural fractures. 310 

When the elements of the intact rock get into failure by tension, they are assigned with the same initial 311 

values for porosity and permeability as those of natural fracture elements. Then, these initial values 312 

were updated, according to Eqs. (11) and (12), to take into account the stress induced changes in 313 

porosity and permeability ([50]). In this way, extension of fractures is modelled. It was found that the 314 

maximum increase in the initial permeability of the tension failure regions is two orders of magnitude. 315 

Further, a sensitivity analysis is done to evaluate the influence of the permeability of the tension failure 316 

regions on the obtained results (see section 6.4). 317 

  318 

3.5 Coupled hydro-mechanical calculation 319 

 A mechanical analysis is carried out by considering the boundary stresses SH and Sh and the initial 320 

fluid pore pressure p of 10 MPa. After the mechanical equilibrium is reached, a flow analysis is made 321 

to calculate changes in pore pressure field resultant from water injection into the fracture (see Fig. 2) 322 

with a constant flow rate Qinj during a 2 hours period. At 2 hours of injection, water injection is stopped. 323 

Increase in fluid pore pressure in the fracture and surrounding intact rock leads to a decrease in the 324 

effective stress. In the regions of intact rock where the tensile stresses exceed the tensile strength, 325 

tension failure occurs. Then, a mechanical analysis is made to calculate stress field induced changes 326 

in porosity and permeability. The post-failure values of porosity and permeability of those tension fail-327 

ure regions are set to the respective values considered for natural fractures. Then, changes in porosity 328 

and permeability in the natural fractures and tension failure regions were considered as a function of 329 

the volumetric strains, as described in section 3.4. The coupled hydro-mechanical analysis is sequen-330 

tial and stepped forward in time. In each time step of transient flow calculation, a quasi-static mechani-331 

cal analysis is conducted to calculate stress-induced changes in permeability. The analysis is done for 332 

a period of 3 hours (shut-in occurs after 2 hours of injection).  333 

 334 

4. VERIFICATION OF THE MODEL DUE TO MECHANICAL LOADING 335 

 To check if this model enables to simulate properly the fractures propagation in intact rock due to 336 

differential boundary stresses, the fractured rock domain FD1 was considered. For intact rock, model 337 

parameters presented in Table 1 were used. It was assumed that the fracture has no filling material 338 

and is completely open with no fracture surface contacts (no stiffness or stress transfer through sur-339 

face contacts). The compressive maximum boundary stress SH is 40 MPa (see Fig. 2), and the ratio 340 

SR between the maximum horizontal SH and minimum horizontal Sh boundary stresses was consid-341 

ered to have four alternative values: 4, 5, 6.7 and 10. Fig. 5 shows the fracture propagation obtained 342 

with the FLAC3D model. Results obtained with different degrees of refinement showed that the frac-343 

ture propagation trajectories are not mesh dependent. The figure shows that as expected the fracture 344 

propagation increases with the ratio between the maximum and minimum boundary stresses. At the tip 345 

of natural fractures, the fracture propagation is not confined to a single row of fractures, because of 346 

formation of wing cracks. At a certain distance away from the fracture tips, the fracture propagates in a 347 

direction perpendicular to the minimum principal stress direction. These results for fracture propaga-348 
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tion were verified against those estimated by analytical solutions obtained for an infinite elastic medi-349 

um ([56]). Fig 6 shows a comparison of the length w of the fracture extension (wing cracks by tension), 350 

normalised by the half-length f of the fracture, obtained with FLAC3D and that obtained with analytical 351 

solutions. Results of this comparison showed that the difference between the solution provided by 352 

analytical solutions and FLAC3D is reasonable with the largest difference at SR equal to 10, but it is 353 

smaller than 15 cm, which is acceptable for this very high stress ratio, where the fracture propagation 354 

is approximately 1 m. Additional values of 100 and 500 GPa/m were considered for the fracture normal 355 

stiffness kn. An additional value of 10 MPa was considered for the tensile strength of σt. For mechani-356 

cal loading, results showed low sensitivity for these two parameters. 357 

 358 

 359 

Fig. 5: Results for the fractures propagation obtained with the FLAC3D model 360 

 361 

 To check if the mesh resolution is sufficient to obtain a good estimate of the stresses close to the 362 

fractures obtained in elastic regime, a very simple model with one vertical fracture and with a length 2f 363 

of 2 m, was considered. A stress SH of 40 MPa was applied in the boundaries perpendicular to the x-364 

axis (Fig. 7a). The variation of the ratio between fracture normal stress σxx and boundary stress SH as 365 
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a function of distance r/2f along the lines x=0 and y=0 away from the fracture was obtained and com-366 

pared with the analytical solution presented in [57]. Results of this comparison are shown in Fig. 7b. 367 

The figure shows that, even close to the fracture, the difference between the solution provided by [57] 368 

and FLAC3D is smaller than 5%, which enables us to conclude that the calculated stress redistribution 369 

and concentrations around fractures are accurately represented in our model. 370 

 371 

 372 

Fig. 6: Variation of the dimensionless length w/f of the tension cracks as a function of the stress ratio 373 

SR between the maximum horizontal SH and minimum horizontal Sh boundary stresses  374 

  375 

 376 

Fig. 7: (a) Geometry and boundary conditions of the model used to study the behaviour of a single 377 

fracture with length 2f (b) variation of the fracture normal stress as a function of the distance r away 378 

from the fracture, along the lines x=0 and y=0 379 

 380 

 In contrast to this verification study, for our present investigation, fractures with filling material or 381 

with stress transfer through surface contacts were considered. This is a more realistic scenario be-382 

cause it enables the possibility considering changes in fractures aperture caused by changes in the 383 

stress normal to the fractures. 384 
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5. RESULTS 385 

 In this section, results on tension failure regions, changes in fluid pore pressure, and in fracture 386 

permeability are presented for a base case, in which the ratio SR between the magnitudes of the max-387 

imum and minimum boundary stresses, the permeability kR of the intact rock, the initial permeability 388 

kTF of the tension failure regions and the closest distance d between fractures in FD2, are fixed. A 389 

sensitivity study to analyse the influence of these key parameters on the simulation results, is present-390 

ed in section 6. 391 

 392 

5.1 Results for tension failure regions 393 

 Fig. 8 shows the failure regions by tension in the intact rock for fractured rock domains FD1 and 394 

FD2, obtained at 1.5, 2 and 3 hours for fracture angles α1=α2=45°. An interesting aspect is that the 395 

ratio of 2 between the magnitudes of boundary stresses is too small to lead to formation of wing cracks 396 

from mechanical effect alone, as it is observed in Fig. 5. In addition, in our study, the fractures have 397 

stiffness or shear transfer through fracture surface contacts, and consequently their extension is paral-398 

lel to the maximum principal stress direction from the moment of crack initiation, as it is shown by [31]. 399 

At 1.5 and 2 hours of injection, results show that in FD1, the fracture extension is approximately 0.35 400 

and 1.75 m, respectively. In FD2, fractures 1 and 2 (see Fig. 1) are already connected at 1.5 hours of 401 

injection. At 2 hours of injection, their extension (away from the connected region) is 35 cm which is 402 

significantly smaller than in FD1. In addition, fracture 1 does not extend beyond fracture 2. This is 403 

because in FD2, when the two fractures connect, the pore pressure decreases and becomes smaller 404 

than the minimum pressure necessary to initiate the propagation of the fracture (see section 5.2). In 405 

FD1, at 3 hours, the fracture propagates approximately 2.25 m longer and is still propagating. In FD2 406 

case, the two fractures only propagate 0.15 m after the shut-in at 2 hours of injection. This is because 407 

in FD1 the fluid pore pressure is larger than in FD2. This will be explained with more detail in the next 408 

section. 409 

Let us now consider the fractured rock domain FD2 and the 2 hours of injection period. Fig. 9 410 

shows those failure regions for parallel fractures inclined at angles α1=α2=30° and α1=α2=60° and non-411 

parallel fractures inclined at angles α1=45°, α2=30° and α1=45°, α2=60°. Results obtained for parallel 412 

fractures with α1=α2=30°, the extension of both fractures (away from the connection zone) is 30 cm, 413 

which is less 5 cm that that obtained for fracture angles α1=α2=45°. When α1=α2=60°, the fractures do 414 

connect but their propagation is small because for this geometry, the fractures are sub-perpendicular 415 

to the horizontal direction, which is the maximum principal stress direction. For the non-parallel frac-416 

tures case, when α2 decreases from 45° to 30°, the extension (away from the connected region) of the 417 

pressurized fracture (fracture 1) increases approximately 0.5 m. When α2 increases from 45° to 60°, 418 

that fracture extension decreases approximately 0.4 m. For α2 equal to 60°, the non-pressurised frac-419 

ture (fracture 2) does not propagate. The justification will be explained in sections 5.2 and 5.3. 420 

421 
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 422 

Fig. 8: Tension failure regions in fractured rock domains FD1 (left) and FD2 with parallel fractures 423 

(right) at (a) 1.5 hours (b) 2 hours and (c) 3 hours (results obtained for fracture angles α1=α2=45°)  424 
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 425 

Fig. 9: Tension failure regions in fractured rock domain FD2 for fracture angles (a) α1=α2 =30° (paral-426 

lel) (b) α1=α2=60° (parallel) (c) α1=45°, α2=30° (non-parallel) (d) α1=45°, α2=60° (non-parallel) (results 427 

obtained at 2 hours of injection) 428 

 429 

5.2 Changes in fluid pore pressure 430 

In this section, changes in the fluid pore pressure due to coupled hydro-mechanical effects are 431 

analysed. Fig. 10 shows the contour of the fluid pore pressure field obtained in fractured rock domains 432 

FD1 and FD2 after 1.5 hours, 2 hours (end of injection) and 3 hours (after 1 hour of shut-in), when the 433 

two fractures are parallel and have angles α1=α2=45°. Fig. 11 shows the variation of the fluid pore 434 

pressure with time in the centre of the fractures for the fractured rock domains FD1 and FD2.  435 

436 
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 437 

 438 

 439 

 440 

 441 

 442 

Fig. 10: Fluid pore pressure field (Pa) obtained over fractured rock domains FD1 (left) and FD2 with 443 

parallel fractures (right) for at (a) 1.5 hours (b) 2 hours and (c) 3 hours (results obtained for fracture 444 

angles α1=α2=45°) 445 

 446 

 447 

 448 

 449 
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 450 

Fig. 11: Variation with time (hours) of the fluid pore pressure (MPa) in the centre of fractures for the 451 

fractured rock domains (left) FD1 and (right) FD2 with parallel fractures (results obtained for fracture 452 

angles α1=α2=45°) 453 

 454 

 Results show that the variation of fluid pore pressure with time in fractured rock domains FD1 and 455 

FD2 is different. In FD1, this relation is approximately linear until approximately 1 hour. The reason 456 

why this relation is not perfectly linear is because of the fluid pore pressure diffusion into the intact 457 

rock (see Fig. 10). For a fluid pore pressure of approximately 23 MPa, the fracture starts to propagate 458 

and the rate of fluid pore pressure build-up decreases with time. The fluid pore pressure necessary to 459 

initiate the fracture propagation is smaller than the minimum boundary stress magnitude (27 MPa). 460 

This is because the fracture has different properties from those of the surrounding intact rock, so that 461 

the minimum principal stress around the fracture tip gets slightly smaller than the minimum boundary 462 

stress magnitude, when differential boundary stresses are applied. The fracture starts to propagate 463 

when the tensile stress caused by pore pressure increase exceeds the tensile strength of the intact 464 

rock around the fracture tip. At that instant, the pore pressure at the fracture centre is larger than that 465 

at the tips. As the fracture propagates, the permeability of the elements failed by tension increases 466 

(see section 5.3). This leads to fluid penetration in the adjacent elements and a consequent increase 467 

in fluid pore pressure (see Fig. 10), which in turn, leads to tension failure in those elements. In this 468 

way, during the hydro-mechanical calculation, the fluid pore pressure diffusion follows the extension of 469 

the fractures (see Figs 8 and 10). At 1.5 and 2 hours of injection, the maximum fluid pore pressure in 470 

the fracture is 24.8 and 25.4 MPa. After shut-in, the pressure decrease is very small (less than 0.1 471 

MPa) and the fracture propagates significantly at 3 hours (see Fig. 8). 472 

 In FD2, the fractures start to propagate approximately at the same fluid pore pressure as observed 473 

in FD1 (23 MPa). In fracture 1, the fluid pore pressure increases with time until the two fractures con-474 
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nect, which occurs after approximately 80 minutes and for a fluid pore pressure of about 25.5 MPa 475 

(see Fig. 11). Before the two fractures connect, there is a small increase of fluid pore pressure in frac-476 

ture 2 (less than 0.2 MPa), due to the permeability of the intact rock. When the fractures connect, the 477 

fluid pore pressure in fractures 1 and 2 suddenly decreases and increases, respectively. At 1.5 hours 478 

of injection (10 minutes after the fractures connect), the fluid pore pressure in fractures 1 and 2 is ap-479 

proximately 22 and 21 MPa, respectively. After that, the fluid pore pressure continues to increase in 480 

both fractures because the increase in fractures permeability is not significant (see section 5.3) and 481 

the fracture 2 starts to propagate (see Fig. 8). At 2 hours of injection, the fluid pore pressure in frac-482 

tures 1 and 2 is approximately 23 and 22.5 MPa. One hour after shut-in, the pore pressure in both 483 

fractures is significantly smaller than that observed in FD1 (approximately 22.8 MPa) and the fractures 484 

propagate only a further 0.15 m. 485 

 Fig. 12 shows the pore pressure field obtained at 2 hours of injection, for parallel fractures having 486 

angles α1=α2=30° and α1=α2=60°, and non-parallel fractures in which α1=45°, α2=30° and α1=45°, 487 

α2=60°. Fig. 13 shows the time evolution of pore pressure for those analysed four cases.  488 

 489 

 490 

Fig. 12: Fluid pore pressure field (Pa) obtained over fractured rock domain FD2 for fracture angles (a) 491 

α1=α2 =30° (parallel) (b) α1=α2=60° (parallel) (c) α1=45°, α2=30° (non-parallel) (d) α1=45°, α2=60° 492 

(non-parallel) (results obtained at 2 hours of injection) 493 

 494 

 For parallel fractures, results obtained for α1=α2=30° show that the fractures connect when fluid 495 

pore pressure is similar to that obtained for α1=α2=45° (25.5 MPa). At 2 hours of injection, the fluid 496 
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pore pressure in the two fractures is approximately equal to 23 MPa. When α1=α2=60°, the fluid pore 497 

pressure increases mainly in fracture 1 until the fractures connect for a maximum value of approxi-498 

mately 31.5 MPa, which is 6 MPa larger than that obtained when α1=α2=30° or α1=α2=45° (see Figs 499 

11 and 13). For non-parallel fractures, results show that when the angle between the non-pressurised 500 

fracture (fracture 2) and the maximum boundary stress direction increases, the distance between the 501 

tip of the pressurised fracture and  neighbouring fracture decreases and as a consequence, the time 502 

necessary for fractures to connect decreases. In this way, when the fractures connect at an earlier 503 

instant of time, the increase in the initial pore pressure is less and the fractures propagate less (see 504 

Fig. 9). The controlling factor appears to be the separation between the tips of the pressurised fracture 505 

1 to the neighbouring fracture 2. This will be more discussed in section 6.1.  506 

 507 

508 
Fig. 13: Variation with time (hours) of the pore pressure (MPa) in the centre of the fractures 1 (left) and 509 

2 (right) in fractured rock domain FD2, obtained for fracture angles α1 and α2 (results obtained at 2 510 

hours of injection) 511 

 512 

5.3 Changes in fracture permeability 513 

 In this section, changes in permeability of the fractures are analysed. Fig. 14 shows the variation 514 

with time of the permeability in the centre (points A and D) and tips (points B, C and E) of the frac-515 

tures. These results were obtained for parallel fractures with angles α1=α2=45°. 516 
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 517 

Fig. 14: Variation with time (hours) of the fracture permeability (m2) in the centre (points A and D) and 518 

tips (points B, C and E) of the fractures for the fractured rock domains FD1 (left) and FD2 (right)  (re-519 

sults obtained for fracture angles α1=α2=45°) 520 

 521 

 In fractured rock domain FD1, it was found that before the fracture propagation initiates, changes in 522 

permeability in the centre of the fracture (point A) are slightly higher than those at the tip (point B). 523 

When the fracture starts to propagate, at approximately 70 minutes after injection is started, the in-524 

crease in permeability at the fracture tip (point B) is larger than in the centre (point A). At 1.5 hours of 525 

injection, the permeability of the centre of the fracture (point A) is about 1.7 times the initial value. At 2 526 

hours of injection, the maximum fracture permeability (point A) is approximately 3 times the initial val-527 

ue. After shut-in, the permeability of the fracture continues to increase because of changes in volumet-528 

ric strains caused by fracture propagation. At 3 hours, the maximum fracture permeability (point B) is 529 

approximately 5 times the initial value. In FD2, changes in fracture permeability are less significant 530 

than in FD1 because when the two fractures become connected, the fluid pore pressure decreases 531 

(see Fig. 11) and as a result, changes in fractures aperture are smaller. After the fractures connect, 532 

the permeability at point E, located at the tip of the fracture, is slightly higher than at the centre (point 533 

D), as observed in FD1 case. At 2 hours of injection, in points D and E, the permeability is about 1.8 534 

and 2.0 times the initial value, respectively. The fracture permeability remains practically constant after 535 

shut-in, because fracture propagation is very small (see Fig. 11). 536 

 Fig. 15 shows the time evolution of permeability in the centre of the fractures, for parallel fractures 537 

having angles α1=α2=30° and α1=α2=60° with the maximum boundary stress direction, and non-538 

parallel fractures in which α1=45°, and α2=30° and α2=60°. For parallel fractures, results obtained for 539 

α1=α2=30° show that the permeability changes are similar to those obtained with α1=α2=45° (see Fig. 540 

14). As a result, the time evolution of pore pressure obtained with α1=α2=30° and α1=α2=45° is similar 541 

(see Figs 11 and 13). When α1=α2=60°, changes in permeability are the smaller than the other ana-542 
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lysed cases. Although the injection pressure is larger than that in the other cases (see Fig. 13), the 543 

fracture propagates less because it is sub-perpendicular to the maximum principal direction (see Fig. 544 

9). For the non-parallel fractures case, when α2 increases from 30° to 60°, the permeability decreases 545 

because the fractures connect at an earlier time and as a result, the increase in the injection pore 546 

pressure is less (see Fig. 13), and the fracture propagation decreases.  547 

 548 

 549 

Fig. 15: Variation with time (hours) of the permeability (m2) of in the centre of the fractures 1 (left) and 550 

2 (right) in fractured rock domain FD2, obtained for fracture angles α1 and α2 (results obtained at 2 551 

hours of injection) 552 

 553 

6. SENSITIVITY ANALYSIS 554 

 This section presents the results of a sensitivity analysis to study the influence of the distance d 555 

between the fractures, the ratio SR between the magnitude of the maximum and minimum boundary 556 

stresses, the permeability kR of the intact rock and the initial permeability kTF of the tension failure re-557 

gions, on the simulation results. The values of these key parameters used in the sensitivity study are 558 

presented in Table 2 together with those used for the base case. In this analysis, only fractured rock 559 

domain FD2 with parallel fractures inclined at an angle of 45° and the period up to shut-in (2 hours) 560 

were considered.  561 

562 
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Table 2: Values of the key parameters considered in the base case and sensitivity study 563 

Key parameter 
Parameter value 

Base case Sensitivity study 

Distance d (m) 0.25 0.50, 0.75 

Stress ratio SR 0.7 0.6, 0.8 

Permeability kR (m2) 10-18 
10-17 

10-16 

Initial fracture permeability 

kTF (m2) 
4.5×10-14 

4.5×10-15 

4.5×10-16 

4.5×10-18 

 564 

6.1 Effect of the distance d between the fractures 565 

 Fig. 16 shows the fractures extension and the curves of variation of fluid pore pressure with time in 566 

the centre of fractures 1 and 2, obtained for a distance d between fractures of 0.5 m and 0.75 m. Re-567 

sults were compared with those presented in section 5, obtained for d equal to 0.25 m. When d in-568 

creases from 0.25 m to 0.5 m, the fracture extension (away from the connection region) increases 569 

approximately 0.8 m. When d is 0.75 m, the propagation of fracture 1 is similar to that obtained in the 570 

single fracture case. This shows that as d increases the time necessary for fractures to connect slight-571 

ly increases which leads to a major increase in pore pressure and propagation of the pressurised frac-572 

ture. This results in a larger difference in fracture propagation and fluid pore pressure in the two frac-573 

tures. In addition, as d increases the effects caused by the linkage between the two fractures de-574 

crease. 575 
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 576 

Fig. 16: Tension failure regions (left) and variation with time (hours) of fluid pore pressure (MPa) (right) 577 

obtained with d equal to (a) 0.50 m and (b) 0.75 m (results obtained at 2 hours of injection for fractured 578 

rock domain FD2 with fracture angles α1=α2=45°)  579 

 580 

6.2 Effect of the ratio SR between the magnitudes of maximum and minimum horizontal stresses 581 

 Fig. 17 shows fracture extensions and fluid pore pressure field, obtained for SR equal to 1 and 3.  582 

Fig. 18 shows the variation with time of the fluid pore pressure in the centre of the fractures. Results 583 

obtained for SR equal to 1 show that the fractures do not propagate and hence, there is no interaction 584 

between the two fractures. Consequently, because the intact rock is less permeable than the fractures, 585 

the increase in fluid pore pressure in fracture 2 is negligible (less than 0.1 MPa). In fracture 1, the fluid 586 

pore pressure increases almost linearly with time during the injection period (see Fig. 18). At 2 hours 587 

of injection, the fluid pore pressure is approximately 32 MPa. Comparison with results presented for 588 

SR equal 2 enable us to conclude that the minimum fluid pore pressure necessary to extend the frac-589 

tures increases when the boundary stresses have equal magnitude. In this case, to observe fracture 590 

propagation, the injection period has to be greater than 2 hours. 591 
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 592 

Fig. 17: Tension failure regions (left) and fluid pore pressure field (Pa) (right) obtained with a stress 593 

ratio SR equal to (a) 1 and (b) 3 (results obtained at 2 hours of injection for fractured rock domain FD2 594 

with fracture angles α1=α2=45°) 595 

 596 

 When SR is equal to 3, the fractures propagate approximately 25 cm even before hydraulic fractur-597 

ing stimulation starts. This fracture extension results already from stresses applied at the boundaries 598 

and an initial fluid pore pressure of 10 MPa. As a result, the rate of increase in fluid pore pressure with 599 

time is slower than that observed for SR equal to 1 and 2. In addition, because the principal stresses 600 

magnitude around the fracture tips decreases more for larger differential boundary stresses, the frac-601 

tures connect for an injection pressure of significantly smaller (14.2 MPa) than the pressure of 25.5 602 

MPa necessary for fractures to connect when SR is equal to 2 (see Fig. 11). After the fractures con-603 

nect, the curves of the variation of fluid pore pressure with time are similar to those obtained for SR 604 

equal to 2. At 2 hours of injection, the fluid pore pressure in fractures 1 and 2 is approximately 14.6 605 

and 14.2 MPa, respectively, and the fracture extension is approximately 3.65 m, which is 1.85 m more 606 

than that obtained for a stress ratio of 2 (see Figs 8 and 10). This shows the important role of the max-607 

imum principal stress magnitude on the propagation of existing fractures when they are stimulated by 608 

hydraulic fracturing. 609 

 610 

 611 
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 612 

Fig. 18: Variation with time (hours) of the fluid pore pressure (MPa) in the centre of the fractures for 613 

fracture rock domain FD2 by considering a stress ratio SR of (left) 1 and (right) 3 (results obtained at 2 614 

hours of injection for fractured rock domain FD2 with fracture angles α1=α2=45°) 615 

 616 

6.3 Effect of permeability kR of the intact rock 617 

 In this section, the influence of the permeability kR of the intact rock on the simulation results, is 618 

analysed by considering two additional values for kR: 10-17 and 10-16 m2. Results for tension failure 619 

regions and fluid pore pressure field are presented in Fig. 19 and they were compared with those ob-620 

tained for kR equal to 10-18 m2. Results show that when kR increases by one order of magnitude, the 621 

fracture propagation decreases 15 cm. When kR increases by two orders of magnitude, no fracture 622 

propagation is observed. The injection pressure decreases approximately 1 and 4.5 MPa when kR 623 

increases by one and two orders of magnitude, respectively. This shows that as kR increases the frac-624 

ture propagation decreases because of the dissipating of pressure into the rock matrix and the result-625 

ing decrease in the pressure build-up around the fractures tip.  626 

 627 
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 628 

Fig. 19: Tension failure regions (left) and fluid pore pressure field (Pa) (right) obtained with a permea-629 

bility kR of the intact rock equal to (a) 10-17 m2 (b) 10-16 m2 (results obtained at 2 hours of injection for 630 

fractured rock domain FD2 with fracture angles α1=α2=45°)  631 

 632 

6.4 Effect of the initial permeability kTF of the tension failure regions 633 

 Fig. 20 shows the fractures extension and fluid pore pressure field, obtained for an initial permea-634 

bility kTF of the failure regions equal to 4.5×10-15 m2, 4.5×10-16 m2 and 4.5×10-18 m2. Results show that 635 

when kTF decreases one order of magnitude from 4.5×10-14 m2 to 4.5×10-15 m2, the extension of frac-636 

tures 1 and 2 decreases approximately 10 and 25 cm, respectively. The difference between the maxi-637 

mum values in fluid pore pressure observed at the centre of the two fractures increases from 0.6 to 2.1 638 

MPa. This is because as kTF decreases, it is more difficult for fluid to penetrate into the recently creat-639 

ed fracture and hence, the fluid pore pressure increases more in the fracture where hydraulic fractur-640 

ing occurs. When kTF decreases by two orders of magnitude, this difference in fluid pore pressure in 641 

the two fractures increases to 4.7 MPa, and the propagation of fracture 2 is only 10 cm. In contrast, 642 

fracture 1 propagation increases by 0.55 m. When kTF is set to 4.5×10-18 m2, fracture 1 propagates 15 643 

cm more than in the case of kTF equal to 4.5×10-16 m2, but fracture 2 does not propagate. Because of 644 

the changes in volumetric strains, the permeability of the tension failure elements increases by two 645 

orders of magnitude with respect to their initial permeability kTF. This is not enough to lead to signifi-646 

cant flow in fracture 2, and the difference in fluid pore pressure between fractures 1 and 2 increases to 647 
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20 MPa. In this case, practically there is no fluid pore pressure build-up in fracture 2. This concludes 648 

that results are more sensitivity to the initial permeability kTF of the failure regions than to changes in 649 

volumetric strains in the elements subjected to tension failure. 650 

 651 

 652 

Fig. 20: Tension failure regions (left) and fluid pore pressure field (Pa) (right) obtained with a permea-653 

bility kTF of the tension failure regions equal to (a) 4.5×10-15 m2 (b) 4.5×10-16 m2 and (c) 4.5×10-18 m2 654 

(results obtained at 2 hours of injection for fractured rock domain FD2 with fracture angles α1=α2=45°)655 

  656 
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7. CONCLUDING REMARKS 657 

 The focus of the present study is on the influence of a neighbouring fracture on a fracture subjected 658 

to increased fluid pressure during hydraulic fracturing stimulation. This is accomplished by a compara-659 

tive coupled hydro-mechanical analysis of two fractured rock domains: FD1, with one single fracture; 660 

and FD2, with two adjacent parallel and non-parallel fractures. Hydraulic fracturing was assumed to 661 

occur by high-pressure injection in the single fracture in FD1 and one of the two fractures in FD2. Sim-662 

ulations were made for a time period of 3 hours with an injection period of 2 hours. A base case was 663 

considered in which the closest distance d between the two fractures is 0.25 m, the ratio SR between 664 

the magnitude of the maximum and minimum boundary stresses is set to be 2, the permeability kR of 665 

the intact rock is set to be 10-18 m2 and the initial permeability kTF of the tension failure regions is con-666 

sidered to be equal to the initial permeability of the natural fractures. The conclusions from the ob-667 

tained results may be summarized as follows: 668 

 Firstly, the minimum fluid pore pressure necessary to initiate fractures propagation is smaller than 669 

the minimum boundary stress magnitude (approximately 85%). This is because the fractures have 670 

softer properties than the intact rock, and due to boundary stresses, the minimum principal stress at 671 

the tips is smaller than the minimum boundary stress magnitude. The fractures start to propagate 672 

when the local tensile stress around the tip of the fracture, induced by increase in pore pressure, is 673 

larger than the tensile strength of the intact rock. At that instant, the pore pressure at its centre is larg-674 

er than that at the tip of the fracture. It was found that until the fractures start to propagate, the injec-675 

tion pressure increases with time, but this relation is not perfectly linear because of fluid pore pressure 676 

diffusion into the permeable intact rock. In contrast with the FD1 case, in the case of FD2 the pressure 677 

in the pressurised fracture decreases significantly (approximately 15%) after it connects to the second 678 

fracture. 679 

 Secondly, in a double fractures case, with parallel fractures, the results obtained with an angle 680 

between the two fractures and the maximum principal stress direction (horizontal) of 30° and 45°, were 681 

found to be similar. However, when the fractures are inclined at an angle of 60°, they are sub-682 

perpendicular to the maximum principal stress direction, and hence, the propagation of fractures is 683 

smaller. The fractures will connect after an injection period larger than that observed for an angle 684 

equal to 30° or 45°, and as a result, in the former case, the fluid pore pressure increases more in the 685 

fracture subjected to water injection. When the fractures are non-parallel, it was found that, as the 686 

angle between the non-pressurised fracture and the maximum boundary stress direction increases, 687 

the time necessary for fractures to connect decreases, the increase in pore pressure is less, and 688 

hence the fracture propagation decreases. 689 

 Thirdly, the propagation of a single fracture caused by water injection is larger than that obtained 690 

with the presence of a neighbouring second fracture. This is because in the latter case, the pore pres-691 

sure decreases when the two fractures connect and the tensile stress at the tip of fracture is then not 692 

enough exceed the tensile strength of the intact rock. 693 

 Fourthly, in a single fracture case, changes in fracture permeability were found to be larger than 694 

those obtained in a double fractures case. This is because in the latter case, the injection pressure 695 

decreases when the fractures connect, and thus changes in the fractures aperture are smaller than in 696 
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the former case. However, changes in fracture permeability were found to be not very significant. At 2 697 

hours of injection, the maximum ratio between the final and initial fracture permeability was approxi-698 

mately 3. Consequently, after the fractures start to propagate, the injection pressure still increases.  699 

 A sensitivity study was made to analyse the influence of the key parameters referred above on the 700 

obtained results for the particular case of FD2 with parallel fractures inclined at an angle of 45°. It is 701 

found that: 702 

1. When the distance d between the two fractures increases, the pressurised fracture extends 703 

more and the effect of linkage between fractures on their propagation decreases. At the limit, for 704 

a very large d value, the results obtained for the single and double fractures case are expected 705 

to be very similar. 706 

2. When the ratio SR between the boundary stresses magnitude increases, the minimum fluid pore 707 

pressure value necessary to initiate fracture propagation decreases. This is because when SR 708 

increases, the minimum principal stress around the fracture tip decreases. 709 

3. When the permeability kR of the intact rock increases, the pore pressure around the fracture tip 710 

decreases, which results in a decrease in the fracture propagation. On the other hand, it was 711 

found that when kTF decreases, the fractures may connect but the difference in fluid pore pres-712 

sure observed in the two fractures increases. This is because when the tension failure regions 713 

are more impermeable, the flow between the two fractures is less. This shows that differences 714 

in results are more sensitive to the initial permeability of the tension failure regions than to 715 

stress induced changes in their apertures.  716 

 To summarise, fracture propagation was found to be more sensitive to d and SR than to the other 717 

parameters. The conclusions from the present study bring out some interesting aspects of fracture 718 

rock hydromechanics that deserve further studies and these need to be accounted for in modelling 719 

hydro-mechanical behaviour of fractured rocks during a hydraulic fracturing operation. As further work 720 

it is proposed to apply the methodology presented in this paper to study the fractured propagation in 721 

the three dimensional space and also when the multi-phase fluid is involved. 722 
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