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Abstract: Hydraulic fracturing has been applied to extract gas from shale-gas reservoirs. Complicated 9 
geological settings, such as spatial variability of the rock mass properties, local heterogeneities, com-10 
plex in situ stress field, and pre-existing bedding planes and faults, could make hydraulic fracturing a 11 
challenging task. In order to effectively and economically recover gas from such reservoirs, it is crucial 12 
to explore how hydraulic fracturing performs in such complex geological settings. For this purpose, 13 
numerical modelling plays an important role because such conditions cannot be reproduced by labora-14 
tory experiments. This paper focuses on the analysis of the influence of confining formations and pre-15 
existing bedding planes and faults on the hydraulically-induced propagation of a vertical fracture, 16 
which will be called injection fracture, in a shale-gas reservoir. An elastic-brittle model based on mate-17 
rial property degradation was implemented in a 2D finite-difference scheme and used for rock ele-18 
ments subjected to tension and shear failure. A base case is considered, in which the ratio SR be-19 
tween the magnitudes of the horizontal and vertical stresses, the permeability kc of the confining for-20 
mations, the elastic modulus Ep and initial permeability kp of the bedding plane and the initial fault 21 
permeability kF are fixed at reasonable values. In addition, the influence of multiple bedding planes, is 22 
investigated. Changes in pore pressure and permeability due to high pressure injection lasting 2 hours 23 
were analysed. Results show that in our case during the injection period the fracture reaches the con-24 
fining formations and if the permeability of those layers is significantly larger than that of the shale, the 25 
pore pressure at the extended fracture tip decreases and fracture propagation becomes slower. After 26 
shut-in, the pore pressure decreases more and the fracture does not propagate any more. For bedding 27 
planes oriented perpendicular to the maximum principal stress direction and with the same elastic 28 
properties as the shale formation, results were found not to be influenced by their presence. In such a 29 
scenario, the impact of multiple bedding planes on fracture propagation is negligible. On the other 30 
hand, a bedding plane softer than the surrounding shale formation leads to a fracture propagation 31 
asymmetrical vertically with respect to the centre of the injection fracture with a more limited upward 32 
fracture propagation. A pre-existing fault leads to a decrease in fracture propagation because of fault 33 
reactivation with shear failure. This results in a smaller increase in injection fracture permeability and a 34 
slight higher injection pressure than that observed without the fault. Overall, results of a sensitivity 35 
analysis show that fracture propagation is influenced by the stress ratio SR, the permeability kc of the 36 
confining formations and the initial permeability kp of the bedding plane more than the other major 37 
parameters.  38 
Keywords: shale-gas, hydraulic fracturing stimulation, fracture propagation, elastic-brittle model, bed-39 
ding plane, fault reactivation  40 
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1. INTRODUCTION 41 

 The rapid increase in shale-gas energy production, particularly in North America, has been made 42 
possible through techniques such as extended-reach horizontal drilling and multi stage hydraulic-43 
fracture stimulation. The cost for a hydraulic fractured well can amount to millions of dollars and the 44 
benefits from better understanding and controlling of this technology are obvious.  45 
 The complexity in the shale-gas formation, such as anisotropic in situ stress state, the spatial vari-46 
ability of rock mass properties (e.g., permeability, porosity and elastic modulus, density) ([1], [2]), the 47 
existence of multi-layers ([3]), the existence of layer interfaces ([4], [5]) the temperature ([6]), the com-48 
petition between hydraulic fractures, and their recession and closure ([7]), may significantly influence 49 
the propagation of fractures in shale-gas reservoirs. Undesirable hydraulic fracturing results will not 50 
only cause economic loss but may also increase the risk of environment pollution, such as water con-51 
tamination caused by the hydraulically induced fractures penetrating into groundwater layer. Hydraulic 52 
fracturing has raised concerns related to a range of environmental problems ([8], [9]). Thus, it is im-53 
portant to be able to predict the initiation and propagation of hydraulic fractures ([10]) in a formation 54 
with complex geological structures and stress conditions. 55 
 The reactivation of pre-existing faults and associated induced earthquakes have received in-56 
creased attention of shale-gas stake holders and the general public. Several numerical studies have 57 
been made to evaluate the consequences of fault reactivation and induced seismicity during shale-gas 58 
hydraulic fracturing operations. In [11], a 2D numerical study is presented showing that hydraulic frac-59 
turing of a deep shale-gas reservoir leads to a limited fault rupture and possible micro-seismicity. 60 
However in 2D plane-strain simulations, it is difficult to estimate a representative injection rate, and 61 
some assumptions have to be made about the shape of the rupture area (e.g. circular with diameter 62 
equal to 2D rupture length), which affects the calculated seismic magnitude. Thus, [12] present a full 63 
3D model simulation of fault activation associated with shale-gas fracturing. In this modelling, the in-64 
jection rate representing one fracturing stage was a direct model input, and seismic magnitude was 65 
evaluated directly from the calculated rupture area and mean slip without the model uncertainties in-66 
herent in a 2D simplification.  67 
 One concern, which is the focus of the present study, is how geological structures such as confin-68 
ing formations, pre-existing bedding planes and faults influence fracture propagation during hydraulic 69 
fracturing operations. A model based on degradation of material properties is implemented in FLAC3D 70 
([13]) to simulate fracture propagation in a continuous medium ([14]). The main objectives of the paper 71 
are (1) to check the effectiveness of using a continuum based model to simulate the fracture propaga-72 
tion (2) to study how fracture propagation is influenced by complex geological settings (e.g. confining 73 
formations, a pre-existing bedding plane and fault) and (3) to evaluate changes in pore pressure and 74 
permeability caused by the interaction between the propagating fracture and pre-existing geological 75 
structures. A sensitivity analysis is made to study the influence of the ratio SR between the magnitude 76 
of horizontal and vertical boundary stresses, the permeability kc of confining formations, the elastic 77 
modulus Ep and initial permeability kp of bedding plane, the initial permeability kF of the fault, as well as 78 
the effect of multiple bedding planes. The paper is completed with some concluding remarks.  79 
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2. PROBLEM DEFINITION 80 

 Here the propagation of a vertical fracture through hydraulic fracturing is studied by water injection 81 
into a 2 m long vertical fracture, which shall be called the injection fracture. The injection fracture is 82 
defined having initial similar permeability and stiffness as the surrounding shale formation, but with null 83 
cohesion and tensile strength. Three scenarios were considered: in scenario 1 (SC1), a shale-gas 84 
reservoir with a thickness of 20 m located between two confining formations each with 15 m thickness, 85 
is considered; in scenario 2 (SC2), in addition to previous scenario, one pre-existing horizontal bed-86 
ding plane located 1 m above the injection fracture upper tip, is considered; in scenario 3 (SC3), in 87 
addition to scenario 1, a pre-existing fault with a dip angle of 60°, located near the injection fracture, is 88 
considered (Fig 1). In the last case SC3, the horizontal distance between the centre of the injection 89 
fracture and the fault is 1.0 m, and the vertical distance between the tip of the injection fracture and the 90 
fault is 0.80 m. These cases represent the basic scenarios on which various sensitivity analysis will be 91 
performed. 92 
 93 

 94 
Fig. 1: Geometry of the scenarios (a) SC1 (b) SC2 (c) SC3 and (d) boundary loading and pore pres-95 
sure conditions: Sv and Sh are the vertical and horizontal boundary stresses, respectively; SR is the 96 
ratio between Sh and Sv; p is the initial fluid pore pressure; Qinj is the constant flow rate 97 
 98 
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  The origin of the x and y-axis system is located in the centre of the studied regions. Let us now 99 
assume that the shale-gas reservoir is located at 2000 m depth. By assuming a vertical gradient of 100 
0.027 MPa/m, the magnitude of the vertical stress component (Sv) at 2000 m depth below the surface 101 
is 54 MPa. The maximum boundary stress is vertical which is consistent with the injection fracture 102 
orientated according in the y-axis direction. A loading case was considered in which the ratio SR be-103 
tween the horizontal Sh and vertical Sv boundary stresses is 0.7 (Fig. 1). Further, a sensitivity analysis 104 
is made to study the influence of SR on the obtained results (see section 5.1). Because the vertical 105 
and horizontal dimensions of the model are only 50 m, the vertical and horizontal gradients of all 106 
stress components were neglected. The stresses are applied normal to the boundaries which are free 107 
to move. No shear stresses are considered at the boundaries (Fig. 1). Results of our simulations 108 
showed that because the boundary conditions are imposed far enough, they do not influence the 109 
stresses around the injection fracture and its propagation in the intact rock. By assuming that the water 110 
table is located at the land surface and a fluid pore pressure vertical gradient of 0.01 MPa/m, at 2000 111 
m depth, the fluid pore pressure p is 20 MPa. Over the 50 by 50 m model domain, the pore pressure 112 
gradients in the x and y-axis directions were neglected. All the boundaries were considered closed to 113 
flow. Results of our simulations showed that the results are not influenced by the flow boundary condi-114 
tions. We simulate a hydraulic fracturing stimulation stage with water injection at a constant rate Qinj 115 
for 2 hours (Fig. 1). It is assumed that the borehole is horizontal, in the plane of the analysed rock 116 
domain, and intersects the injection fracture in the shale-gas reservoir [11]. The injection occurs in all 117 
elements representing the initial 2 m long injection fracture. After 2 hours, water injection is stopped 118 
but simulation of hydro-mechanical behaviour continues for another hour.  119 
 120 

3. NUMERICAL APPROACH 121 

3.1 Finite-difference numerical model 122 

 A 2D finite-difference model was developed in FLAC3D ([13]) to study the coupled hydro-123 
mechanical effects in scenarios SC1, SC2 and SC3 as a result of hydraulic fracturing stimulation. The 124 
model is a square region with 50 m side, with a thickness of 1 m. A plane strain analysis was carried 125 
out. The mesh consists of 24100 elements and is more refined in a square region with 30 m side 126 
around the injection fracture where the elements are squares with 0.20 m side (Fig. 2). The bedding 127 
plane was considered to have a thickness of 0.20 m. Three layers of elements were used to represent 128 
the bedding planes. 129 
 In our hydro-mechanical analysis, the injection fracture was assumed to have filling material to 130 
have capability to allow stress transfer through surface contacts. This is a more realistic scenario than 131 
simple open fracture because it enables the possibility of considering changes in the fracture aperture 132 
caused by changes in the effective stress normal to the fracture, as to be expected when two rough 133 
fracture surfaces are in contact. The injection fracture was modelled as an equivalent solid material, in 134 
which the elastic modulus EF of the elements intersected by a fracture trace is calculated according 135 
with the following equation ([15], [16]): 136 
 137 
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 139 
where ER is the elastic modulus of the intact rock, kn is the fracture normal stiffness, d is the element 140 
size (0.20 m). 141 
 To check if the mesh resolution is sufficient to obtain a good estimate of the elastic stress distribu-142 
tion close to the injection fracture, scenario 1 was considered and a horizontal boundary stress Sh of 143 
40 MPa was applied at the boundaries perpendicular to the x-axis. In this verification, the fracture was 144 
assumed to have no filling material or without stress transfer through surface contacts. The variation of 145 
the ratio between the magnitudes of the fracture normal stress σxx and boundary stress Sh with dis-146 
tance along the lines x=0 and y=0 away from the injection fracture was calculated and compared with 147 
the analytical solution presented in [17]. Results of this comparison showed that the difference be-148 
tween the solution provided by [17] and FLAC3D is smaller than 3%, with exception of the stress at the 149 
very tip of the injection fracture, where this discrepancy is approximately 30%. To obtain a better accu-150 
racy around the fracture tip, a more refined mesh would be necessary. Results obtained with a mesh 151 
with square elements of 0.10 and 0.05 m side showed that at the fracture tip the discrepancy between 152 
solution in [17] and FLAC3D is approximately 20% and 10%, respectively. However, in our hydro-153 
mechanical analysis, such refinement is not needed because the injection fracture is assumed to have 154 
filling material or to allow stress transfer through surface contacts and the local stress concentration at 155 
the fracture tip is much smaller. Results of our simulations done for scenario 1 showed that the dis-156 
crepancy in fracture extension obtained by considering square elements with 0.05 m and 0.20 m side 157 
is about 0.50 m, which is acceptable, considering the fracture propagates approximately 10 m. This 158 
enables us to conclude that the stresses and fracture propagation due to water pumping are reasona-159 
bly represented in our model. 160 

 161 

 162 
Fig. 2: Detail of the mesh of the finite-difference model used to simulate scenario 2 (left) and scenario 163 
3 (right) 164 
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3.2 Model parameters 165 

 Necessary model parameters are listed in Table 1. A Mohr-Coulomb model with tension cut-off was 166 
used in the shale formation. An elastic modulus of 30 GPa and Poisson’s ratio of 0.2 were assigned in 167 
the base case of our study ([11]). The cohesion and friction angle were set to 30 MPa and 25°, respec-168 
tively. An elastic-brittle model was implemented in FLAC3D to describe the behaviour of the failure 169 
elements of the intact rock by tension and shear. This model is described in section 3.4. It was found 170 
that for these properties, shear failure does not occur in the shale formation and tension failure is the 171 
dominant mechanism. A tensile strength of 5 MPa for the intact rock was assumed. By considering 172 
only the boundary stresses, a sensitivity analysis was done to study the influence of this parameter on 173 
the results. Additional values of 2 and 10 MPa were considered. Results showed a slightly decreased 174 
fracture extension when the tensile strength increases. The fracture extension ranges between 10.4 175 
and 11.2 m when the tensile strength ranges between 10 and 2 MPa, respectively. Regarding the 176 
hydraulic properties, the values of 10-19 m2 and 0.01 were assigned to the permeability and porosity of 177 
the shale formation ([11]).  178 
 The confining formations above and below the shale layer were assumed to have the same proper-179 
ties of the shale formation, with exception of the permeability, which was set to 10-16 m2. This is three 180 
orders of magnitude larger than the permeability of the shale formation. Further, a sensitivity analysis 181 
is made to study the influence of this parameter on the simulation results (see section 5.2). 182 
  The mechanical behaviour of the 2 m long injection fracture and its extension created by fracturing 183 
propagation is modelled with continuum elasto-plasticity using a Mohr-Coulomb constitutive model 184 
with tension cut-off. The mechanical properties of the injection fracture (Poisson’s ratio, friction angle, 185 
dilation angle, cohesion) were extracted from [16]. The elastic modulus was calculated according to 186 
equation (1), by assuming a fracture normal stiffness of 1000 GPa/m. A sensitivity analysis was done 187 
to study the influence of this parameter on the simulation results. Additional values of 100 and 500 188 
GPa/m were considered. Results showed very low sensitivity to this parameter and therefore do not 189 
affect the conclusions in this paper. The tensile strength for the injection fracture was assumed to be 190 
zero. Results of our simulations showed low sensitivity to this parameter, because the tension failure 191 
occurs in the intact rock. In the injection fracture, shear failure is the dominant mechanism for the sce-192 
nario considered in our study. The permeability of the injection fracture was initially considered to be 193 
the same as that of the surrounding shale formation. The assumption of an initial impermeable fracture 194 
(hydraulically indistinguishable from the host rock) is a realistic base case, if the fracture is considered 195 
to be completely sealed initially ([18]). The porosity was assumed to equal to the porosity of the sur-196 
rounding shale formation ([11]). 197 
 The mechanical behaviour of the fault and bedding plane was modelled by a Mohr-Coulomb model. 198 
The elastic properties of the bedding plane were assumed to be equal to those in the surrounding 199 
shale formation. Further, a sensitivity analysis is made to study the influence of the elastic modulus of 200 
the bedding plane on the simulation results (see section 5.3). However, the cohesion was set to 0 MPa 201 
to enable the bedding plane to slide. The friction and dilation angles were set to 25° and 0°, respec-202 
tively ([19]). The properties of the fault were extracted from [11]. We set the Young’s modulus and 203 
Poisson’s ratio to 5 GPa and 0.25, respectively. This represents a significant reduction of the elastic 204 
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modulus from the 30 GPa value for the surrounding shale. The cohesion was set to 0 MPa. The fric-205 
tion and dilation angles were set to 31° and 10°, respectively. We conducted also a sensitivity analysis 206 
by varying the permeability of the bedding plane and fault from 10-19 m2 (near impermeable base case) 207 
to 10-16 m2, the latter case representing potential permeability along a thin damage zone (see sections 208 
5.4 and 5.5). 209 
 210 

Table 1: Rock characteristics considered in the base-case simulation 211 

Parameters Shale Confining 
formations 

Injection 
fracture 

Bedding 
plane Fault 

Young’s modulus E (GPa) 30 30 26 30 5 
Poisson’s ratio ν 0.2 0.2 0.2 0.2 0.25 

Rock density ρs (kg/m3) 2700 2700 2700 2700 2700 
Cohesion c (MPa) 30 30 0 0 0 

Tensile strength σt (MPa) 5 5 0 0 0 
Friction angle φ (°) 25 25 25 25 31 
Dilation angle ψ (°) - - 5 0 10 

Porosity φ 0.01 0.01 0.01 0.01 0.01 

Initial permeability k (m2) 10-19 10-16 10-19 10-19 10-19 
  212 
3.3 Injection rate 213 

 For our 2D analysis, we simulated the water injection during stimulation as representative as pos-214 
sible of conditions during hydraulic fracturing operations. Generally, shale-gas stimulation requires a 215 
large volume of injected water to attain hydraulic fracturing. The water volume may exceed 500,000 216 
gallons at each stage of hydraulic fracturing along a horizontal borehole ([20]). Typically, each stage is 217 
characterised by a sub-stage sequence, during which water may be pumped at a rate of 3000 gallons 218 
per minute (about 200 kg/s) for a few hours. From the total amount of water injected in a typical stage 219 
we estimated the injection rate into our 2D model as follows. A borehole is often 1000-2000 m long, 220 
and the hydraulic fracturing process may involve 10-20 stages. We thus assumed that each stage 221 
affected a length of about 100 m along the horizontal wellbore. Micro-seismic events observed at 222 
shale-gas production sites appear to indicate that the producing zone extends about 100 m along the 223 
vertical direction, and the lateral extent is about 300 m. Thus, using these parameter estimates, we 224 
assumed an injection rate per volume unit during a single stage of 200/(100×100×300)=6.6×10-5 225 
kg/s/m3, which correspond to an injection rate of 2×10-6 kg/s into a 0.04 m3 grid block. This injection 226 
rate was found to lead to a maximum pore pressure in the centre of the injection fracture of approxi-227 
mately 2.5 times the initial fluid pore pressure, at 30 minutes after water injection is started. 228 
  229 
3.4 Elastic-brittle model in the failure regions 230 

 The behaviour of the intact rock undergoing tension or shear failure may be simplified to be repre-231 
sented by an elastic-brittle, elastic-strain softening (a combination of brittle and ductile) or elastic-232 
ductile (plastic) mechanisms. An elastic-plastic and strain softening model cannot effectively simulate 233 
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the fractures propagation because large plastic zones appear around the fracture tips. An elastic-brittle 234 
stress-strain relation, based on degradation of the mechanical properties and consequent stress distri-235 
bution for the failure elements by tension and shear (Fig. 3) has been shown to be more effective for 236 
this purpose ([14], [21]). In this model, failure of an element causes disturbance of the local stress 237 
field, which may lead to progressive failure of surrounding elements. 238 
 239 

 240 
Fig. 3: Degradation of the stiffness and strength properties for the failure elements of the intact rock by 241 
(a) tension and (b) shear: E, σt and c are the initial values for elastic modulus, tensile strength and 242 

cohesion, respectively; Eres, σt,res and cres are their residual values, respectively, εt0 is the strain thresh-243 

old of tension damage, εtu is the limit strain of tensile strength and εs0 is the strain threshold of shear 244 
damage. 245 
 246 
  According to this model, for the elements that undergo yield tensile strength (Fig. 3a), stiffness and 247 
strength properties are degraded, according to a damage variable D. This variable can be expressed 248 
by the following equations ([14]): 249 
 250 
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where σt,res is the residual tensile strength, E and σt are the elastic modulus and tensile strength of the 257 

intact rock (Table 1), η is the residual strength coefficient, εt0 is the strain threshold of tension damage, 258 

εtu is the limit strain of tensile strength, and ε1, ε2 and ε3 are the three principal strains. 259 
 For the elements of the intact rock subjected to shear failure (Fig. 3b), the damage variable D can 260 
be expressed as follows ([14]): 261 
 262 
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 264 
where E is the elastic modulus, τs,res is the residual strength of shear damage, εs0 is the strain thresh-265 

old of shear damage, and εs is the shear strain. 266 
 This model was implemented in our finite difference scheme. In the intact rock, shear failure does 267 
not occur and tension failure is the dominant mechanism. In the regions of the intact rock where the 268 
tensile stress exceeds the tensile strength, tension failure occurs. In those regions, the stiffness and 269 
strength properties were degraded. Stiffness degradation is implemented by simply updating elastic 270 
modulus E in the stress-strain calculations, and strength degradation is modelled by reducing the ten-271 
sile strength σt and the cohesion c of the intact rock. The friction angle was kept invariant ([14]). The 272 

corrected values for the elastic modulus Ecorr, tensile strength σt,corr and cohesion ccorr are given by the 273 
following equations: 274 
 275 
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 281 
where Eres, σt,res and cres are the residual values of the elastic modulus, tensile strength and cohesion 282 
(Fig. 3), respectively. In our simulations, the initial values of the elastic modulus, tensile strength and 283 
cohesion (Table 1) were reduced to one percent of the original values ([14]). 284 
   Shear failure was found to be the predominant mechanism in the elements that represent the 285 
injection fracture, the bedding plane and the fault. In those elements, reducing shear stiffness with 286 
damage is not relevant, because they have a null cohesion, and they get into failure for a very small 287 
shear strain. For this reason, no damage was applied to the properties presented in Table 1. 288 
 To check if this model enables to simulate properly the fracture propagation in intact rock, a study 289 
was conducted where (1) differential boundary stresses were applied in a model of a 2 m long fracture 290 
with inclination of 45° to the maximum principal stress direction (vertical), with no filling material or 291 
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stress transfer through surface contacts, (2) the fracture propagation was calculated for various values 292 
of the ratio SR between the magnitudes of the maximum and minimum boundary stresses (e.g. SR 293 
equal to 4, 5 and 10); and (3) the results were then compared with those estimated by analytical solu-294 
tions obtained for an infinite elastic medium ([22]). For a ratio of 10 between the maximum and the 295 
minimum boundary stresses, the fracture extension was found to follow a line in the direction of the 296 
maximum principal stress. The difference between the fracture extension provided by analytical solu-297 
tions and our simulations is smaller than 10%, which enables to conclude that the length of the frac-298 
ture extension is adequately represented in our model. With the mesh presented in section 3.1, the 299 
formation of wing cracks, as observed in [22], is not visible. For that purpose, a mesh with square ele-300 
ments of 0.05 m side around the fracture tip would be necessary. However, in the work reported in this 301 
paper, this is not relevant because the maximum ratio between the maximum and minimum boundary 302 
stresses is 1.67 (SH = 0.6 Sv). For this small stress ratio, wing cracks do not form, even if a more re-303 
fined mesh is used. 304 
  305 
3.5 Permeability changes in the fractures and tension failure regions 306 

 We consider permeability changes with tensile and shear rupture in the initial and propagated frac-307 
ture, bedding plane, and fault, according to a conceptual model described by [11]. In this model, the 308 
tensile and shear rupture regions are subjected to an increase in permeability, which is superimposed 309 
on the initial permeability. Changes in equivalent fractured rock permeability are a function of plastic 310 
strain εn normal to the fracture, bedding plane or fault: 311 
 312 

 ( )300
t
nnf Akkkk εε −+=+= ,   (9) 313 

 314 
where k0 is the initial permeability of the fracture, bedding plane or fault, A is a constant, and εnt is a 315 
threshold strain related to required crack opening displacement for onset of permeability changes. 316 
Here, we used εnt=1×10-4 and A=1×10-9, meaning that the permeability would increase to about 10-14 317 
m2 for a plastic strain normal to the injection fracture on the order of 2×10-2. This is a very substantial 318 
permeability change from an initial fracture permeability of 10-19 m2, one that provides rapid pressure 319 
diffusion along the fractured elements with fracture propagation. 320 
 321 
3.6 Coupled hydro-mechanical calculation 322 

 A mechanical analysis is carried out by considering the boundary stresses Sv and Sh and the initial 323 
pore pressure p of 20 MPa. Then, a flow analysis is performed to calculate changes in the pore pres-324 
sure field resulting from water injection into the initial fracture (Fig. 1) at a constant flow rate Qinj during 325 
a 2 hours period. After 2 hours of injection, water injection is stopped. The increase in fluid pore pres-326 
sure in the initial and propagated fracture and the surrounding intact rock leads to a decrease in the 327 
effective stress. In the regions where the tensile stresses exceed the tensile strength σt, tension failure 328 
occurs. In the regions where the shear stress exceeds the shear strength govern by Mohr-Coulomb 329 
criterion, shear failure occurs. Then, a mechanical analysis is made to calculate stress induced 330 
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changes in permeability, as described in section 3.5. The coupled hydro-mechanical analysis is se-331 
quential and stepped forward in time. At each time step of transient flow calculation, a quasi-static 332 
mechanical analysis is conducted to calculate stress-induced changes in permeability. The simulation 333 
is performed for a simulation period of 3 hours (shut in occurs after 2 hours of injection). A mechanical 334 
analysis is done after each 60 seconds.  335 
 336 

4. RESULTS 337 

4.1 Results for failure regions and pore pressure field  338 

 Fig. 4 shows the failure regions and the pore pressure field after 2 hours of injection, obtained in 339 
scenarios 1, 2 and 3, whereas Fig. 5 shows results after 3 hours (one hour after shut-in). The upper 340 
and lower limits of the shale reservoir are represented by two red lines. Fig. 6 shows the time evolution 341 
of the pore pressure at the centre of the injection fracture (point 1) and the intersection of the fault with 342 
the extended fracture (point 2). The instants of time for which the extended fracture intersects the pre-343 
existing bedding plane or the fault are represented by dashed lines. Fig. 7 shows the variation of pore 344 
pressure and slip displacement in the fault after 2 hours of injection, as a function of distance d along 345 
the fault from the point 2. 346 
  347 

348 
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 349 
 350 
 351 

 352 
Fig. 4: Failure regions (left) and pore pressure field [Pa] (right) at the end of the 2 hours water injection 353 
in (a) scenario 1 (b) scenario 2 and (c) scenario 3 (tension and shear failure regions are represented 354 
by the black and pink colours, respectively) 355 
 356 
 357 
 358 
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 359 
 360 
 361 

362 
Fig. 5: Failure regions (left) and pore pressure field [Pa] (right) at 3 hours, after 2 hours of injection and 363 
one hour shut-in in (a) scenario 1 (b) scenario 2 and (c) scenario 3 (tension and shear failure regions 364 
are represented by the black and pink colours, respectively) 365 
 366 
 367 

 368 
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 369 
Fig. 6:  Time evolution of pore pressure in the (a) centre of the injection fracture (point 1) in all scenar-370 
ios and (b) the fault (point 2) in scenario 3 371 
 372 

 373 
Fig. 7: Variation as a function of distance d along the fault from the point 2 of (a) pore pressure and (b) 374 
slip displacement in the fault (results obtained after 2 hours of injection for scenario 3) 375 
 376 
 In scenario 1, tension failure in the intact rock is the predominant mechanism (Figs 4 and 5). The 377 
injection fracture starts to propagate when the local pore pressure around the fracture tip is approxi-378 
mately 75% of the minimum boundary stress magnitude. The injection fracture propagates approxi-379 
mately 9.8 m in the maximum principal stress direction (vertical) and extents approximately 0.8 m up-380 
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wards into the confining formation. The pore pressure in point 1 increases until a maximum of 50.7 381 
MPa is reached at approximately 30 minutes after the start of the water injection. After 30 minutes of 382 
injection, it was found that the pore pressure at the tip of the fracture is approximately 6 MPa smaller 383 
than at its centre. This is because at this stage the fracture is too impermeable and thus the pore 384 
pressure diffusion through the fracture is a relatively slow process. Then, the fracture permeability 385 
starts to increase significantly (see section 4.2) and the injection pressure (point 1) decreases. The 386 
pore pressure diffusion is symmetrical to the y-axis and follows the fracture propagation. At approxi-387 
mately one hour after the start of the water injection the pore pressure along the fracture is practically 388 
uniform. At 2 hours of injection, the pore pressure in the centre of the injection fracture is approximate-389 
ly 34 MPa. At 1 hour after shut-in, the pore pressure in the injection fracture centre is approximately 30 390 
MPa. 391 
 In scenario 2, the fracture propagation is found not to be influenced by the bedding plane because 392 
the fracture propagates in the maximum principal stress direction which is perpendicular to the bed-393 
ding plane and the bedding plane is assumed to have the same elastic properties and initial permea-394 
bility as those of the surrounding shale formation. In the bedding plane, shear failure is found to oc-395 
curin a section of 0.80 m length, and is caused by the opening the extended fracture. At that location, 396 
the slip displacement is not enough to lead to a significant pore pressure decrease and interrupt the 397 
propagating fracture. Along the bedding plane, there is no pore pressure diffusion, because permeabil-398 
ity remains to be low. In the injection fracture, the variation of pore pressure with time is practically 399 
equal to that observed in scenario 1. 400 
 In scenario 3, before the fracture reaches the fault, the pore pressure in the injection fracture in-401 
creases approximately 1.6 MPa less than in scenarios 1 and 2.  This is because the fault, which is 402 
softer than the intact rock, leads to a slight increase in permeability of the injection fracture (see sec-403 
tion 4.2) during that period. When the fracture reaches the fault, shear failure occurs in the fault ele-404 
ment at the intercept, and the fracture does not propagate beyond it. At this point, the pore pressure in 405 
the fault (point 2) increases abruptly from 20 MPa to approximately 37 MPa (Fig. 6b). Because of 406 
changes in the fault permeability (see section 4.2), the fluid penetrates more along the fault which 407 
leads to shear failure and dilation in the adjacent elements. After 2 hours of injection, the length of the 408 
shear rupture zone in the fault is 5.1 m along the fault. Because of fault reactivation, the length of the 409 
propagating fracture is smaller than that in scenarios 1 and 2, which results in a smaller increase in 410 
injection fracture permeability (see section 4.2) and thus larger pore pressure. After 2 hours of injec-411 
tion, the injection pressure (point 1) is approximately 0.5 MPa higher than that in scenarios 1 and 2. 412 
 In all scenarios, before the end of the injection period, the fracture reaches the confining for-413 
mations, and since those formations have a permeability three orders of magnitude larger than that of 414 
the shale formation, the pore pressure at the fracture tip decreases, and the fracture propagation is 415 
less. After shut-in, the pore pressure decreases even more and the fracture does not propagate any 416 
more (see Figs. 4 and 5). 417 
 Fig. 7 shows that after 2 hours of injection, the increase in the initial pore pressure (20 MPa) is less 418 
than 1 MPa, from d of approximately 3.7 m along the fault from the point of interception of the propa-419 
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gating fracture and the fault. The maximum slip displacement along the fault is approximately 1.4 mm. 420 
For a d larger than 5.5 m, the slip displacement is smaller than 0.05 mm, the element size. 421 
4.2 Changes in permeability 422 
 In this section, changes in permeability in the injection fracture and fault are analysed. Fig. 8 shows 423 
the time evolution of the permeability in the centre of the fracture (point 1) subjected to water injection 424 
and at the fault (point 2). The instants of time for which the extended fracture intersects the pre-425 
existing bedding plane or the fault are represented by dashed lines. Fig. 9 shows the distribution of the 426 
logarithm of permeability along the fault, after 2 hours of injection. 427 
 It can be seen in Fig. 8 that in all scenarios the permeability of the injection fracture starts to in-428 
crease significantly approximately 30 minutes after the injection. This coincides with the instant in 429 
which the pore pressure starts to decrease (Fig. 6). The permeability increases for 2 hours injection 430 
period, and then decreases after shut-in. In scenarios 1 and 2, increases in permeability are similar, 431 
because the variation of the pore pressure with time in the injection fracture is similar (Fig. 6), which 432 
results in similar increases in permeability. In scenario 3, because of fault reactivation, the length of 433 
the fracture extension is smaller than that in scenarios 1 and 2, which results in less changes in injec-434 
tion fracture permeability. In scenario 3, when the fracture reaches the fault (point 2), at approximately 435 
35 minutes, the fault permeability starts to increase. At 2 hours of injection, the fault permeability at 436 
point 2 is approximately five orders of magnitude larger than the initial value. At that instant, the per-437 
meability has increased by 3 and 2 orders of magnitude, at a distance d of 3.5 and 4.5 m from point 2, 438 
respectively (Fig. 9). For d equal to 5 m, changes in permeability are negligible, because there is no 439 
fault reactivation at that distance, as can be observed in Fig. 7. After shut-in, the permeability of the 440 
fault decreases as its aperture decreases.  441 
 442 

 443 
Fig. 8: Time evolution of the permeability in the (a) centre of the injection fracture and (b) the fault 444 
(point 2) 445 
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   446 

 447 
Fig. 9: Variation of the logarithm of permeability in the fault as a function of distance d along the fault 448 
to point 2 (results obtained after 2 hours of injection) 449 
 450 

5. SENSITIVITY ANALYSIS 451 

 The results presented in the previous section were found to be dependent on the ratio SR between 452 
the magnitude of the horizontal and vertical boundary stresses, the permeability kc of the confining 453 
formations, the elastic modulus Ep of the bedding plane, the initial permeability kp of the bedding plane 454 
and the initial permeability kF of the fault. This section presents the results of a sensitivity analysis to 455 
study the influence of those parameters on the simulation results. The values of those key parameters 456 
used in the sensitivity study are presented in Table 2 together with those used for the base case. The 457 
effect of multiple bedding planes is also analysed. In this sensitivity study, results at the end of a 2 458 
hours period were compared with the corresponding results in section 4.  459 
 460 

Table 2: Values of the key parameters considered in the sensitivity study 461 

Key parameter 
Parameter value 

Scenario 
Base case Sensitivity study 

Stress ratio SR 0.7 0.6, 0.8 1 

Confining formations per-

meability kc (m2) 
10-16 10-19 

1 

Bedding plane elastic 

modulus Ep (GPa) 
30 5 

2 

Bedding plane initial per-

meability kp (m2) 
10-19 10-16 

2 

Fault initial permeability  

kF (m2) 
10-19 10-16 3 
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 462 
5.1 Effect of the ratio SR between the magnitudes of horizontal and vertical stresses 463 

 The fracture extension and the pore pressure field were calculated for a stress ratio SR of 0.6 and 464 
0.8. Results were compared with those presented in section 4, obtained for SR equal to 0.7. Only sce-465 
nario 1 was considered in this analysis. When SR is equal to 0.6, it was found that the extended frac-466 
ture propagates further and reaches the horizontal boundaries of the model domain, so that a model 467 
with larger dimensions would be necessary to calculate the fracture extension. Fig. 10 shows the frac-468 
ture extension and the pore pressure field obtained for a stress ratio SR of 0.8. The fracture propaga-469 
tion ranges between approximately 6 and 9.8 m when the stress ratio ranges between 0.8 and 0.7, 470 
respectively. In contrast to the cases where SR is set to 0.6 and 0.7, the extended fracture for the 471 
SR=0.8 case does not reach the confining formations and as a result there is no pore pressure diffu-472 
sion in those formations. After 2 hours of injection, the pore pressure is 41 MPa, instead of 34 MPa for 473 
the SR=0.7 case. 474 
 Let us now assume that the stress ratio in the shale formation is 0.7, but it is 0.8 or 1.0 in the con-475 
fining formations. This scenario may result from Poisson’s ratio values in the confining formations be-476 
ing larger than those in the shale formation, which leads to larger horizontal stresses in the confining 477 
formations. When SR in the confining formations is equal to 0.8, it was found that the extended frac-478 
ture still reaches the confining formations, although its propagation is smaller than that observed when 479 
SR is equal to 0.7 in the overall model. When SR in the confining formations is equal to 1.0, it was 480 
found the fracture propagation stops before it reaches the confining formations (Fig. 11). This shows 481 
that as the horizontal stresses in the confining formations increase, the fracture propagation is retard-482 
ed. 483 
 484 

485 
Fig. 10:  Fracture extension (left) and pore pressure field [Pa] (right) obtained with a stress ratio SR of 486 
0.8 (results obtained for scenario 1) 487 
  488 
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 489 
Fig. 11:  Fracture extension (left) and pore pressure field [Pa] (right) obtained with a stress ratio SR of 490 
0.7 and 1.0 in the shale and confining formations, respectively (results obtained for scenario 1) 491 
 492 
5.2 Effect of the confining formations permeability kc  493 

 The permeability kc of the confining formations was reset to 10-19 m2 and the fracture propagation 494 
was calculated. Only scenario 1 was considered in this analysis. It was found that in contrast to the 495 
results for kc of 10-16 m2, the fracture continues to propagate and reaches the horizontal boundaries of 496 
our model. This is because when the permeability of the confining formations is equal to the permea-497 
bility of the shale formation, the injection pressure does not decrease when the fracture reaches the 498 
confining formations. Another simulation was done by considering kc equal to 10-19 m2, but considering 499 
in the confining formations having a stress ratio SR of 1 instead of 0.7. Results for fracture propagation 500 
and pore pressure field are presented in Fig. 12. 501 
 502 

503 
Fig. 12:  Fracture propagation (left) and pore pressure field [Pa] (right) obtained with a permeability kc 504 
of the confining formations equal to 10-19 m2 and a stress ratio SR of 1.0 in the confining formations 505 
(results obtained for scenario 1) 506 
 507 
 Results show that at the end of shut-in, the injection pressure is approximately 41 MPa, which is 508 
approximately 7 MPa larger than that obtained for the case where kc equal to 10-16 m2 with a stress 509 
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ratio SR of 0.7 (see Fig 4a). However, when kc is equal to 10-19 m2, the injection fracture propagates 510 
less and does not reach the confining formations because of the confinement provided by the horizon-511 
tal stresses in those layers. In this case, a much higher fluid pore pressure would be required to con-512 
tinue to propagate the fracture. 513 
 514 
5.3 Effect of the bedding plane elastic modulus Ep 515 

 Fig. 13 shows the failure regions and pore pressure field, obtained for an elastic modulus Ep of the 516 
bedding plane being set to 5 GPa. Results were compared with those presented in section 4, where Ep 517 
is equal to 30 GPa, same as that for shale formation. In this analysis, only scenario 2 was considered. 518 
Results show that for Ep equal to 5 GPa, the propagation of the fracture upwards is 2.0 m less than 519 
that obtained with Ep equal to 30 GPa, and hence the upper confining formation is not reached. The 520 
reason is that when the bedding plane is softer than the surrounding shale formation and as the prop-521 
agating fracture reaches it, for a certain period of time, the increase in initial pore pressure at the frac-522 
ture upper tip is less and is not enough to keep propagating the fracture upwards. During that time 523 
period, the fracture continues to propagate downwards. With time, the pore pressure starts to increase 524 
in the shale formation located above the bedding plane, and the fracture restarts to propagate up-525 
wards. When the fracture reaches the lower confining formation, it continues to propagate upwards. 526 
The up-down asymmetry in fracture propagation with respect to the centre of the injection fracture is 527 
related with the period of time in which the fracture reaches the bedding plane and fracture propaga-528 
tion goes preferentially downwards. 529 
 530 

 531 
Fig. 13:  Fracture propagation (left) and pore pressure field [Pa] (right) obtained with an elastic modu-532 
lus of the bedding plane EP equal to 5 GPa (results obtained for scenario 2): tension and shear failure 533 
regions are represented by the black and pink colours, respectively. 534 
 535 
5.4 Effect of the bedding plane initial permeability kp 536 

 Fig. 14 shows the fracture propagation and pore pressure field, obtained for an initial permeability 537 
kp of the bedding plane of 10-16 m2. Only scenario 2 was considered in this analysis. Results were 538 
compared with those presented in section 4, obtained for kp equal to 10-19 m2. Results show that when 539 
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kp increases from 10-19 m2 to 10-16 m2, the propagation of the fracture upwards decreases significantly. 540 
The downward fracture propagation reaches the lower confining formation, as observed when kp is 541 
equal to 10-19 m2 but above the bedding plane it propagates only 2.4 m and does not reach the upper 542 
confining formation. For the more permeable bedding plane, pore pressure diffusion occurs in the 543 
bedding plane and the fracture propagation is interrupted for a certain period of time. During that peri-544 
od, the fracture continues to propagate downwards. Then, as the pore pressure diffuses into the shale 545 
formation above, the fracture restarts to propagate upwards again.  546 
 547 

 548 
Fig. 14:  Failure regions (left) and pore pressure field [Pa] (right) obtained with a permeability kp of the 549 
bedding plane equal to 10-16 m2 (results obtained for scenario 2): tension and shear failure regions are 550 
represented by the black and pink colours, respectively 551 
 552 
5.5 Effect of the initial fault permeability kF  553 

 Fig. 15 shows the failure regions and pore pressure field, obtained for an initial fault permeability kF 554 
equal to 10-16 m2. Results were compared with those presented in section 4, obtained for kF equal to 555 
10-19 m2. In this analysis, only scenario 3 was considered.  556 
 557 

 558 
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Fig. 15:  Failure regions (left) and pore pressure field [Pa] (right) obtained with a fault initial permeabil-559 
ity kF equal to 10-16 m2 (results obtained for scenario 3): tension and shear failure regions are repre-560 
sented by the black and pink colours, respectively 561 
 562 
 Results show that when kF increases by three orders of magnitude, there is more fluid penetration 563 
and pore pressure diffusion into the fault. Thus, when kF is set to 10-16 m2, the pore pressure in the 564 
fault (point 2 in Fig. 6) is approximately 34 MPa in contrast with 35 MPa found when kf is equal to 10-19 565 
m2. Because of this decrease in pore pressure, the length of the fault section where shear failure oc-566 
curs decreases approximately 1.5 m, and the fracture does not reach the lower confining formation 567 
 568 
5.6 Effect of the multiple bedding planes 569 

 In this section, the influence of multiple bedding planes is analysed. Two additional cases were 570 
considered: (i) two bedding planes located 1 m and 2 m above the upper tip of the injection fracture, 571 
and (ii) three bedding planes located 1, 2 and 3 m above the upper tip of the injection fracture. Results 572 
for fracture propagation are presented in Fig. 16. The analysis shows that the results are similar to 573 
those presented in section 4.1, obtained for a single bedding plane. This is because the bedding 574 
planes are perpendicular to the maximum principal stress direction and have the same initial permea-575 
bility and elastic parameters of the surrounding shale formation. Shear failure only occurs in a section 576 
of the bedding planes with approximately 1 m length, caused by the opening of the extended fracture, 577 
limited to the location of the bedding planes intercepted by the propagating fracture. At that location, 578 
the slip displacement is not enough to interrupt the propagating fracture. If the bedding plane is softer 579 
than the shale formation, the propagation of the fracture will be retarded and becomes asymmetrical 580 
vertically with respect to the centre of the injection fracture, as shown in section 5.3. 581 
 582 

 583 
Fig. 16:  Failure regions obtained with two bedding planes (left) and three bedding planes (right) locat-584 
ed above the injection fracture (results obtained for scenario 2): tension and shear failure regions are 585 
represented by the black and pink colours, respectively 586 
 587 
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6. CONCLUDING REMARKS 588 

 The focus of the study is on understanding the influence of complex geological settings on hydrau-589 
lic fracturing of shale-gas reservoirs. This is accomplished by a comparative coupled hydro-590 
mechanical analysis of three scenarios of hydraulic fracturing starting from a 2 m long vertical injection 591 
fracture. In scenarios 1, 2 and 3, the respective influences of confining formations, pre-existing bed-592 
ding plane and fault on the hydraulic fracturing process is studied. Simulations were made for a time 593 
period of 3 hours with an injection period of 2 hours followed by 1 hour of shut-in. A base case was 594 
considered in which the ratio SR between the horizontal and vertical stresses is 0.7, the permeability 595 
kc of the confining formations is 10-16 m2, the elastic modulus Ep and permeability kp of the bedding 596 
plane are same as those of surrounding shale formation (30 GPa and 10-19 m2, respectively) and the 597 
initial fault permeability kF is 10-19 m2. A sensitivity study was made to analyse the influence of those 598 
key parameters on the simulation results. The effect of multiple bedding planes was also analysed. 599 
The general conclusions from the obtained results may be summarized as follows: 600 
 Firstly, the injection fracture starts to propagate when the local pore pressure around the fracture 601 
tip is approximately 75% of minimum boundary stress magnitude. This is when the tensile stress 602 
around the fracture tip is larger than the tensile strength of the intact rock. At that instant, the injection 603 
pressure is significantly larger than that at its tip because of the slow pore pressure diffusion along the 604 
fracture. After only one hour of water injection the pore pressure along the injection fracture is practi-605 
cally uniform. It was found that until the injection fracture starts to propagate, the injection pressure 606 
increases approximately linearly with time. This is because the shale formation is very impermeable 607 
and consequently the pore pressure diffusion into the intact rock is very slow. 608 
 Secondly, in cases where the propagated fracture reaches the confining formations with a signifi-609 
cant larger permeability than that of the shale formation, the fracture propagation becomes slower. 610 
This is because the high permeability in the confining formations leads to a decrease in pore pressure 611 
at the extended fracture tip. After shut-in, pore pressure starts to dissipate and hence the fracture does 612 
not propagate any more.  613 
 Thirdly, the pre-existing bedding plane do not influence the simulation results when it is oriented 614 
perpendicular to the maximum principal stress direction and has the same initial permeability and elas-615 
tic parameters as the shale formation, because the slip displacement is not enough to induce a signifi-616 
cant pore pressure decrease In such a scenario, multiple bedding planes have no influence on the 617 
results. When the bedding plane has softer properties than the surrounding shale, the results show a 618 
small up-down asymmetry in fracture propagation with respect to centre of the injection fracture, with a 619 
more limited upwards propagation. 620 
 Fourthly, shear failure and dilation were found to occur along the pre-existing fault inclined to the 621 
principal stress directions, which limited the fracture propagation upwards. Consequently, at the injec-622 
tion fracture, changes in permeability are less, which results in slightly higher pore pressure than that 623 
obtained without the pre-existing fault. At shut-in, the maximum discrepancy in pore pressure values 624 
obtained with and without the pre-existing fault was observed to be approximately 0.5 MPa. 625 
 Fifthly, it was found that fracture propagation is strongly influenced by the permeability kc of the 626 
confining formations, the ratio SR between the horizontal and vertical stresses and the initial permea-627 
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bility kp of the bedding planes. Thus, the fracture propagation is more limited when (1) the confining 628 
formations are significantly more permeable than the shale formation, (2) the horizontal stresses in 629 
those confining formations are larger than in those in the shale formation or (3) the initial permeability 630 
of the bedding plane is larger than that of the surrounding shale. In the first and third cases, the pore 631 
pressure around the tip of the extended fracture decreases and the occurrence of tension failure in the 632 
intact rock is not so favourable, and in the second case, the horizontal stresses provide more confine-633 
ment and the fracture requires more fluid pore pressure to propagate. On the other hand, when the 634 
initial permeability of the pre-existing fault is significantly larger than that of the shale formation, the 635 
pore pressure in the injection fracture increases less and the propagating fracture may not reach the 636 
confining formations.  637 
 638 
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sented by the black and pink colours, respectively 741 
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Fig. 16:  Failure regions obtained with two bedding planes (left) and three bedding planes (right) locat-742 
ed above the injection fracture (results obtained for scenario 2): tension and shear failure regions are 743 
represented by the black and pink colours, respectively 744 
 745 
List of tables: 746 
Table 1: Rock characteristics considered in the base-case simulation 747 
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