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Abstract 12 

Injection-induced seismicity and caprock integrity are among the most important concerns in CO2 13 

storage operations. Understanding and minimizing fault/fracture reactivation in the first place, and 14 

rupture growth/propagation beyond its surface afterwards, are fundamental to achieve a successful 15 

deployment of geologic carbon storage projects. Rock fracture mechanics provides useful concepts to 16 

study the propagation of discontinuities such as pre-existing faults and fractures. In this paper, we aim 17 

at developing a methodology to investigate the rupture propagation likelihood of faults/fractures inside 18 

a reservoir and its surrounding (including the caprock) as a result of reservoir pressurization. In this 19 

methodology, mode I (tensile) and mode II (shear) stress intensity factors of a given fault/fracture are 20 

calculated based on Linear Elastic Fracture Mechanics. A fault/fracture can propagate either in mode I, 21 

mode II or a combination of both (also called mixed-mode) based on the comparison of the stress 22 

intensity factors and fracture toughness. The proposed methodology, which has been embedded into a 23 

hybrid Finite Element Method-Discrete Element Method in-house code called MDEM, has the 24 

capability to obtain the direction of mode I and mode II rupture in front of a fault/fracture tip. Two 25 

coefficients are defined as stress intensity paths (κ ) for a fault/fracture, as the change of stress 26 

intensity factors for the two failure modes of a given discontinuity per unit pore pressure change of the 27 

reservoir after injection. Based on these stress intensity path coefficients, a relationship is given to 28 
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calculate the threshold pressure buildup above which the two propagation modes may occur. We use 29 

the proposed methodology to investigate the rupture growth likelihood of faults in and around a closed 30 

reservoir due to its pressurization. Simulation results indicate that mode I failure is likely to occur 31 

inside the reservoir for faults with low dip angle in compressional stress regimes. However, the 32 

initiated mode I failure may not have the chance to grow upwards because the minimum principal is in 33 

the vertical direction and thus, the initiated rupture tends to rotate and grow horizontally. In contrast, 34 

mode I rupture is likely to occur in the caprock for faults with high dip angle in extensional stress 35 

regimes. The initiated rupture may grow upwards if the newly created fracture becomes hydraulically 36 

connected with the reservoir. We find that mode II rupture is not likely to occur in any of the 37 

investigated scenarios. Simulation results show that the coefficients of the stress intensity factors 38 

depend on the faults location, dipping angle, fault length, presence of other faults, reservoir aspect 39 

ratio and reservoir and caprock stiffness. 40 

Keywords: Fault reactivation, stress intensity path, fracture propagation, caprock integrity, induced 41 

seismicity, CO2 storage 42 
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1. Introduction 54 

CO2 storage is considered as one of the options to reduce carbon dioxide (CO2) in the atmosphere to 55 

mitigate its effect on climate change. Safety of the injection from a geomechanical point of view has 56 

been a concern among scientists and the public. The main geomechanical risks associated with storage 57 

of CO2 are differential ground displacement due to surface uplift, caprock integrity and fault 58 

reactivation leading to leakage and/or seismicity (Streit and Hillis, 2004; Rutqvist, 2012; White and 59 

Foxall, 2016).  60 

Industrial scale injection of CO2 in the subsurface will cause ground heave as a result of pore pressure 61 

increase (Rutqvist, 2012). A well-known example of this heave is the double-lobe uplift measured at 62 

In Salah, Algeria, on top of a horizontal injection well (Vasco et al., 2010). If uplift occurs over a large 63 

area and is relatively uniform, ground movement should not imply any problem. Actually, it has been 64 

proposed to inject CO2 below Venice, Italy, in order to compensate for the subsidence that is sinking 65 

the city below the sea level (Comerlati et al., 2006). Nevertheless, structural problems may appear if 66 

differential uplift becomes significant. Apart from ground movement, another source of concern is 67 

CO2 leakage that could be related to loss of caprock sealing capacity and/or fault stability. Given the 68 

characteristics of CO2 pressure evolution, which becomes practically constant after a sharp initial 69 

increase, caprock integrity is unlikely to be compromised if proper pressure management is performed 70 

(Vilarrasa and Carrera, 2015). On the other hand, fault stability may be an issue because fault 71 

reactivation could give rise to both CO2 leakage and felt induced seismicity that may raise public 72 

concern (Rinaldi et al., 2014; Rutqvist et al., 2016; Vilarrasa et al., 2016). 73 

There are several geomechanical studies that explicitly include faults in CO2 storage models 74 

investigating faults/fractures reactivation (e.g., Vidal-Gilbert et al., 2010; Cappa and Rutqvist, 2011; 75 

Rinaldi et al., 2015; Gheibi et al., 2016, 2017). These studies focus only on fault plane stability and 76 

exclude the effect of fault tip. In other words, they do not investigate the growth/propagation of 77 

reactivated faults. In particular, studies of fault/fracture stability from a fracture mechanics point of 78 

view are limited in CO2 storage. This limitation is probably due to the fact that geomechanical studies 79 

related to CO2 storage are relatively small in number and have focused on other types of problems.  80 
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One of the most challenging issues related to fault modeling is obtaining the stress values in front of 81 

the fault tip. On the one hand, based on elastic solutions, namely Linear Elastic Fracture Mechanics 82 

(LEFM), the stress value is singular at a crack/fault tip. Therefore, calculation of the stress values is 83 

mesh size dependent in numerical modeling. Actually, the calculated stress becomes greater for finer 84 

elements. Thus, a stress-strength failure criterion that use the stress state to evaluate whether the 85 

strength is reached cannot be adopted. This mesh size dependency can be avoided if an appropriate 86 

fracture mechanics criteria, such as energy release rate, gc, or fracture toughness, CK , is used. There 87 

are three types of rock fracture propagation, i.e., tensile opening, shearing and tearing modes, and their 88 

corresponding Stress Intensity Factors (SIF) are IK , IIK and IIIK , respectively (Bazant and Planas, 89 

1997) . On the other hand, based on non-elastic solutions, no material can withstand the very high 90 

stress values in the crack/fault tip. As a result, stresses will drop to a limit due to material plasticity or 91 

softening in quasi-brittle materials. Examples of existing solutions are Cohesive Zone Modeling 92 

(Elice, 2002) and Crack Band Theory (Bazant and Oh, 1983). 93 

Among the few studies related to CO2 storage that consider fracture/fault propagation, Wang et al. 94 

(2016) developed an analytical method to calculate the change of SIF of a fault located in the caprock 95 

due to fluid injection and withdrawal. Nevertheless, their methodology is limited to mode II and 96 

cannot calculate the magnitude of the SIF. On the other hand, Papanastasiou et al. (2016) presented an 97 

analytical model of hydraulic fracturing in weak formations to investigate the risk of hydraulic 98 

fracturing in CO2 storage. The analytical model of Papanastasiou et al. (2016), which is limited to 99 

mode I, is based on a Mohr–Coulomb dislocation model that is extended to account for materials with 100 

fracture toughness. They found that a hydraulically induced fracture from CO2 injection is more likely 101 

to propagate horizontally than vertically, remaining contained in the storage formation.  102 

The goal of this paper is to develop a methodology to calculate both mode I and mode II SIF of faults 103 

inside reservoir and caprock based on LEFM. The methodology has been implemented into a hybrid 104 

Finite Element Method (FEM)-Discrete Element Method (DEM) code called MDEM (Alassi, 2008; 105 

Lavrov et al., 2015). For reasonably fine meshed, a significant dependency of the solution on the mesh 106 

size is not observed. We also introduce stress intensity path coefficients as the change of SIF per unit 107 
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pore pressure change in the reservoir. We use the methodology to investigate the effect of several 108 

parameters, such as (i) fault length, (ii) inclination, (iii) location, (iv) elastic properties of reservoir and 109 

caprock and the contrast between them, (v) interaction of faults on each other and (vi) reservoir aspect 110 

ratio, on the stress intensity path. We also perform fault rupture analysis as a result of reservoir 111 

pressurization using the introduced stress intensity paths coefficients. 112 

2. Methods 113 

2.1 Mixed mode I-II cracks and brittle fracture criterion 114 

Using the linear superposition of stresses in polar coordinates, the elastic state of stress around the 115 

crack tip is (after Lawn, 1975) 116 

( ) ( )1 3 cos cos 3cos 1 sin
2 22 2

I II
rr K K

r
θ θs θ θ

π
 = − + −  

        (1) 117 

( )
cos

2 1 cos 3 sin
2 2

I IIK K
rθθ

θ

s θ θ
π

 = + − 
         (2) 118 

( )
cos

2 sin 3cos 1
2 2

I II
r K K

rθ

θ

τ θ θ
π

 = + − 
         (3) 119 

where, IK and IIK are mode I and II SIF in the direction of the crack/fault ( 0θ = ), respectively. r  is 120 

the distance from the crack tip and ( )θ π θ π− ≤ ≤  is the direction of an arbitrary plane at the crack tip 121 

with respect to x axis (Fig. 1). θ  is positive counterclockwise and negative clockwise. The sign 122 

criterion of geomechanics is adopted, so compressive and tensile stresses are considered as positive 123 

and negative, respectively. 124 

 125 
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 126 

Fig. 1 Stress components at a point near a crack tip in the polar coordinate 127 

The stresses are compressive in deep geological formations, so cracks/faults tend to be closed and the 128 

frictional resistance to be active. We assume a 2D plane-strain model in which the maximum and the 129 

minimum principal stress are contained in the in-plane direction and the intermediate stress is in the 130 

out-plane direction. Under compressive stresses, IK and IIK for a crack with angle 0 2β π≤ ≤ (with 131 

respect to the horizontal line) can be obtained from (after Zhou et al., 2013) 132 

( )2 2cos sinI

VK as β λ β π= +         (4) 133 

( ) ( ) ( )2 21 cos sin cos sin1II

VK aδ
λ β β µ β λ β πs= − − +−        (5) 134 

h

V

s
λ

s
=             (6) 135 

where Vs and hs are the vertical and horizontal stresses, respectively, λ is stress anisotropy ratio, µ is 136 

the friction coefficient of the fault/crack plane and a is the half-length of the fault/crack. If V hs s≥ , 137 

0δ = , otherwise 1δ = . This is done to ensure that the frictional force is in the opposite direction of 138 

the shearing force. 139 

In fracture mechanics, the sign of IIK represents the direction of the mode II loading and it can be 140 

negative, positive or zero. 0IIK = implies that no shearing is occurring on the crack. However, a 141 

different convention will be adopted in Section 2.2. 142 
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Positive values of 
IK represent that the crack/fault surface closes and thus, a positive 

IK  is not 143 

physically meaningful. Positive values of 
IK shown in the paper are only to compare its relative 144 

difference before and after injection.  145 

Erdogan and Sih (1963) proposed the composite criterion of minimum circumferential tensile stress 146 

(minimum tensile–stress criterion). This criterion holds that a mixed mode I–II crack propagates along 147 

the corresponding direction of minimum tensile stress satisfying the following (modified after Wu et 148 

al., 2016) 149 

0θθs
θ

∂
=

∂
,  

2

2 0θθs
θ

∂
>

∂
              (7) 150 

2
1 1 1 82 tan

4
IC w

w
θ − − +

= , 
II

I

K
w

K
=                 (8) 151 

where ICθ is the corresponding direction of minimum tensile stress.  152 

Mode I stress intensity factors in the direction of θ  can be defined as (Rao et al., 2003) 153 

( ) ( )
0

lim 2I

r
K rθθθ s π

→
= .             (9) 154 

The corresponding SIF of minimum tensile stress or equivalent mode I intensity factor is given by 155 

(modified after Wu et al. 2016) 156 

( )1
cos 1 cos 3 sin

2 2

IC

I e I IC II ICK K K
θ

θ θ= + −   .      (10) 157 

The fracture criterion for mode I crack grow/rupture is (Rao et al., 2003) 158 

I e ICK K≥ ,             (11) 159 

where ICK is the fracture toughness in mode I. 160 

Similarly, mode II stress intensity factor in the direction of θ  can be defined as (Rao et al., 2003) 161 
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( ) ( )
0

lim 2II

r
r

K rθθ τ π
→

= .          (12) 162 

To obtain the direction of maximum shear stress, the following condition should be satisfied 163 

0rθτ
θ

∂
=

∂
, ( )

max

IIC
rθ aτ θ θ= .         (13) 164 

This leads to a cubic equation with three roots. We derive the following solution as the corresponding 165 

direction of maximum (absolute value) shear stress  166 

( )12 tan 2cos 2
3 3 3 3

IIC g p w
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π
θ a−= + − − +
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where, ( )21 7
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1
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2

3

q
g

p

−= −

−

 
 
 
 

      

anda is the index of the three 168 

roots and only one of them maximizes the shear stress. 169 

Therefore, the corresponding SIF of maximum shear stress or equivalent mode II intensity factor is 170 

given by (modified after Wu et al., 2016) 171 

( )1
cos sin 3cos 1

2 2

IIC
II e I IIC II IICK K K

θ
θ θ= + −   .        (15) 172 

The failure criterion for shear is given by (Rao et al., 2003) 173 

IIe Ie IIC IC

IIe IIC

K K K K

K K

 ≥


≥
,          (16) 174 

where IICK is the fracture toughness in mode II.  175 

It must be noted that IK  in Eq. (10) and Eq. (15) is only meaningful if it is negative. Otherwise it 176 

should be set to zero. 177 

2.2  Stress intensity factor path and critical overpressure 178 
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Similar to the stress path (Hettema et al., 2000), which is the change of total stress per change of unit 179 

pore pressure P  inside the reservoir, it is possible to define the stress intensity path as  180 

I
I K

P
∆

=
∆

κ , 
II

II K
P

∆
=

∆
κ          (17) 181 

for mode I and mode II, respectively. In contrast to stress path, stress intensity path is not independent 182 

of the stress regime (Gheibi et al., 2016, 2017). However, κ is constant for a given fault placed at a 183 

particular location in a given stress regime even for different stress anisotropy ratios λ  (as will be 184 

discussed in section 3.1). Therefore, if κ  is known for a fault, it is possible to find the minimum and 185 

the maximum K  for mode I and II, respectively, corresponding to the direction of minimum tensile 186 

and maximum shear stress. This can be used to find the critical pressure change above which mode I 187 

or mode II rupture of the fault could be initiated. Actually, there are no explicit solutions to relate the 188 

critical pressure to the critical toughness values. However, we propose some relations by which 189 

variations of SIF as a function of pressure change can be plotted to find the critical pressure. 190 

The application of the relationships developed in Section 2.1 becomes slightly different when using 191 

the κdefined in Eq. (17). Here, it is assumed 0IIK < for a stable and 0IIK > for an unstable fault. 192 

This assumption is made to provide a ground for general definition of the stress intensity path in Eq. 193 

(17) independent of the overpressure magnitude. For example, consider a given fault that is initially 194 

stable. Based on the convention in fracture mechanics, the IIK should be set to zero. Assuming that the 195 

fault is still stable after an overpressure of some MPa, so we should set the IIK to be zero again. In 196 

such condition, if we define the stress intensity path for the fault, it is equal to zero. However, if the 197 

pressure is increased to a certain value that the fault becomes unstable, IIK turns non-zero and the 198 

stress intensity path will become a finite positive value if V hs s> and negative if V hs s< . Therefore, 199 

it is not possible to define a general stress intensity path and it is changed for different overpressure 200 

level. However, if we impose that for a stable and unstable fault the 0IIK < and 0IIK > , 201 
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respectively, we can ensure that the IIK P∆ ∆ is independent of the overpressure magnitude for a 202 

given fault.  203 

δ is used to ensure that IIK is positive for unstable faults independently of the shearing direction. 204 

Thus, in this paper, a negative value of IIK implies that the fault/crack is stable and cannot propagate. 205 

Nevertheless, the negative IIK shown in the Results (Tables 2 and 3) are only to compare the relative 206 

difference of IIK  before and after injection to calculate the SIF changes. In the rest of this section, the 207 

procedure to analyze the rupture propagation of a fault will be given using .k  208 

The direction of the minimum tensile stress after a pressure change can be obtained using Eq. (8) as 209 

follows 210 

*
IC IC

f w w
θ θ

=
= , 

* II II
i

I I
i

K Pw
K P

i
i

æ ö+ D ÷ç ÷=ç ÷ç ÷ç + Dè ø
          (18) 211 

where subscripts f and i represent the final and initial state, respectively. The initial K values can be 212 

calculated either numerically (as discussed in Section 2.4) or using Eqs. (4) and (5). I I
iK P+ Dκ213 

should be negative, otherwise it should be set to zero. Also, if II II
iK P+ Dκ is negative, it means that 214 

the fault is stable and the analyses are no longer meaningful. 215 

The final Ie
fK is calculated by combining Eq. (10), Eq. (17) and Eq. (18) as 216 

( ) ( ) ( )1
cos 1 cos 3 1 sin

2 2

IC
fIe Ie I IC II IC

f i f fK K Pdo
o o= + + + - Dé ù

ê úë ûκ κ      (19) 217 

Note that Eq. (19) is a nonlinear relationship, because IC
fθ is also dependent on .P∆  Since, an 218 

analytical solution was not found for P∆ , the .
I

critP∆ should be obtained by plotting Ie
fK vs P∆219 

combined with Ie
f

ICK K= . 220 

Likewise, the relationship between the pressure change and the direction and magnitude of the 221 

maximum Mode II SIF after injection is given by combining Eq. (14), Eq. (15) and Eq. (17) as 222 
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*
IIC IIC
f w w

θ θ
=

=   
* II II

i
I I
i

K Pw
K P

æ ö+ D ÷ç ÷=ç ÷ç ÷ç + Dè ø
κ

κ
       (20) 223 

I I
iK P+ Dκ should be negative, otherwise it should be set to zero. Also, if II II

iK P+ Dκ is negative, 224 

it means that the fault is stable and the analyses are no longer meaningful. The final IIe
fK is calculated 225 

by combining Eq. (15), Eq. (17) and Eq. (20) as 226 

( ) ( ) ( )1
cos sin 1 3cos 1

2 2

IIC
fIIe IIe I IIC II IIC

f i f fK K Pδθ
θ θ= + − − − ∆  κ κ .    (21) 227 

Similarly, IIe
fK  and P∆ are non-linearly related. The critical overpressure .

II
critP∆  can be obtained by 228 

plotting IIe
fK vs P∆ combined with IIe

f
IICK K= for mode II rupture if Eq. (16) is satisfied. The final 229 

critical overpressure for injection is ( ). . .min ,I II
crit crit critP P P∆ ∆ ∆= . 230 

It must be noted that if ( )1
cos 1 cos

2 2
0

IC
fIe I IC

i fK P
o

o+ + D
é ù
ê úé ù >ê úë ûê úê úë û

κ , only the IIκ part must be 231 

considered in the calculations in Eq. (19) and Eq. (21). 232 

 233 

2.3. Modified Discrete Element Method 234 

The Modified Discrete Element Method (MDEM) was proposed by Alassi (2008) to model fracture 235 

developments and fault reactivation during fluid withdrawal and injection at reservoir scale. MDEM 236 

behaves like a continuum model (e.g., finite element method) before failure and like a discontinuum 237 

model (e.g., discrete element method) after failure.  238 

The mesh of MDEM considers the continuum to be formed by discrete particles, which are usually 239 

assumed to be circular (Itasca 2012). However, they can follow Voronoi’s shape, which makes it 240 

easier to build more complicated models with the help of automatic mesh generation codes (Fig. 2b). 241 

Fig. 2a shows a triangular element formed by connecting the centers of three discs which are in 242 

contact two by two. The triangle element is also called a cluster. The discrete element method uses a 243 
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simple constitutive relationship that relates the internal forces to the relative displacements at the 244 

contact as  245 

n n nf = D u             (22) 246 

s s sf = D u            (23) 247 

where ,f D and u are internal force, stiffness and relative displacement of contact, respectively. The 248 

subscripts n  and s  represent normal and shear components. 249 

 250 

Fig. 2 Representation of MDEM using a) circular and b) Voronoi’s element (Alassi, 2008) 251 

Eq. (24) shows the constitutive relationship of the normal forces and the normal relative displacements 252 

of the three contacts of a cluster (Fig. 2b). The shear contact force is neglected by setting the contact 253 

shear stiffness to zero, i.e., 0sD = . Then, the modification of the original discrete element method is 254 

done by adding new stiffness coefficients .ija  255 

1 11 12 13

2 21 2 23 2

31 32 33 3

n nn

n n n

nn n

f uD a a
f a D a u

a a Df u

    
    =    

    
    

.        (24) 256 

ija represents the contribution of the deformation of thj  contact on the force of thi contact. 257 

The relationship between the stress { }T

xx yy xys s s=σ and the internal forces nf  and the relation 258 

between the strain { }T

xx yy xyε ε ε=ε and the relative displacements nu  are given by 259 
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1
A

= T
nσ M f            (25) 260 

nu = Mε            (26) 261 

where A  is the area of the cluster (triangle) and M  is the unit normal vector matrix defined as 262 

2 2
11 1 12 1 11 12 1

2 2
21 2 22 2 21 22 2

2 2
31 3 32 3 31 32 3

e l e l e e l
e l e l e e l
e l e l e e l

=

 
 
 
 
 

M ,        (27) 263 

where ( )1 cosh he θ= , ( )2 sinh hI θ=  and the angle hθ  represents the normal vector orientation of the 264 

contact h  inside the cluster, hl is the contact length (the distance between the centers of the two 265 

particles or centers of Voronoi elements that are in contact), and h is the number of contacts. The 266 

stress can be related to the strain by using the material conventional constitutive elastic matrix C  as  267 

σ = Cε .           (28) 268 

Combining Eqs. (24)– (28), a relation can be derived between the internal constitutive matrix 
-

D  and 269 

the material constitutive matrix C as 270 

1
A

=
-

TC M D M .                 (29) 271 

Once 
-

D  has been retrieved from Eq. (29), the solution scheme is similar to the regular discrete 272 

element method. In this method, the contact forces are updated incrementally, d d=
-

n nf D u and273 

new d= +n n nf f f , where d nu  at each contact is calculated by using the Voronoi element’s velocities 274 

iv and the time step dt as 275 

( )1 2
i i id v v e dtnu -= ,          (30) 276 
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where the superscripts 1 and 2 represent the centers of the two disks forming a contact and the 277 

subscript i  is the ith component of the velocity vector. Then, the forces are applied to each particle and 278 

Newton’s second law is used to update the particle’s motion (see Cundall and Strack (1979) for more 279 

details). 280 

For a failing cluster, both nD and sD  are used to update the normal and the shear forces at each 281 

contact and thus a shear contact force sf  starts to build up in the failing cluster and at each contact 282 

according to d ds s sf = D u , where d su is calculated as 283 

i j j id dt= ∆ − ∆su v v I I ,         (31) 284 

where ( )1 2
i i iv vv∆ = −  is the relative velocity and iI is the normal unit vector. Notice that Einstein 285 

summation convention with dummy subscript ,i j  is used in Eq. (31). 286 

This means that sD will be zero before failure occurs but will have a finite value after failure to model 287 

the shear stress that is developed at the cracks’ interfaces. The new stiffness coefficient ija introduced 288 

in Eq. (24) is deleted at this stage and contact separation is allowed, which will weaken the failing 289 

cluster and cause the stress to redistribute. A fault is a collection of failed clusters which has two 290 

contacts failed ( sD and nD are thus updated). The direction of the failed contact is updated to the 291 

direction of the fault. This is equivalent to the smooth-joint model in DEM introduced by Mas Ivars et 292 

al. (2008). 293 

The main difference between this approach and the regular discrete element method is that while the 294 

material can behave according to a continuum model before failure, where conventional elastic 295 

properties can be given to the material based on Eq. (29), the material behaves according to a regular 296 

discrete element method after failure. 297 

2.4. Calculation of IK  and IIK in MDEM 298 
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Consider a cracked isotropic body subjected to mixed-mode I - II loadings under plane stress or plane 299 

strain conditions. The crack is assumed to be oriented along an arbitrary direction. Therefore, stresses 300 

along the x-axis and in the vicinity of the crack tip are 301 

2

I

yy
K

x
s

π
=  ,           (32) 302 

2

II

xy
K

x
τ

π
= ,           (33) 303 

The total forces over the cx − sized ligament (Fig. 3) can be expressed as (de Morais 2007) 304 

0

2cx c
I

y yy
xF dx Ks
π

= =∫ ,           (34) 305 

0

2cx c
II

x xy
xF dx Kτ
π

= =∫ ,           (35) 306 

and their values can be evaluated from the internal forces of the contacts for a cluster at its center of 307 

gravity as shown in Fig. 3. c
ix is the distance between the crack tip and the center of mass of each of 308 

the triangle elements in front of the crack tip in the x-direction. 309 

 310 

 311 
Fig. 3 A pre-existing crack and clusters in front of the crack tip and calculation of forces required to determine 312 

IK  and IIK  313 

 314 
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SIF estimation formulae are 315 

12

l
I y

ic
ii

K F
x
π∗

=

= ∑ ,          (36) 316 

12

l
II x

ic
ii

K F
x
π∗

=

= ∑ ,          (37) 317 

IK  and IIK are calculated by extrapolating to 0cx = of the linear approximations to *IK  and *IIK as 318 

a function of cx plots, respectively. Fig. 4 shows an example of approximating IK and IIK  of a simple 319 

horizontal crack. The deviation from the analytical IK and IIK values is about 1%. 320 

 321 
Fig. 4 Linear approximations to *IK  and *IIK as a function of cx and extrapolating to 0cx = for a 322 

central horizontal crack 323 

2.5. Numerical model 324 

Fig. 5 shows a schematic description of the general 2D plane-strain model used in this study. The 325 

smallest elements are equilateral triangles with sides equal to 1.1 m. Actually, coarser elements could 326 

be used obtaining similar results. The aim of the analyses is not to perfectly model CO2 injection, but 327 

rather to understand how faults rupture is affected by reservoir pressurization. Therefore, no fluid flow 328 

modeling is carried out. Instead, the reservoir is assumed to be a closed box surrounded by 329 

impermeable rock and pore pressure is increased uniformly inside the reservoir by ΔP. Such 330 

xc 

K*I=1 

K*II=0 

K* 
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assumption may be acceptable for small and closed reservoirs, which may be common in CO2-EOR or 331 

in certain saline formations that are bounded by low-permeable faults, like Snohvit, in which pressure 332 

buildup increased rapidly as a result of the small size of the reservoir and led to the stop of injection a 333 

few months after the beginning of CO2 injection to avoid fault reactivation (Hansen et al., 2013).It is 334 

also assumed that the pore pressure remains constant and equal to the initial value in the surrounding 335 

rock, including the caprock. The reservoir lateral edges are assumed to be half-circles (semicircles) to 336 

avoid a high stress concentrations due to sharp boundary effects and thus, to have a simple stress 337 

distribution in the models. This helps to understand the results more clearly. Two faults are 338 

represented in Figure 5, one in the center of the reservoir, placed at (0, 0), and the other one in the 339 

caprock above the right-hand side flank, at (400,250). The points correspond to the coordinates of the 340 

faults center (shown by dots in Fig. 5). The locations of the faults analyzed in the scenarios considered 341 

in the paper are not necessarily identical to the ones in Fig. 5 (see Table 1). The reservoir thickness is 342 

200 m and the aspect ratio of most of the models is 0.25. Fault length is 100 m, unless otherwise 343 

stated. The mechanical boundary conditions are a constant stress equal to the far-field stresses in most 344 

of the models. The maximum principal stress is considered to be in the vertical and the horizontal 345 

directions in an extensional (normal faulting) and a compressional (reverse faulting) stress regime, 346 

respectively. Stress anisotropy ratioλ , is varied to be 0, 0.2, 0.33, 0.5 and 1. 0λ = is representative 347 

of uniaxial tests without lateral confinement. The stress intensity factor values are given in 'K348 

normalized to ( )0.5

1 50 .MPa ms π − in the results. Therefore, the results can be used for any initial in 349 

situ stress value. Additionally, a model is run in which the vertical stress is the weight of the layers 350 

above the reservoir (gravity effect), assuming that the lateral boundaries are fixed (displacement is not 351 

allowed). In this gravity model, the center of the reservoir is placed at 1.5 km depth. In the gravity 352 

case, λ depends on Poisson’s ratio. The initial and post-injection horizontal stresses evolve due to the 353 

Poisson’s ratio effect in a fixed lateral displacement. This leads to a horizontal stress that is lower than 354 

the weight of the layers on top. Therefore, the stress regime in this situation is extensional.  355 

Table 1 summarizes the model parameters for the several scenarios investigated in the paper indicating 356 

the subsections in the Results in which they are used. In the base case model, the elastic constants are 357 
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the same for the reservoir and the surrounding rock with 15r sE E GPa= = and 0.2r sν ν= = , where E358 

is the Young’s modulus and ν  is the Poisson’s ratio. The subscripts r and s refers to reservoir and 359 

surrounding, respectively. Other Poisson’s ratio values are also used in Section 3.5 (see Table 1). The 360 

pore pressure increase is assumed to be 10 MPa inside the reservoir, unless otherwise stated. Since 361 

stress intensity path is given for unit pore pressure change, the results can be applied for other pore 362 

pressure values as well. The faults in all the scenarios are investigated in separate models, thus, there 363 

is no interaction between them, except in Section 3.6 where the effect of one fault on the other is 364 

investigated.  365 

 366 

Fig. 5 Schematic representation of the general model, which includes two faults  367 

Table 1. Parameters used to model the investigated scenarios. E, C, G and (x, y) represent Extensional, 368 
Compressional, Gravity and coordinates of the faults center, respectively.  369 
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3.1 60 E-C-
G 0.2 0.2 100 

X 0 
0.25 No Y 0, 250 

3.2 60 E-C 0.2 0.2 100 X 0, 200, 400, 600 0.25 No Y 0, 175, 250 

3.3 60 E 0.2 0.2 
300, 
400, 
500 

X 0, 200, 400, 600 
0.25 No 

Y 0 

3.4 20, 30, 
60, 70 E-C 0.2 0.2 100 X 0, 200, 400, 600 0.25 No Y 0, 250 
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3.5 
1st set 

70 E-C 
0.1, 0.2,0.3 0.2 100 X 0, 200, 400, 600 

0.25 No 
Y 0 

2nd set 0.2 0.1, 0.2,0.3 
100 

X 0, 200, 400, 600 
3rd set 0.1, 0.2,0.3 0.2 Y 250 

3.6 70 E-C 0.2 0.2 

50, 
100, 
200, 
300 

X 0, 200 
0.25 Yes 

Y 250 

3.7 30, 70 E-C 0.2 0.2 100 
X 0, 200, 400, 600 0.125, 

0.167, 
0.25 

No 
Y 0, 250 

 370 

3. Results 371 

3.1. Injection induced stress intensity path  372 

Stress intensity factor for a given fault/crack is determined based on the stresses applied on it. Changes 373 

in pore pressure inside the reservoir will induce new stresses and therefore, the stress intensity path is 374 

directly related to the poroelastic stress changes. As an illustrative example of how a uniform 10 MPa 375 

pressure increase in a closed reservoir causes stress changes, Fig. 6 shows the distribution of the 376 

change in total stresses in the x- and y- direction for the base case model without any fault. Details 377 

about the stress changes caused by reservoir pressurization can be found in Gheibi et al. (2017). If 378 

faults are present, the stress distribution is affected by their presence, which influences the results. The 379 

proposed methodology automatically takes these stress changes into account.  380 

Table 2 summarizes the SIF calculated for different stress scenarios in the initial and post-injection 381 

conditions as well as the SIF path for a fault with dip of 60 ̊ and a length of 100 m crossing the 382 

reservoir center. The whole length of the fault is inside the reservoir, because the thickness of the 383 

reservoir is 200 m (Fig. 5). Iκ is negative and equal in all the λ  scenarios for the fault, except in the 384 

gravity-uniaxial strain case, in which the Iκ is slightly greater, i.e., closer to zero. This means that the385 

Iκ will decrease (to a more tensile mode) inside the reservoir due to the overpressure, increasing the 386 

chance of mode I fault propagation. However, IIκ is positive, presenting a lower value in an 387 

extensional stress regime than in a compressional stress regime. This implies that the fault inside the 388 

reservoir is less likely to propagate in mode II in an extensional regime compared to a compressional 389 

stress regime after injection. While IIκ in the isotropic stress condition is almost equal to its value in a 390 
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compressional stress regime, IIκ in an extensional stress regime is similar to the IIκ  in the gravity 391 

case, which is also an extensional stress regime. 392 

 393 

Fig. 6 Distribution of the total stress change (MPa) in a) x- b) y- directions induced by a 10 MPa increase in the 394 
reservoir pore pressure 395 

Table 3 represents 'K and κ  values for the same scenarios as in Table 2, but with a fault placed in the 396 

caprock, at (0, 250). Similar to the fault in the reservoir, Iκ decreases in the caprock, but, the 397 

magnitude is almost 1/10th of that in the reservoir. IIκ increases in extensional and isotropic stress 398 

regimes, but it decreases in a compressional stress regime. Therefore, a steep fault in the caprock is 399 

less likely to propagate in mode II due to reservoir pressurization in a compressional stress regime. 400 

Table 2- Calculation of the initial and post-injection SIF ( 'K ) and change in SIF (κ ) for a fault with dip angle 401 
of 60  ̊crossing the reservoir for several stress anisotropy ratios (λ) after a pore pressure increase of 10 MPa in 402 

the reservoir. The 'K values are normalized with respect to ( )0.5

1
50 .MPa ms π − . For the gravity case, 1s is 403 

assumed to be 30 MPa. The subscripts i and f represent initial and final, respectively. 404 

Stress Regime λ  ' I
iK  ' II

iK  ' I
fK  ' II

fK  Iκ  IIκ  

Isotropic stress 1 1.01 -0.59 0.86 -0.43 -6.43 6.60 

Extensional 

0.5 0.63 -0.16 0.46 -0.14 -6.43 1.12 
0.3 0.51 -0.01 0.34 0.01 -6.43 1.12 
0.2 0.41 0.105 0.23 0.13 -6.43 1.12 
0 0.25 0.28 0.08 0.31 -6.43 1.12 

a 

b 
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Compressional 

0 0.76 -0.02 0.59 0.15 -6.43 6.59 

0.2 0.81 -0.13 0.64 0.04 -6.43 6.60 

0.3 0.85 -0.21 0.68 -0.04 -6.43 6.59 

0.5 0.89 -0.31 0.72 -0.14 -6.43 6.59 

Gravity U. Strain 0.33 0.54 0.06 0.37 0.09 -6.18 1.00 
 405 

Table 3- Calculation of initial and post-injection SIF ( 'K ) and change in SIF (κ ) for a fault with dip angle of 406 
60 ̊ in the caprock for several stress anisotropy ratios (λ) after a pore pressure increase of 10 MPa in the 407 

reservoir. The 'K  values are normalized with respect to ( )0.5

1
50 .MPa ms π − . For the gravity case, 1s assumed 408 

to be 30 MPa.   409 

Stress Regime λ  ' I
iK  ' II

iK  ' I
fK  ' II

fK  Iκ  IIκ  

Isotropic stress 1 0.99 -0.59 0.97 -0.56 -0.61 1.34 

Extensional 

0.5 0.62 -0.15 0.60 -0.12 -0.62 1.34 
0.3 0.49 -0.01 0.48 0.02 -0.61 1.34 
0.2 0.40 0.10 0.38 0.14 -0.61 1.34 
0 0.25 0.28 0.23 0.31 -0.61 1.34 

Compressional 

0 0.74 -0.02 0.72 -0.03 -0.61 -0.60 
0.2 0.79 -0.13 0.77 -0.15 -0.61 -0.61 
0.3 0.82 -0.21 0.80 -0.23 -0.61 -0.61 
0.5 0.86 -0.31 0.84 -0.32 -0.61 -0.61 

Gravity U. Strain — 0.46 0.08 0.45 0.11 -0.53 1.26 
 410 

3.2. Effect of fault location 411 

The effect of the location of a fault with dip angle of 60  ̊ placed inside the reservoir on κ is 412 

investigated by placing the center of the fault, at locations (0, 0), (200, 0), (400, 0). Additionally, a 413 

fault is placed at (600, 0) at the right-hand side flank, outside of the reservoir. Fig. 7 represents the 414 

variation of κ at the two fault tips as a function of the location of the fault in an extensional and a 415 

compressional stress regime. IIκ increases considerably inside the reservoir, but only slightly in the 416 

flank. The maximum value is recorded for the fault at the reservoir center in a compressional regime. 417 

IIκ gradually approaches to zero as the fault moves away from the reservoir center. However, in an 418 

extensional regime, it increases in the central parts of the reservoir and decreases in the rest, reaching 419 

negative values in the flank outside of the reservoir. For both fault tips (Fig. 5), IIκ  almost coincides 420 

everywhere, except for the case in which the fault center is located at the reservoir boundary, i.e., (400, 421 

0). For this case, tip 1 lies inside the reservoir but tip 2 is placed outside of it. The tip 2 experiences a 422 
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greater change in IIκ presenting a greater decrease (more stable) and increase (less stable) in an 423 

extensional and a compressional regime, respectively (Fig. 7b). On the other hand, Iκ decreases inside 424 

the reservoir and increases outside the reservoir in the flank, so tensile failure is can only occur inside 425 

the reservoir.  426 
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 427 

Fig.7 Variation of a) Iκ b) IIκ  as a function of the location of the center for the two tips of a fault with a 428 
dip angle of 60 ̊ inside the reservoir and its flank in a compressional (C) and an extensional (E) stress 429 
regime. 1 and 2 refer to the tip number, as indicated in Fig. 5 430 
 431 

The effect of fault location is also analyzed in the caprock at two horizontal sections placed at a 432 

vertical distance from the reservoir center of 175 m and 250 m. Fig. 8 shows Iκ and IIκ  as a function 433 

of the locations of the faults centers. Iκ decreases (negative) in all of the investigated locations and 434 

the greatest decrease in mode I stability occurs for the fault located at (400, 175), i.e., the fault placed 435 

above the reservoir flank in the caprock and that is closer to the reservoir-caprock interface. Iκ  in the 436 

caprock is almost identical in the two stress regimes. IIκ  increases above the reservoir and decreases 437 

above the flanks in an extensional regime, but the opposite occurs in a compressional stress regime. 438 

The greatest shear rupture risk occurs in the caprock above the reservoir and in the caprock above the 439 

flanks in an extensional and a compressional regime, respectively.  440 

a b 
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 441 

Fig. 8 Variation of a) Iκ b) IIκ  as a function of the location of the center of a fault with dip angle of 60 ̊ in the 442 
caprock (fault centers placed at y=175 and 250 m) in a compressional (C) and an extensional (E) stress regime  443 

3.3. Effect of fault length 444 

Fig. 9 shows Iκ and IIκ  as a function of the location in the x-axis of three faults with a dip angle of 445 

60 ̊ with their centers placed in the reservoir horizontal axis with length equal to 300, 400 and 500 m in 446 

an extensional stress regime. While the central portion of the faults stays inside the reservoir, the two 447 

tips are in the over- and under-burden. The shorter the fault, the greater the decrease in Iκ in the 448 

central part of the reservoir. The reason for this is that the reduction of the horizontal total stress in the 449 

caprock is greater as it gets closer to the reservoir. However, the longer faults present a greater in IIκ  450 

in the reservoir.  451 
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Fig. 9 Variation of a) Iκ b) IIκ  as a function of the location of the center of a fault with a dip angle of 60 ̊ and 453 
with three lengths of 300, 400 and 500 m in an extensional stress regime 454 
 455 

3.4. Effect of fault dip angle  456 

A fault with length of 100 m and dip angles of 20 ,̊ 30 ̊, 60  ̊and 70 ̊ is modeled placed at points (0,0), 457 

(200,0), (400,0) and (600,0) in the reservoir and the flanks and (0,250), (200,250), (400,250) and 458 

(600,250) in the caprock. Fig. 10 represents the variation of Iκ and IIκ as a function of the location of 459 

the faults with different dip angles in both a compressional and an extensional stress regime. The Iκ  460 

is almost identical in all cases regardless of the stress regime and becomes lower (higher propensity 461 

for tensile failure) for the less steep faults. Also, IIκ has a greater value as the fault dip angle 462 

decreases in the two stress regimes except for the 30  ̊fault in a compressional stress regime, which has 463 

slightly higher IIκ than the 20  ̊fault.  464 

Fig. 10 indicates that the faults with lower dip angle are more prone to propagate than the faults with 465 

higher dipping angle both in mode I and mode II in the central parts of the reservoir. This is due to the 466 

fact that the change in the horizontal stress, which tends to close the steeper fault plane, is greater than 467 

that in the vertical stress. 468 

Fig. 11 shows Iκ and IIκ variation of the same faults as a function of the location of the fault center 469 

for the faults placed in the caprock, 250 m above the reservoir center, in a compressional and an 470 

extensional stress regime. Contrary to the faults inside the reservoir, the obtained Iκ is lower for high 471 

dip angle faults than for low dip angle faults (Fig. 11a). This implies that steeper faults in the caprock 472 

are under a higher risk of mode I propagation due to reservoir pressurization. In contrast to IIκ473 

variation of the faults in the reservoir and the flank, in the caprock the higher the dip angle, the greater 474 

IIκ  in a compressional regime (Fig. 11b). In an extensional regime, IIκ is greater for high dip angle 475 

faults in the central parts, but lower above the flank in the caprock (Fig. 11c). 476 
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Fig. 10 Variation of a) Iκ , b) IIκ and c) IIκ  as a function of the location of the center of faults with different 479 
dip angles in the reservoir and flanks in a compressional and an extensional stress regime 480 
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Fig.11 Variation of a) Iκ , b) IIκ and c) IIκ  as a function of the location of the center of faults with different 483 
dip angles in the caprock (y=250m) in a compressional and an extensional stress regime 484 

 485 

3.5.  Effect of Poisson’s ratio 486 

Fig. 12 showsκvariation as a function of the location of the center of a fault with dip angle of 70 ̊ 487 

inside the reservoir (the first set of scenarios in Table 1 with varying reservoir Poisson’s ratio with rν488 

=0.1, 0.2 and 0.3) and the flanks in a compressional and an extensional stress regimes. The higher the 489 

reservoir Poisson’s ratio (i.e., less compressible reservoir), the lower the Iκ  (higher tendency to 490 

tensile failure). The effect of Poisson’s ratio on Ik is identical in the two stress regimes. IIκ is larger 491 

for a reservoir rock with higher Poisson’s ratio in the two stress regimes, but the Poisson’s ratio effect 492 

is more noticeable in an extensional regime.  493 

Fig. 13 shows κ  variations as a function of the location of the center of a fault with dip angle of 70 ̊ in 494 

the caprock (the second set of scenarios in Table 1 with varying caprock Poisson’s ratio and a fixed 495 

reservoir Poisson’s ratio) in a compressional and an extensional stress regime. Iκ is not significantly 496 

affected for higher Poisson’s ratio of the caprock (0.3, 0.2) but, it doubles for sν =0.1 for the faults 497 

above the reservoir section. In a compressional regime, IIκ is not significantly affected by the 498 

variation of the caprock Poisson’s ratio. This is the opposite to the Poisson’s ratio effect in the 499 

reservoir in the first set of scenarios. As for the extensional stress regime, the lowest Poisson’s ratio 500 

leads to a greater IIκ above the reservoir. Figures 12 indicates that a fault with dip angle of 70 ̊ in the 501 

c 

Non-commercial copy 

doi.org/10.1016/j.ijggc.2018.01.004

Published in: International Journal of Greenhouse Gas Control 
Volume 71, April 2018, Pages 46-61



reservoir has a greater risk of mode I and mode II rupture for high Poisson’s ratio reservoir rock. In 502 

contrast, a 70 ̊ fault in the caprock has a greater risk of mode I and mode II rupture for low Poisson’s 503 

ratio caprock (Figure 13). 504 
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Fig.12 Variation of a) Iκ , b) IIκ  as a function of the location of the center of a fault with dip angle of 70 ̊ in 506 
the reservoir and its flank in a compressional (C) and an extensional (E) stress regime for variable Poisson’s ratio 507 
of the reservoir rock and a fixed value of the caprock Poisson’s ratio  508 

-3

-2.5

-2

-1.5

-1

-0.5

0

0 200 400 600

κ
I

Location (m)

Caprock-νr=0.2

vs

C

-1.8

-0.9

0

0.9

1.8

2.7

3.6

0 200 400 600

κ
I
I

Location (m)

Caprock-νr=0.2

E-0.3

E-0.2

 509 

Fig. 13 Variation of a) Iκ , b) IIκ  as a function of the location of the center of a fault with dip angle of 70  ̊510 
in the caprock  in a compressional (C) and an extensional (E) stress regime for variable  Poisson’s ratio of 511 
the caprock and a fixed value of the reservoir Poisson’s ratio 512 

Fig. 14 shows κvariations as a function of the location of the center of a fault with dip angle of 70  ̊in 513 

the caprock (the third set of scenarios in Table 1 with varying reservoir Poisson’s ratio and a fixed 514 

caprock Poisson’s ratio) for both faults tips in a compressional and an extensional stress regimes. For a 515 
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lower Poisson’s ratio of the reservoir rock, the IIκ  is greater in the two stress regimes. The greatest 516 

changes occur in the caprock above the center and the flanks for an extensional and a compressional 517 

stress regime, respectively. Likewise, Iκ is lower (greater reduction) for the reservoir rock with low 518 

Poisson’s ratio. Iκ is identical in a compressional and an extensional stress regimes.  519 
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Fig.14 Variation of a) Iκ , b) IIκ  as a function of the location of the center of a fault with dip angle of 70 ̊ in 521 
the caprock in a compressional (C) and an extensional (E) stress regime for variable Poisson’s ratio of the 522 
reservoir rock and a fixed value of the caprock Poisson’s ratio 523 

 524 

3.6. Effect of interaction between faults 525 

Fig. 15 shows variations of κ  of a fault with a dip angle of 70  ̊placed at (0,250) in the caprock after 526 

reservoir pressurization, where another fault of variable length is present at (200,250), in an 527 

extensional and a compressional stress regime. As the length of the adjacent fault increases, there is a 528 

greater interaction between the faults, causing the decrease of κ  in both modes. This means that a 529 

larger fault decreases the rupture risk of a neighboring fault both in mode I and mode II. The reason 530 

for this is that the larger fault shields the shorter fault in these examples, where the two faults are 531 

parallel in the models. Nevertheless, other fault interaction scenarios may lead to a different result.   532 
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 533 

Fig. 15 Variation of Iκ and IIκ of a fault with dip angle of 70  ̊placed at (0, 250) in the caprock as a function of 534 
the length of an adjacent 70 ̊ fault placed at (200,250) in an extensional and compressional stress regimes 535 

3.7. Effect of reservoir aspect ratio 536 

Fig. 16a-b show κ  variation for a fault with dip angle of 30 ̊ in the reservoir and the flank for several 537 

reservoir aspect ratios. Iκ  and IIκ  are lower and higher for lower aspect ratio reservoirs in a 538 

compressional stress regime, respectively. This means that both mode I and mode II rupture likelihood 539 

for the fault increases for larger reservoirs in a compressional stress regime. Fig. 16c-d show κ  540 

variation for a fault with dip angle of 70 ̊ in the caprock in an extensional stress regime. The observed 541 

behavior is the opposite of that in the reservoir in a compressional stress regime. Therefore, the risks 542 

of rupture growth of the fault decrease for larger reservoirs in an extensional stress regime in the 543 

caprock. It is important to note that as the reservoir becomes larger, κ  becomes less sensitive to the 544 

fault location for a fault with dip angle of 70  ̊and the risks are consequently uniform (Fig. 16c-d). A 545 

30  ̊ fault in the reservoir and a 70  ̊ fault in the caprock experience the greatest change of SIF in a 546 

compressional and an extensional stress regime, respectively.  547 
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 548 

 549 

Fig. 16 Variation of a) Iκ , b) IIκ as a function of the location of a fault with dip angle of 30 ̊ in the reservoir in 550 

a compressional stress regime and c) Ik , d) IIκ  of fault with dip angle of 70 ̊ in the caprock in an extensional 551 
stress regime with several reservoir aspect ratio 552 

 553 

3.8. Fault rupture analysis  554 

So far, changes of intensity factors have been investigated for mode I and mode II due to injection. 555 

However, it is important to obtain the direction and values where the minimum and the maximum SIF 556 

occur. First, the critical directions ICθ and IICθ are calculated (Eqs.(18) and (20)). Then, the minimum557 

IK as IeK and the maximum IIK as IIeK are obtained (Eqs. (19) and (21)). IeK should always be either 558 

negative, meaning tensile opening, or zero, meaning no tensile stress. The type of fault/joint rupture is 559 

-12

-10

-8

-6

-4

-2

0

0 200 400 600

κ
I

Location (m)

30°-Reservoir-Comp

Aspect
ratio

0

2

4

6

8

10

0 200 400 600

κ
I
I

Location (m)

0.165

30°-Reservoir-Comp

-1.5

-1.2

-0.9

-0.6

-0.3

0

0 200 400 600

κ
I

Location (m)

70°-Caprock-Ext.

Aspect ratio

-0.75

-0.25

0.25

0.75

1.25

0 200 400 600

κ
I
I

Location (m)

0.125

70°-Caprock-Ext.

c d 

a b 

Non-commercial copy 

doi.org/10.1016/j.ijggc.2018.01.004

Published in: International Journal of Greenhouse Gas Control 
Volume 71, April 2018, Pages 46-61



distinguished by the criteria in Eqs. (11) and (16). Fig. 17a represents 'IIeK and IIe IeK K for a 100 m 560 

length fault with dip angle of 30  ̊placed at the point (0,0) in the reservoir as a function of several stress 561 

ratios (λ ), before (ΔP=0) and after injection (ΔP=15 MPa) in an extensional stress regime. ' IIeK562 

increases after injection for decreasing λ values until 0.6λ = , but below this anisotropy ratio, ' IIeK563 

remains unchanged. IIe IeK K ratio remains constant for allλ and equal to 0.866. The upper dashed 564 

line is the ratio of toughness values, i.e., IIC ICK K , and the lower dashed line is ' IICK  (normalized 565 

toughness). The toughness values and their ratio are not representing any specific rock type in this 566 

study. However, based on some experimental studies in the literature, IIC ICK K >1 for ambient and 567 

reservoir conditions for several rock types (Al-Shayea 2000; Rao et al., 2003; Backers and 568 

Stephansson 2012). Based on the criterion in Eq. (16), mode II rupture can occur only if the 569 

IIe IeK K is above the IIC ICK K line. Therefore, Figure 17a shows that the mode II rupture of the 570 

fault will not occur after injection in the investigated case. 571 

Fig. 17b displays the variation of ' IeK for the same fault as a function of λ as well as the possible 572 

direction of mode I rupture before and after reservoir pressurization in an extensional stress regime. 573 

Fluid injection decreases ' IeK for λ  < 0.6 , which increases the risk of mode I rupture.  ' IeK  remains 574 

unchanged and zero for λ  > 0.6. 71ICθ = ° is the direction in which tensile failure may occur. Since 575 

the minimum principal stress is in the horizontal direction in an extensional stress regime, there is a 576 

chance of rupture growth upwards if pressure is kept increasing.  577 

Fig. 17c-d show ' IIeK , IIe IeK K , ' IeK and ICθ for the same fault in a compressional stress regime as 578 

a function of λ . The variation of ' IeK  and  ' IIeK  have trends similar to the fault in an extensional 579 

stress regime in Fig. 17a-b. However, the quantities are greater for the compressional case. Even 580 

though the ' IIeK value is more than twice in this case, still IIe IeK K  is 0.866 and lower than 1 and 581 

the analysis does not predict a shear rupture. However, the risk of mode I rupture is greater for the 582 

compressional case but the minimum principal stress is in the vertical direction in a compressional 583 
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stress regime. Therefore, the initiated rupture will most likely become horizontal if pore pressure 584 

builds up further. Moreover, mode I rupture can occur for larger ranges of λ in a compressional stress 585 

regime than in an extensional stress regime.   586 
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Fig. 17 Variation of the normalized a) ' IIeK and b) ' IeK in an extensional and c) ' IIeK and d) ' IeK in a 589 
compressional stress regime as a function of λ  for initial and after 15 MPa pore pressure increase in the 590 
reservoir for a fault with dip angle of 30 ̊ inside the reservoir. b) and d) also include the probable direction of 591 
mode I rupture and the corresponding generic fault rupture criteria  592 

Fig. 18 shows the same features as Fig. 17 for a 100 m length fault with dip angle of 30 ̊ placed in the 593 

caprock at the point (0,250) as a function of the stress ratio (λ ), before (ΔP=0) and after reservoir 594 

pressurization (ΔP=15 MPa) in compressional stress regimes. ' IIeK and ' IeK decrease (less shear) and 595 

increase (less tensile) after injection in a compressional stress regime, respectively, and no mode I and 596 

II rupture is possible for the fault in the caprock. Also, the same fault does not experience a change in 597 

' IIeK and ' IeK  in the caprock in an extensional stress regime and thus, it remains safe. 598 
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Fig. 18 Variation of the normalized a) ' IIeK and b) ' IeK in a compressional stress regime as a function of the 600 
stress ratio λ  for initial and after 15 MPa pore pressure increase in the reservoir for a fault with dip angle of 30 ̊ 601 
in the caprock (0,250), a) and b) also include the probable direction of mode I rupture and the corresponding 602 
generic fault rupture criteria  603 

 604 

Fig. 19 shows the same plots as Fig. 17 for a 100 m length fault with dip angle of 70  ̊placed in the 605 

reservoir at (0,0) as a function of the stress ratios (λ ), before and after reservoir pressurization in the 606 

two stress regimes. Fig. 19a and 19c shows that mode II rupture is not likely for a 70 ̊ fault in the 607 

reservoir. However, there is a high chance of mode I rupture for λ lower than 0.5 in an extensional 608 

stress regime with probable rupture direction of 71° (Fig. 19b). In contrast, mode I rupture is unlikely 609 

in a compressional regime (Fig. 19d) because of very low ' IeK . Comparison between Fig. 17b, d and 610 

Fig. 19b, d indicates that a 30 ̊ fault is more prone to mode I rupture than a 70 ̊ fault in the reservoir. 611 

Nevertheless, the mode I rupture initiated in front of the 30 ̊ fault in a compressional stress regime will 612 

rotate to grow horizontally, not only which may not affect caprock integrity but also increase 613 

horizontal permeability in the favor of CO2 storage (Papanastasiou et al., 2016; Vilarrasa and Laloui, 614 

2016). On the other hand, the mode I rupture initiated from the steeper fault in an extensional stress 615 

regime would grow upwards, compromising caprock integrity. 616 
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617 

 618 

Fig. 19 Variation of the normalized a) ' IIeK and b) ' IeK in an extensional and c) ' IIeK and d) ' IeK in a 619 
compressional stress regime as a function of the stress ratio λ  for initial and after 15 MPa pore pressure 620 
increase in the reservoir for a fault with dip angle of 70  ̊inside the reservoir, b) and d) also include the probable 621 
direction of mode I rupture and the corresponding generic fault rupture criteria  622 

Fig. 20 represents ' IIeK and ' IeK for the 70  ̊ fault placed in the caprock at (0,250) in an extensional 623 

stress regime. The fault is stable in a compressional stress regime in terms of both mode II and mode I 624 

ruptures. However, mode I rupture is likely for lowerλ  in an extensional stress regime. 625 

 626 
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 627 

Fig. 20 Variation of the normalized a) ' IIeK and b) ' IeK in an extensional stress regime as a function of the stress 628 
ratio λ  for initial and after 15 MPa pore pressure increase in the reservoir for a fault with dip angle of 70  ̊in the 629 
caprock (0,250), a) and b) also include the probable direction of mode I rupture and the corresponding generic 630 
fault rupture criteria  631 

 632 

4. Discussion 633 

We have developed a methodology that can be used to investigate the rupture growth of faults inside 634 

and outside of a reservoir after injection based on LEFM. This methodology can also be applied in 635 

reservoir depletion. According to Bazant and Planas (1997), LEFM can be applied to structures with 636 

cracks that are small compared to the size of the structure. This may be valid for fractures and faults in 637 

geological formations. 638 

Simulation results indicate that κ  is directly dependent on the pore pressure increase and 639 

consequently, on the stress change induced by that pore pressure increase. An increase of fluid 640 

pressure induces a tensile stress in front of the crack/fault tip. The higher the fluid pressure increase, 641 

the greater the tension/unloading. But pore pressure change, either due to injection or depletion, 642 

induces a poroelastic response that alters the total stresses as well. This alteration of total stresses is 643 

not limited to the region which is overpressurized or depleted. Actually, it also propagates a certain 644 

distances into the overburden (caprock), the reservoir flanks and in the underburden (basement). This 645 

can lead to failure of fractures/faults in locations different than the reservoir, including the caprock. 646 
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Iκ decreases where the stress component normal to the fault/joint plane decreases or is unloaded. On 647 

the other hand, IIκ increases if the shear stress applied on the plane increases due to the induced 648 

stresses. There is a direct relationship between Ik and IIκ , if Iκ decreases, it means that the shear 649 

resistance of the plane decreases, which leads to a higher IIκ value.  650 

The results show that Iκ is independent of the in situ stress regime. This is due to the fact that the 651 

stresses induced by poroelastic effects are independent of the stress regime (Gheibi et al., 2016, 2017). 652 

Therefore, Iκ , as a dependent parameter on the changes in the normal stresses to the faults, is the 653 

same in the two stress regimes. Both Iκ  and IIκ  are also constant regardless of the minimum to the 654 

maximum principal stresses ratio (λ ). However, IIκ is different for extensional and compressional 655 

stress regimes (Tables 2 and 3). Simulation results indicate that it is neither straightforward nor 656 

intuitive to predict the rupture likelihood of a fault. It is dependent on the fault inclination, location, 657 

size of the over-pressured region, in situ stress (both the stress regime and the ratio of the minimum to 658 

the maximum stress), fault plane’s friction coefficient, elastic properties of the reservoir and caprock 659 

and their contrast and mode I and II toughness values of the rock in front of the fault tip. Generally, 660 

faults with a high and a low dip angle experience a greater risk in extensional and compressional stress 661 

regimes, respectively. 662 

In a compressional stress regime, the hanging wall of a fault tends to move upwards while its footwall 663 

tends to move downwards. For a fault bounded inside the reservoir (in its central part), the shear stress 664 

increases in compressional stress regime as a result of the increase in the horizontal total stress 665 

induced by reservoir pressurization after injection, which leads to an increase in its displacement 666 

tendency (Gheibi et al., 2016, 2017). At the same time, Iκ decreases due to the reduction in effective 667 

stresses. These two effects, i.e., the increase of shear stress and decrease of normal effective stress, 668 

increase IIκ , which means that the risk of propagation of fault rupture in mode II increases. However, 669 

in an extensional stress regime, the hanging wall of a fault tends to move downwards while its 670 

footwall tends to move upwards. For the same fault inside the reservoir (in its central part), the shear 671 
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stress decreases after injection in an extensional stress regime, leading to a decrease in the tendency. 672 

Thus, even though Iκ decreases due to the reduction in effective stresses, the increase of IIκ is lower 673 

in an extensional stress regime than in a compressional one. In other words, Iκ  is dependent on the 674 

change of normal stresses to the fault plane, and the normal stress changes is equal independent of the 675 

stress regime. Therefore, Iκ  is identical for extensional and compressional stress regimes. However, 676 

shear stresses acting on a fault plane (inside a reservoir), increases in a compressional stress regime 677 

and decreases in an extensional stress regime. Variation of Iκ and IIκ  can be explained based on 678 

stress path coefficients (Hettema et al., 2000) and recent paper by Gheibi et al. (2017). 679 

The increase or decrease of the shear or normal effective stresses on a fault plane depend on the 680 

location of the fault. Therefore, IIκ and Iκ vary depending on the fault location. The shear stress 681 

increases and decreases in an extensional stress regime in the caprock above the reservoir center and 682 

reservoir edge, respectively. It is the opposite in a compressional stress regime. Therefore, while a 683 

fault is more likely to propagate in the caprock above the reservoir center in an extensional stress 684 

regime, it is more likely to propagate in the reservoir edge in a compressional stress regime.  685 

The fault length has also an effect on fault propagation because the tips of longer faults are more 686 

distant from the reservoir. Since, stress changes induced by injection or depletion become lower for 687 

longer distances, shorter faults in the central parts and the flank display a greater decrease and increase 688 

in IIκ , respectively (Fig. 9a).  689 

Toughness is a key parameter in evaluating rupture of a fault. According to the literature, the 690 

toughness value is in the range of a few MPa.m0.5 in lab-sized samples (Backers and Stephansson 691 

2012; Chang et al. 2002; Ouchterlony 1983). However, the calculated SIF for field-scale faults in their 692 

initial state under high stresses is much higher than the toughness obtained in the lab. In spite of the 693 

fact that SIF is higher than fracture toughness, most faults are stable. Therefore, investigation of real 694 

fault propagation may not be correct using lab scale toughness results and upscaling techniques may 695 

be necessary. Husseini et al. (1975) found fracture energy to vary from 1 to 106 J.m0.5. This energy is 696 

much larger than the Griffith surface energy of minerals estimated by Brace & Walsh (1962) to be 1 to 697 
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10 J.m0.5. Furthermore, Li (1987) reported energy release rate of earthquakes, gc, to be 106-108 J.m0.5. 698 

Therefore, the corresponding toughness values are much greater than lab results and are relatively in 699 

the same order of magnitude of SIF of a fault that we have calculated in this paper. Actually, the 700 

relation between intensity factors and the energy release rate is given by (Li, 1986) 701 

( ) ( ) ( )2 2 21 1

2 1
I II IIIg K K K

G v

ν−
= + +

−

 
   ,       (38) 702 

where G  is the shear modulus. Therefore, estimates can be found for ICK and IICK for a specific gc 703 

value. It is also possible to calculate g for a particular fault with IK and IIK  (2D) and use rupture 704 

criterion g = gc. 705 

Rupture direction of mode I failure shows the initial direction of the rupture. Nevertheless, if the 706 

rupture has the possibility to grow, it will grow in the direction perpendicular to the minimum 707 

principal stress (Klee et al., 2011). Growth of mode I rupture in confined conditions requires high 708 

tensile stress values; therefore, it may stop growing unless high pressurization is maintained. 709 

According to Papanastasiou et al. (2016), “in the ductile regime and close to the limit at which a 710 

fracture requires high energy to propagate in mode I, there is potential risk for initiation of shear 711 

fractures, which may connect with other pre-existing fractures and faults”.  712 

Some researchers have reported that experiments performed in rocks can result in propagation of a 713 

mode II crack when the compressive load is very high, after the occurrence of a mode I crack (Lajtai, 714 

1974; Petit and Barquins, 1988; Reyes, 1991; Reyes and Einstein, 1991; Shen, 1993; Shen et al., 1995; 715 

Bobet and Einstein, 1998; Bobet, 2000; Rao et al., 2003), pure mode II cracks were obtained in 716 

experiments under uniaxial or biaxial compressive load. It has been observed that the tensile (mode I) 717 

wing cracks start to grow initially and shear cracks (mode II) evolve as secondary cracks. The obtained 718 

direction of ' IIeK corresponding to the maximum shear stress are also along the fault planes in this 719 

study. The results show that mode I rupture has higher chance to be initiated in some of the scenarios 720 

presented in the paper, but no mode II rupture is predicted to occur. The reason is that the IIe IeK K is 721 
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always lower than 1 in the studied cases but the IIC ICK K >1 for ambient and reservoir conditions for 722 

several rock types (Al-Shayea 2000; Rao et al., 2003; Backers and Stephansson 2012). However, the 723 

existence of the secondary shear crack in the lab-sized experiments is a proof that shear rupture can 724 

occur after the mode I ruptures predicted in this study. Therefore, answering to the question whether a 725 

rupture can grow upwards requires further investigation. In particular, since formation of the initial 726 

mode I rupture changes the local stresses, mode II SIF of the fault/fracture and potential conditions for 727 

secondary mode II rupture should be analyzed. Thus, it cannot be confirmed whether mode II rupture 728 

is or is not likely after injection in real life for sure at this point using Eqs. (11) and (16) as the rupture 729 

criterion 730 

 Dependency of toughness of a rock (lab scale) on confining pressure and temperature (Funatsu et al. 731 

2004; Al-Shayea et al. 2000) increases the uncertainty of the occurrence of mode I and mode II 732 

propagation. Nevertheless, the reader can analyze the rupture likelihood of the modeled faults for any 733 

ICK and IICK depending on any rock type for a broad in situ stress range using the presented results in 734 

the paper.  735 

In this study, the friction coefficient was assumed to be constant and equal to 0.6 (Byerlee 1978). 736 

However, the friction coefficient may decrease (softening) after slip and reache a residual value in 737 

slip-weakening faults which can strongly affect the fault rupture propagation behavior. Stress drop due 738 

to slip-weakening is a key driver in rupture of faults (Li, 1986). It is important to note that two types of 739 

stress drop can occur in a fault. Stress drop can be due to pore pressure and total stress changes and to 740 

slip-weakening. The later one is lacking in this study and further investigation is required for more 741 

reliable results. However, as an example, Fig. 21 represents ' IIeK and IIe IeK K for faults with dip 742 

angle of 70  ̊ that have different residual friction coefficient (i.e., shear stress drop) and are placed in 743 

the caprock at (0,250) in an extensional stress regimes. It is clear that ' IIeK becomes greater for the 744 

lower residual friction coefficient, presenting a greater risk for the fault rupture growth.   745 
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 746 

Fig. 21 Variation of the normalized ' IIeK as a function of the stress ratio λ  for initial and after 15 MPa pore 747 
pressure increase in the reservoir for a fault with dip angle of 70  ̊placed in the caprock at (0,250), for several 748 

residual friction coefficient ( rµ ) in an extensional regime 749 

In this study, the focus is on simple reservoir-caprock geometries. However, the reservoir geometry, 750 

such as inclination, affects the stress changes (Soltanzadeh et al., 2008). In the field, it is often 751 

observed that several faults cut the reservoir-caprock and several compartments of the reservoir are 752 

available that can be used as storage sites. The results indicate that the interaction of faults, affect the 753 

calculated stress intensity path (Section 3.6). Therefore, detailed studies of each injection sites should 754 

be performed including all the available geological information into the models. 755 

The model used in the paper is 2D plane-strain. In a 3D system, if the fault strike is perpendicular to 756 

the X-Y plane shown in Fig. 5, the results (stress intensity paths) can be directly used in the rupture 757 

analyses. However, the stress redistribution is a spatial variable and faults crossing the same point and 758 

presenting the same properties, but having different strike direction, will have different stress intensity 759 

path. Besides, in a 3D system, the mode III failure mode should also be taken into account and IIIκ  760 

should be defined and measured for faults following the same methodology.  761 

Fluids, like CO2, which are injected in deep geological formations, generally reach the storage 762 

formation at a lower temperature than that of rock (Vilarrasa and Rutqvist 2017). This temperature 763 

drop induces thermal stresses that may affect the initial and secondary intensity factors after injection. 764 
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Thermal effect induce tension, which decrease the IK and changes IIK . This may lead to a change in 765 

fault stability and its rupture likelihood. Moreover, chemical reactions of the rock and injected fluid 766 

may lead to decrease of rock fracture toughness (Anderson and Grew 1977). These couplings may be 767 

an important issue in the long-term stability of faults and fractures.  768 

In our analyses, it is assumed that pressure buildup is not diffused into the caprock and the section of 769 

faults in the caprock. However, diffusion of pressure into caprock may have short-term and long-term 770 

consequences due to providing a driving force in the fault tip as well as decreasing the effective 771 

stresses, leading to a less compressive condition. Also, the undrained effect of caprock was neglected. 772 

Deformation of the caprock due to the inflation of the reservoir after injection will change the pore 773 

pressure in the caprock proportionally to the Skempton coefficient, which is caused by the undrained 774 

response of the caprock in the short-term (Fjær et al. 2008; Holt et al. 2017).  775 

The hydro-mechanical full coupling would provide a more realistic pore pressure distribution in the 776 

reservoir and the caprock and consequently more precise stress changes, therefore, a more realistic Iκ777 

and IIκ . However, this only affects the quantities and the methodology can be extended for any flow 778 

simulation and flow boundary conditions. Also, including fluid flow in the fractures/faults. could 779 

capture important features in fault rupture propagation.  780 

The developed methodology (not results) is independent of thermo-hydro-mechanical couplings, flow 781 

of fluid in the fault/fracture and diffusion of the pressure into the caprock. The reason for this non-782 

dependency is that the methodology only uses the internal forces of the contacts of clusters to calculate 783 

K and consequently κ . Thus, the aspects that are currently lacking in our model, such as 784 

thermoelasticity, geochemistry or pressure diffusion into the caprock, can be incorporated in the 785 

solution calculated in MDEM, which will calculate the internal forces, from which the rupture 786 

analyses can be done afterwards. 787 

 788 

 789 

 790 
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5. Conclusion 791 

A methodology has been developed to study mode I and mode II rupture of faults/fractures inside the 792 

reservoir and the caprock due to reservoir pressurization. The proposed methodology has the 793 

capability to obtain the direction of mode I and mode II rupture in front of a fault/fracture tip based on 794 

the minimum tensile and the maximum shear stress directions. The methodology follows the 795 

assumptions of LEFM and was embedded into a hybrid FEM-DEM in-house code called MDEM.  796 

Two new coefficients have been defined as stress intensity path (κ ) for a fault/fracture. These 797 

coefficients are similar to stress path and are defined as the change of SIF of a given fault/fracture per 798 

unit pore pressure change of the reservoir after injection for mode I and mode II failures. Additionally, 799 

some relationships (Eqs. (18)-(21)) were proposed to calculate the critical overpressure that should not 800 

be exceeded to avoid the propagation of the two modes that can be used for given faults with known 801 

κ .   802 

Stress intensity path depends on stress regime, location, dip angle and length of faults, Poisson’s ratio 803 

of the reservoir and caprock as well as the reservoir aspect ratio. Generally, κ is greater for faults 804 

inside the reservoir and in the caprock for compressional and an extensional stress regimes, 805 

respectively. Longer faults have higher mode I (less tensile opening) and higher mode II (greater 806 

shear) κ . Faults in the caprock become more stable as the reservoir is larger (lower aspect ratio), but 807 

the rupture likelihood increases for faults inside a reservoir at the same time. 808 

Simulation results indicate that mode I failure is likely for faults with low dip angle inside the 809 

reservoir for compressional stress regimes. However, the initiated mode I failure may not have the 810 

chance to grow upwards in a compressional stress regime, because the minimum principal is in the 811 

vertical direction. Therefore, the initiated rupture may rotate to grow horizontally to increase the 812 

horizontal permeability of the reservoir. In contrast, mode I rupture is likely for faults with high dip 813 

angle in the caprock in extensional stress regime. The initiated rupture in this case, may grow upwards 814 

if pore pressure is maintained or increased. Results indicated that mode II rupture is not likely in any 815 

of the investigated scenarios with the assumption IIC ICK K >1.  816 
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