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Abstract

Injection-induced seismicity and caprock integrity are among the most important concerns in CO,
storage operations. Understanding and minimizing fault/fracture reactivation in the first place, and
rupture growth/propagation beyond its surface afterwards, are fundamental to achieve a successful
deployment of geologic carbon storage projects. Rock fracture mechanics provides useful concepts to
study the propagation of discontinuities such as pre-existing faults and fractures. In this paper, we aim
at developing a methodology to investigate the rupture propagation likelihood of faults/fractures inside
a reservoir and its surrounding (including the caprock) as a result of reservoir pressurization. In this
methodology, mode | (tensile) and mode Il (shear) stress intensity factors of a given fault/fracture are
calculated based on Linear Elastic Fracture Mechanics. A fault/fracture can propagate either in mode I,
mode Il or a combination of both (also called mixed-mode) based on the comparison of the stress
intensity factors and fracture toughness. The proposed methodology, which has been embedded into a
hybrid Finite Element Method-Discrete Element Method in-house code called MDEM, has the
capability to obtain the direction of mode I and mode Il rupture in front of a fault/fracture tip. Two
coefficients are defined as stress intensity paths (4 ) for a fault/fracture, as the change of stress
intensity factors for the two failure modes of a given discontinuity per unit pore pressure change of the

reservoir after injection. Based on these stress intensity path coefficients, a relationship is given to
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calculate the threshold pressure buildup above which the two propagation modes may occur. We use
the proposed methodology to investigate the rupture growth likelihood of faults in and around a closed
reservoir due to its pressurization. Simulation results indicate that mode | failure is likely to occur
inside the reservoir for faults with low dip angle in compressional stress regimes. However, the
initiated mode | failure may not have the chance to grow upwards because the minimum principal is in
the vertical direction and thus, the initiated rupture tends to rotate and grow horizontally. In contrast,
mode | rupture is likely to occur in the caprock for faults with high dip angle in extensional stress
regimes. The initiated rupture may grow upwards if the newly created fracture becomes hydraulically
connected with the reservoir. We find that mode Il rupture is not likely to occur in any of the
investigated scenarios. Simulation results show that the coefficients of the stress intensity factors
depend on the faults location, dipping angle, fault length, presence of other faults, reservoir aspect

ratio and reservoir and caprock stiffness.

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

seismicity, CO, storage
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1. Introduction

CO, storage is considered as one of the options to reduce carbon dioxide (CO,) in the atmosphere to
mitigate its effect on climate change. Safety of the injection from a geomechanical point of view has
been a concern among scientists and the public. The main geomechanical risks associated with storage
of CO, are differential ground displacement due to surface uplift, caprock integrity and fault
reactivation leading to leakage and/or seismicity (Streit and Hillis, 2004; Rutqvist, 2012; White and

Foxall, 2016).

Industrial scale injection of CO; in the subsurface will cause ground heave as a result of pore pressure
increase (Rutqvist, 2012). A well-known example of this heave is the double-lobe uplift measured at
In Salah, Algeria, on top of a horizontal injection well (Vasco et al., 2010). If uplift occurs over a large
area and is relatively uniform, ground movement should not imply any problem. Actually, it has been
proposed to inject CO, below Venice, Italy, in order to compensate for the subsidence that is sinking
the city below the sea level (Comerlati et al., 2006). Nevertheless, structural problems may appear if
differential uplift becomes significant. Apart from ground movement, another source of concern is
CO; leakage that could be related to loss of caprock sealing capacity and/or fault stability. Given the
characteristics of CO, pressure evolution, which becomes practically constant after a sharp initial
increase, caprock integrity is unlikely to be compromised if proper pressure management is performed
(Vilarrasa and Carrera, 2015). On the other hand, fault stability may be an issue because fault
reactivation could give rise to both CO, leakage and felt induced seismicity that may raise public

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

There are several geomechanical studies that explicitly include faults in CO, storage models
investigating faults/fractures reactivation (e.g., Vidal-Gilbert et al., 2010; Cappa and Rutqvist, 2011,
Rinaldi et al., 2015; Gheibi et al., 2016, 2017). These studies focus only on fault plane stability and
exclude the effect of fault tip. In other words, they do not investigate the growth/propagation of
reactivated faults. In particular, studies of fault/fracture stability from a fracture mechanics point of
view are limited in CO, storage. This limitation is probably due to the fact that geomechanical studies

related to CO, storage are relatively small in number and have focused on other types of problems.
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One of the most challenging issues related to fault modeling is obtaining the stress values in front of
the fault tip. On the one hand, based on elastic solutions, namely Linear Elastic Fracture Mechanics
(LEFM), the stress value is singular at a crack/fault tip. Therefore, calculation of the stress values is
mesh size dependent in numerical modeling. Actually, the calculated stress becomes greater for finer
elements. Thus, a stress-strength failure criterion that use the stress state to evaluate whether the

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

fracture mechanics criteria, such as energy release rate, g°, or fracture toughness, K®, is used. There

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

corresponding Stress Intensity Factors (SIF) are K',K"and K", respectively (Bazant and Planas,
1997) . On the other hand, based on non-elastic solutions, no material can withstand the very high
stress values in the crack/fault tip. As a result, stresses will drop to a limit due to material plasticity or
softening in quasi-brittle materials. Examples of existing solutions are Cohesive Zone Modeling

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

Among the few studies related to CO, storage that consider fracture/fault propagation, Wang et al.
(2016) developed an analytical method to calculate the change of SIF of a fault located in the caprock
due to fluid injection and withdrawal. Nevertheless, their methodology is limited to mode Il and
cannot calculate the magnitude of the SIF. On the other hand, Papanastasiou et al. (2016) presented an
analytical model of hydraulic fracturing in weak formations to investigate the risk of hydraulic
fracturing in CO, storage. The analytical model of Papanastasiou et al. (2016), which is limited to
mode |, is based on a Mohr—Coulomb dislocation model that is extended to account for materials with
fracture toughness. They found that a hydraulically induced fracture from CO, injection is more likely

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

The goal of this paper is to develop a methodology to calculate both mode | and mode Il SIF of faults
inside reservoir and caprock based on LEFM. The methodology has been implemented into a hybrid
Finite Element Method (FEM)-Discrete Element Method (DEM) code called MDEM (Alassi, 2008;
Lavrov et al., 2015). For reasonably fine meshed, a significant dependency of the solution on the mesh

size is not observed. We also introduce stress intensity path coefficients as the change of SIF per unit
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pore pressure change in the reservoir. We use the methodology to investigate the effect of several
parameters, such as (i) fault length, (ii) inclination, (iii) location, (iv) elastic properties of reservoir and
caprock and the contrast between them, (v) interaction of faults on each other and (vi) reservoir aspect
ratio, on the stress intensity path. We also perform fault rupture analysis as a result of reservoir

pressurization using the introduced stress intensity paths coefficients.

2. Methods

2.1 Mixed mode I-11 cracks and brittle fracture criterion

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

crack tip is (after Lawn, 1975)

1 o .0
= K'(3-cos@)cos—+ K" (3cos@—1)sin— 1)
I 2\/2;”[ ( ) 2 ( ) 2}

COSQ
2 [K'(1+c0s0)-3K" sin@ | )

227y

Ogp =

0
cos—

7= K'sin0+K" (3cos0-1)] ®)

2N 2rxr

where, K'and K" are mode I and Il SIF in the direction of the crack/fault (€ = 0), respectively. r is
the distance from the crack tip and 0(—7r <0< 7r) is the direction of an arbitrary plane at the crack tip

with respect to x axis (Fig. 1). & is positive counterclockwise and negative clockwise. The sign
criterion of geomechanics is adopted, so compressive and tensile stresses are considered as positive

and negative, respectively.
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Crack

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

The stresses are compressive in deep geological formations, so cracks/faults tend to be closed and the
frictional resistance to be active. We assume a 2D plane-strain model in which the maximum and the
minimum principal stress are contained in the in-plane direction and the intermediate stress is in the
out-plane direction. Under compressive stresses, K'and K" for a crack with angle 0 < 4 < z/2 (with

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

K'=0, (0052ﬂ+/15in2ﬂ)\/g (4)
K" = [(1—A)cosﬂsinﬂ - (—1)5 y(cos2 B+ Asin’ /;’)J va/zria (5)
A= (6)

where 0, and o, are the vertical and horizontal stresses, respectively, A is stress anisotropy ratio, s is

the friction coefficient of the fault/crack plane and a is the half-length of the fault/crack. If o, 2 o, ,

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

the shearing force.

In fracture mechanics, the sign of K" represents the direction of the mode 1l loading and it can be

negative, positive or zero. K" = Oimplies that no shearing is occurring on the crack. However, a

different convention will be adopted in Section 2.2.
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- ! . .
Positive values of K’ represent that the crack/fault surface closes and thus, a positive K is not

|
physically meaningful. Positive values of K" shown in the paper are only to compare its relative

difference before and after injection.

Erdogan and Sih (1963) proposed the composite criterion of minimum circumferential tensile stress
(minimum tensile-stress criterion). This criterion holds that a mixed mode I-11 crack propagates along

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

al., 2016)
0 ol
Pw g, =250 @)
00 00
_ / 2 K||
§'° = 2tan LVLHBW W=—r €)
4w K
where 6' is the corresponding direction of minimum tensile stress.
Mode | stress intensity factors in the direction of @ can be defined as (Rao et al., 2003)
K' (6) =1im(o,, N2z ). ©)

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

(modified after Wu et al. 2016)

IC

1 0
KIQZECOSE [K'(1+cose'°)—3K"sin9'c _ (10)

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

K'|= K", (11)

where K ' is the fracture toughness in mode 1.

Similarly, mode Il stress intensity factor in the direction of & can be defined as (Rao et al., 2003)
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K"(0)= Iim(rry 27rr). (12)

r—0

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

07y,
00

=0, (13)

7,,(0=0,")

[24

max

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

direction of maximum (absolute value) shear stress

6, = 2tan1(2cos(%+(a— 2)%) —(gj +g] ,a=12,3 (14)

I qzi(wf__w, g =cos™ _L 9 |andais the index of the three
2

1
where, p = _§(W)2 —5 T

roots and only one of them maximizes the shear stress.

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

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

lc

K" = %cos [K' sing"® + K" (30059"° —l)]- (15)

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

ZKIIC/KIC, (16)

{K"S/K'e

Klle > KllC

liC

where K™ is the fracture toughness in mode 1.

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

should be set to zero.

2.2 Stress intensity factor path and critical overpressure
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Similar to the stress path (Hettema et al., 2000), which is the change of total stress per change of unit
pore pressure P inside the reservoir, it is possible to define the stress intensity path as

o AKD i AKD

- ' V3 17
AP AP a7

for mode | and mode 11, respectively. In contrast to stress path, stress intensity path is not independent
of the stress regime (Gheibi et al., 2016, 2017). However, # is constant for a given fault placed at a
particular location in a given stress regime even for different stress anisotropy ratios A (as will be
discussed in section 3.1). Therefore, if 4 is known for a fault, it is possible to find the minimum and
the maximum K for mode | and Il, respectively, corresponding to the direction of minimum tensile
and maximum shear stress. This can be used to find the critical pressure change above which mode |
or mode Il rupture of the fault could be initiated. Actually, there are no explicit solutions to relate the
critical pressure to the critical toughness values. However, we propose some relations by which
variations of SIF as a function of pressure change can be plotted to find the critical pressure.

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

the « defined in Eq. (17). Here, it is assumed K" < O for a stable and K" > O for an unstable fault.
This assumption is made to provide a ground for general definition of the stress intensity path in Eq.

(17) independent of the overpressure magnitude. For example, consider a given fault that is initially
stable. Based on the convention in fracture mechanics, the K " should be set to zero. Assuming that the

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

such condition, if we define the stress intensity path for the fault, it is equal to zero. However, if the
pressure is increased to a certain value that the fault becomes unstable, K" turns non-zero and the
stress intensity path will become a finite positive value if o, > o, and negative if o, <o, . Therefore,
it is not possible to define a general stress intensity path and it is changed for different overpressure

level. However, if we impose that for a stable and unstable fault theK" <Oand K" >0,
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respectively, we can ensure that the AK”/AP is independent of the overpressure magnitude for a

given fault.

Sis used to ensure that K" is positive for unstable faults independently of the shearing direction.
Thus, in this paper, a negative value of K ! implies that the fault/crack is stable and cannot propagate.
Nevertheless, the negative K " shown in the Results (Tables 2 and 3) are only to compare the relative

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

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

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

follows

*

gflczelc‘ W=

w=w

(18)

K" +x"AP
K +x'AP

where subscripts f and i represent the final and initial state, respectively. The initial K values can be
calculated either numerically (as discussed in Section 2.4) or using Egs. (4) and (5). K+ #'AP
should be negative, otherwise it should be set to zero. Also, if K" + #" AP is negative, it means that
the fault is stable and the analyses are no longer meaningful.

The final K, * is calculated by combining Eq. (10), Eq. (17) and Eq. (18) as

IC

K, =K" +%cos f2 [/fl (14+cos0,')+3(—1) (#" )sing,

AP (19)

Note that Eq. (19) is a nonlinear relationship, because 6, '“is also dependent onAP. Since, an

analytical solution was not found for AP, the AP!

crit.

should be obtained by plotting K,"vs AP

combined with K,* =K',

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

maximum Mode Il SIF after injection is given by combining Eq. (14), Eq. (15) and Eq. (17) as
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o'c = 9"| . W=

w=w

(20)

K" ++"AP
K!'+x'AP

K,' 4 ' AP should be negative, otherwise it should be set to zero. Also, if K" + " AP is negative,

lle ¢

it means that the fault is stable and the analyses are no longer meaningful. The final K, ™ is calculated

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

1c

K, =K" +%COSfT[/fI sino;'° - (-1)" (" )(3cos 6, ~1) | AP (21)

lle

" and AP are non-linearly related. The critical overpressure AP,

crit.

Similarly, K can be obtained by

plotting K, " vs AP combined with K" = K"® for mode Il rupture if Eq. (16) is satisfied. The final

critical overpressure for injection is AP,

crit.

= min (Apclm ' Al:)(:Irllt ) '

IC

) 0
It must be noted that if Ki'e+%cosf7[/f' (1+cosef'°)]AP >0, only the «"part must be

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

2.3. Modified Discrete Element Method

The Modified Discrete Element Method (MDEM) was proposed by Alassi (2008) to model fracture
developments and fault reactivation during fluid withdrawal and injection at reservoir scale. MDEM
behaves like a continuum model (e.g., finite element method) before failure and like a discontinuum

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

The mesh of MDEM considers the continuum to be formed by discrete particles, which are usually
assumed to be circular (Itasca 2012). However, they can follow Voronoi’s shape, which makes it
easier to build more complicated models with the help of automatic mesh generation codes (Fig. 2b).
Fig. 2a shows a triangular element formed by connecting the centers of three discs which are in

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

contact as
f.=D,u, (22)
f,=D.u, (23)

where f, Danduare internal force, stiffness and relative displacement of contact, respectively. The

subscripts N and S represent normal and shear components.

Lol
.. cﬁ’

a) b)

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

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

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

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

done by adding new stiffness coefficientsa;;.

fn1 Dnl Q, Q3 ||{Un
fnz =| ay Dn2 Ay | Un2 (- (24)
fn3 a‘31 a32 Dn 3 un3

a; represents the contribution of the deformation of jth contact on the force of i" contact.

The relationship between the stress ¢ = {axx Oy Oy }T and the internal forces f,, and the relation

: T - .
between the strain £ ={z,, &, &, and the relative displacements U, are given by
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c=—M'f (25)

u =Me (26)

2 2
€ 11|1 € 12'1 e11e12|1
2 2
M=|e 21'2 € 22'2 ezlezzlz ) (27)
2 2
€ 31'3 € 32'3 e31e32|3

where €, =¢0s(6,), I,, =sin(6,) and the angle 6, represents the normal vector orientation of the

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

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

stress can be related to the strain by using the material conventional constitutive elastic matrix C as
o =Ce¢. (28)

Combining Egs. (24)- (28), a relation can be derived between the internal constitutive matrix D and

the material constitutive matrix Cas

1 -
C:KMTDM. (29)

Once D has been retrieved from Eq. (29), the solution scheme is similar to the regular discrete
element method. In this method, the contact forces are updated incrementally, df = Ddunand
f."" =f +df,, where du, at each contact is calculated by using the Voronoi element’s velocities

V; and the time step dt as

du, = (v} -v* )egdt, (30)

n
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where the superscripts 1 and 2 represent the centers of the two disks forming a contact and the
subscript i is the i™ component of the velocity vector. Then, the forces are applied to each particle and
Newton’s second law is used to update the particle’s motion (see Cundall and Strack (1979) for more

details).

For a failing cluster, both D, and D, are used to update the normal and the shear forces at each
contact and thus a shear contact force fs starts to build up in the failing cluster and at each contact

according to df, = D.du,, where duis calculated as
du, =|Av, - Av 1 1| dt, (31)

where Av; = (V,1 —Viz) is the relative velocity and |, is the normal unit vector. Notice that Einstein

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

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

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

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

cluster and cause the stress to redistribute. A fault is a collection of failed clusters which has two
contacts failed (D, and D, are thus updated). The direction of the failed contact is updated to the
direction of the fault. This is equivalent to the smooth-joint model in DEM introduced by Mas Ivars et

al. (2008).

The main difference between this approach and the regular discrete element method is that while the
material can behave according to a continuum model before failure, where conventional elastic
properties can be given to the material based on Eg. (29), the material behaves according to a regular

discrete element method after failure.

2.4. Calculation of K' and K" in MDEM
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Consider a cracked isotropic body subjected to mixed-mode | - 1l loadings under plane stress or plane
strain conditions. The crack is assumed to be oriented along an arbitrary direction. Therefore, stresses

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

(32)

_ | 33
Ty 2nx (33)

The total forces over the X° —sized ligament (Fig. 3) can be expressed as (de Morais 2007)

Xe 2XC

Fy:J. de:K',/—, (34)
° T

F, = [z,dx=K" \/zi , (35)
0 VA

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

)

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

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

F’I_}’ :fj‘»’_i_lf‘l}’

X F;x:Lf;;Y+Lfix

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

K'and K"
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SIF estimation formulae are

K'= = SF, (36)
I T\
K = ﬁz Fi y (37)

i i=l

K' and K" are calculated by extrapolating to X° = 0 of the linear approximations to K and K ™" as
a function of x° plots, respectively. Fig. 4 shows an example of approximating K'andK" of a simple

horizontal crack. The deviation from the analytical K'and K" values is about 1%.

1.4

1.2+ a4 |
08¢ |
:0.6- |
04+ |

0.2 " K=o

*a
+
0 AL Y Y Y Y TP T PP PPPTPPP dtssssbnns PP PPTT

0 041 0.2 03 04 05
XC

Fig. 4 Linear approximations to K™ and K™ as a function of x®and extrapolating to X°=0for a

central horizontal crack
2.5. Numerical model

Fig. 5 shows a schematic description of the general 2D plane-strain model used in this study. The
smallest elements are equilateral triangles with sides equal to 1.1 m. Actually, coarser elements could
be used obtaining similar results. The aim of the analyses is not to perfectly model CO, injection, but
rather to understand how faults rupture is affected by reservoir pressurization. Therefore, no fluid flow
modeling is carried out. Instead, the reservoir is assumed to be a closed box surrounded by

impermeable rock and pore pressure is increased uniformly inside the reservoir by AP. Such
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assumption may be acceptable for small and closed reservoirs, which may be common in CO,-EOR or
in certain saline formations that are bounded by low-permeable faults, like Snohvit, in which pressure
buildup increased rapidly as a result of the small size of the reservoir and led to the stop of injection a
few months after the beginning of CO; injection to avoid fault reactivation (Hansen et al., 2013).1t is
also assumed that the pore pressure remains constant and equal to the initial value in the surrounding
rock, including the caprock. The reservoir lateral edges are assumed to be half-circles (semicircles) to
avoid a high stress concentrations due to sharp boundary effects and thus, to have a simple stress
distribution in the models. This helps to understand the results more clearly. Two faults are
represented in Figure 5, one in the center of the reservoir, placed at (0, 0), and the other one in the
caprock above the right-hand side flank, at (400,250). The points correspond to the coordinates of the
faults center (shown by dots in Fig. 5). The locations of the faults analyzed in the scenarios considered
in the paper are not necessarily identical to the ones in Fig. 5 (see Table 1). The reservoir thickness is
200 m and the aspect ratio of most of the models is 0.25. Fault length is 100 m, unless otherwise
stated. The mechanical boundary conditions are a constant stress equal to the far-field stresses in most
of the models. The maximum principal stress is considered to be in the vertical and the horizontal
directions in an extensional (normal faulting) and a compressional (reverse faulting) stress regime,

respectively. Stress anisotropy ratio A, is varied to be 0, 0.2, 0.33, 0.5 and 1. A = Qis representative

of uniaxial tests without lateral confinement. The stress intensity factor values are given in K’
normalized to o,/507 (MPa.m’O's) in the results. Therefore, the results can be used for any initial in

situ stress value. Additionally, a model is run in which the vertical stress is the weight of the layers
above the reservoir (gravity effect), assuming that the lateral boundaries are fixed (displacement is not
allowed). In this gravity model, the center of the reservoir is placed at 1.5 km depth. In the gravity
case, A depends on Poisson’s ratio. The initial and post-injection horizontal stresses evolve due to the
Poisson’s ratio effect in a fixed lateral displacement. This leads to a horizontal stress that is lower than

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

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

the subsections in the Results in which they are used. In the base case model, the elastic constants are
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the same for the reservoir and the surrounding rock with E, = E. =15GPaand v, =v, =0.2, where E

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

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

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

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

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

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

investigated.

UV
AY
|
. |  Faultat(400,250)
Tip2__ .
= ~ -
E n '3
% ( (0,0) — P?— ______ >_>
o =
Tipl a=800 m

(o)

v

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

Table 1. Parameters used to model the investigated scenarios. E, C, G and (X, y) represent Extensional,

Compressional, Gravity and coordinates of the faults center, respectively.

S e 5 o = 5
< o 0 2 = S S =S
S S |85 v v sg 8 sz |38
= = = r S =~ = (5] L 5
2 s | 2% 3 3 a T8
n & i T < £
EC. X 0
3.1 60 A 0.2 0.2 100 [, 0. 250 0.25 | No
X | 0,200, 400, 600
3.2 60 E-C 0.2 0.2 100 — 0, 195, 250 0.25 | No
300, | x | 0,200,400, 600
3.3 60 E 0.2 0.2 400, 0.25 | No
500 | Y 0
20, 30, X | 0,200, 400, 600
3.4 60,70 | EC 0.2 0.2 100 — 0250 0.25 | No
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1% set 0.1,0.20.3 0.2 100 ;( 0, 200, goo, 600
35 [Tgdgey | 70 | EC 0.2 04,0203 | | X [ 0,200,400, 600 025 | No
37 et 01,0203 0.2 Y 250
50,
o0 | X 0, 200
36 70 | EC 0.2 0.2 200, 025 | Yes
300 | Y 250
X | 0,200, 400,600 | 9-125,
37 30,70 | E-C 0.2 0.2 100 0.167, | No
Y 0, 250 0.25
3. Results

3.1. Injection induced stress intensity path

Stress intensity factor for a given fault/crack is determined based on the stresses applied on it. Changes
in pore pressure inside the reservoir will induce new stresses and therefore, the stress intensity path is
directly related to the poroelastic stress changes. As an illustrative example of how a uniform 10 MPa
pressure increase in a closed reservoir causes stress changes, Fig. 6 shows the distribution of the
change in total stresses in the x- and y- direction for the base case model without any fault. Details
about the stress changes caused by reservoir pressurization can be found in Gheibi et al. (2017). If
faults are present, the stress distribution is affected by their presence, which influences the results. The

proposed methodology automatically takes these stress changes into account.

Table 2 summarizes the SIF calculated for different stress scenarios in the initial and post-injection
conditions as well as the SIF path for a fault with dip of 60° and a length of 100 m crossing the

reservoir center. The whole length of the fault is inside the reservoir, because the thickness of the
reservoir is 200 m (Fig. 5). ' is negative and equal in all the A scenarios for the fault, except in the
gravity-uniaxial strain case, in which the ' is slightly greater, i.e., closer to zero. This means that the
4" will decrease (to a more tensile mode) inside the reservoir due to the overpressure, increasing the

chance of mode | fault propagation. However, 4" is positive, presenting a lower value in an
extensional stress regime than in a compressional stress regime. This implies that the fault inside the

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

stress regime after injection. While 4" in the isotropic stress condition is almost equal to its value in a
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391  compressional stress regime, 4" in an extensional stress regime is similar to the 4" in the gravity

392 case, which is also an extensional stress regime.

Total Sxx Change

6
4
2
0
-2
-1000 0 1000
b Total Syy Change
500 2
B ; 0
=0
g « » i
-500 4
21000 0 1000
393 x (m)

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

396  Table 3 represents K'and 4 values for the same scenarios as in Table 2, but with a fault placed in the
397  caprock, at (0, 250). Similar to the fault in the reservoir, ' decreases in the caprock, but, the

398  magnitude is almost 1/10™ of that in the reservoir. 4" increases in extensional and isotropic stress
399  regimes, but it decreases in a compressional stress regime. Therefore, a steep fault in the caprock is

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

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

403 the reservoir. The K values are normalized with respect to /507 (MPa.m’“). For the gravity case, o,is
404  assumed to be 30 MPa. The subscripts i and f represent initial and final, respectively.

Stress Regime A K K" K'fl K'f“ a i

Isotropic stress 1 101 | -059 | 086 | -0.43 | -6.43 | 6.60

05 | 063 | -0.16 | 046 | -014 | -6.43 | 1.12
03 | 051 ( -001 | 034 | 001 | -6.43 | 112
02 | 041 | 0105 | 0.23 | 0.13 | -6.43 | 1.12
0 025 | 0.28 0.08 | 031 | -6.43 | 1.12

Extensional
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0 0.76 | -0.02 | 059 | 0.15 | -6.43 | 6.59
02 | 081 | -0.13 | 064 | 0.04 | -6.43 | 6.60
03 | 085 ( -0.21 | 0.68 | -0.04 | -6.43 | 6.59
05 | 089 | -031 [ 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

Compressional

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

reservoir. The K values are normalized with respect to o, /507 (MPa.m’”). For the gravity case, o, assumed
to be 30 MPa.

Stress Regime AL KK KK 5"
Isotropic stress 1 099 | -059 | 0.97 | -0.56 | -0.61 1.34
05 | 062 | -0.15 | 0.60 | -0.12 | -0.62 1.34
0.3 049 | -0.01 | 048 0.02 | -0.61 1.34
0.2 0.40 0.10 0.38 0.14 | -0.61 1.34
0 025 | 028 | 023 | 0.31 | -0.61 1.34
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
03 | 082 | -0.21 | 0.80 | -0.23 | -0.61 -0.61
05 | 086 | -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

Extensional

Compressional

3.2. Effect of fault location

The effect of the location of a fault with dip angle of 60° placed inside the reservoir on « is
investigated by placing the center of the fault, at locations (0, 0), (200, 0), (400, 0). Additionally, a
fault is placed at (600, 0) at the right-hand side flank, outside of the reservoir. Fig. 7 represents the

variation of 4 at the two fault tips as a function of the location of the fault in an extensional and a

compressional stress regime. «" increases considerably inside the reservoir, but only slightly in the

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

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

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

' almost coincides

negative values in the flank outside of the reservoir. For both fault tips (Fig. 5), #'
everywhere, except for the case in which the fault center is located at the reservoir boundary, i.e., (400,

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

extensional and a compressional regime, respectively (Fig. 7b). On the other hand, ' decreases inside
the reservoir and increases outside the reservoir in the flank, so tensile failure is can only occur inside

the reservoir.

60°-Reservoir 60°-Reservoir

8
/,-\.
1 | @ . S~ b
5
c1 -
2 B}
= TEIEELEL SO AN
g T N T |
1 < e - ’__ﬁ
'd
E-2 ’
-4 v 4 ’
-
-7
0 200 400 600 0 200 400 600

Location (m) Location (m)

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

The effect of fault location is also analyzed in the caprock at two horizontal sections placed at a
vertical distance from the reservoir center of 175 m and 250 m. Fig. 8 shows +' and «" as a function

of the locations of the faults centers. ' decreases (negative) in all of the investigated locations and
the greatest decrease in mode | stability occurs for the fault located at (400, 175), i.e., the fault placed
above the reservoir flank in the caprock and that is closer to the reservoir-caprock interface. #' in the
caprock is almost identical in the two stress regimes. 4" increases above the reservoir and decreases
above the flanks in an extensional regime, but the opposite occurs in a compressional stress regime.

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

flanks in an extensional and a compressional regime, respectively.
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Fig. 8 Variation of a) %' b) 4" as a function of the location of the center of a fault with dip angle of 60°in the
caprock (fault centers placed at y=175 and 250 m) in a compressional (C) and an extensional (E) stress regime

3.3.Effect of fault length

Fig. 9 shows 4'and +" as a function of the location in the x-axis of three faults with a dip angle of

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

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

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

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

caprock is greater as it gets closer to the reservoir. However, the longer faults present a greater in 4"

in the reservoir.

4 4
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P
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Fig. 9 Variation of a) V3 b) 4" as a function of the location of the center of a fault with a dip angle of 60°and
with three lengths of 300, 400 and 500 m in an extensional stress regime

3.4. Effect of fault dip angle

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

(200,0), (400,0) and (600,0) in the reservoir and the flanks and (0,250), (200,250), (400,250) and
(600,250) in the caprock. Fig. 10 represents the variation of 4" and " as a function of the location of

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

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

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

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

slightly higher 4" than the 20°fault.

Fig. 10 indicates that the faults with lower dip angle are more prone to propagate than the faults with
higher dipping angle both in mode | and mode Il in the central parts of the reservoir. This is due to the
fact that the change in the horizontal stress, which tends to close the steeper fault plane, is greater than

that in the vertical stress.

Fig. 11 shows ' and 4" variation of the same faults as a function of the location of the fault center

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

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

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

are under a higher risk of mode | propagation due to reservoir pressurization. In contrast to 4"

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

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

faults in the central parts, but lower above the flank in the caprock (Fig. 11c).
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Fig.11 Variation of a) a b) " and c) #"" as a function of the location of the center of faults with different
dip angles in the caprock (y=250m) in a compressional and an extensional stress regime

3.5. Effect of Poisson’s ratio

Fig. 12 shows « variation as a function of the location of the center of a fault with dip angle of 70

inside the reservoir (the first set of scenarios in Table 1 with varying reservoir Poisson’s ratio with v,
=0.1, 0.2 and 0.3) and the flanks in a compressional and an extensional stress regimes. The higher the
reservoir Poisson’s ratio (i.e., less compressible reservoir), the lower the ' (higher tendency to

tensile failure). The effect of Poisson’s ratio on K'is identical in the two stress regimes. " is larger
for a reservoir rock with higher Poisson’s ratio in the two stress regimes, but the Poisson’s ratio effect

is more noticeable in an extensional regime.

Fig. 13 shows 4 variations as a function of the location of the center of a fault with dip angle of 70°in
the caprock (the second set of scenarios in Table 1 with varying caprock Poisson’s ratio and a fixed
reservoir Poisson’s ratio) in a compressional and an extensional stress regime. ' is not significantly

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

above the reservoir section. In a compressional regime, ' is not significantly affected by the
variation of the caprock Poisson’s ratio. This is the opposite to the Poisson’s ratio effect in the

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

leads to a greater 4" above the reservoir. Figures 12 indicates that a fault with dip angle of 70°in the
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reservoir has a greater risk of mode | and mode Il rupture for high Poisson’s ratio reservoir rock. In
contrast, a 70° fault in the caprock has a greater risk of mode I and mode Il rupture for low Poisson’s

ratio caprock (Figure 13).

Reservoir-v,=0.2 Reservoir-v,=0.2
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Fig.12 Variation of a) a b) 4" as a function of the location of the center of a fault with dip angle of 70°in
the reservoir and its flank in a compressional (C) and an extensional (E) stress regime for variable Poisson’s ratio
of the reservoir rock and a fixed value of the caprock Poisson’s ratio
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Fig. 13 Variation of a) a b) #" as a function of the location of the center of a fault with dip angle of 70°
in the caprock in a compressional (C) and an extensional (E) stress regime for variable Poisson’s ratio of
the caprock and a fixed value of the reservoir Poisson’s ratio

Fig. 14 shows « variations as a function of the location of the center of a fault with dip angle of 70°in
the caprock (the third set of scenarios in Table 1 with varying reservoir Poisson’s ratio and a fixed

caprock Poisson’s ratio) for both faults tips in a compressional and an extensional stress regimes. For a
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lower Poisson’s ratio of the reservoir rock, the 4 is greater in the two stress regimes. The greatest

changes occur in the caprock above the center and the flanks for an extensional and a compressional
stress regime, respectively. Likewise, 4 is lower (greater reduction) for the reservoir rock with low

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

3.6. Effect of interaction between faults

Fig. 15 shows variations of « of a fault with a dip angle of 70°placed at (0,250) in the caprock after
reservoir pressurization, where another fault of variable length is present at (200,250), in an
extensional and a compressional stress regime. As the length of the adjacent fault increases, there is a
greater interaction between the faults, causing the decrease of 4 in both modes. This means that a
larger fault decreases the rupture risk of a neighboring fault both in mode | and mode Il. The reason
for this is that the larger fault shields the shorter fault in these examples, where the two faults are

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

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



533

534
535

536

537

538

539

540

541

542

543

544

545

546

547

doi.org/10.1016/j.iiggc.2018.01.004

1r B E-y - - . _
..... i
0.5 mode
0

'0 5 N 2(. -
e e g — X E’C’\
_1 -
-1.5
0 100 200 300

Adjacent fault's length (m)
Fig. 15 Variation of #"and £" of a fault with dip angle of 70°placed at (0, 250) in the caprock as a function of
the length of an adjacent 70 °fault placed at (200,250) in an extensional and compressional stress regimes

3.7. Effect of reservoir aspect ratio

Fig. 16a-b show 4 variation for a fault with dip angle of 30°in the reservoir and the flank for several

reservoir aspect ratios. ' and 4" are lower and higher for lower aspect ratio reservoirs in a
compressional stress regime, respectively. This means that both mode | and mode Il rupture likelihood
for the fault increases for larger reservoirs in a compressional stress regime. Fig. 16¢-d show 4
variation for a fault with dip angle of 70°in the caprock in an extensional stress regime. The observed
behavior is the opposite of that in the reservoir in a compressional stress regime. Therefore, the risks
of rupture growth of the fault decrease for larger reservoirs in an extensional stress regime in the
caprock. It is important to note that as the reservoir becomes larger, »~ becomes less sensitive to the
fault location for a fault with dip angle of 70°and the risks are consequently uniform (Fig. 16¢c-d). A
30° fault in the reservoir and a 70° fault in the caprock experience the greatest change of SIF in a

compressional and an extensional stress regime, respectively.
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a compressional stress regime and ¢) k', d) " of fault with dip angle of 70°in the caprock in an extensional
stress regime with several reservoir aspect ratio

3.8. Fault rupture analysis
So far, changes of intensity factors have been investigated for mode | and mode Il due to injection.
However, it is important to obtain the direction and values where the minimum and the maximum SIF

occur. First, the critical directions 6'and 6" are calculated (Egs.(18) and (20)). Then, the minimum

K'as K" and the maximum K" as K" are obtained (Egs. (19) and (21)). K" should always be either

negative, meaning tensile opening, or zero, meaning no tensile stress. The type of fault/joint rupture is
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distinguished by the criteria in Egs. (11) and (16). Fig. 17a represents K" and ‘K"e/K'e for a 100 m

length fault with dip angle of 30° placed at the point (0,0) in the reservoir as a function of several stress
ratios (1), before (AP=0) and after injection (AP=15 MPa) in an extensional stress regime. K
increases after injection for decreasing A values until 1 =0.6, but below this anisotropy ratio, K"

remains unchanged. ‘K"E/K'e

ratio remains constant for all 4 and equal to 0.866. The upper dashed

line is the ratio of toughness values, i.e., K"®/K'® and the lower dashed line is K" (normalized
toughness). The toughness values and their ratio are not representing any specific rock type in this
study. However, based on some experimental studies in the literature, K"®/K'® >1 for ambient and

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

Stephansson 2012). Based on the criterion in Eqg. (16), mode Il rupture can occur only if the

|K"*/K"|is above the K"®/K'® line. Therefore, Figure 17a shows that the mode Il rupture of the

fault will not occur after injection in the investigated case.

e

Fig. 17b displays the variation of K'" for the same fault as a function of A as well as the possible

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

e

Fluid injection decreases K'" for 4 < 0.6, which increases the risk of mode I rupture. K " remains

unchanged and zero for 4 > 0.6. 6'° = 71°is the direction in which tensile failure may occur. Since
the minimum principal stress is in the horizontal direction in an extensional stress regime, there is a

chance of rupture growth upwards if pressure is kept increasing.

Fig. 17c-d show K", ‘K "e/K'|, K"*and @' for the same fault in a compressional stress regime as

a function of A . The variation of K" and K™ have trends similar to the fault in an extensional

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

Wlle

though the K ' value is more than twice in this case, still ‘K”e/K'e is 0.866 and lower than 1 and

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

compressional case but the minimum principal stress is in the vertical direction in a compressional
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584  stress regime. Therefore, the initiated rupture will most likely become horizontal if pore pressure
585  builds up further. Moreover, mode I rupture can occur for larger ranges of A in a compressional stress

586  regime than in an extensional stress regime.
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589  Fig. 17 Variation of the normalized a) K'“and b) K'™in an extensional and ¢) K'“and d) K™in a
590  compressional stress regime as a function of A for initial and after 15 MPa pore pressure increase in the

591 reservoir for a fault with dip angle of 30 °inside the reservoir. b) and d) also include the probable direction of
592 mode | rupture and the corresponding generic fault rupture criteria

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

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

595  pressurization (AP=15 MPa) in compressional stress regimes. K'"“and K'"* decrease (less shear) and
596  increase (less tensile) after injection in a compressional stress regime, respectively, and no mode | and

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

598 K™ and K" in the caprock in an extensional stress regime and thus, it remains safe.
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stress ratio A for initial and after 15 MPa pore pressure increase in the reservoir for a fault with dip angle of 30°
in the caprock (0,250), a) and b) also include the probable direction of mode | rupture and the corresponding
generic fault rupture criteria

Fig. 19 shows the same plots as Fig. 17 for a 100 m length fault with dip angle of 70° placed in the
reservoir at (0,0) as a function of the stress ratios (A ), before and after reservoir pressurization in the
two stress regimes. Fig. 19a and 19c shows that mode II rupture is not likely for a 70° fault in the
reservoir. However, there is a high chance of mode | rupture for A lower than 0.5 in an extensional

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

in a compressional regime (Fig. 19d) because of very low K e Comparison between Fig. 17b, d and
Fig. 19b, d indicates that a 30° fault is more prone to mode I rupture than a 70° fault in the reservoir.
Nevertheless, the mode I rupture initiated in front of the 30° fault in a compressional stress regime will
rotate to grow horizontally, not only which may not affect caprock integrity but also increase
horizontal permeability in the favor of CO, storage (Papanastasiou et al., 2016; Vilarrasa and Laloui,
2016). On the other hand, the mode | rupture initiated from the steeper fault in an extensional stress

regime would grow upwards, compromising caprock integrity.
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Fig. 19 Variation of the normalized a) K™ and b) K'™in an extensional and ¢) K" and d) K'“in a
compressional stress regime as a function of the stress ratio A for initial and after 15 MPa pore pressure

increase in the reservoir for a fault with dip angle of 70°inside the reservoir, b) and d) also include the probable
direction of mode | rupture and the corresponding generic fault rupture criteria

Fig. 20 represents K'“and K for the 70° fault placed in the caprock at (0,250) in an extensional

stress regime. The fault is stable in a compressional stress regime in terms of both mode Il and mode |

ruptures. However, mode | rupture is likely for lower A in an extensional stress regime.
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fault rupture criteria

4, Discussion

We have developed a methodology that can be used to investigate the rupture growth of faults inside
and outside of a reservoir after injection based on LEFM. This methodology can also be applied in
reservoir depletion. According to Bazant and Planas (1997), LEFM can be applied to structures with
cracks that are small compared to the size of the structure. This may be valid for fractures and faults in

geological formations.

Simulation results indicate that 4 is directly dependent on the pore pressure increase and
consequently, on the stress change induced by that pore pressure increase. An increase of fluid
pressure induces a tensile stress in front of the crack/fault tip. The higher the fluid pressure increase,
the greater the tension/unloading. But pore pressure change, either due to injection or depletion,
induces a poroelastic response that alters the total stresses as well. This alteration of total stresses is
not limited to the region which is overpressurized or depleted. Actually, it also propagates a certain
distances into the overburden (caprock), the reservoir flanks and in the underburden (basement). This

can lead to failure of fractures/faults in locations different than the reservoir, including the caprock.

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



647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

doi.org/10.1016/j.iiggc.2018.01.004

"' decreases where the stress component normal to the fault/joint plane decreases or is unloaded. On
the other hand, 4" increases if the shear stress applied on the plane increases due to the induced
stresses. There is a direct relationship between k'and 4", if x'decreases, it means that the shear

resistance of the plane decreases, which leads to a higher 4" value.

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

stresses induced by poroelastic effects are independent of the stress regime (Gheibi et al., 2016, 2017).
Therefore, s , 8 a dependent parameter on the changes in the normal stresses to the faults, is the
same in the two stress regimes. Both +' and 4" are also constant regardless of the minimum to the

maximum principal stresses ratio (A ). However, 4" is different for extensional and compressional
stress regimes (Tables 2 and 3). Simulation results indicate that it is neither straightforward nor
intuitive to predict the rupture likelihood of a fault. It is dependent on the fault inclination, location,
size of the over-pressured region, in situ stress (both the stress regime and the ratio of the minimum to
the maximum stress), fault plane’s friction coefficient, elastic properties of the reservoir and caprock
and their contrast and mode I and Il toughness values of the rock in front of the fault tip. Generally,
faults with a high and a low dip angle experience a greater risk in extensional and compressional stress

regimes, respectively.

In a compressional stress regime, the hanging wall of a fault tends to move upwards while its footwall
tends to move downwards. For a fault bounded inside the reservoir (in its central part), the shear stress
increases in compressional stress regime as a result of the increase in the horizontal total stress

induced by reservoir pressurization after injection, which leads to an increase in its displacement
tendency (Gheibi et al., 2016, 2017). At the same time, " decreases due to the reduction in effective
stresses. These two effects, i.e., the increase of shear stress and decrease of normal effective stress,
increase 4", which means that the risk of propagation of fault rupture in mode I increases. However,

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

footwall tends to move upwards. For the same fault inside the reservoir (in its central part), the shear
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stress decreases after injection in an extensional stress regime, leading to a decrease in the tendency.
Thus, even though ' decreases due to the reduction in effective stresses, the increase of 4" is lower

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

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

stress regime. Therefore, 4' is identical for extensional and compressional stress regimes. However,

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

and decreases in an extensional stress regime. Variation of #'and 4" can be explained based on

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

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

location of the fault. Therefore, 4" and ' vary depending on the fault location. The shear stress
increases and decreases in an extensional stress regime in the caprock above the reservoir center and
reservoir edge, respectively. It is the opposite in a compressional stress regime. Therefore, while a
fault is more likely to propagate in the caprock above the reservoir center in an extensional stress

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

The fault length has also an effect on fault propagation because the tips of longer faults are more
distant from the reservoir. Since, stress changes induced by injection or depletion become lower for

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

in ", respectively (Fig. 9a).

Toughness is a key parameter in evaluating rupture of a fault. According to the literature, the
toughness value is in the range of a few MPa.m®® in lab-sized samples (Backers and Stephansson
2012; Chang et al. 2002; Ouchterlony 1983). However, the calculated SIF for field-scale faults in their
initial state under high stresses is much higher than the toughness obtained in the lab. In spite of the
fact that SIF is higher than fracture toughness, most faults are stable. Therefore, investigation of real
fault propagation may not be correct using lab scale toughness results and upscaling techniques may
be necessary. Husseini et al. (1975) found fracture energy to vary from 1 to 10° J.m®°. This energy is

much larger than the Griffith surface energy of minerals estimated by Brace & Walsh (1962) to be 1 to
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10 J.m®®°. Furthermore, Li (1987) reported energy release rate of earthquakes, g°, to be 10°-10% J.m°%.
Therefore, the corresponding toughness values are much greater than lab results and are relatively in
the same order of magnitude of SIF of a fault that we have calculated in this paper. Actually, the

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

g:1‘V[(K')2+(K“)Z+L(K'“)z] (38)

1c

where G is the shear modulus. Therefore, estimates can be found for K'®and K" for a specific g°

value. It is also possible to calculate g for a particular fault with K'and K" (2D) and use rupture

criterion g = ¢°.

Rupture direction of mode | failure shows the initial direction of the rupture. Nevertheless, if the
rupture has the possibility to grow, it will grow in the direction perpendicular to the minimum
principal stress (Klee et al., 2011). Growth of mode | rupture in confined conditions requires high
tensile stress values; therefore, it may stop growing unless high pressurization is maintained.
According to Papanastasiou et al. (2016), “in the ductile regime and close to the limit at which a
fracture requires high energy to propagate in mode I, there is potential risk for initiation of shear

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

Some researchers have reported that experiments performed in rocks can result in propagation of a
mode Il crack when the compressive load is very high, after the occurrence of a mode | crack (Lajtai,
1974, Petit and Barquins, 1988; Reyes, 1991; Reyes and Einstein, 1991; Shen, 1993; Shen et al., 1995;
Bobet and Einstein, 1998; Bobet, 2000; Rao et al., 2003), pure mode Il cracks were obtained in
experiments under uniaxial or biaxial compressive load. It has been observed that the tensile (mode I)

wing cracks start to grow initially and shear cracks (mode 1) evolve as secondary cracks. The obtained

direction of K" corresponding to the maximum shear stress are also along the fault planes in this

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

presented in the paper, but no mode Il rupture is predicted to occur. The reason is that the ‘K"e/K'e is
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always lower than 1 in the studied cases but the K”C/K'C >1 for ambient and reservoir conditions for

several rock types (Al-Shayea 2000; Rao et al., 2003; Backers and Stephansson 2012). However, the
existence of the secondary shear crack in the lab-sized experiments is a proof that shear rupture can
occur after the mode | ruptures predicted in this study. Therefore, answering to the question whether a
rupture can grow upwards requires further investigation. In particular, since formation of the initial
mode | rupture changes the local stresses, mode 11 SIF of the fault/fracture and potential conditions for
secondary mode Il rupture should be analyzed. Thus, it cannot be confirmed whether mode Il rupture
is or is not likely after injection in real life for sure at this point using Egs. (11) and (16) as the rupture

criterion

Dependency of toughness of a rock (lab scale) on confining pressure and temperature (Funatsu et al.
2004; Al-Shayea et al. 2000) increases the uncertainty of the occurrence of mode | and mode Il

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

K'and K" depending on any rock type for a broad in situ stress range using the presented results in

the paper.

In this study, the friction coefficient was assumed to be constant and equal to 0.6 (Byerlee 1978).
However, the friction coefficient may decrease (softening) after slip and reache a residual value in
slip-weakening faults which can strongly affect the fault rupture propagation behavior. Stress drop due
to slip-weakening is a key driver in rupture of faults (Li, 1986). It is important to note that two types of
stress drop can occur in a fault. Stress drop can be due to pore pressure and total stress changes and to

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

reliable results. However, as an example, Fig. 21 represents K ' and ‘K”e/K'e

for faults with dip

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

ille

the caprock at (0,250) in an extensional stress regimes. It is clear that K"~ becomes greater for the

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

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



746

747
748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

doi.org/10.1016/j.iiggc.2018.01.004

04 | 1.2
A 4 & & 4 g ,'Klle/KIe
-ttt = K||e/K|E=K||C/K|C ........... -
- 0.9
EXT.-Cap.-70° @
o X
v 063
hd
0.3
0

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

residual friction coefficient (4, ) in an extensional regime

In this study, the focus is on simple reservoir-caprock geometries. However, the reservoir geometry,
such as inclination, affects the stress changes (Soltanzadeh et al., 2008). In the field, it is often
observed that several faults cut the reservoir-caprock and several compartments of the reservoir are
available that can be used as storage sites. The results indicate that the interaction of faults, affect the
calculated stress intensity path (Section 3.6). Therefore, detailed studies of each injection sites should

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

The model used in the paper is 2D plane-strain. In a 3D system, if the fault strike is perpendicular to
the X-Y plane shown in Fig. 5, the results (stress intensity paths) can be directly used in the rupture
analyses. However, the stress redistribution is a spatial variable and faults crossing the same point and

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

path. Besides, in a 3D system, the mode 111 failure mode should also be taken into account and 4"

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

Fluids, like CO,, which are injected in deep geological formations, generally reach the storage
formation at a lower temperature than that of rock (Vilarrasa and Rutqvist 2017). This temperature

drop induces thermal stresses that may affect the initial and secondary intensity factors after injection.
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Thermal effect induce tension, which decrease the K' and changes K" This may lead to a change in
fault stability and its rupture likelihood. Moreover, chemical reactions of the rock and injected fluid
may lead to decrease of rock fracture toughness (Anderson and Grew 1977). These couplings may be

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

In our analyses, it is assumed that pressure buildup is not diffused into the caprock and the section of
faults in the caprock. However, diffusion of pressure into caprock may have short-term and long-term
consequences due to providing a driving force in the fault tip as well as decreasing the effective
stresses, leading to a less compressive condition. Also, the undrained effect of caprock was neglected.
Deformation of the caprock due to the inflation of the reservoir after injection will change the pore
pressure in the caprock proportionally to the Skempton coefficient, which is caused by the undrained

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

The hydro-mechanical full coupling would provide a more realistic pore pressure distribution in the
reservoir and the caprock and consequently more precise stress changes, therefore, a more realistic 4"

and 4" . However, this only affects the quantities and the methodology can be extended for any flow
simulation and flow boundary conditions. Also, including fluid flow in the fractures/faults. could

capture important features in fault rupture propagation.

The developed methodology (not results) is independent of thermo-hydro-mechanical couplings, flow
of fluid in the fault/fracture and diffusion of the pressure into the caprock. The reason for this non-
dependency is that the methodology only uses the internal forces of the contacts of clusters to calculate
K and consequently 4. Thus, the aspects that are currently lacking in our model, such as
thermoelasticity, geochemistry or pressure diffusion into the caprock, can be incorporated in the
solution calculated in MDEM, which will calculate the internal forces, from which the rupture

analyses can be done afterwards.

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



791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

doi.org/10.1016/j.iiggc.2018.01.004

5. Conclusion

A methodology has been developed to study mode I and mode Il rupture of faults/fractures inside the
reservoir and the caprock due to reservoir pressurization. The proposed methodology has the
capability to obtain the direction of mode | and mode Il rupture in front of a fault/fracture tip based on
the minimum tensile and the maximum shear stress directions. The methodology follows the

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

Two new coefficients have been defined as stress intensity path (4 ) for a fault/fracture. These
coefficients are similar to stress path and are defined as the change of SIF of a given fault/fracture per
unit pore pressure change of the reservoir after injection for mode | and mode 1l failures. Additionally,
some relationships (Egs. (18)-(21)) were proposed to calculate the critical overpressure that should not
be exceeded to avoid the propagation of the two modes that can be used for given faults with known

A

Stress intensity path depends on stress regime, location, dip angle and length of faults, Poisson’s ratio
of the reservoir and caprock as well as the reservoir aspect ratio. Generally, x is greater for faults
inside the reservoir and in the caprock for compressional and an extensional stress regimes,
respectively. Longer faults have higher mode | (less tensile opening) and higher mode Il (greater
shear) « . Faults in the caprock become more stable as the reservoir is larger (lower aspect ratio), but

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

Simulation results indicate that mode | failure is likely for faults with low dip angle inside the
reservoir for compressional stress regimes. However, the initiated mode | failure may not have the
chance to grow upwards in a compressional stress regime, because the minimum principal is in the
vertical direction. Therefore, the initiated rupture may rotate to grow horizontally to increase the
horizontal permeability of the reservoir. In contrast, mode | rupture is likely for faults with high dip
angle in the caprock in extensional stress regime. The initiated rupture in this case, may grow upwards

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

of the investigated scenarios with the assumption K" /K'® >1.
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