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ABSTRACT

The interaction between mechanical deformation and fluid flow in fault zones gives rise to a
host of coupled hydromechanical processes fundamental to fault instability, induced
seismicity, and associated fluid migration. In this paper, we discuss these coupled processes
in general and describe three modeling approaches that have been considered to analyze
fluid flow and stress coupling in fault-instability processes. First, fault hydromechanical
models were tested to investigate fault behavior using different mechanical modeling
approaches, including slip interface and finite thickness elements with isotropic or
anisotropic elasto-plastic constitutive models. The results of this investigation showed that
fault hydromechanical behavior can be appropriately represented with the least complex
alternative, using a finite thickness element and isotropic plasticity. We utilized this
pragmatic approach coupled with a strain-permeability model to study hydromechanical
effects on fault instability during deep underground injection of CO,. We demonstrated how
such a modeling approach can be applied to determine the likelihood of fault reactivation
and to estimate the associated loss of CO, from the injection zone. It is shown that shear-
enhanced permeability initiated where the fault intersects the injection zone plays an
important role in propagating fault instability and permeability enhancement through the

overlying caprock.
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1. Introduction

Hydraulic and mechanical interactions play a critical role in reactivating faults at various
scales in the Earth’s upper crust (Scholz, 1990). Fault slip may be triggered by changes in the
hydraulic pressurization or by tectonic processes. Indeed, stress and fluid pressure
conditions in fault zones may induce seismic or aseismic slip at various depths in the
seismogenic portion of the crust, and may also potentially control the nucleation,
propagation, arrest, and recurrence of moderate to large earthquakes (Hickman et al, 1995;
Sibson and Rowland, 2003; Wibberley and Shimamoto, 2005). Key factors in triggering fault
slip are shear stress accumulations and fluid pressures, which may facilitate rupture by
reducing fault strength. Many studies indicate that rupture can occur in the presence of fluid
overpressures on faults optimally or nonoptimally oriented relative to in situ stress fields
(Sibson, 1992a-b; Miller et al, 1996; Streit and Cox, 2001; Miller et al, 2004). In general,
analysis of fault hydromechanical behavior and quantitative evaluation of changes in
material properties during fault slip are rarely if at all conducted. Hydromechanical behavior
of fault zones have been mainly studied in research related to geological containment of
hydrocarbons (Engelder and Leftwich, 1997; Wiprut and Zoback, 2000), or associated with
the so-called fault valve behavior over geological time (Sibson, 1992a-b, 1994, 2007). Fault-
valve behavior is described as repeated episodes of shear rupture and hydrothermal sealing,
which can lead to cyclic variation in fluid pressure within active faults. Recently, the
hydromechanical behavior of fault zones has been investigated to assess the geological risks
(i.e., induced seismicity and fluid leakages) related to carbon dioxide (CO,) sequestration

(Hawkes et al., 2004; Streit and Hillis, 2004; Rutqgvist and Tsang, 2005; Rutqvist et al., 2007).

Sequestration of large amounts of CO, within deep underground reservoirs has been
proposed as a potential approach to reducing atmospheric emissions of greenhouse gases.
At depths below 800 m, CO, is within the range of temperature and pressure conditions
favorable to reaching a supercritical phase; having a liquid-like density that provides the
potential for efficient use of underground storage in porous sedimentary rocks (Pruess,
2003). Supercritical CO, is less dense than water and therefore geological containment
requires a permeable storage reservoir sealed with a sufficiently low-permeable caprock.

Nevertheless, geological systems are heterogeneous and discontinuous media, in which CO,



migration could occur through existing fractures and fault zones. For instance, natural CO,
degassing through active fault zones were observed during the 1965-1967 Matsushiro
earthquake swarm in Central Japan (Cappa et al.,, 2009), and the 1997 Umbria-Marche
seismic sequence in northern Italy (Miller et al., 2004). For these two seismic events, a
pressurized CO, source has been suggested as the main triggering and driving mechanism for
earthquake ruptures. Thus, it is important to assess the potential for seismic events and to
estimate how such an event might impact sequestration efficiency (Hawkes et al., 2004,
Rutgvist et al., 2007; Chiaramonte et al., 2007; Morris et al., 2009). The impact of faults on
fluid flow and geomechanical responses during active CO, injection has also recently been
observed in practice at the In Salah CO, storage site in Algeria (Ringrose et al., 2009; Vasco et

al., 2010).

Fault zones in the Earth’s upper crust contain complex structures—generally a fault core
and a damage zone—that have distinct mechanical and permeability properties (Vermilye
and Scholz, 1998; Gudmundsson, 1999, 2000; Wibberley and Shimamoto, 2003; Faulkner et
al., 2003; Cappa et al, 2007; Guglielmi et al., 2008; Mitchell et al., 2009; Cappa, 2009). The
fault core is a low-permeability zone with small intergranular porosity, whereas the damage
zone is a more permeable zone with a macroscopic fracture network. Depending on host
rock lithology as well as fault dimensions and movement, the permeability of the fault zone
may vary drastically, making the zone act either as a barrier or as a conduit for fluid flows
(Caine et al., 1996). Moreover, the permeability of the fault zone changes during slip and the
sudden stress reduction associated with earthquakes (Uehara and Shimamoto, 2004). Field
data and models indicate that the core/damage-zone contact often ruptures during
earthquakes. Both the core and damage zones grow in thickness with increasing
displacement (Vermilye and Scholz, 1998), and fractures that thus open allow fluid flow in
those zones. Observations of seismic fault zones exhumed from depth or cored by drill holes
show that the width of the damage zone ranges about 10 to 50 m on both sides of the
central fault plane for faults with a single core (Caine et al., 1996; Gudmundsson, 2004;
Mitchell and Faulkner, 2008), and at least several hundreds meters and possibly 1-2 km for
major fault zones with multiple cores, like the Punchbowl fault on the San Andreas system
(Wilson et al., 2003). Such fault architecture has also been observed in minor faults in

argillaceous rocks that are relevant to caprocks at geological CO, sequestration sites



(Constantin et al., 2004). In such cases, faults with offsets on the order of a few meters may
have a fault core of a few centimeters and a damage zone of several tens of centimeters on
each side. However, with respect to CO, sequestration, both major and minor faults are
relevant. Although injection may be located away from known major faults, it is recognized
that fluid pressurization from future industrial-scale CO, injections may affect an area
extending to a radius over more than 100 km (Pruess 2003; Birkholzer and Zhou, 2009). Over
such a vast area, some major faults may not be avoidable, and the likelihood and potential

consequences of reactivation therefore need to be analyzed.

Permeability and Young’s modulus of fault rock have been measured in a large variety of
host rocks (mainly sedimentary and metamorphic rocks) by several authors (Fig. 1a-c)
(Faulkner and Rutter, 2001; Wibberley and Shimamoto, 2003; Gudmundsson, 2004; Faulkner
et al., 2006; Lockner et al., 2009). The permeability of the fault core typically ranges from 1 x
10" to 1 x 10" m? (Fig. 1b) and the Young’s modulus ranges from 1 to 10 GPa (Fig. 1c). The
areas surrounding the fault core are found to be damaged, intensively fractured, having
highly variable properties with permeability ranging from 1 x 10 to 1 x 107** m?, while

Young’s modulus ranges from 10 to 50 GPa (Gudmundsson, 2004; Faulkner et al., 2006).

To date, generally accepted hydromechanical conceptual models for faults as described
above exist, but there is a lack of data regarding the coupled hydromechanical behavior of
faults and fault zones. On the other hand, a substantial amount of research has been
conducted on the hydromechanical behavior of intact rock, single fractures, and fractured
rock (see reviews by Rutqvist and Stephansson, 2003 as well as Tsang et al., 2007). Such
research on the fundamental behavior of various rock types is relevant to fault zones,
because fault zones are composed of porous rock (the fault core), single-fracture planes, and
highly fractured rock (the damaged zone). Thus, a hydromechanical fault-permeability model
may be developed based on the fundamental knowledge of the hydromechanical behavior of
its various components. Such a model needs to be tested against field observations at a
relevant field scale, to assure that the most essential hydraulic and mechanical responses
can be realistically simulated. A single-fault hydromechanical model covering all these types
of faults and fault stages may not be possible. Alternatively, a more general modeling tool

might be developed for analysis of fault slip in various types of faults, at various stages of



development, in different types of host rock. Furthermore, the approach applied for analysis
of coupled hydromechanical fault behavior depends on the scale of interest. At a large
regional scale, it might not be possible to represent the fault heterogeneities in detail. We
may have to resort to a lumped, representative fault-permeability model that would capture

the most relevant aspects of fault hydromechanical behavior at the scale of interest.

In this paper, we analyze different hydromechanical fault reactivation models and
demonstrate how such models can be applied as part of a coupled multiphase fluid flow and
geomechanical analysis of a CO, injection site. We apply the TOUGH-FLAC simulator
previously applied to both generic and site specific studies involving supercritical CO,
injection, geomechanics, and ground-surface deformations (Rutqvist and Tsang, 2002;
Todesco et al., 2004; Rutqvist et al., 2007, 2008, 2009; Cappa et al., 2009). We first provide a
general review of the fundamental coupled hydromechanical processes involved in fault
instability. Thereafter, the code and various approaches for modeling of coupled
hydromechanical processes during fault reactivation are presented and compared with each
other. We will show that the least complex alternative model is appropriate, and we
demonstrate its use for analyzing fault reactivation and associated permeability during deep
underground CO, injection. We conclude with a discussion of the current status of fault-
model development, providing conclusions based on the detailed results presented in this

study.

2. Fluid pressure/stress coupling and fault instability

A fault may deform in an irreversible manner (dynamic or progressive rupture) if the
shear stress acting on the fault plane is high enough to exceed the shear strength of the fault
and induces shear slip (fault reactivation). To estimate the fluid pressures required for the
reactivation of faults in rocks—with interconnected pore space under an internal fluid
pressure—normal stresses acting on the faults are reduced to effective values according to
the effective stress law of Terzaghi (1923):
o,=0,-P (1)
where o', is effective normal stress, g, is total normal stress and P is fluid pressure. In failure

analysis of a fault with a given orientation, the most fundamental relationship describing



fault slip, considering hydromechanical interactions, is derived from the effective stress law
(Eg. 1) and the Coulomb failure criterion (Jaeger and Cook, 1979), rewritten as:

T=C+ uo, (2)
where T is the critical shear stress for slip occurrence, c is cohesion, and s is the static
friction coefficient defined as:

H; = tan(p) (3)
where @ is the friction angle.

The shear and normal stress acting on the fault plane (Fig. 2a) can be calculated from the

two-dimensional principal stresses as:

T =@sin 25 (4)

_ (014 0y) _(0'1_0-3)
2

c0s26 (5)

where o7 is maximum principal stress, o3 is minimum principal stress and & is the angle
between the fault plane and the o, direction (Fig. 2a). The generalization of this type of
stress equations to a three-dimensional case (i.e., faults that do not strike parallel to the
intermediate principal stress) is not difficult, but the stress transformations required for 3D

analyses have been ignored from this paper for the sake of simplicity.

Equations (1) and (2) indicate that increasing fluid pressure may induce shear slip along
the fault (Fig. 2b). To accurately estimate the potential for reactivation of faults, both
appropriated fluid pressures and stresses need to be constrained. Fault instability is
frequently evaluated in terms of the ratio of shear stress to effective normal stress (t/c’n—
called “slip tendency” or “ambient stress ratio”) acting on the fault plane (Streit and Hillis,
2004). According to Eqg. (2), for a well-established, cohesionless fault (c = 0) (note the
cohesion may be restored by hydrothermal cementation), slip will be induced once the
ambient stress ratio exceeds the coefficient of static friction. For most rocks, u ranges from
0.6 to 0.85, based on laboratory tests (Byerlee, 1978), borehole stress measurements
(Townend and Zoback, 2000), and a range of structural and seismological observations on
active faults in the upper seismogenic crust (Collettini and Sibson, 2001). Generally, a
frictional coefficient of 0.6 is a lower-limit value observed for the most hydraulically and

optimally oriented fault zones active in the upper seismogenic crust (Sibson and Rowland,



2003). However, s can be lower (i = 0.4) if faults contain clay minerals, or gouge

(Wibberley and Shimamoto, 2005).

3. Development and implementation of a coupled hydromechanical fault-permeability

model

In this section we present the development and implementation of a coupled
hydromechanical fault-permeability model into the coupled fluid flow and geomechanical
simulator TOUGH-FLAC. As already described in Section 1, permeability structures of faults
can be very complex, depending on host rock conditions as well as previous loading history.
Faults may be at different stages of development, having different fault architectures, from a
single shear plane, or sealed structural porosity, to a mature major fault zone with complex
permeability structure, including a core zone and an adjacent fractured damage zone. Thus,
while a single fault hydromechanical model cannot cover all types of faults, a general

modeling approach may be developed and modified for specific fault architectures.

3.1 The TOUGH-FLAC simulator

TOUGH-FLAC (Rutgvist et al., 2002; Rutqvist and Tsang, 2002) is a simulator linking a
finite-volume multiphase flow code (TOUGH2—Pruess et al., 1999) and a finite-difference
geomechanical code (FLAC*®—Itasca, 2006). In analysis of coupled thermo-hydro-mechanical
problems, TOUGH2 and FLAC® are executed on compatible numerical grids and linked
through external coupling modules, which serve to pass relevant information between the
field equations that are solved in the respective codes (Fig. 3). A TOUGH-to-FLAC link takes
multiphase pressures, saturation, and temperature from the TOUGH2 simulation and
provides the updated temperature and pore-pressure information to FLAC®®. After data
transfer, FLAC®® internally calculates thermal expansion and effective stress. In a multiphase
flow calculation, the value of pressure transferred to FLAC®® represents an average pore
pressure—which depends on both liquid and gas pressure (P, and Py, respectively) as well as
liquid saturation (S;)—defined as:

P=S/P+(@1-5))P, (6)



Conversely, a FLAC-to-TOUGH link takes the element stress and deformation from FLAC?®
and updates the corresponding element porosity, permeability, and capillary pressure to be
used by TOUGH2. A separate batch program can control the coupling and execution of
TOUGH2 and FLAC?® for the linked TOUGH-FLAC simulator. The calculation is stepped
forward in time with the transient thermo-hydraulical analysis initialized in TOUGH2, and at
each time step or at the TOUGH2 Newton iteration level, a quasi-static mechanical analysis is
conducted with FLAC®® to calculate stress-induced changes in porosity and intrinsic
permeability. The resulting thermo-hydro-mechanical analysis may be explicitly sequential,
meaning that the porosity and permeability is evaluated only at the beginning of each time
step, or implicitly sequential, with permeability and porosity updated on the Newton

iteration level towards the end of the time step, using an iterative process.

A coupled hydromechanical fault model can be developed within the framework of
TOUGH-FLAC by utilizing existing capabilities within TOUGH2 and FLAC®® codes, and by
developing specially designed coupling modules for faults. In a TOUGH-FLAC model, the fault
is discretized using special interface and/or solid elements. The coupling functions are then

developed for the selected fault representation.

3.2 Fault modeling approaches

In general, the mechanical behavior of faults and fault zones can be represented in
FLAC®® by special zero-thickness mechanical interfaces (Fig. 4a), by an equivalent continuum
representation using solid elements (Fig. 4b), or by a combination of solid elements and

ubiquitous joints oriented as weak planes (Fig 4c).

Figure 4a shows a fault represented by a FLAC®® mechanical interface. An interface can
be used to model the mechanical behavior of faults characterized by Coulomb sliding and/or
separation. Interfaces have the properties of friction, cohesion, dilation, normal and shear
stiffnesses, and tensile strength. An interface can operate in large or small-strain mode. An
interface representation is perhaps the most appropriate if the thickness of the fault is
negligible compared to the size of the problem. This may include major fault zones in a

regional-scale model (on the order of kilometers), or minor shear fractures at a smaller scale.



To simulate permeability enhancement along the interface, or sealing effects across the
interface, TOUGH2 hydraulic elements are added along the interface. The TOUGH2 hydraulic
element provides fluid pressure that will act within the fault, affecting the effective normal

stress, which in turn affects shear strength (according to the Coulomb criterion).

A finite thickness element reprentation of a fault can be done using FLAC?® standard
solid elements (Fig. 4b). In such case, the fault mechanical properties can be represented by
constitutive models of various sophistication, from the simplest isotropic linear elastic to
more complex elasto-plastic or visco-plastic (creep) models. One particularly interesting
approach, available in FLAC®, is to represent the mechanical behavior of the fault as a
ubiquitous fractured media to represent strongly anisotropic mechanical behavior (Fig. 4c).
The ubiquitous-joint model accounts for the presence of an orientation of weakness (weak
plane) in Mohr-Coulomb model. The criterion for failure on the weak planes consists of a
composite Mohr-Coulomb envelope with a tension cut-off. A more complex constitutive
model is the bilinear strain-hardening/softening ubiquitous joint model. With this model,
softening or hardening plastic flow behavior can be modeled for both the weak planes and
the intermediate rock matrix. For a single fault plane, the continuum approach shown in Fig.
4c in combination with a ubiquitous-joint model, could be used to produce the same results
as the interface model approach shown in Figure 4a, provided that the same Coulomb shear-
strength parameters are used in both cases. The greatest advantage of using solid elements
for modeling of faults is the ability to account for cross fault heterogeneity, as well as

mechanical interactions between weak planes and intermediate matrix.

3.3 Permeability couplings for a zero-thickness interface representation of faults

When zero-thickness interface elements are used to represent a single fault plane,
established coupled hydromechanical models for single rock fractures in the field of rock
mechanics may be utilized. The hydraulic and mechanical behavior of a single fault plane
may be described in terms of flow transmissivity and fracture normal and shear stiffness.
Laboratory experiments on single fractures show that fracture transmissivity can be very

sensitive to changes in stress normal to the fractures as well as to shear displacement. Thus,



mechanically induced changes in the fault’s ability to conduct fluid may be estimated using

the cubic relations between flow along an open fracture and fracture aperture:

b 3
b "
y2

where T is the fault transmissivity and by, is fracture aperture, p and u are fluid density and
viscosity, respectively, and g acceleration of gravity. For a change in aperture caused by
mechanical responses, the fault transmissivity should be updated to (Witherspoon et al.,
1980):

(bh +Ab, )3 ~d
12u

T= (8)

In a first order approximation, it may be assumed that the changes in hydraulic aperture
(Abp) are proportional to changes in fracture normal displacement (u,), i.e.
Ab, = f -Au, (9)
where fis a friction factor that accounts for the roughness of the fracture surface.

In general, changes in fracture normal displacement may occur as a result of a change
in fracture normal stress (o), or as a result of dilation during shear deformation (us), or by a
combination of the two, i.e:
Au, =Au (Ac,,Au,) (10)
In FLAC?®, the fracture normal displacements within interfaces are calculated as a function of
normal stress and shear dilation. Actually, the code calculates the penetration of two
neighboring blocks at interface element nodal points. Thus, Au, should be calculated from
the changes in interface element penetration, which in turn should be calculated from

associated nodal penetrations.

3.4 Permeability couplings for finite thickness element representation of faults

Mechanical and hydromechanical properties of fault rock may be anisotropic or
isotropic, depending on fault architecture. An isotropic model may be appropriate for
analysis of mechanically induced changes in hydraulic properties—for example, in a
homogenous, unfractured fault core or in the damaged zone if it is heavily fractured, and

without any preferred fracture direction. In such cases, the changes in porosity and

10



permeability may be related to changes in mean stress or volumetric strain, which will affect
the hydraulic properties equally across and along a fault. Moreover, an isotropic elasto-
plastic model may be applied to investigate the potential inelastic changes caused by high
differential stresses. Although isotropic, plasticity would preferably develop along the

already weakened fault, and permeability may be changed based on plastic strain.

In the case of an anisotropic constitutive elasto-plastic model we utilize existing
permeability models developed for ubiquitously fractured media (Bai and Elsworth, 1994;
Hsiung et al., 2005). The model developed by Hsiung et al. (2005) is attractive in this case,
because it was developed and applied for modeling of fractured media using the FLAC?®
ubiquitous joint elasto-plastic model. This approach was tested against field measurements
of rock-mass permeability changes induced by thermal stresses in a large-scale, multi-year

heater experiment in intensively fractured rocks (Rutqvist et al., 2005).

A permeability change factor is derived based on a nonlinear normal stress-versus-
permeability function with the option of plastic strain dilation, according to (Hsiung et al.,

2005):

3
k a 1 ey tegtany

k c(ca, +1)b_hi+ fyby

(11)

where g, and ¢ are empirical constants for normal-closure hyperbola, es, is the plastic strain
caused by tensile failure, ef, is the plastic shear strain, by; is the initial fracture aperture, f4 is
the fracture frequency (1/spacing), and w is dilation angle. The above formulation is based
on the widely used Bandis’ hyperbola for fracture normal closure, with the possibility of
investigating shear effects through the shear strain correction.

When using an isotropic elasto-plastic model, we simply relate the permeability to
volumetric strain (the sum of the elastic and plastic components of strain) using a model
developed and applied by Chin et al. (2000) for modeling of permeability changes in

petroleum reservoirs:

d=1-(1-¢;)e™ (12)
Pn
k=k (=
.(¢i) (13)
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where ¢ is the porosity at a given stress, ¢ is the initial porosity, &, is volumetric strain, k is
the permeability at a given stress, k; is the initial permeability, and n is a power-law
exponent. Relating the permeability to porosity and volumetric strain (rather than stress)
enables consistent permeability correction for both elastic and plastic mechanical behavior.
An alternative permeability-porosity relationship includes Carman-Kozeny (Scheidegger,

1974), as well as common empirical exponential relationships (Van-Golf Racht, 1982).

4. Simulation example of fault slip during CO, injection

Here, we present results of a generic simulation of fault slip during CO, injection in a
deep reservoir. We tested the different modeling approaches discussed above in Section 3,
which includes the representation using a zero-thickness interface, or using finite thickness
solid elements. Then, we conduct a fully coupled hydromechanical analysis to test the
sensitivity of the fault hydromechanical behavior to permeability changes induced by fault
deformation (opening and slip), considering volumetric strain-dependent permeability

change.

4.1 Model setup

Figure 5 introduces the geometry and initial conditions of the basic model, which is
discretized into a two-dimensional model (2 km x 2 km). The model extends vertically from
500 m to 2500 m depth and horizontally far enough from the injection zone (2 km) to
simulate laterally infinite acting conditions. The horizontal size of the model was chosen
from a sensitivity study which indicated that this size does not affect results in the zone of
interest. The model consists of a storage aquifer 100 m in thickness, bounded at bottom and
top by a low-permeable 150 m thick caprock, which, in turn, is surrounded by two other
aquifers extending vertically 1,650 m below and 1,350 m above, respectively. This multilayer
system is intersected by a pre-existing normal fault with a dip angle of 80°. When the fault is
represented using finite thickness solid elements, the fault width is 10 m. The fault and the
injection point are spaced 500 m horizontally. In this case, we envision a relatively minor
fault with an offset of a few to perhaps ten meters, so that the offset will not impact flow

behavior within the reservoir itself. The fault architecture may consist of a fault core and
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damaged zone according to Figure 1, but the different components of the fault architecture

are not explicitly considered in this simulation study.

In the simulations, CO, is injected as a point source at 1,500 m depth with a constant
rate of 0.02 kg/m/s (Fig. 5). At this depth, initial fluid pressure and temperature (P = 14.72
MPa and T = 47.5 °C) assure supercritical conditions for CO,. The temperature is assumed to
be 22.5°C at 500 m depth and 72.5°C at 2,500 m, resulting in a depth gradient of 25°C/km
and assuming a temperature of 10°C on the ground surface. The initial fluid pressure at 500
m depth is 5 MPa and 24.63 MPa at 2,500 m, considering a hydrostatic gradient (9.81
MPa/km) and an atmospheric pressure of 0.1 MPa at the ground surface. Constant pressure,
saturation, and temperature conditions are assumed at the boundaries, except for the left
boundary, where no flow occurs. That is, the other boundaries are open for fluid flow.
Simulations are conducted in an isothermal mode, which implies that the thermal gradient is
maintained according to the initial conditions. Null displacement conditions were set normal
to the left and bottom boundaries, whereas stress was set to the right and top boundaries.
An extensional stress regime (o, = 0.75,) was assumed. The model is executed in a plane

strain analysis.

Hydraulic and mechanical properties are given in Table 1 for the basic case of fault
representation with finite thickness elements using an isotropic elasto-plastic constitutive
mechanical model. Properties for the permeable aquifers and the caprocks represent
sandstone and shale, respectively. Reservoir rocks are considered to be elastic, whereas the
fault follows an elasto-plastic behavior. The fluid-property module ECO2N (Pruess and
Spycher, 2007) was employed for modeling the thermodynamic and thermophysical
properties of water-NaCl-CO, mixtures. The relative permeability of gas and liquid phases is
calculated from Corey’s function (Corey, 1954), while capillary pressure is governed by the

van Genuchten’s function (1980).

4.2 Comparative simulation of different fault modeling approaches

We examined the sensitivity to fault hydromechanical behavior of different fault model

representations and elasto-plastic mechanical models, including the isotropic Mohr-Coulomb

13



and the anisotropic ubiquitous Joint models implemented in FLAC?. The basic properties for
finite-thickness (10 m) fault representation and an isotropic elasto-plastic constitutive model
are those given in Table 1. The mechanical properties for an anisotropic (ubiquitous joint)
elasto-plastic model and the interface elasto-plastic model were chosen to assure consistent
effective mechanical properties of the fault. In the case of fault representation with a
ubiquitous joint model, we assigned a series of parallel weak planes with a dip angle of 80°
and a spacing of 0.2 m within the fault. Weak planes were assumed to have a normal and
shear stiffness of 5 GPa/m, and were assumed to be cohesionless, with a friction angle of
25°, a dilation angle of 20° and no tensile strength. In the case of interface representation,
we assigned same Mohr-Coulomb properties (friction angle of 25°, a dilation angle of 20°)

and equivalent fracture normal stiffness and shear stiffness.

Modeling results presented in Figure 6, for 5-years of CO, injection, show almost
identical results for the three modeling approaches. Pressures, stresses and displacements
along the fault follow the same paths with equivalent magnitudes. Pressure substantially
increases (APmax = 15 MPa) at the fault section located in the CO, storage reservoir and in the
upper and basal caprocks, with the rest of the fault remaining at hydrostatic pressure. The
effective normal stress decreases (AG’'nmax ~ -9 MPa), whereas the total stress increases
(Aonmax ~ 7 MPa). Along the fault, the shear stress decreases (i.e. stress drop) in the fault
section located in the storage reservoir and in the caprocks (Atmax ~ 1.75 MPa). Shear slip

increases in the same fault section, with a maximal magnitude of 0.25 m.

This model comparison shows that for equivalent mechanical properties, each approach
can accurately simulate fault hydromechanical behavior, at least when no permeability
changes are assumed. We then select the least complex finite-thickness-element model with
the isotropic elasto-plastic constitutive mechanical model for the two-way coupled

hydromechanical analysis presented in the next section.

4.3 Simulation of fault instability and permeability change

Figures 7 to 9 present the results from an analysis of fault hydromechanical response to

permeability changes during CO; injection. In this simulation, the fault zone was assumed to
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have isotropy of mechanical and hydraulic properties as in the previous model setup (Fig. 4b
and 5; Table 1). For simulating permeability changes, we applied the relationships in
Equations 12 and 13 for correcting permeability with volumetric strain. In Chin et al. (2000),
a value of n equal to 5.6 was determined to fit permeability and porosity changes for
experimental data in highly permeable sandstones. In the present study, we use a value of
15 for n to simulate the effects of a permeability increase of about 1 to 2 orders of

magnitude in the fault zone.

The initial fault permeability was set to ki = 1 x 10™*®* m®>—reasonable considering field
and laboratory data on faults (Wibberley and Shimamoto, 2003; Townend and Zoback, 2000;
Talwani and Acree, 1984). This permeability value represents a lower limit value of
permeability within the damaged zone of a typical fault (see Figure 1). This zone, which
includes increased fracturing, has a permeability of about 3 orders of magnitude higher than
that for the surrounding shale caprock. Thus, some fluid may penetrate the fault, which in
turn may trigger fault reactivation. We assume that the fault reactivation can increase the
permeability by 1 to 2 orders of magnitude, taking the damaged-zone permeability towards
the upper limit (k = 1 x 10 m?) given in Figure 1. For the isotropic plasticity model, we
envision the elasto-plastic response within the fault damaged zone is shear failure induced
along fractures within the intensively fractured fault damage zone. The plastic shear strain is
associated with shear dilation, causing the volumetric strain and permeability to increase. In
the injection zone itself, the initial equivalent permeability of the fault (k = 1 x 10™® m?) is
about 3 orders of magnitude lower than the surrounding sandstone (k = 1 x 10™"* m?). Thus,

the fault acts as a partial flow barrier within the reservoir, but a conduit through the caprock.

In Figure 7, we compare the pressure evolution at the injection point and into the fault
after five years of CO, injection. At the injection point, pressure increases during 6 months,
and then reaches a quasi-steady state at 27 MPa. After 1.3 years of injection, pressure
progressively decreases and reaches 24 MPa after five years of injection. At the injection
point, gas saturation increases quickly at the start-up of injection (from 0 to ~ 0.4) and then
continuously increases at a slower rate until the end of injection to reach a value of 0.68 (Fig.

7a). When comparing these results to the simulation results without permeability change
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shown in Figure 6, we note that the pressure increases much less in this case, as a result of

reactivation of the fault effectively breaking the partial flow barrier.

At the inlet and outlet of the fault in the upper caprock, pressure changes are sensitive
to gas saturation. First, pressure increases during the first six months of injection, and then
remains at about 23-24 MPa until 1.2 years of injection. Then, figures 7b-c show that
accelerated inflow and increased pressure into the fault occur when gas saturation abruptly
increases at the inlet in the upper caprock. In the fault, the increase in gas saturation is faster
than that of fluid pressure (Fig. 7b), because CO, is much less viscous than brine, and
therefore its mobility increases as CO, saturation increases. CO, spreads quickly through the
fault until reaching a steady state gas saturation; CO, begins at this time to accumulate
primarily in the storage aquifer, with a negligible amount accumulating in the caprock and

null amount at the fault outlet.

Results also indicate that fault behavior is sensitive to porosity and permeability
changes, and that an increase in permeability of about 1-to-1.5 order-of-magnitude tends to
significantly increase fault slip (us = 0.115 m) (Fig. 8). Fault slip strongly increases both inside
and outside the pressurized CO, storage zone, where pressure increase is lower than in a
model without permeability changes (see Section 4.2 for comparison), owing to fault
permeability changes in response to mechanical changes. It is clear from Figure 8, that
permeability changes in the fault after 1 year are strongly correlated with fault slip
magnitude, which indicates that permeability changes are caused by the volumetric strain
associated with shear strain dilation. At 1 month, the permeability changes are small and
caused by pressure-induced elastic expansion of the fault rock before the fault is reactivated

with shear failure.

Figure 9 shows that CO, spreads within the storage formation, both upward and
laterally, as significant flow is allowed through the fault. Specifically, the largest changes in
gas saturation occur in the mid- and upper part of the aquifer, as well as in the fault through
the upper caprock. The CO; spreads from the injection point to the bottom part of the upper
caprock in about 2 years, with a lateral diffusion reaching the fault. The CO, began to reach

and migrate up along the fault before the second year of injection, and escape the fault
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towards ground surface after 10 years. Modeling of the interaction of this CO, with

shallower aquitards was not considered in this work.

5. Concluding remarks

In this paper, we analyzed different hydromechanical fault reactivation models and
demonstrated how such models can be applied to a coupled multiphase fluid flow and

geomechanical analysis of a CO, injection site. We conclude as follows:

(1) The comparative simulation study of different fault modeling approaches has shown that,
whether a fault or fault zone is represented by a mechanical interface or by finite thickness

solid elements, the overall elasto-plastic behavior is the same.

(2) Our analysis thus showed that the least complex approach tested, using a finite thickness
element representation of the fault is appropriate for simulating fluid-pressure-induced fault
geomechanical reactivation. A finite thickness element approach is easier to implement and
can be readily applied to different kinds of fault architecture, from a single slip plane to a

complex fault zone.

(3) The application of this less complex modeling approach to fault reactivation and
associated permeability change during a hypothetical CO, injection operation demonstrated
the importance of capturing mechanically induced permeability changes in the fault
rupturing processes: Shear-induced permeability enhancement facilitates the propagation of

the rupture zone across the overlying caprock.

(4) The simulated fault reactivation and associated permeability enhancement resulted in a
13% increase in rate of CO, escaping from the primary storage zone. The amount of CO, that
escaped from the primary storage zone is still only about 1% of the total volume injected
after 15 years. Thus, the simulated fault reactivation can be viewed as an aseismic gradual
straining of the fault, resulting in an increased total transmissivity through the upper cap

that could reduce the efficiency of the sequestration operation.
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In general, fluid pressure/stress coupling and slip on faults have strong implications for
seismicity in the Earth’s crust, and are viewed as a likely scenario for generation of possible
leakage paths for CO, sequestration. Our model simulations indicated that a less complex
modeling approach, using finite thickness fault representation, was adequate for simulating
fluid-pressure-induced fault reactivation. Using this model approach we then simulated
permeability changes during reactivation using a simple correction with volumetric strain
and a parameter n = 15, calibrated to achieve a permeability enhancement of 1 to 2 order of
magnitude. We acknowledge that we have not conducted a conclusive comparison of the
different approaches for fault permeability change. However, a detailed comparison of
modeling approaches for permeability change would require a very detailed description of
fault architecture and could perhaps be done for very simplistic cases, for example assuming
fractures oriented along the main fault orientation with a fixed spacing. For the current
study, the use of other approaches would also involve a calibration of parameters to achieve
a 1 to 2 order of magnitude permeability change and a comparison may therefore not be
meaningful. We acknowledge the uncertainty in the prediction of permeability changes
during fault reactivation and that it is strongly dependent on the type of fault and its
architecture.

Consequently, further research is needed for a realistic modeling of complex fault
structures and for modeling of potential changes in fault permeability and mechanical
properties. Shear tests on single fractures in shale indicate that permeability can increase or
decrease depending on the current stress normal to the fractures (Gutierrez et al., 2000,
Crawford et al., 2002). At high normal stresses, shear slip is accompanied with significant
gouge production, and the permeability can actually decrease by several orders of
magnitude. However, geological studies indicate that local stresses and the presence of
faults control containment and release of deep overpressured fluids. As discussed in Section
1, a fault can be very heterogeneous, with large variation in permeability and mechanical
properties, both along and across the fault. Such heterogeneity may be very important to
represent, especially if the problem of interest is in the vicinity of a major fault zone. Cross-
fault heterogeneous properties could be readily modeled by representing the fault with a
number of parallel solid elements, which can have distinctly different properties in the fault
core and the adjacent fractured zone. The approach developed and tested in this paper can

be readily applied to such a scenario.
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Table 1. Material properties used to simulate CO, injection in a faulted reservoir-caprock
system. Note that the permeability is expressed in m? (1 x 10" m?is approximately equal to
1 millidarcy).

Parameters Storage Aquifer Caprock Upper Aquifer Basal Aquifer Fault
Young’s modulus, E (GPa) 10 10 10 10 5
Poisson’s ratio, v (-) 0.25 0.25 0.25 0.25 0.25
Rock density, o (kg/m®) 2260 2260 2260 2260 2260
Biot’s coefficient, « (-) 1 1 1 1 1
Friction angle, @ (°) - - - - 25
Dilation angle, v (°) - - - - 20
Porosity, ¢(-) 0.1 0.01 0.1 0.01 0.1
Permeability, k (m?) 1x10™ 1x10™  1x10™ 1x10™ 1x10™°
Residual gas (CO,) saturation (-) 0.05 0.05 0.05 0.05 0.05
Residual liquid saturation (-) 0.3 0.3 0.3 0.3 0.3
van Genuchten (1980), P, (kPa) 19.9 621 19.9 621 19.9
van Genuchten (1980), m (-) 0.457 0.457 0.457 0.457 0.457
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inlet of the fault in the upper caprock after about 1 year of injection, but it does not reach
the outlet of the fault in the upper caprock during the 5 years of simulated evolution
presented in this figure.
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Figure 8. (a) Permeability profile along the fault at 1-year of injection, when the permeability
change is the highest; (b) Fault permeability evolution at its inlet and outlet in the upper
caprock after 5-years of injection; (c) Vertical profiles of slip along the fault at 1 month
(dashed line) and 1 year (solid line) when fluid pressure is the highest.
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Figure 9. Simulated evolution of CO,-rich phase. The contours indicate how far the CO,-rich
fluids have spread as a separate phase after 2-years (grey) and 15-years (black) of injection.
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infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
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