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Abstract

In the context of carbon capture and storage, deep underground injection of CO, induces
the geomechanical changes within and around the injection zone and their impact on CO,
storage security should be evaluated. In this study, we conduct coupled multiphase fluid
flow and geomechanical modeling to investigate such geomechanical changes, focusing
on probabilistic analysis of injection induced fracture reactivation (such as shear slip) that
could lead to enhanced permeability and CO, migration across otherwise low-
permeability caprock formations. Fracture reactivation in terms of shear slip was
analyzed by implicitly considering the fracture orientations generated using the Latin
hypercube sampling method, in one case using published fracture statistics from a CO,
storage site. The analysis was conducted by a coupled multiphase fluid flow and
geomechanical simulation to first calculate the three-dimensional stress evolution during
a hypothetical CO, injection operation and then evaluate the probability of shear slip
considering the statistical fracture distribution and a Coulomb failure analysis. We
evaluate the probability of shear slip at different points within the injection zone and in
the caprock just above the injection zone and relate this to the potential for opening of
new flow paths through the caprock. Our analysis showed that a reverse faulting stress
field would be most favorable for avoiding fracture shear reactivation, but site-specific
analyses will be required because of strong dependency of the local stress field and
fracture orientations.



1. Introduction

Sequestering carbon dioxide in deep geological formations, such as in depleted oil reservoirs or
deep saline aquifers, is a promising option for reducing carbon dioxide emissions (IPCC 2005;
Holloway 2007; Bickle 2009). Hydrocarbon reservoirs that have contained resources for millions
of years as well as a number of ongoing demonstration projects indicate that CO,
geosequestration is technically feasible (Michael et al. 2010). However, apart from the issue of
public acceptance, a number of technical hurdles still need to be resolved before deploying the
deep geologic storage of CO, at a scale that could make a significant contribution in reducing
CO, emissions to the atmosphere. Technical challenges include the accurate estimation of storage
capacity, characterization of storage sites, monitoring and confirmation of injected CO,, and
detection and prevention of CO, leakage to the biosphere. For example, microseismic events that
may occur during CO, injection could affect the caprock integrity, and the effectiveness of the
CO, geosequestration itself (Zoback and Gorelick 2012). Moreover, the potential for leakage may
be impacted by injection-induced geomechanical changes, such as stress and deformations
affecting fractures and permeability; thus, it is important to analyze such changes to ensure the
security of industrial-scale CO, storage sites (Yamamoto and Takahashi 2004; Hawkes et al.
2005; Rutqvist 2012).

Four different trapping mechanisms can contribute to storing CO, in a deep reservoir: (1)
structural and stratigraphic trapping, (2) residual CO, trapping, (3) solubility trapping, and (4)
mineral trapping (IPCC 2005; Bachu 2008; Benson and Cole 2008; Zahid et al. 2010). The
principal means for storing CO, is structural and stratigraphic trapping, in which low-
permeability caprock prevents CO, from migrating to the surface. Structural traps are the result of
crust movement whereas stratigraphic traps are the result of depositional or diagenetic processes.
In residual trapping, CO, is immobile because of the interfacial tension between CO, and the
formation water resulting from disconnected gas bubbles being left in the wake of a migrating
stream of CO,. Solubility and mineral trapping are collectively called chemical trapping, which
occurs when CO, adsorbs onto organic materials contained on coals and shales or dissolves
within subsurface fluid. CO, can then be involved in chemical reactions with the rock matrix,
resulting in stable carbonate minerals, which are the most permanent form of geological storage
(IPCC 2005; Bachu 2008). While structural and stratigraphical trapping and residual trapping are
dominant in the early stages of CO, storage (on the order of hundreds to thousands of years),
chemical trapping becomes more dominant at later stages. The reaction of dissolved CO, with
minerals can be rapid (days) in the case of some carbonate minerals, but slow (hundreds to
thousands of years) in the case of silicate minerals (IPCC 2005). It is important to note that the
dissolution and precipitation of minerals can alter the frictional properties and permeability of
fractures; therefore, the role of such chemical reactions in the mechanical and hydraulic behavior
of fractures is important in evaluating the feasibility of CO, storage (Singuringdy and Berkowitz
2005; Yasuhara et al. 2006; Min et al. 2009, Rutqvist 2012). Numerical modeling has also been
conducted to take into account the reactive solute transport in coupled fluid flow and
geomechanical analysis (Taron et al. 2009; Kvamme and Liu 2009).

The geomechanical integrity of CO, reservoirs is important for the function of structural and
stratigraphic trapping mechanisms. Injection-induced mechanical stress and deformation at depth
can also result in ground heave, a phenomenon that might be detectable by geodetic monitoring.
For example, at the In Salah CO, storage project in Algeria, the first few years of injection
resulted in an observed ground heave of approximately 5 mm/year, affecting an area extending
several kilometers from each injection well (Rutqvist et al. 2010). In addition, the increased
reservoir pressure could potentially result in the reactivation of fractures that might exist within



and around the injection zone. The reactivation of existing fractures in a capping formation above
the injection zone could result in dilatant fracture opening and enhanced permeability (Min et al.
2004), which could, in turn, lead to an enhanced upward CO,-fluid migration. Shear reactivation
along fractures or minor faults might also result in microseismic events or even events that might
be felt by the local population (Zoback 2010; Rutqvist 2012). Events associated with CO,
injection are analogous to those occurring during the stimulation of geothermal reservoirs, which
are usually explained by the mechanisms of shear slip within small fractures (Moeck et al. 2009).
It is difficult to predict how much permeability would change upon the reactivation of fractures
and is at least equally difficult to quantify the CO, leakage resulting from such permeability
changes. Therefore, the monitoring and analysis of both surface deformation and seismicity from
the start of injection can be useful for constraining geomechanical models and predicting the
potential for fracture reactivation in future injection scenarios (Rutqvist 2012). A conservative
approach might be to design CO, injection in such a way that fracture reactivation could be
avoided, thereby ensuring that the permeability of the caprock would remain essentially
unchanged during the injection.

Characterizing and quantifying the potential for fracture reactivation in terms of shear slip have
been the subject of a number of previous studies (Morris et al. 1996; Alaniz-Alvarez et al. 1993;
Ito and Hayashi 2003). Morris et al. (1996) introduced the concept of slip tendency analysis,
defining slip tendency (T;) as the ratio of shear stress to normal stress on a plane. They defined
Tsmax as the maximum value of T at a given stress condition and analyzed slip tendency for all
possible orientations of fractures in terms of the ratio Ty/Tgax. Morris et al. (1996) applied this
concept to investigate the potential for reactivation of major faults at a depth of 5 km below
Yucca Mountain in the United States. Ito and Hayashi (2003) used a similar analytical-solution
approach to estimate possible fracture orientations that could result in shear slip, thereby
impacting the performance of hot dry rock (HDR) geothermal reservoirs. They calculated shear
slip and sheared-fracture surface rupture area by approximating the Coulomb failure line using a
series of circles of different radii. Alaniz-Alvarez et al. (1998) developed and applied a so-called
slip-rupture graph technique, in which the Coulomb failure criterion was used to determine the
possibility of both slip along existing fractures and failure of the intact rock. If the principal stress
difference (i.e., the difference between maximum and minimum compressive principal stress)
required for fracture shear slip along existing fractures is larger than the stress difference
necessary to make a new fracture, then a new fracture plane will be created. This could happen if
the pre-existing plane was not optimally oriented for shear slip failure while the shear strength of
the intact rock is exceeded. Finally, Rutqvist et al. (2008) proposed the concept of pressure
margin in analyzing the potential for both tensile and shear failures in a CO, sequestration
reservoir. They defined pressure margin as the fluid pressure minus the critical fluid pressure for
failure, thereby indicating a safety margin for the maximum injection pressure. However,
although the aforementioned studies were used to investigate the potential for fracture
reactivation, they did not consider the fracture statistical distribution and, therefore, did not
provide a quantitative analysis for fracture shear-slip probability under specific stress conditions.

The main focus of this paper is to develop and demonstrate an approach for probabilistic fracture-
reactivation analysis associated with underground CO, injection and storage. We demonstrate this
approach for a generic caprock-reservoir system based on the geometry and properties from
Rutqvist and Tsang (2002) and, in one case, using fracture statistical data from a CO, storage site.
Our approach involves coupled multiphase fluid flow and geomechanical simulations, first to
calculate the stress evolution during a hypothetical CO, injection operation, and then to evaluate
the probability of shear slip considering the statistical fracture distribution and a Coulomb failure
analysis. These simulations are conducted using the TOUGH-FLAC simulator (Rutqvist et al.
2002; Rutqvist 2011) for three different stress regimes (normal, reverse, and strike-slip faulting)



as well as with fracture orientations generated using the Latin Hypercube Sampling (LHS)
method. We evaluate the probability of shear slip at different points within the injection zone and
in the caprock just above the injection zone, from which we draw conclusions related to the
potential for the opening of new flow paths through the caprock. Consequently, the main
contribution of this research is a quantitative analysis of fracture reactivation during CO,
injection using a statistical distribution of fracture orientation.

2. Methodology

For this study, we first conducted a coupled multiphase fluid flow and geomechanical analysis to
identify hydromechanical changes and calculate the stress evolution induced by CO, injection; we
then investigated the probability of reactivating fractures. Fractures were virtually generated, and
the probability of fracture shear slip was calculated based on the effective stress from the
numerical analysis and generated fracture orientation.

2.1 Numerical code

TOUGH-FLAC is a numerical simulator based on linking the two computer codes TOUGH2
(Pruess et al. 1999) and FLAC3D (Itasca 2009). TOUGH?2, developed at the Lawrence Berkeley
National Laboratory (LBNL), is widely used for modeling heat transfer and multiphase,
multicomponent fluid flow in applications such as geologic CO, storage. FLAC3D, developed by
ITASCA™, is a well-known finite difference program for soil and rock mechanics—a powerful
tool for describing the mechanical behavior of soil and rocks. The two codes are sequentially
coupled, and the TOUGH-FLAC simulation runs seamlessly for coupled analysis (Rutqvist,
2011).

Fig. 1 shows the principal couplings between TOUGH2 and FLAC3D (Rutqvist 2011). For a
specific problem, the two codes are linked through a central THM model for passing parameters
between the two codes. The simulation progresses in time along with the multiphase fluid flow
simulation in TOUGH2, with FLAC3D invoked intermittently, when desired, for a quasi-static
mechanical calculation. For example, in the standard version, FLAC3D is called once each
TOUGH2 time step. After a TOUGH2 time step, temperature (7), fluid pressure (P;), gas pressure
(P,), and fluid saturation (S;) are passed from TOUGH?2 to FLAC3D elements. These parameters
are passed directly to the FLAC3D elements via FLAC3D FISH—a programming capability in
FLAC3D that facilitates linking the two codes (Itasca 2009). When updating these parameters in
FLAC3D, the mechanical state is set in disequilibrium due to the internal changes induced (for
example) by thermal strain and effective stress changes. A quasistatic mechanical simulation step
in FLAC3D then takes it to a new mechanical equilibrium with an updated stress state. The new
stresses and/or accumulated strain changes are then used to update the porosity and permeability
within the TOUGH2 multiphase flow simulation. A detailed description of the simulator and its
recent applications can be found in Rutqvist (2011).

2.2 Verification

To verify and gain confidence in the numerical approach and analysis of this particular case, we
conducted two independent code verifications relevant to fluid injection and coupled
hydromechanical responses in reservoirs. In order to verify the TOUGH2 code for modeling fluid
injection, we conducted a two-dimensional well-pumping test simulation and compared the



numerical results with the Theis solution (Theis 1935). Eq. 1 is the drawdown at the point where
the distance from the well is 7.
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where 4, is the initial head, /4 is the head at time ¢, s is the drawdown, Q is the constant pumping
rate, T is transmissivity, and S is storativity. A semi-infinite one-dimensional model was used to
conduct the numerical analysis; Table 1 shows the properties and initial conditions used for the
verification. Fig. 2 shows the drawdown versus distance from the pumping well at a specific time.
The numerical results match the analytical solution nearly perfectly.

To verify TOUGH-FLAC for coupled hydromechanical (poro-elastic) reservoir responses, we
conducted a uniaxial consolidation analysis and compared the numerical results with Terzaghi’s
solution (Terzaghi 1923). If mechanical loading (P) is applied suddenly at the upper boundary of
the one-dimensional saturated poroelastic media, the height of which is 4, the pore pressure (P,)
at height z and time ¢ is given as follows (Jaeger et al. 2007):
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where o is the Biot constant (Biot 1941), M is the Biot modulus, 4 is the Lame constant, G is the
shear modulus, k is permeability, u is fluid viscosity, and S is the storage coefficient. Eq. 3 is the
vertical displacement (w) at the upper boundary versus time:
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Fig. 3 shows a schematic view and the boundary conditions of the numerical model; Table 2
shows the properties used for the verification of the consolidation analysis.

After mechanical loading, we applied undrained pore pressure as an initial condition. Fig. 4(a)
shows the evolution of pressure at the lower boundary whereas Fig. 4(b) shows the evolution of
displacement at the upper boundary. The numerical results are in close agreement with the
analytical solution.

2.3 Numerical model of geological CO, storage system

Fig. 5 shows a schematic view of our model. We simulated the injection of CO; into a 300 m
thick injection zone (storage reservoir) located between 1200 and 1500 m depth. The overburden
consists of a 1000 m thick upper layer and a 200 m thick caprock located just above the injection
zone. The exact location of the CO, injection point is 1460 m in depth. Although the model was
set up in three dimensions, the analysis was conducted effectively in two dimensions, with no-
flow and no-displacement boundary conditions imposed in the direction normal to the model.



Over a ten-year period, CO, was injected at a constant flow rate of 0.05 kg/s per meter normal to
the model plane (Rutqvist and Tsang 2002). This flow rate is equivalent to 1.6 Mt/year if the
injection were conducted along a 1000 m thick section of the reservoir normal to the model plane,
which would, for example, represent the injection rate for a 1 km long horizontal well. We can
also relate this to real injection rates at the In Salah CO, storage project, where injection rates
have been 0.5 to 1.0 million tons per year distributed over 3 horizontal injection wells, each of
which is 1 to 1.5 km long (Rutqvist et al. 2010). To minimize boundary effects, we locate the
lateral boundaries sufficiently far from the CO, injection point.

Material properties and boundary conditions are presented in Table 3 and Fig. 6, respectively.
The reservoir is assumed to behave elastically, and horizontal displacement is fixed only on the
lateral boundaries, whereas vertical displacement is fixed at the bottom. For the hydraulic and
thermal boundary conditions, the ground-surface temperature and pressure are set to 10°C and 0
Pa, respectively. A thermal gradient of 25°C/km and hydrostatic pressure are assumed leading to
a temperature and pressure at the lower boundary of 60°C and 19.62 MPa, respectively.

2.4 Probabilistic fracture reactivation analysis

For the fracture reactivation analysis, we generated two types of fracture-orientation data sets:
one for random fracture orientation and another for actual fracture orientation based on field data.
The Latin Hypercube Sampling (LHS) method, developed by McKay, Conover, and Beckman
(McKay et al. 1979), was used to generate fractures. This method is similar to the Monte Carlo
method, in that it is used to select n different values from each of & variables. However, the
Monte Carlo method randomly selects n different values based on the probability of a cumulative
distribution function (CDF); as such, it yields reasonable values only if the value of n is quite
large. Thus, to increase the efficiency of the sampling method, the LHS method makes selections
in each of the nonoverlapping intervals based on the equal probability of CDF, providing
reasonable values even when the value of n is relatively small. In addition, the values of n
associated with certain variables were paired with the values of n associated with other variables
in a random manner, until an » X k£ matrix was formed.

As a first type of data set, random orientations were generated based on a probability distribution
function (PDF) with a uniform distribution of orientation. A second type of data set was chosen
using published actual fracture statistics related to the In Salah project (Iding and Ringrose 2010;
Smith et al. 2011). The PDF of the actual fracture data from In Salah has a Fisher distribution
function that has orientations distributed around a mean orientation. Ten thousand fractures were
generated for both the cases of random fracture orientations and the actual fracture orientations.
Fig. 7 shows the distribution of the generated orientations in an equal area net.

The data from the In Salah site are listed in Table 4. At In Salah, the dominant fracture orientation
is a NW-SE strike with a variation of about 15°, with an almost vertical dip angle. In our analysis,
we assumed a constant Fisher distribution (k) of 150, which means that the deviation angles of
approximately 99% of the fractures are less than 15°.

Fig. 8 shows a flow chart for calculating the probability of shear slip. We developed a program to
generate fracture orientations and calculate the probability of shear slip, with the code divided
into two parts: a part that generates the fracture orientation using the LHS method and a part that
conducts a probabilistic analysis of shear slip. In the sampling part, we generated virtual fractures
using two kinds of fracture distribution—mnamely, Fisher and uniform distributions. The
information on the number of fractures, Fisher constant, and mean dip/dip direction were needed



for the Fisher distribution whereas only the number of fractures was required for uniform
distribution. In the analysis part, normal and shear stresses for each fracture orientation were
calculated using fracture orientations and stresses based on the numerical analysis. More detailed
information on discrete fracture networks was not incorporated in the current analysis, such as the
spatial distribution, size, shape, and connectivity of fractures. In this sense, the current study is a
conservative one, given the consequences of leakage and the uncertainty associated with
obtaining detailed fracture information at a given CO, reservoir likely to be located at a depth of
1 to 2 km.

To evaluate the probability of shear slip of generated fractures, we adopted a Coulomb failure
criterion (assuming zero cohesion), as follows:

r=po )

where 7 is shear stress, o is the stress normal to the fracture, and u is the coefficient of friction.
According to this failure criterion, shear slip occurs if shear stress is greater than the normal stress
multiplied by the coefficient of friction.

Fig. 9 shows that the normal stress and the shear stress that act on a given plane depend on the
orientation of the plane. When a stress field is defined by a stress tensor, the stress vector acting
on a plane with normal vector n can be calculated using Cauchy’s formula (Jaeger et al. 2007).

T =o.n. (5)
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where T; is the traction vector, oy is the stress tensor, and n; is the normal vector of the fracture
plane. The magnitude of the normal stress o and shear stress 7 of any stress vector T acting on an
arbitrary plane with normal vector n at a given point is expressed as follows:

o=T-n (6)

7=y -0") (7)

Thus, when the orientation of a fracture and the stress field is given, normal and shear stress
acting on the fracture plane can be determined. Using these normal and shear stress values, we
can determine whether shear failure occurred at a specific orientation. The probability of fracture
shear slip was calculated as the number of fractures failed in shear, divided by the total number of
generated fractures.

To investigate the shear slip potential at a specific point, we selected four points within the
reservoir and the caprock, as shown in Fig. 10. Point A is the CO, injection point, Point B is
located horizontally 1000 m away from the CO, injection point, Point C is located 50 m above the
lower boundary of the caprock, and Point D is located 50 m below the upper boundary of the
caprock. Three kinds of stress regimes were considered: (1) normal faulting, (2) reverse faulting,
and (3) strike-slip faulting (Fig. 11). At depths below 1000 m, the ratio of horizontal stress to
vertical stress (k) has been observed to range between 0.5 and 2.0 (Brown and Hoek 1978). In this



study, vertical stress was fixed as gravitational stress, and horizontal stresses were chosen to be
0.5, 0.75, 1.5, or 2.0 times the vertical stress, depending on the stress regimes. Thus, vertical
stress is the maximum, minimum, and intermediate principal stress in normal faulting, reverse
faulting, and strike slip faulting regimes, respectively. The friction coefficient used for this study
was 0.6, which is the lower bound of typical values (Byerlee 1978).

3. Results

3.1 Ground heaving induced by CO; injection

We simulated the injection of CO, at a constant flow rate of 0.05 kg/s per meter (per meter
normal to model; Rutqvist and Tsang 2002) over a 10-year period. This flow rate is equivalent to
1.6 Mt/year, if the injection were conducted along a 1000 m thick section of the reservoir normal
to the model. Fig. 12 shows the evolution of pressure near the injection point. The maximum pore
pressure near the injection point is about 26 MPa after 10 years of injecting CO,. Because the
permeability of the caprock and the basement is four orders of magnitude lower than that of the
aquifer, the injected CO, spreads primarily in a horizontal direction.

Fig. 13 shows the vertical displacement profile after 30 days, one year, three years, six years, and
10 years. The changes in effective stress induced by the increase in pore pressure result in the
poroelastic expansion of the reservoir and the uplifting of the ground surface (Rutqvist and Tsang
2002). The maximum vertical displacement after 10 years is approximately 0.88 m—in other
words, 88 mm/year; this large value results from the reservoir thickness of 300 m and a relatively
low elastic modulus of 5 MPa. In comparison, only about 5 mm/year of uplift has been observed
at the In Salah CO, storage project, which has a reservoir formation of only 20 m in thickness
(Iding and Ringrose 2010). The investigation of uplift is a good measure of reservoir performance,
in that it can both (1) be an effective monitoring activity and (2) potentially have an impact on
surface structures. Moreover, in a field situation, the observed ground-surface heave can be used
to constrain the value of the elastic modulus of the reservoir.

The maximum vertical displacement can be roughly calculated using a simplified uniaxial vertical
displacement model. If the lateral extent of the reservoir is much larger than its thickness, the
reservoir responds as if it were laterally confined, and the vertical displacement can be calculated
as follows (Fjaer et al. 2008):

Mh_1(1n(=2v)
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where E is the elastic modulus, v is poisson’s ratio, « is the Biot coefficient, AP is the increment
of pore pressure, A/ is the vertical displacement, and # is the thickness of the aquifer.

Eq. 8 can be used to estimate vertical displacement with the change in reservoir pore pressure.
For example, when the maximum pore pressure from the numerical result was used, the
calculated vertical displacement using Eq. 8 was about 1.07 m after 10 years, which is about 20%



higher than the numerically calculated value. Similarly, in the case of In Salah, the measured and
numerically calculated vertical displacement was about 2.5 cm, while vertical displacement using
the uniaxial strain model was about 3 cm (Rutqvist 2012). The uniaxial model overestimates the
vertical displacement compared to the real case or numerical results as the pore pressure is not
distributed uniformly in the reservoir, unlike the assumption in Eq. 8. Another factor is that the
overburden stiffness, which tends to restrict vertical deformation in a real three-dimensional
situation, is not considered in the uniaxial strain model of Eq. 8.

Fig. 14 shows the calculated vertical displacement for both the uniaxial strain model and
numerical modeling. The thickness of the aquifer in this example was set at 100 m, with other
properties kept the same, as shown in Table 3. In this figure, uniaxial displacement is calculated
using the maximum reservoir pressure from the numerical modeling. Vertical displacement of the
uniaxial strain model and vertical displacement at the top of the aquifer were rather similar
(within 5%), whereas greater differences were observed when comparing vertical displacement at
the surface. As the thickness of the overburden increases, the vertical displacement at the surface
decreases. Therefore, the discrepancies between the numerical model and uniaxial strain model
can be explained mainly by the stiffness of the overburden and, to a lesser degree, by the non-
uniform pore pressure. Finally, differences in the boundary conditions for the uniaxial strain
model and our numerical model can also have an impact. Because the lateral boundary condition
was not a precisely fixed displacement condition, the generated lateral stress was less than the
theoretical one, which resulted in slightly smaller vertical displacement.

3.2 Evolution of effective stress

Fig. 15 shows the evolution of the increments of total stress and pore pressure at points A, B, C,
and D. Total stress increases in the horizontal direction occur proportional to the pore pressure
increase, while a much smaller increase in total stress occurs in the vertical direction because of
the free vertical displacement condition at the ground surface. The increase in lateral stress is
caused by poroelastic stress, which has been observed in oil fields and also in coupled
geomechanical modeling (Hillis 2003; Rutqvist 2012). In this study, the magnitude of the
increased total stress in the horizontal direction is approximately half the increased pore pressure.
Pore pressure increases at Point C and Point D, located in the caprock, amount to 8 MPa and 3
MPa, respectively, although the permeability of the caprock is lower than that of the reservoir by
four orders of magnitude.

Using the Mohr circle for stress representation, we investigated the effective stress change at
Points A through D (Figs. 16 to 19). At the initial state of normal and strike-slip stress regimes,
there were fractures with the potential for shear slip in the current stress field, meaning that these
fractures were critically stressed for shear slip (Zoback et al. 2002). After 10 years of CO,
injection, the Mohr circle moved to the left regardless of the stress regime, and there was an
increase in the area that reached failure. The size and location of the Mohr circle and the size of
the failed area are different depending on the stress regime because the magnitude of effective
stress changes is different for horizontal and vertical directions. The size of the Mohr circle
decreases in the case of a normal faulting stress regime, increases in the case of a reverse faulting
stress regime, and both decreases and increases in the case of a strike-slip faulting regime. The
amount of decreased effective stress is highest for the vertical direction, which has a significant
impact on the shear-slip potential.



3.3 Probability of fracture reactivation

To quantitatively investigate the probability of fracture reactivation, we calculated the probability
using virtually generated fracture orientations and the effective stress evolution. Fig. 20 shows the
evolution of fracture shear slip probability for the three different stress regimes at Point A and
Point B during CO, injection. In all cases, the probability increases with the injection of CO,.
When the fractures are distributed randomly, the maximum probability of fracture shear slip after
10 years of CO; injection at Point A is about 40% for a normal faulting stress regime, 40% for a
reverse faulting stress regime, and 70% for a strike-slip stress regime. In the case of fracture
statistics derived from In Salah, the probability of the fracture shear slip is almost 100% for the
normal faulting stress regime, while fracture shear slip did not occur in the reverse faulting stress
regime case. Moreover, under the assumed stress magnitudes, all fractures were calculated to slip
for the strike-slip faulting stress regime both before and after the injection of CO,.

Fig. 21 shows the evolution of the fracture shear slip probability at Point C and Point D, located
in the caprock. In all cases, the probabilities of fracture shear slip at Points C and D in the
caprock are lower than at Points A and B in the reservoir. Fracture shear slip at Points C and D
did not occur for the normal faulting stress regime, even when the fracture—shear—slip probability
at Point A is almost 100% in the fracture statistics derived from In Salah. Because Point D is
located in the upper part of the caprock, the pressure increase is less than 3 MPa (Fig. 15), which
is insufficient to induce any substantial increase in the probability of fracture shear slip. Although
the pressure increase at Point C is somewhat larger, it was not sufficient to induce fracture shear
slip. To explain the shear slip mechanism more effectively, we used a stereonet to plot the actual
orientation data, together with the possible range of orientations that can be allowed for shear slip
at Points A through D (Figs. 22 to 25). The red area is the distribution of fractures over which
shear slip can occur; the black points are the actual orientation data from the In Salah fracture
data set. Our analysis of the stereonet shown in Figs. 22 to 25 indicates why such large
differences in shear-slip potential occur depending on the stress regime, especially with the actual
orientations in the In Salah fracture data set. As shown in Figs. 22 to 25, no overlapping area
occurs between the shear-slip area and actual fracture orientation for the reverse faulting stress
regime. In the case of the In Salah fracture data set, the majority of the fractures were not
vulnerable to shear slip even under more substantial pore pressure, because of the presence of
near-vertical fractures. However, most fractures were located in the shear slip area for the strike-
slip faulting stress regime, resulting in a high probability of fracture shear slip. The reverse
faulting stress regime had the least probability of a fracture shear slip, mainly due to the highest
minimum principal stress being vertical. As already shown in Fig. 16, the minimum principal
stress of the reverse faulting stress regime is greater than that of other stress regimes;
consequently, the Mohr circle does not meet the failure criterion.

Based on this observation, the reverse faulting stress regime seems to provide the most suitable
conditions for CO, geosequestration among the three kinds of stress regimes considered in this
study. However, this result must be interpreted with caution. If a site has fracture sets that are
vulnerable to shear slip for the reverse faulting stress regime, the probability of shear slip may
become the greatest for a reserve faulting stress regime. In other words, the probability of fracture
shear slip is site specific, and it is a function of both the local stress field and orientations of the
fractures. In addition, the magnitudes of shear stress, as dictated by the stress ratio in each stress
regime in this study, were upper-bound values; it is a conservative choice with respect to the
potential for fracture shear slip. If the ratio of stress, i.e., the ratio of vertical to horizontal stress
or ratio of the minimum to maximum horizontal stresses, approaches unity, the probability of
shear slip dramatically decreases regardless of the stress regime, and the distinction of different



stress regimes may not be meaningful. Therefore, a site-specific study must be conducted to
investigate the actual probability of shear slip induced by CO; injection.

3.4 Effect of caprock permeability

In our numerical model, the permeability of the caprock is lower than that of the aquifer by four
orders of magnitude. This value of caprock permeability (1x10"7 m?) probably belongs to the
higher end of the typical range; therefore, the results presented in this study can be considered to
be conservative. In order to investigate the effect of caprock permeability, additional analyses
were conducted by varying the caprock permeability from 1x10"" m? to 1x10?°m?. Fig. 26 shows
the evolution of pore pressure at Point C with different caprock permeability. If the caprock
permeability is lower than 1x10™"°, the pore pressure at Point C increases less than 1 MPa after 10
years of CO, injection, which means that the caprock effectively prevents the upward migration
of injected CO,.

Fig. 27 shows the probability of fracture shear slip at Point C, with random fracture orientations
for different caprock permeability. In all cases, the probability of fracture shear slip decreases
with the decrease in caprock permeability, which consequently means that the potential for CO,
leakage decreases. As expected, the permeability of caprock plays a significant role in controlling
the shear slip in the caprock.

It is worth noting that the reactivation of fractures in the reservoir and caprock does not
necessarily result in the leakage of CO, due to the requirement that fractures must have a high
degree of connectivity through the lower and upper parts of the caprock. In addition, the actual
magnitude of permeability increases in the reactivated fractures was not quantified in the current
approach. Further work is therefore suggested to incorporate the connectivity of fractures into the
fracture reactivation analysis as well as quantify fracture permeability after shear slip in both the
caprock and reservoir.

4. Conclusions

We have developed and demonstrated an approach for probabilistic fracture-reactivation analysis
associated with underground CO, injection and storage. We demonstrated the approach for a
generic caprock-reservoir system in one case using published fracture statistics from the In Salah
CO, storage project in Algeria. This analysis involved multiphase fluid flow and geomechanical
simulations, first calculating the stress evolution during a hypothetical CO, injection operation
and then evaluating the probability of shear slip considering the statistical fracture distribution
and a Coulomb failure analysis. In addition to the fault slip analysis, we studied injection-induced
ground-surface deformations and found that quite a substantial ground-surface uplift could result
from the assumed elastic properties and the relatively thick injection zone. Monitoring and
modeling of such uplift could be used to estimate the underground reservoir pressure evolution
and constrain in situ elastic properties for the geomechanical model.

The conclusions of this study are summarized as follows:

- After 10 years of injection, the reservoir pore pressure increased by about 12 MPa near
the injection point, which (according to the coupled numerical simulation) induced
vertical ground-surface displacement of around 0.87 m. We also found that a simplified
analytical uniaxial strain model could provide an approximate estimation of the surface



uplift, with some discrepancies related to non-uniform pressure distribution and the
effects of overburden stiffness.

- Injection-induced changes in effective stress differ in vertical and horizontal directions
because geometrical effects (e.g., laterally extensive reservoir and relative proximity to a
free-moving ground surface) result in different total stress changes in vertical and
horizontal directions. The decrease in effective stress is highest for the vertical
direction—a finding that could be critical in evaluating the shear slip potential.

- Because the reverse faulting stress regime had a greater minimum principal stress than
other stress regimes, there was less chance for shear failure in this stress regime. In fact,
among the three types of stress regimes considered in this study, the reverse faulting
stress regime was generally the most suitable for CO, geosequestration, leading to the
least probability of fracture reactivation.

- When caprock permeability is lower than 1x10™", pore pressure in the caprock increases
by less than 1 MPa after 10 years of CO, injection, and fracture reactivation in the
caprock is not likely to occur.

Finally, we conclude that the probability of fracture shear slip is a function of the stress field,
injection pressure, and fracture geometry; thus, future site-specific studies should be conducted to
investigate the probability of shear slip induced by CO, injection. The orientation of fractures was
used as a key geometrical parameter in the current study; however, the mechanism of a fracture
shear slip is not straightforward in the field as fracture shear slip is also affected by other factors,
such as fracture size, roughness, fillings in the fractures, and connectivity of fractures. Fracture
size within the reservoir and caprock will greatly affect the magnitude of fracture dilation.
Connectivity will also play an important role in any shear slip, resulting in an actual increase in
permeability and leakage. The current study is a conservative one, given the consequences of the
leakage and the uncertainty associated with information regarding the discrete fracture network at
a given CO, reservoir, which will likely be located at a depth of 1 to 2 km. Although
characterization fractures at such a depth will be challenging, more elaborate analysis considering
such factors will help in evaluating the feasibility of CO, storage in geological media. Moreover,
an initially tight, low-permeability caprock could effectively delay pressure diffusion into the
caprock, thereby preventing the reactivation of fractures across the caprock. Thus, if fractures are
sealed with minerals, the likelihood of fracture reactivation could be much less. On the other
hand, a few slightly permeable fractures might be susceptible to being breached, leading to an
enhanced upward migration of CO,. The difficulty lies in being able to quantify such an
enhancement—which is also a subject for future research.
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