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ABSTRACT

This paper presents recent advancement in and applications of TOUGH-FLAC, a simulator
for multiphase fluid flow and geomechanics. The TOUGH-FLAC simulator links the TOUGH
family multiphase fluid and heat transport codes with the commercial FLAC®® geomechanical
simulator. The most significant new TOUGH-FLAC development in the past few years is a
revised architecture, enabling a more rigorous and tight coupling procedure with improved
computational efficiency. The applications presented in this paper are related to modeling of
crustal deformations caused by deep underground fluid movements and pressure changes as a
result of both industrial activities (the In Salah CO, Storage Project and the Geysers
Geothermal Field) and natural events (the 1960s Matsushiro Earthquake Swarm). Finally, the
paper provides some perspectives on the future of TOUGH-FLAC in light of its applicability
to practical problems and the need for high-performance computing capabilities for field-scale
problems, such as industrial-scale CO, storage and enhanced geothermal systems. It is
concluded that despite some limitations to fully adapting a commercial code such as FLAC®®
for some specialized research and computational needs, TOUGH-FLAC is likely to remain a
pragmatic simulation approach, with an increasing number of users in both academia and
industry.
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1 INTRODUCTION

In the 2003 TOUGH Symposium, TOUGH-FLAC which linked two established codes
TOUGH2 and FLAC®®, was presented as a pragmatic approach for modeling coupled
multiphase flow, heat transport, and geomechanics (Rutqvist et al., 2002; Rutqvist and Tsang,
2003a). In this approach, TOUGH2 (Pruess et al., 1999) is used for solving multiphase flow
and heat transport equations, whereas FLAC®P (Itasca, 2009) is used for solving
geomechanical stress-strain equations. The two codes are sequentially coupled and TOUGH-
FLAC simulation runs seamlessly on a PC. One great advantage of this approach is that both
codes are continuously developed and widely used in both academia and industry.

TOUGH-FLAC is by no means the only code available for simulating coupled thermal-
hydraulic-mechanical processes in geological media. In fact, a steadily growing interest in
coupled THM phenomena in geological media has encouraged development of many
computer codes at various levels of sophistication. Among those recently applied in the field
of rock mechanics are THAMES (Ohnishi and Kobayashi, 1996), MOTIF (Guvanasen and
Chan, 1995), FRACON (Nguyen, 1996, Nguyen et al., 2001), ROCMAS (Noorishad et al,
1984; Rutqvist et al., 2001), FRT-THM, (Liu et al., 2006), FEMH (Bower and Zyvoloski,
1997), GeoSys/Rockflow, (Wang and Kolditz, 2007, Wang et al., 2010), , FRACture (Kohl
and Hopkirk, 1995) and GEOCRACK (Swenson et al., 1997). The first five of these
(THAMES, MOTIF, FRACON, ROCMAS, FRT-THM) belong to a class of simulators
developed from Biot’s theory of consolidation, adopting simultaneous solution of the coupled
equations. They have been developed and applied mostly to geological nuclear waste disposal
(e.g., Alonso et al., 2005; Chijimatsu et al., 2005). Other simulators (FEMH,
GeoSys/Rockflow, FRACTure, GEOCRACK) were originally applied to the field of hot-dry-
rock geothermal energy, although they have also been applied to other types of coupled
problems. There are also a few commercially available codes that have been applied to study
these phenomena. Those most frequently applied in soil and rock mechanics are ABAQUS
(Borgesson, 1996, Borgesson et al., 2001), a finite-element code; FLAC (Israelsson, 1996a), a
finite-difference code; and UDEC (Israelsson, 1996b), a discrete-element code. Some of these
codes have also been adapted for analysis of THM processes in unsaturated media (e.g.,
FRACON, FLAC, ABAQUS). At the same time, other codes have emerged from the field of
soil mechanics. One of these is COMPASS (Thomas et al., 1995), which simulates two-phase
(gas and liquid) fluid flow in partially saturated soil, coupled with heat transport and
mechanical responses. Another code in this group is CODE-BRIGHT (Olivella et al. 1994),
which originally was developed for nonisothermal multiphase flow of brine and gas in saline
media.

A number of simulators have also been developed for oil and gas reservoir engineering,
including commercial finite-element packages such as VISAGE (Koutsabeloulis, 1998),
STARS (CMG, 2003), and a number of academic codes. Such simulators, as well as TOUGH-
FLAC, are in the class of coupled simulators built upon coupling of a reservoir simulator to a
geomechanical code, a problem that has been studied in depth by Settari and others (e.g.,
Settari and Mourits, 1998). Correctly changing the porosity of the reservoir simulator upon a
change in stress or strain in the mechanical code is a delicate operation; The correct poro-
elastic consideration is important when comparing simulation results to that of fully coupled



poro-elastic finite element models, based on Biot’s theory of the class discussed above (e.g.
THAMES, MOTIF, FRACON, ROCMAS). However, as described by Settari and Mourits
(1998), in practice it is more important to consider the nonlinear stress-dependent effects on
porosity and permeability over the range of stress expected in a problem. Such properties may
be derived directly from laboratory data and fitted to theoretical or empirical functions (e.g.,
Liu et al., 2009) or by calibration to field experiments (e.g., Rutqvist et al., 2008). Stability
issues related to sequential coupling of geomechanics and multiphase flow has been an
intensive research topic for decades (e.g., Felippa and Park, 1980; Park, 1983; Zienkiewicz et
al., 1988; Lewis and Sukirman, 1993; Prevost, 1997; Minkoff et al., 2003; Thomas et al.,
2003; Dean et al., 2006). Recently, an excellent and rather conclusive study was carried out
by Kim (2010), showing the advantages of the sequential coupling method for this class of
coupled simulators.

The earliest developments of TOUGH-FLAC at the Lawrence Berkeley National Laboratory
(LBNL) were presented in Rutqvist et al. (2002) and Rutqvist and Tsang (2003a). The
simulator has since been applied to study coupled geomechanical processes under multiphase
flow conditions for a wide range of applications, including nuclear waste disposal (Rutgvist
and Tsang, 2003b; Rutqvist et al., 2005, 2008a, 2009b, 2009c), CO, sequestration (Rutqvist
and Tsang, 2002; Rutqvist and Tsang, 2005; Tsang et al., 2008; Rutqvist et al., 2006a, 2007,
2008b, 2008c, 2010b; Cappa and Rutqgvist, 2010), geothermal energy extraction (Rutgvist et
al., 2006b; Rutqgvist and Oldenburg, 2008), naturally occurring CO, upwelling with surface
deformations (Todesco et al., 2004; Cappa et al., 2009), and gas production from hydrate-
bearing sediments (Rutqvist and Moridis, 2008, 2009; Rutqvist et al., 2009a).

These applications have been accompanied by recent exploratory code development. The
most significant new development is a revised architecture, enabling a more rigorous and
tighter coupling procedure with improved computational efficiency. This enhancement was
made possible by linking FLAC® to the newly released TOUGH+ code (Moridis, 2003;
Moridis et al., 2005) for analyzing the geomechanical performance of hydrate-bearing
sediments (Rutqvist and Moridis, 2008; 2009). In addition, new modules have been developed
for material behavior and modeling of hydrate-bearing sediments and the thermo-elastoplastic
behavior of unsaturated soils. The development of the thermo-elastoplastic model for
unsaturated soils involves implementation of a version of the Barcelona Basic Model for
unsaturated soils, using the user-defined model option in FLAC®—described in detail in
Rutqvist et al. (2010a).

This paper presents the current TOUGH-FLAC approach and some recent applications of
TOUGH-FLAC. The applications presented here are related to modeling of crustal
deformations caused by deep-underground fluid movements and pressure changes as a result
of both industrial activities and natural events. These include (1) an analysis of ground-
surface deformations measured by satellite (INSAR) at the In Salah industrial-scale CO,
injection site in Algeria and (2) at the Geysers Geothermal field in California, and (3) ground
surface deformation measured by leveling during upwelling of CO,-rich fluid associated with
the 1960s Matsushiro earthquake swarm in central Japan. The paper concludes with some
perspectives on the future of TOUGH-FLAC in light of its applicability to practical problems
and the need for high-performance computing capabilities for very large-scale problems, such



as for the analysis of industrial-scale CO, sequestration sites and enhanced geothermal
systems.

2 TOUGH-FLAC STRUCTURE

The following description of the TOUGH-FLAC structure incorporates the most recent code
developments, specifically linking FLAC®® to the newly released TOUGH+ code (Rutqvist
and Moridis, 2008, 2009). However, some of these ideas are concurrently being implemented
for linking FLAC®® to TOUGH2 as well. In this approach, the two constituent codes—
TOUGH+ (or TOUGH2) and FLAC*P—are linked through a coupled thermal-hydrological-
mechanical (THM) model (Figure 1). Depending on the specific problem at hand and the
specific porous medium (e.g., fractured rock, unsaturated clay, or hydrate-bearing sediments),
a number of coupling functions have been developed.

In Figure 1, the data exchanges between TOUGH+ and FLAC® are illustrated with arrows
going through the central THM model. The arrow on the right-hand side of Figure 1 shows
the transmission of the effective stress o and strain ¢ (computed in FLAC®P) to TOUGH for
calculation of the updated porosity ¢ and the corresponding porosity change Ag. This
mechanically induced A¢ has an immediate effect on fluid flow behavior. For example, if a
change in o’and ¢ causes ¢ to decrease, the pore pressure is expected to rise, especially if the
permeability is low.

For a porous deformable medium, two models for mechanically induced porosity changes are
implemented in the most recent version linking FLAC®® to TOUGH+
Q) A poroelastic model (based on the approach proposed by Settari and Mourits,
1998) that considers macroscopic stress/strain changes and grain deformability
(i) An empirical model (proposed by Rutqvist and Tsang, 2002) that describes a
nonlinear change in porosity as a function of the effective mean stress
The A¢ computed from either of these models is used to estimate changes in k by means of

empirical equations. The updated ¢ and k values are in turn used to estimate changes in the
hydraulic and wettability properties of the porous medium (i.e., aqueous- and gas-phase
relative permeabilities ks and k,g, and capillary pressure P;) by employing appropriate
scaling equations. Currently, the capillary pressure is scaled with permeability and porosity
according to a function by Leverett (1941).

For fractured media, a similar exponential empirical model has been applied to correct
permeability for changes in the three-dimensional stress field (e.g., Rutqvist et al., 2002,
2008a). The fractured-media model accounts for anisotropic changes in permeability
assuming three orthogonal sets of fractures such as at Yucca Mountain, Nevada (Rutqvist et
al. 2008a, Rutqvist and Tsang, 2003Db).

The arrow on the left side of Figure 1 depicts the flow of data obtained from TOUGH+ (or
TOUGH?2) (namely pressure P, temperature T, and phase saturations Sg) to FLAC® for
processing and estimates their impact on the effective stress a4Pg (« being Biot’s effective
stress parameter), as well as on thermal and swelling strains (&7 and &, respectively).
Capabilities for modeling of moisture swelling and geomechanical behavior of unsaturated



soil have recently been implemented into TOUGH-FLAC (see Rutqvist et al., 2010a). In this
model, the swelling can either be introduced as a function of phase saturation or as a function
of suction (or capillary pressure, Pc), using the Barcelona Basic Model for elastoplastic
behavior of unsaturated soils (Rutqvist et al., 2010a).

Additionally, changes in P, T, and Sz may also result in changes in other mechanical
properties listed in Figure 1. These include bulk modulus K, shear modulus G, cohesion C,
and coefficient of internal friction 4 For example, in the case of hydrate-bearing sediment,
geomechanical properties change as a function of solid-phase saturations, i.e., hydrate and ice
saturations (Rutqvist and Moridis, 2009). In the case of unsaturated soil, the bulk modulus and
friction angle are functions of suction (Rutqvist et al., 2010a).

In the current TOUGH-FLAC modeling approach, FLAC® is invoked from TOUGH+ (or
TOUGH2) using a system call. This is different from the earliest version, in which TOUGH2
multiphase flow simulation was invoked from FLAC®P. Invoking the quasistatic mechanical
calculation from the multiphase flow simulation enables tighter and more rigorous coupling
and improved efficiency. For example, it is now possible to invoke FLAC® in each Newton
iteration and when calculating the Jacobian in TOUGH+. Coupling to the FLAC®® code is still
made possible through the use of the FLAC®® FISH programming capability, which enables
access to internal FLAC®P arrays and parameters. However, the Itasca Consulting Group
(which develops and maintains FLAC®®) has provided new FISH variables for a more
efficient transfer of TOUGH parameter directly to the FLAC®® grid-elements, avoiding the
previous, tedious interpolation between TOUGH mid-element nodes and FLAC®® corner
nodes.

In the new TOUGH+ version, three coupling schemes are available:

Q) Jacobian: This is the highest level of iterative coupling, in which all the
geomechanical and flow parameters are continuously updated (in every
Newtonian iteration of every time step), and their changes are accounted for in
the computation of the Jacobian matrix.

(i) Iterative: In this scheme, the geomechanical and flow parameters are corrected
at the end of each Newtonian iteration of each time step, and the contribution
of their changes between Newtonian iterations is not accounted for in the
computation of the Jacobian matrix.

(iii)  Time-step: This represents the weakest coupling option and involves correction
of the geomechanical and flow parameters once in (i.e., at the end of) each
time step. As in the iterative scheme, the parameter changes do not contribute
to the computation of the Jacobian matrix.

The full Jacobian option is a sequentially implicit scheme, whereas the iterative and the time-
step coupling options are sequentially explicit schemes. The full Jacobian scheme is necessary
for problems in which pore-volume (direct) couplings dominate, i.e., when a mechanically
induced A¢ gives rise to a relatively strong and rapid change in pore pressure, and where it is
necessary to rigorously preserve the fluid mass and heat balances. In problems when the so-
called property changes (indirect) couplings dominate, iterative or time-step coupling schemes
are sufficient.



It is well known that there could be serous stability issues in problems where pore-volume
coupling dominates, such as when a low permeability porous medium is mechanically
squeezed by an external force. However, as it turns out, the coupling of a TOUGH and
FLAC®® is equivalent to the coupling of a finite volume reservoir simulator to a finite element
geomechanical simulator, which, according to recent work by Kim (2010), corresponds to a
mixed formulation that is stable in space. Moreover, by choosing an appropriate coupling
scheme with so-called stress fixed iterations in the sequential scheme, the solution becomes
unconditionally stable (Kim, 2010). Work is under way to study numerical stability issues in
TOUGH-FLAC when pore-volume coupling dominates. However, in the overwhelming
number of multiphase flow applications encountered, the pore-volume coupling does not
dominate, whereas one-way coupled, or problems in which property changes dominate, are
the most common.

3 RUNNING A TOUGH-FLAC SIMULATION

To run a TOUGH-FLAC simulation, the user needs a license for TOUGH+ (or TOUGH?2)
and FLAC®®, as well as access to routines for linking the two simulators. A TOUGH-FLAC
simulation is typically developed according to the steps in Figure 2. The user first develops
numerical grids for the two codes that should have the same geometry and element
numbering. The user then typically runs a TOUGH simulation test to make sure that the
TOUGH code can execute the specific problem setup without consideration of the mechanical
coupling. This may include an initially steady-state TOUGH simulation to establish initial
conditions, including vertical gradients of pressure and temperature. Typical input parameters
for the TOUGH simulation include grain density, porosity, permeability, thermal
conductivity, specific heat, relative permeability and water retention curves, as well as
hydraulic and thermal boundary conditions (e.g., fixed fluid pressure and temperature).
Similarly, a FLAC®® simulation may be conducted to assure correct input of (for example)
mechanical boundary conditions and to establish initial equilibrium stress gradients. Typical
input parameters for the FLAC®® simulation include bulk density, elastic parameters (bulk-
and shear-modulus), strength parameters (e.g., cohesion and friction angle), as well as
mechanical boundary conditions (e.g., fixed displacement or stress).

After initial runs with TOUGH and FLAC®®, the linked TOUGH-FLAC simulation is set up.
This involves preparing a binary file called FLAC3D.sav that should contain the
geomechanical model, as well as essential FLAC®® FISH routines that handle the links
between FLAC®® and TOUGH+ (or TOUGH2). The simulation is initiated by starting a
TOUGH+ (or TOUGH?2) simulation with the geomechanical option activated. The first time
FLAC® is invoked, it restores information and the initial mechanical state from the
FLAC3D.SAV binary file. FLAC®® then reads initial pressure and temperature as defined in
TOUGH+ (or TOUGHZ2), runs to mechanical equilibrium, and then saves the new mechanical
state to the FLAC3D.SAV binary file. This procedure of restoring, running to a new
mechanical equilibrium, and saving to the binary file is repeated every time the FLAC®°
mechanical calculation is invoked. The TOUGH-FLAC simulation runs seamlessly without



need for user interference and produces required outputs for simulation times defined in the
TOUGH input file.

4 MODELING COUPLED FLUID FLOW AND CRUSTAL
DEFORMATIONS

This section summarizes recent TOUGH-FLAC simulations of crustal deformations caused
by deep underground fluid movements and pressure changes as a result of both industrial
activities (The In Salah CO; storage project and the Geysers Geothermal Field) and natural
events (The 1960s Matsushiro Earthquake Swarm). These simulation examples demonstrate
the capabilities of TOUGH-FLAC for studying complex multiphase fluid and geomechanical
processes at the crustal scale of tens of kilometers.

4.1 In Salah Industrial CO, Storage Project

Since 2004, the In Salah Gas Project in Algeria has been injecting about 0.75 million tonnes
CO; per year into a relatively low-permeability, 20 m thick sandstone at a depth of about
1,800 to 1,900 m in the Krechba field (Ringrose et al., 2009). Gas produced from this field
and two nearby fields contains CO, concentrations ranging from 1% to 9%, which is above
the export gas specification of 0.3%. The CO, from the three fields is separated from the
hydrocarbons and reinjected into three adjacent wells “KB-501, KB-502, and KB-503" at the
rate of tens of millions of cubic feet per day. To ensure adequate CO, flow-rates across the
low-permeability sand-face, the In Salah Gas Project decided to use long-reach (about 1 to 1.5
km) horizontal injection wells. The three state-of-the-art horizontal CO, injection wells were
drilled perpendicular to the stress field and dominant fracture orientation and targeting high-
porosity channel sequences to maximize the injection capacity (Ringrose et al., 2009). The
CO; injection started in August 2004 at KB501 and KB503, and April 2005 at KB502. During
injection, the bottom hole pressure is limited to below the fracturing gradient, leading to a
maximum pressure increase of about 10 MPa above the ambient initial formation pressure.

In the fall of 2006, TOUGH-FLAC was used to conduct a preliminary 3D crustal scale
simulation of the CO; injection operation, which indicated that surface deformations on the
orders of centimeters would be feasible (Figure 3). As a result, it was decided to explore the
possibility of using the satellite-based inferrometry (INSAR) for detecting ground-surface
deformations related to the CO, injection. INSAR data were acquired and analyzed by Tele-
Rilevamento (TRE) in Italy, using a state-of-the-art permanent scatterer method (PS),
enabling determination of millimeter-scale surface deformations. The results processed in
2007 and later published in Vasco et al. (2008a,b) were remarkable, because the observed
uplift could be clearly correlated with each injection well, with uplift bulges of several
kilometers in diameter centered on each injection well (Figure 4). Measured uplift occurred
within a month after start of the injection, with the rate of uplift ~5 mm per year, amounting
to about 1.5 cm in the first 3 years of injection.

In subsequent TOUGH-FLAC analysis, including measured geomechanical properties as well
as actual injection flow and pressure history, Rutqvist et al. (2010b) showed that the observed
uplift magnitude can be explained by pressure-induced, poro-elastic expansion of the 20 m



thick injection zone. For example, Figure 5 shows a calculated uplift magnitude of 1.2 cm
after 3 years of injection, which is similar to the measured uplift at injection well KB501.
Figure 6 compares the evolution of calculated uplift with measured uplift. Again, the results
shows that the observed uplift magnitude can be explained by pressure-induced, poro-elastic
expansion of the 20 m thick injection zone. However, there could also be a significant
contribution from pressure-induced deformations within a 100 m thick zone of shaly sands
immediately above the injection zone. Moreover, analysis of a double uplift lobe pattern at the
KB502 injection well indicates the strong influence of faults and fractures at reservoir depth
(Vasco et al. 2010; Ringrose et al. 2009). The influence of such fault behavior is currently
under investigation using TOUGH-FLAC.

The TOUGH-FLAC key input parameters for the analysis of the surface uplift are the
permeability and elastic properties of the injection zone and surrounding cap rock, whereas
the elastic properties of the overburden affect the result to a lesser degree. Initial estimates of
the elastic properties of the injection formation were derived from laboratory experiments,
whereas the properties of other geological layers were estimated using sonic logs (Rutqvist et
al., 2009a). For the injection zone, a Young’s modulus E = 6 GPa and a Poisson’s ratio v =
0.2 were adopted from a few laboratory experiments on samples that had a porosity ranging
from 15 to 20%, consistent with estimates of in situ porosity. From the sonic logs, it was
estimated that the cap rock (Carboniferous mudstone and tight sandstone) is somewhat stiffer
and that the shallow overburden (Cretaceous sandstones and mudstones) is somewhat softer.
The permeability of the injection zone was estimated to 1.3x10™** m? (13 mDarcy) by model
calibration, to achieve a reasonable pressure increase of about 10 MPa (approximate value of
pressure increase in the field) for an adopted injection rate of 15 MMscfd. The cap-rock
permeability was varied from 1x10?! to 1x10™ m? a reasonable range for shale and
mudstone seals (Zhou et al., 2008).

4.2 Geysers Geothermal Field

The Geysers is the site of the largest geothermal electricity generating operation in the world
and also one of the most seismically active regions in northern California (Majer and
Peterson, 2007). It is a vapor-dominated geothermal reservoir system, hydraulically confined
by low-permeability rock units. The main geologic units at The Geysers include unfractured
graywacke that serves as a cap rock, metagraywacke (host to the NTR), hornfelsic graywacke
(host to the HTZ), and young (< 1 Ma) granitic intrusive rocks (“felsite”), which are thought
to be as young as about 10,000 years before the present, and the heat source to the HTZ in the
EGS demonstration area (Walters et al., 1988; Schmitt et al., 2003). As a result of the high
rate of steam withdrawal, the reservoir pressure declined gradually, resulting in substantial
ground subsidence. For example, leveling and GPS surveys show that from 1977 to 1996,
ground subsidence occurred on the order of 0.4 to 0.8 m at a rate of up to 4 cm per year
(Mossop and Segall, 1997). The subsidence occurred along with steam production from
hundreds of production wells located throughout the field. In general, the subsidence is
proportional to the general pressure decline in the field and could be attributed mainly to
poro-elastic compaction (Mossop and Segall, 1997). Since then, the reservoir pressure has
been stabilized as a result of increasing water-injection rates, using treated waste water from
local communities. Water injection is necessary for economic production of steam from The



Geysers. However, the water injection has also resulted in an increased level of seismicity,
which has raised concerns regarding the social, environmental, and economic impacts on the
local communities (Majer and Peterson, 2007).

The TOUGH-FLAC simulator is currently used for coupled reservoir-geomechanical analysis
of The Geysers geothermal operation, in particular to study the cause and mechanisms of
seismicity. As part of this study, TOUGH-FLAC was employed for studying reservoir-wide
coupled geomechanical responses and surface deformation, using a generic reservoir-
geomechanical simulation of a NE-SW cross-section (Figure 7 and 8). Details of model setup
and results from this analysis have been presented in several papers (Rutqvist et al., 2006,
Rutgvist and Oldenburg 2008). This includes derivation of appropriate rates of steam
production and water injection derived from field-wide data at The Geysers from 1960
through 2005.

Archival INSAR images were acquired from approximately monthly satellite passes over the
region for a seven-year period, from 1992 to 1999, and the data was analyzed by TRE on the
behalf of LBNL. (After 1999, this particular satellite was out of service.). Figure 9 shows a
vertical displacement profile across The Geysers along A-A in Figure 7a. The results in
Figure 9 indicate a continuous settlement over the seven-year period, with a maximum
settlement of 0.2 m at the center of the field.

Figure 10 presents a comparison of measured and calculated vertical displacements. The
agreement between the measured and calculated surface deformations is surprisingly good
considering the simplified generic TOUGH-FLAC model representation of The Geysers. The
agreement provided a validation of the deformation model, including the choice of elastic
properties, which also was supported by comparison to the previously published leveling and
GPS data. The model was then used to calculate the injection-induced stress changes and their
relative contribution to the cause and mechanisms of induced seismicity (Rutqvist and
Oldenburg, 2008). The results of that analysis indicated that the most important cause for
injection-induced seismicity at The Geysers is cooling and associated thermal-elastic
shrinkage of the rock around the injected fluid, which changes the stress state in such a way
that mechanical failure and seismicity can be induced. Specifically, the cooling shrinkage
results in unloading and associated loss of shear strength in critically shear-stressed fractures,
which are then reactivated (Rutgvist and Oldenburg, 2008).

The TOUGH-FLAC key input parameters in this case are the elastic properties and thermal
expansion coefficient of the reservoir, as well as the multiphase flow properties and
permeability of the reservoir and surrounding formations. The stress field is important for
estimating the potential for induced seismicity, but has no effect on calculated ground-surface
deformation as long as the rock behaves elastically. The equivalent fractured rock
permeability in the reservoir is about 1¢10-14 m2 (10 millidarcies) with about 1% porosity.
The includes a rock-mass bulk modulus of 3 GPa, which approximately corresponds to values
back-calculated by Mossop and Segall (1997), based on strain analyses at The Geysers. The
linear thermal expansion coefficient of the rock was set to 1 x 10 °C™, corresponding to
values determined on core samples of the reservoir rock at high (250°C) temperature (Mossop
and Segall, 1997). Using these properties, it is found that simulation results are close to
observations, in particular regarding evolution of reservoir pressure, temperature, and
subsidence.
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4.3 1960s Matsushiro Earthquake Swarm

In this application example, TOUGH-FLAC was used to model coupled fluid flow and crustal
deformation at the 1960s Matsushiro Earthquake Swarm in Central Japan (Ohtake, 1974,
1976). During the five-year term of the swarm, between 1965 to 1970, approximately 60,000
earthquakes were felt, and ten million tons of CO,-bearing water appeared at the ground
surface, flowing up through newly created surface ruptures (Figure 1l1a). Ground
deformations were observed with a maximum uplift of about 0.7 m, as well as a strike slip
motion along two intersecting faults (Figure 11b). One part of the research project was to use
coupled multiphase flow and geomechanical modeling with TOUGH-FLAC to understand the
role of a deep CO, source on the initiation and propagation of the fault ruptures that resulted
in the Matsushiro Earthquake Swarm (Cappa et al., 2009).

Figure 12 shows the three-dimensional model domain with the two intersecting faults and the
deep source of CO, rich fluid at the bottom of the model. Brine water and CO; is injected at 6
km depth into a point source (1 km?) around the intersection of the two faults. This source
represents the supply of upwelling CO,-rich brine water that may have originated from a
magmatic source deeper than 10 km and migrated along the intersection of the two faults. The
injected water contained 5 g/L of NaCl, and a 5% mass fraction of CO,. The fluid temperature
was 190°C. A source rate of 9,000 L/min was estimated from observed increases in surface
springwater discharges (Cappa et al., 2009).

Figure 13 presents simulation results of the ground-surface uplift and evolution of surface
geochemical changes. The geomechanical analysis explains the cause of the Matsushiro
Earthquake Swarm as overpressure resulting from the upwelling CO,-rich fluid. Earthquake
mechanisms are attributed to shear failure initiated by reduced effective stress on pre-existing
fracture planes within and near the two main faults. The simulated time-dependent evolution
of uplift and [CI-] and [CO,] concentration shown in Figure 13 is consistent with field
observations of spring outflows at Matsushiro (Cappa et al., 2009; Yoshida et al., 2003).
Interestingly, both simulations and field observations show that surface deformation and
increased seismicity were precursors to the CO, surface release, since the mechanical
responses were detected up to a year before any chemical changes were measured at the
ground surface.

The TOUGH-FLAC key input parameters in this case were, again, permeability and elastic
properties, and the initial stress field. These parameters were calibrated and constrained by
various observations and geophysical measurements. The values of Young’s modulus for a
deeper high-velociity zone and a shallower (0 to 1500 m depth) low velocity zone of the host
rock were set to about 7 and 15 GPa, respectively, which were about 60% of the dynamic
properties estimated from sonic velocity profiles. The permeability of the fault zone was set to
1x10™ m? based on estimates from a fault injection experiment conducted at the site in the
1970s (Othtake, 1974). Based on observations at the fault experiment, and based on other
studies of hydromechanical behavior for fractured rocks (Min et al., 2004; Rutqvist and
Stephansson, 2003), the maximum permeability increase upon fault reactivation was set to
about 2 orders of magnitude. The simulation results also indicated that field observations
could not be matched without considering fault permeability changes with reactivation.
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Finally, at the intersection of the two faults, we applied a higher initial permeability (ko =5 x
10" m2), necessary for matching Cl evolution at the ground surface as well as matching the
extent of the uplift bulge centered around the fault intersection.

S DISCUSSION AND CONCLUDING REMARKS

Over the past 8 years, TOUGH-FLAC has been successfully applied to a wide range of
problems related to coupled multiphase fluid flow and geomechanical processes in geological
media. In this paper, three application examples were presented that demonstrate the
applicability of TOUGH-FLAC to very-large-scale problems, including industrial-scale CO,
injection and geothermal energy extraction operations, as well as crustal-scale geological
processes. These application examples were selected because they are recent, related to a
common theme, and demonstrate the practical applicability of the TOUGH-FLAC approach
to field-scale problems. This is important, because the capabilities of a numerical simulator
can usually be best judged by the number and types of applications that have been published
in the open literature.

One of the advantages of TOUGH-FLAC is that both the TOUGH family codes and FLAC®*"
are already established and are continuously developed within their respective fields, and
therefore model developments can be focused on the coupling of the two codes. The simulator
is not a completely closed black-box commercial package, but rather one that provides
considerable flexibility for a wide range of applications. Another great advantage is that using
TOUGH-FLAC promotes multidisciplinary collaboration among hydrologists (who may be
familiar with TOUGH) and geomechanists (who may be familiar with FLAC®®) to solve
complex coupled problems that might be difficult to grasp for one person within one
particular field. One good example is the application of TOUGH-FLAC to analyzing the
geomechanical performance of gas hydrates.

In parallel with the development and application of TOUGH-FLAC, several research groups
have been working with similar or alternative approaches for considering geomechanical
coupling in the TOUGH family codes. This includes, but is likely not limited to, Gosavi and
Swenson (2005), Javeri (2007), Hurwitz et al. (2007) and Taron et al. (2009). Gosavi and
Swenson (2005) linked TOUGH?2 to the finite element code GeoCrack3D for a more tightly
coupled code, and later applied it to geothermal energy applications. Javeri (2007) linked
TOUGH?2 and FLAC® in a similar manner to Rutqvist et al. (2002) and applied it to study
geomechanical effects of gas generation and pressure buildup in a nuclear waste repository.
Hurwitz et al. (2007) linked TOUGH?2 to the coupled hydromechanical finite element code
Biot2 and applied it to study hydrothermal fluid flow and deformation in large calderas,
inspired by earlier TOUGH-FLAC modeling of similar phenomena reported in Todesco et al.
(2004). Finally, Taron et al. (2009) applied coupled TOUGHREACT and FLAC®" using a
stationary CM coupling relationship for rock fractures (Min et al., 2009) to study coupled
THMC phenomena for hot-dry-rock geothermal extraction applications.
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Despite the success in applying TOUGH-FLAC to a wide range of geoscience and
engineering problems, one drawback with the current TOUGH-FLAC simulator is that it runs
exclusively on a Windows platform (because FLAC®® runs on Windows exclusively), which
prevents us from applying the approach on existing Unix clusters for massive parallel
processing. Therefore, other options for capturing geomechanics in the TOUGH family codes,
including using geomechanical research codes with full access to the source code, will be
explored in the near future. This work will also include coupling to TOUGHREACT and may
be conducted within the framework of future TOUGH+ developments. Moreover, future work
will put more emphasis on improving algorithms for direct, pore-volume coupling caused by
poro-elastic and thermal stress under various permeability ranges. However, because FLAC®"
is a commercial code that is continuously improved and maintained for practical applications,
TOUGH-FLAC is likely to remain as a gereral, pragmatic approach with increased number of
users, especially for applications requiring advanced multiphase flow analysis linked with the
geomechanics of complex, highly nonlinear and/or time-dependent constitutive behavior.
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Figure 3. Model geometry for TOUGH-FLAC coupled reservoir-geomechanical analysis of
CO;, injection and ground surface deformations at Krechba with preliminary simulation results
of uplift from 2006. Model is centered on one CO; injection well.
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2008). Only one half of domain was simulated because of center plane of symmetry. Seam
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Figure 9. INSAR evaluated evolution of vertical surface displacement from 1992 to 1999 in
along profile A-A in Figure 7.
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Figure 10. Comparison of calculated and INSAR evaluated vertical displacements from year
32 10 40 (1992 to 1999) since start of steam production at Geysers: (a) transient evolution at
point B in Figure 7, and (b) total subsidence from 1992 to 1999 along profile A-A.
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Figure 11. Observed crustal fluid flow and geomechanical responses during 1960s Matsushiro
earthquake swarm: (a) Tectonic features and time series of epicentral areas, and (b) areas of
maximum uplift, horizontal displacements and water discharge induced in September 1966
(Cappa et al., 2009; Othake, 1976).
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Figure 12. Model geometry including Matsushiro and East Nagano earthquake faults and
orientation of strike-slip stress field (Cappa et al., 2009).
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Figure 13. Calculated uplift and [CI-] and [CO;] concentration at ground surface (at
intersection between Matsushiro and East Nagano faults (Cappa et al., 2009): (a) plane view
of uplift at 1 year, (b) transient geochemical and geomechanical response at ground surface.
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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor The Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or The Regents of
the University of California.

Ernest Orlando Lawrence Berkeley National Laboratory is an equal opportunity
employer.
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