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Abstract

This work applies a three-dimensional (3D) multiscale approach recently developed by Nguyen et al. (Int. J. Greenhouse Gas 
Control, 2016, 46:100-115; Greenhouse Gases: Sci. & Technol., DOI: 10.1002/ghg.1616) to analyze a complex CO2 faulted 
reservoir that includes some key geological features of the San Andreas and nearby faults. The approach couples the STOMP-
CO2-R code for flow and reactive transport modeling to the ABAQUS® finite element package for geomechanical analysis. The 
objective is to examine the coupled hydro-geochemical-mechanical impact on the risk of hydraulic fracture and fault slip in a 
complex and representative CO2 reservoir that contains two nearly parallel faults. STOMP-CO2-R/ABAQUS® coupled analyses 
of this reservoir are performed assuming extensional and compressional stress regimes to predict evolutions of fluid pressure, 
stress and strain distributions as well as potential fault failure and leakage of CO2 along the fault damage zones. The tendency for 
the faults to slip and pressure margin to fracture are examined in terms of stress regime, mineral composition, crack distributions 
in the fault damage zones and geomechanical properties. This model in combination with a detailed description of the faults helps 
assess the coupled hydro-geochemical-mechanical effect.
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1. Introduction

Large-scale sequestration of CO2 in deep underground reservoirs has been considered a viable approach to reduce 
atmospheric emissions of greenhouse gases. However, injecting enormous amounts of CO2 at selected sites poses a 
series of critical issues that needs to be addressed and solved to ensure efficient long-term storage while minimizing 
the risks related to CO2 sequestration. This work applies and expands a three-dimensional (3D) multiscale approach 
recently developed by Nguyen et al. [1-2] to analyze a complex CO2 faulted reservoir that includes some key 
geological features of the San Andreas and nearby faults southwest of the Kimberlina site [3-4]. The approach 
couples the STOMP-CO2-R code for flow and reactive transport modeling to the ABAQUS® finite element package 
for geomechanical analysis. In Nguyen et al. [1-2] the objective was to understand and model the hydro-geochemical 
effect that was coupled with the geomechanical effect, and how the coupled hydro-geochemical-mechanical effect 
affected the geomechanical response of a simple faulted model reservoir through changes in mineralogy.  The 
objective of the present paper is to examine the coupled hydro-geochemical-mechanical impact on the risk of 
hydraulic fracture and fault slip in a complex and representative CO2 reservoir subject to the extensional or 
compressional stress regime. A three-dimensional ABAQUS® finite element model is developed that contains a very 
large number of 3D elements with two nearly parallel faults whose damage zones and cores are discretized using the 
same continuum elements [3-4]. Five zones with different mineral compositions are considered: shale, sandstone, 
fault damaged sandstone, fault damaged shale, and fault core. Rocks’ elastic properties that govern the poroelastic 
behavior of rocks are modeled by an Eshelby-Mori-Tanka approach (EMTA) implemented in ABAQUS® via user 
subroutines [1-4]. EMTA can account for up to 15 mineral phases [3-4]. A STOMP-CO2-R grid that exactly maps 
the ABAQUS® finite element model is built for coupled hydro-geochemical-mechanical analyses. The impact of 
reactive transport of CO2 on the geomechanical properties of rocks in different zones including the fault damage 
zones are studied in terms of mineral composition changes that affect their geomechanical responses and potential 
fault slip under different stress regimes. The homogenized permeability of fault damage zones affected by crack 
density and orientations was captured using an EMTA formulation associated with a crack orientation distribution 
method [3,5]. This paper considers a likely crack orientation pattern studied in [3] for the fault damage zones. 
STOMP-CO2-R/ABAQUS® coupled analyses are performed assuming extensional and compressional stress regimes 
to predict evolutions of fluid pressure, stress and strain distributions as well as potential fault failure and leakage of 
CO2 along the fault damage zones. The effectiveness and robustness of the coupled hydro-geochemical-mechanical 
simulator are demonstrated in this paper through the analysis of a complex and representative model reservoir.

2. Modeling multiphase flow and reactive transport in porous media

Multiphase mass conservation equations are solved using the simulator, Subsurface Transport over Multiple 
Phases (STOMP) [6]. The saturation–capillary pressure relations are described by Brooks and Corey [7]. For the 
aqueous and gas relative permeability functions, the Burdine model is adopted [8]. The flow and reactive transport 
processes are simulated simultaneously at each simulation step, by solving the multiphase flow and reaction 
transport equations [6,9]. The intrinsic permeability varies with the porosity according to the Verma-Pruess model 
[10]:
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where 0k , k, and n are the initial and current intrinsic permeability, porosity and power-law exponent, 
respectively. In this study, n = 2, and the critical porosity c is defined as 80% of the initial porosity 0 .

A description of the chemical reactions used to capture the evolution of mineral composition related to the 
reactive transport of CO2 in reservoirs is given in [4]. The transition state theory is used to model mineral 
precipitation and dissolution [11-12]. The detailed description of the reactive transport model that was applied to the 
mineralogy formulated for the complex representative reservoir studied in this paper can be found in [4].
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Representative mineral composition and the corresponding flow properties for each zone have been selected in [4] 
for the model reservoir and are presented in Table 1. This table gives the initial mineral compositions assumed for 
the five zones defined as: shale, sandstone, fault damaged sandstone, fault damaged shale, and fault core. The 
initial intrinsic permeability values prescribed for the sandstone, shale and fault core based on Refs [3-4] are given 
in Table 2. The permeability ranges for the damaged sandstone and damaged shale zones were determined by 
Nguyen et al. [3] based on given crack volume fractions and orientation distributions. In this paper, a pre-existing 
and realistic crack orientation pattern studied in [3] that contains 15% volume-fraction random and nearly vertical 
cracks for the fault damage zones is considered. The corresponding permeability values predicted for the fault 
damaged sandstone and damaged shale are also gathered in Table 2 [3-4].

Table 1. Initial mineral compositions selected for the five zones [3].

Sandstone

Volume 

Fraction Shale

Volume 

Fraction

Damaged 

Sandstone

Volume 

Fraction

Damaged 

Shale

Volume 

Fraction Fault Core

Volume 

Fraction

Quartz 40% Quartz 35% Quartz 40% Quartz 35% Illite 22%

Microcline 10% Microcline 20% Microcline 8% Microcline 20% Clinochlore 10%

Albite 10% Albite 10% Albite 8% Albite 10% Kaolinite 28%

Anorthite 12% Anorthite 7% Anorthite 11% Anorthite 8% Ca-Montmorillonite 20%

Illite 5% Clinochlore 5% Illite 5% Prehnite 2% Porosity 20%

Muscovite 7% Prehnite 15% Calcite 3% Calcite 6%

Clinochlore 2% Porosity 8% Ca-Smectite 5% Lizardite 3%

Glaucophane 1% Kaolinite 5% Chrysotile 3%

Prehnite 1% Porosity 15% Porosity 13%

Porosity 12%

Table 2. Vertical kv and horizontal kh intrinsic permeability selected for the five zones [3-4].

Zone Permeability kv (m2) Permeability kh (m2)

Sandstone 6.06 x 10-14 3.03 x 10-13

Shale 1.0 x 10-18 2.0 x 10-18

Fault Core 1.0 x 10-18 1.0 x 10-18

Damaged Sandstone 1.21 x 10-11 1.73 x 10-12

Damaged Shale 3.39 x 10-14 4.23 10-15

3. Geomechanical constitutive modeling

3.1. Predictions of rock elastic properties

Nguyen et al. [1-4] have applied an Eshelby [13] -Mori-Tanaka [14] approach (EMTA) to predict rock elastic 
properties based on a rock’s mineral composition and also have implemented this approach in a multiscale model of 
a CO2 reservoir accounting for the reactive transport of CO2 that modified rock mineralogy. The expression of the 
stiffness tensor for an np-aligned-inclusion-phase composite including spherical pores according to the EMTA is
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where iC and 0C are the elastic stiffness tensors of inclusion i and of the matrix material, respectively. if denotes the 

inclusion volume fraction, and iA are the inclusion strain concentration tensor. The expression of iA in terms of the 
phase volume fractions and the Eshelby tensors can be found in [2-3]. If the rock contains cracks as it is the case for 
the fault damage zones, the stiffness tensor ijklC of the actual rock affected by a given distribution of cracks 

according to a given orientation state is obtained by averaging the stiffness of the aligned-crack rock (Eq. (2)) over 
all possible crack orientations using the orientation averaging method [3,5]:
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where coefficients iB (i = 1, 5) are the invariants of the stiffness tensor of the rock containing unidirectional cracks. 
*
ijA and ijklA

~ are the second and fourth-order crack orientation tensor components, respectively.

3.2. Constitutive relations

The poroelastic stress ( ij ) – strain ( kl ) equations in the principal stress axes system are given by

                                                                        PC ijklijklij                                                                            (4)

where P is the fluid pore pressure; the stiffness tensor ijklC is given by Eq. (2) and is replaced by Eq. (3) for the fault 

damage zones that contains a given crack distribution. ij is the Biot’s tensor whose components are computed in 

terms of ijklC and the bulk modulus sK of the associated solid grain material (without pores and cracks) according to

[15, 3-4]:

s3K

Cijkk
ijij (5)

The geomechanical effect on the porosity is expressed as a function of the volumetric strain, 332211v

according to

                                                                                 v
0 )1(1 e                                                                        (6)

From Eq. (4), the effective principal stresses are defined as

                                                                         klijklijijij CP'                                                                     (7)

The Mohr-Coulomb fracture criterion [16] is used with the constitutive model to predict hydraulic fracture. 
Assuming zero-tensile strength, hydraulic fracture could develop as soon as the fluid pressure exceeds the least
compressive principal stress that defines the pressure margin to fracture (PMF):

                      )',','( 332211MaxPMF                                                                 (8)

The tendency to slip is also predicted using the Mohr-Coulomb criterion

                                                                   ns0 'c                                                                                      (9)
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with and n' being the resolved shear stress and the effective normal stress on the fault plane, respectively. 0c and 

s are the cohesion and static friction coefficients. For a well-established and cohesionless fault, 00c [17] slip 

occurs if the slip tendency factor fS on the fault plan is equal to or exceeds s :

                                                                        s

n

f '
S                                                                                   (10)

s is defined in terms of the friction angle as )tan(s .

4. A representative CO2 reservoir model

4.1. 3D finite element model

This paper uses the same 3D ABAQUS® finite element (FE) model developed by Nguyen et al. [3-4] and shown 
in Fig. 1. The 3D FE mesh covers a (10,000 m x 10,000 m x 2,000 m) domain and contains 219,040 solid 8-node 
linear brick finite elements. The boundary conditions are the following. The atmospheric pressure is applied on the 
top surface while the lateral compressions on the South and East surfaces are subject to pressure loadings equal to 
0.7 or 1.5 times the overburden due to gravity in the z-direction to produce the extensional or compressional stress 
regime, respectively. Zero-normal displacements are applied on other boundary surfaces. In addition, gravity 
loading in the z-direction is applied inside the formation, and the fluid pressure computed by STOMP-CO2-R are 
prescribed at the selected times during the STOMP-CO2-R/ABAQUS® analysis. 

The FE modeling domain contains alternating shale and sandstone layers including a sandstone reservoir and two 
internal inclined faults shown in Fig. 1a. The faults inclined at 85o and 75o with respect to the x-direction are parallel 
to the y-direction extend from the top of the basement to the bottom of the upper layer, and expand along the y-
direction from y=1,082 m to y=8,918 m.  The fault segments whose geomechanical and flow properties vary with 
their locations inside the formation involve 3 zones: a 40-m wide fault core comprised between two 80-m wide 
damage zones (Fig. 1b). Thus, the fault segments adjacent to the shale layers possess the damaged shale and fault 
core zones while those adjacent to the sandstone layers comprise the damaged sandstone and fault core zones. The 
fault segments were modeled using the same solid 3D finite elements as for the other formation layers. The friction 
angle considered for all the fault segments is 30o leading to a static friction coefficient of 0.58.

4.2. STOMP-CO2-R model

A STOMP-CO2 model containing 75 × 75 × 40 grid cells was developed that exactly maps the ABAQUS® model 
(Fig. 1). The domain is assumed to be initially fully saturated with brine [3-4]. The formation domain depicted in the 
STOMP-CO2-R model consists of alternating shale and sandstone layers consistent with the ABAQUS model layers 
shown in Fig. 1b. The second layer from the bottom constitutes the sandstone reservoir where CO2 is injected. The 
bottom of the domain is 2,000-m deep below the ground surface. Along the West-East direction, the faults are 
located about 3,600 m and 1,300 m respectively away from the injection point located in the lower reservoir layer. 
The lower reservoir unit is located between depths 1,150 m and 1,550 m. Initial conditions for flow are set to be 
hydrostatic. The ground surface temperature is prescribed to be 15°C, and the geothermal gradient is assumed to be 
0.01225 °C/m.  The water is assumed to be fresh at the surface and the mass fraction of salt increases with depth 
using a gradient of 3x10-6 m-1.  The bottom pressure is set to be 19.7 MPa and decreases with elevation assuming
hydrostatic conditions, where the density of water varies with depth according to increasing temperature and 
salinity. 

Aqueous boundary conditions are prescribed to be hydrostatic at the horizontal boundaries with a bottom aqueous 
pressure of 19.7 MPa, and zero flux boundary condition for the gaseous phase is adopted at these boundaries 
assuming negligible flux of gases during the simulation period of 18 years after CO2 injection starts. The top and 
bottom boundary conditions are assumed to be zero flux. An injection rate was set at 2.0 mmt/yr (metric million tons 
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per year) in the injection zone along the injection borehole for an injection period of 18 years. The injection is 
applied at x = 6,400 m, y = 5,000 m, and ranging vertically from depths 1,450 m to 1,500 m. The initial stress free 
formation permeability and porosity adopted in this study are provided in Table 2 for different zones.

Fig.1 (a) The 3D FE mesh for a representative complex CO2 reservoir, (b) a zoom-in view of the region containing the 75o fault shows the 

detailed mesh in each fault zone [3-4].

5. Reservoir analysis results and discussion

Referring to the formation coordinate system, xyz (Fig. 1) in which the z-direction denotes the vertical (depth) 
direction, the fault damaged sandstone and damaged shale contain random cracks nearly parallel to the vertical 
direction. Figures 2(a-d) show the contours of CO2 plume (gas saturation) in the vertical section at y=0 and in an 
inclined section parallel to the 75o fault and passing through the fault damage zones in contact with the CO2 plume 
at 18 years [3-4]. Figs 2a and 2b report the results for the extensional stress regime without and with consideration 
of geochemical reactions. The results for the compressional stress regime without and with consideration of 
geochemical reactions are shown in Figs 2c and 2d, respectively. All the results show that CO2 leakage has 
significantly progressed toward the upper layers at 18 years. The predicted plumes have already reached the upper 
sandstone layer. Without (Fig. 2a and Fig. 2c) or with (Fig. 2b and Fig. 2d) consideration of geochemistry, the 
expansions of the CO2 plume under the extensional and compressional regimes are quite similar, respectively. On 
the other hand, the geochemical reactions have reduced the expansion of the plume in the fault damage zones toward 
the upper layers. This reduction is resulted from a reduction of the intrinsic permeability in the fault damage zones 
due to the geochemical reactions. Therefore, for the studied mineralogy with the associated reaction network [3-4], 
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the reactive transport of CO2 is beneficial in terms of reducing CO2 leakage through the fault damage zones,
although such a geochemical effect is rather small.

Fig. 2 Contours of CO2 plume (gas saturation) in the vertical section at y=0 and in an inclined section parallel to the 75o fault and passing through 
the fault damage zones in contact with the CO2 plume at 18 years: (a) hydro-geomechanical analysis (extensional stress regime), (b) hydro-

geochemical-mechanical analysis (extensional stress regime), (c) hydro-geomechanical analysis (compressional stress regime), and (d) hydro-
geochemical-mechanical analysis (extensional stress regime).

Figure 3 reports the predicted evolutions of fluid pressure at the injection location from all the analyses. At the 
injection location (having the sandstone mineralogy given in Table 1), the geochemical reactions have caused 
negligible change in intrinsic permeability, and as a result, negligible differences are observed in the evolutions of 
the fluid pressure at this location. Right after the start of the CO2 injection, all the analyses predicted nearly the 
same level of fluid pressure attained. Figure 3 shows that after the initiation period, the predicted fluid pressures 
dropped very slightly, and their evolutions stabilized as time went on. The pressure drop was mainly caused by the 
increasing gas volumetric content as pointed out in [1].
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Fig.3 Fluid pressure evolutions at the injection location predicted for all the studied case.

In order to assess the geochemical effect on the geomechanical response, we examine the distributions of mineral 
volume fractions and the resulting elastic moduli at 18 years in the regions attained by the CO2 plume [4]. Similar 
distributions of volume fractions as functions of time were found under the stress regimes considered. The changes 
in volume fractions involved the dissolution of anorthite leading to the precipitations of calcite and of kaolinite. 
They were the most important in the sandstone reservoir and comprise a region corresponding to the size of the CO2

plume (Figs 2b and 2d). About 10% reduction of glaucophane was also observed at 18 years at the injection 
location. Figure 4 shows the elastic modulus evolutions at the injection location and at a location in the fault 
damaged sandstone close to the sandstone reservoir. At the injection location, after a very small increase at the start 
of the injection, the elastic modulus then continuously decreased due to geochemical reactions involving the 
dissolution of anorthite accompanied by the precipitation of kaolinite (the least stiff mineral). The dissolution of 
glaucophane (the stiffest mineral) also contributed to the reduction of the elastic modulus in the sandstone reservoir, 
but its effect was small because the initial glaucophane volume fraction was very small (1%). At the selected 
location of the damaged sandstone, the elastic moduli Exx=Eyy and Ezz have also decreased as a function of time after 
the CO2 plume reached the fault at about 7 years. Modulus reductions about 3.4% and 1.7% have been found for the 
injection location and the selected damaged sandstone location at 18 years, respectively.

Fig. 4 Evolution of elastic moduli.
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To determine the impact of geochemical reactions on the PMF (Eq. 8) in the most critical region near the 75o

inclined fault whose damage zones were attained by the CO2 plume (Fig. 2), we examine the PMF along a path 
crossing through these damages zones in the xz –plane at y =0 (Fig. 5a). Figure 5b presents the PMF at 18 years as a 
function of depth along this path according to different analyses performed in this study. All the predicted PMF are 
below the margin at hydraulic fracture, but the PMFs predicted by the hydro-geomechanical-chemical analyses are 
less compressive and somewhat closer to the margin at fracture. 

Fig. 5 (a) A path selected, (b) PMFs as a functions of depth along this path.

The slip tendency factor (STF) contours predicted for all the studied cases are presented in Figs 6(a-d) that show 
the views in the same vertical cross-section (at y = 0 and parallel to the xz-plane) at 18 years. Figures 6a and 6b 
show the STF contours for the extensional stress regime cases without and with consideration of geochemical 
reactions. The results for the compressional stress regime cases without and with inclusion of geochemistry are 
given in Figures 6c and 6d, respectively. For a given stress regime, we observe globally similar STF contours, and 
higher STF values have been found in the damage zones of the 75o inclined fault. Under the extensional stress 
regime, the STF has attained the highest values at the deepest location of the fault damaged sandstone attained by 
the CO2 plume. These values vary from 0.45 to 0.5 with the highest value attained according the hydro-
geochemical-mechanical analysis. Under the compressional stress regime, the STF has attained higher values in the 
upper segments of the 75o inclined fault’s damage zones adjacent to the fault core. These values range from 0.25 to 
0.3 with the highest value attained according the hydro-geochemical-mechanical analysis. Accounting for 
geochemical reactions only has a o that 
produces a friction coefficient of 0.58, all the maximum STFs from all the solutions are below the limit for shear 
failure.

6. Conclusions

A 3D multiscale analysis is performed in this paper accounting for the reactive transport of CO2 for a complex 
CO2 faulted reservoir that includes some key geological features of the San Andreas and nearby faults southwest of 
the Kimberlina site. The representative model reservoir was analyzed by the STOMP-CO2-R/ABAQUS® simulator 
according to two stress regimes cases without and with consideration of geochemical reactions. The impact of 3D 
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reactive transport of CO2 and brine on geomechanical and hydraulic properties of rocks in the formation including 
the fault damage zones is investigated through comparative hydro-geomechanical and hydro-geochemical-
mechanical analyses of the studied cases. For the reaction network considered, we have found that long-term 
injection of CO2 up to 18 years only induced very small reductions in elastic moduli for the regions attained by the 
CO2 plume including the fault damage zones, thus the geochemical effect on the fault STF and PMF are rather small 
although the hydro-geochemical-mechanical analyses revealed a slight increase in slip tendency factor and a 
reduction of PMF (i.e., PMF being closer to zero-stress). On the other hand, the small reduction of permeability as a 
result of geochemical reactions slightly limits the reservoir injectivity but has a beneficial effect in reducing the fault 
leakage in the vertical direction.

Fig. 6 Contours of slip tendency factor at 18 years in a vertical section at y=0 and parallel to the xz-plane: (a) Hydro-geomechanical (extensional 
stress regime), (b) Hydro-geochemical-mechanical (extensional stress regime), (c) Hydro-geomechanical (compressional stress regime), and (d) 

Hydro-geochemical-mechanical (compressional stress regime).
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