The Pennsylvania State University
College of Earth and Mineral Sciences
John and Willie Leone Family Department of Energy and Mineral
Engineering

THE ROLE OF MINERAL TRANSFORMATION DUE TO
CO2 SEQUESTRATION ON THE SHEAR BEHAVIOR OF
RESERVOIR ROCK

A Thesis in
Energy and Mineral Engineering
by
Farnood Sobhbidari

© 2016 Farnood Sobhbidari

Submitted in Partial Fulfillment
of the Requirements
for the Degree of
Master of Science

December 2016

The thesis of Farnood Sobhbidari was reviewed and approved* by the following:

Derek Elsworth
Professor of Energy and Mineral Engineering
Thesis Adviser

Sanjay Srinivasan
Professor of Petroleum and Natural Gas Engineering and Interim Associate Department Head for
Graduate Education

Shimin Liu
Assistant Professor of Energy and Mineral Engineering

*Signatures are on file in the Graduate School

ii

ABSTRACT
The sequestration of CO2 in subsurface formations is one feasible solution to mitigate the effects
of climate change. The long-term effects of CO2-water-rock interactions are one of the important related
issues in CO2 sequestration since it may have an effect of fault reactivation. Reactivation may, in turn,
result in the leakage of CO2 into overlaying geological formations that contain groundwater aquifers or in
triggering earthquakes in regions that had not previously experienced earthquakes. This work numerically
simulates direct shear tests of reservoir rock analogs in various stages of alteration from permeation by
CO2 over geologic timescales. Reservoir rock characteristics were assigned based on the Crystal Geyser
site in Utah. Two different compositional end-members of the rock are used, related to unaltered and
fully-altered materials. Frictional behavior of these end-member digital rocks is explored through granular
mechanics modeling using the distinct element method (DEM). A linear contact model was applied to
model the contact forces. A parametric study was conducted on the effect of confining stress and friction
coefficient of walls on the model on the resulting predictions of friction coefficient. Confining stress was
changed over the range of 10 to 50 MPa. The friction coefficient of the walls was also changed over the
range of 0.2 to 0.8. There is direct effect of different friction coefficient of walls on the peak friction
coefficient reservoir rock, but there is no clear effect of different friction coefficient of walls on the stable
friction coefficient. The simulations on end-member behaviors demonstrated that there is no significant
effect of CO2 sequestration-related mineral transformations on the shear behavior of reservoir rock for the
particular mineral transformations noted here. Also, apparent is an inverse correlation between the normal
stress and friction coefficient.
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1 Introduction
The anthropogenic emission of carbon dioxide (CO2) has a significant impact on global climate.
There are different techniques to reduce the impacts of anthropogenic carbon dioxide emissions on the
global climate, and Carbon Dioxide Capture and Storage (CCS) is one of the promising approaches.
Injection and storage are technically viable in particular geological formations. The main such category of
sequestration reservoirs is deep sedimentary formations, such as depleted oil and gas reservoirs, deep
saline aquifers, or unmineable coal seams (Anderson and Newell 2004, (IPCC) 2005, Gibbins and
Chalmers 2008, Haszeldine 2009). A suitable geological formation for a CO2 reservoir must have
adequate capacity and injectivity, and must be surrounded by impermeable layers, or at least adequately
delay the movement of the CO2 to the surface (Rutqvist 2012).
To become a satisfactory part of the solution to human impact on climate change, the probable
threats associated with CCS must be meticulously assessed and shown to be small. There are some basic
concerns related to Geological Storage of CO2 including, “Will the Caprock be fractured, consequently
will CO2 leakfromitsreservoirlocation?”and“WhatarethepossiblethreatsrelatedtoCO 2 sequestration
in the subsurface – Will it cause ground water contamination? Could it originate earthquakes?”
(Samuelson and Spiers 2012). The injection of supercritical CO2 to CCS is one of the critical parameters
for injection-induced fault reactivation or other kinds of reactivation of fractures and the potential for
seismicity. Therefore, injection-triggered fault reactivation and possible seismicity, is a crucial item from
the standpoint of safety, reservoir security, and public acceptance (Rutqvist 2012).
When CO2 is sequestered in heterogeneous reservoirs it dissolves into formation brine causing a
weak carbonic acid which swiftly dissociates into bicarbonate ions (Eke, Naylor et al. 2011). The
resulting minerals from the interaction of these aqueous species and minerals in the reservoir can change
the rock properties. The resulting minerals may have low frictional strength such as talc, smectite, and
other low-friction clays. As a result, frictional sliding might occur, and consequently induced seismic
events might occur as a result of the reduction in strength of these aggregates. Triggered seismic events
possibly facilitate CO2 leakage through otherwise sealed caprock and to upper formations so that
buoyancy-driven, upward migration of the injected CO2 is enabled (Rutqvist 2012).
We investigate the shear behavior of different mineral aggregates with different friction
coefficients by performing numerical experiments with the Particle Flow Code (PFC3D). We calibrate the
mechanical properties to simulate the shear behavior accurately. We examine the shear strength of
reservoir rocks at two different times - these are both before CO2 injection and after a long period of CO2
sequestration. The data for the mineral composition of the reservoir rock is related to the Crystal Geyser
site in Utah where CO2 is leaked naturally, and consequently, it has altered a range of lithologies. As a
consequence, CO2 leakage paves the way to examine the effect on strength through comparison of the
1

shear behavior of CO2-altered rock against an unaltered rock. Since we consider naturally altered rock and
natural time scales, it is more illustrative of the final products of CO2-related alteration in CO2
sequestration sites than samples reacted over short laboratory time intervals.
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2 Literature Review
CO2 sequestration in deep geologic formations is one of the most promising methods of reducing
anthropogenic CO2 emission. Deep geologic formations that sequester CO2 are depleted hydrocarbon
reservoirs, unminable coal seams, and deep briny aquifers (Benson and Cole 2008, Bickle 2009).

Figure 2-1 Geomechanical processes and critical technical points accompanied by GCS in deep
sedimentary formations (Rutqvist 2012)
If CCS projects are to become a part of the solution to human impact on climate change, the
probable threats accompanied by CCS must be meticulously assessed and shown to be small. The
possibility of CO2 sequestration-related seismicity is highly significant over both short- and long-time
scales (Samuelson and Spiers 2012). Figure (2-1) illustrates key geomechanical issues that are related to
CO2 sequestration in deep saline aquifers.

2.1 Weakening mechanisms of faults
Three Major mechanisms play a major role in the weakening process of faults and enhance creep
deformation.
1) The effect of pore fluid overpressure is the first mechanism that has an effect on weakening
mechanism of faults (Rice 1992, Chester, Evans et al. 1993). Also implicated is episodic
increases of fluid pressure in the San Andreas fault core (Holdsworth, van Diggelen et al.
2011). On the other hand, they also demonstrated that this mechanism cannot explain only the
weakness of San Andreas fault and its observed creep rate (Richard, Gratier et al. 2014).
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2) Frictional sliding in the presence of weak minerals such as talc, smectite, and other lowfriction clays, distributed along a connected sliding surface network is a second form of
weakening. This may occur for a comparably small amount of weak minerals (10-20%) that
may considerably lower the frictional strength (Marone, Collettini et al. 2009).
3) A third weakening mechanism that could provide significant aseismic deformation is pressure
solution creep (Schleicher, Warr et al. 2009, Gratier, Richard et al. 2011, Holdsworth, van
Diggelen et al. 2011). This weakening mechanism is a stress-driven fluid-assisted mass
transfer procedure (Gratier, Dysthe et al. 2013). As a result of local variations in the chemical
potential that is related to local stress heterogeneities, soluble minerals such as quartz or
feldspar are dissolved, transported in a fluid phase that is trapped under stress. These soluble
minerals may be precipitated when reaching connected pores (Weyl 1959, Paterson 1973).
This process results in a higher concentration of insoluble minerals like phyllosilicates and
oxides in the dissolution zones. This chemical separation results the development of a
foliation perpendicular to the direction of the maximum normal stress. Therefore, it
demonstrates a ductile deformation of the rock by spaced or slaty cleavage (Wood 1974,
Hobbs, Means et al. 1976) or by superplastic deformation (Ashby and Verrall 1973) with
pressure solution diffusion-provided grain sliding (Gratier, Richard et al. 2011).
The possibility of triggered seismic events at short time scales are likely induced by increased
pore pressures. On a small scale, water and CO2 injections have the same effects on seismicity (Verdon,
Kendall et al. 2010). Broadly, the rates and maximum magnitudes of triggered seismic events, at which
injection-induced seismicity has been monitored, increase with rising reservoir pressures, total fluid
volumes, and injection/extraction rates (Nicol, Carne et al. 2011). Notwithstanding, some low-magnitude
seismic events are expected to occur at many sites. There are only some specific sites which are
vulnerable to sensible seismic events. Also, this issue is related to local structural geology, stress
conditions, rock mass characteristics (e.g., the rock mass is soft and ductile or hard and brittle, or
fractured), and injection parameters (Rutqvist 2012).

4

Figure 2-2 Pore pressure increase resulting from CO2 can trigger fault zone failure or reduction of fault
zone friction coefficient due to CO2-water-rock interaction can induce fault zone failure (Samuelson and
Spiers 2012)
As it is mentioned above, injection-precipitated earthquakes owing to the release of stored energy
are induced by the rise in fluid pressure as a result of the injection. This phenomenon is not only related to
tectonically active areas but could also eventuate within the tectonically inactive areas, such as in the
Midwestern United States (Zoback 2010). CO2 injection results in pore pressure elevation, in turn, the
effective stress on pre-existing faults is decreased. Threfore, it reduces the shear strength of existing fault
or creates a new fault. (Figure 2-2). Also, Shear failure is the major process in the fracture mechanism for
all sedimentary basins, also induce the evolution of all form of geological faults (Jaeger and Cook 1976).
The effective stress law defines this set of behavior,

(1)

where is the shear strength of the fault,
the fault, and

is the coefficient of friction for the fault,

is normal stress on

is the pore fluid pressure experienced by the fault (Hubbert and Rubey 1959).

The maximum amount of sustainable CO2 injection pressure is investigated using coupled fluid
flow and geomechanical fault slip (fault reactivation) model. Two numerical modeling procedures are
applied in this work to analyze fault-slip behavior, one utilizing continuum stress-strain analysis and the
other utilizing discrete fault analysis. The results of these two procedures are compared to the result of a
more regular analytical fault-slip analysis. The comparison shows that the most simplified approach
results in overestimation or underestimation of the maximum sustainable injection pressure since this
method cannot resolve important geometrical factors which are associated with the injection-triggered
5

spatial evolution of fluid pressure and stress. Authors demonstrated that a fully coupled numerical
analysis can simulate the spatial change of in situ stresses and fluid pressure more precisely (Rutqvist,
Birkholzer et al. 2007).
Three modeling approaches are investigated to analyze fluid flow and stress coupling in faultinstability. Fault hydromechanical models were examined to analyze fault shear behavior implementing
various mechanical modeling procedures.

These mechanical modeling procedures consist of slip

interface and finite-thickness elements with isotropic or anisotropic elastoplastic constitutive models. This
simulation demonstrated that a finite-thickness element and isotropic plasticity are appropriately least
complex approaches to simulate fault hydromechanical behavior. The simpler approach coupled with a
strain-permeability model to investigate fault-instability. The authors utilize this method to determine the
likelihood of fault reactivation and to quantify the related amount of CO2 leakage from the reservoir.
Their simulations show that shear-enhanced permeability triggered in the intersection of fault and CO2
reservoir, and this shear slip plays a significant role in triggering fault instability and CO2 leakage
through the caprock (Cappa and Rutqvist 2011).
A coupled numerical simulator, in which hydromechanical modeling with the multiphase flow
and seismological variables for evaluating the size of the earthquake, is used for investigating the
possibility of triggered earthquakes as a result of CCS operations. Transient fluid flow and stress
coupling, and the evolution of fault properties are encompassed. A subvertical normal fault confines a
reservoir-caprock system. Their simulation considers different extensional stress regimes and a range of
initial fault permeability. The simulation results demonstrate that a sudden stress drop and fault slip
triggered along the portion of the fault, and storage reservoir is bisected to two different parts after a few
months of injection when a high reservoir pressure results in a shear stress greater than the shear strength
of reservoir rock. This simulation shows that the largeness of the rupture area, and accordingly, the
earthquake size and energy are a function of stress regime condition and corresponding initial horizontalto-vertical stress ratio and fault permeability (Cappa and Rutqvist 2011).
The highest magnitude of induced seismic event that could be triggered by a limited fault is
estimated by using geological observations and seismological theories. Also, they compare their
estimation with results of numerical simulations. Faults were modeled by using different hydromechanics
and geomechanical characteristics. The coupled simulations assess the assumption that the tendency of
faults to be reactivated by increasing pore pressure is not the only important parameter, and it is
connected to the in situ stress condition and its orientation about the fault. The results show that small
critically stressed faults have the ability to induce sufficiently large events even though they may not be
the origin of the major seismic events. If the fault is active and significantly permeable it may have a
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destructive role in the effectiveness of a storage project; in fact, this kind of faults could be favorable
leakage pathway for CO2 (Mazzoldi, Rinaldi et al. 2012).
The previous model of Cappa and Rutqvist, which is explained in an earlier paragraph, are
extended. Seismic wave propagation resulting from the rupture is included in this paper. Their simulation
demonstrated that after a few days of injection, a fault ruptured dynamically with the magnitude of few
centimeters at the base of the CO2 reservoir and spread bilaterally. The rupture is asymmetric, and the
affected area under the reservoir is larger where the rupture is self-propagating resulting from faultstrength weakening (Cappa and Rutqvist 2012).
The velocity stepping direct shear tests are conducted on five distinct simulated fault gouges. The
goal of this research is to comprehend the frictional strength and velocity dependent slip behavior of
faults especially the short-term influence of CO2 injection on reservoir. They concluded that mineralogy
plays a vital role in the behavior of coefficient of friction (µ) for the Caprock; in fact, µ is increased due
to increasing quartz content and associated decrease in clay content. They demonstrated that saturation of
gouges, which clay content is high, with a brine solution results weakening compared to dry gouges.
However, gouges, which quartz content is high, showed no clear weakening behavior as a result of brine
saturation. Authors also concluded that frictional strength of dry and brine saturated gouges are not
affected by supercritical CO2 addition. The friction rate parameter (a-b) in the way that prescribed by the
rate- and state- dependent friction laws was measured for all gouge materials and pore fluid cases. The
result of friction rate parameter analysis indicates that all tested materials express mainly velocity
strengthening behavior; therefore, neither addition of brine nor supercritical CO2 has any clear, strong
influence on rate and state dependent frictional behavior (Samuelson and Spiers 2012).
The Passive Injection strategy is demonstrated. A reservoir pressurization, induced seismicity,
and brine migration are also mitigated. Brine production plays a vital role during this procedure. It leads
to negative pressure gradients that eventuate CO2 entering the reservoir without overpressurization. The
authors provide a numerical simulation of passive injection using a coupled thermo-hydro-mechanical
(THM), multi-fluid, multi-phase numerical simulator FEHM. This simulation includes CO2 injection into
a closed reservoir with 3 km depth and a period of 50 years. They consider up to four cycles of injection
and production which depends on well spacing and production pressures. They quantified the risk of
induced seismicity by Coulomb Failure Stress (CFS) for an appropriate orientation of fault in an
extensional tectonic regime. Based on CFS model they demonstrated that reservoir pressure is lower than
or equivalent to initial value, and the probability of triggering seismic events is reduced or unchanged
(Dempsey, Kelkar et al. 2014).
A geomechanical behavior of the formation at the In Salah CO2 storage site is investigated. The
authors mention that processing the real observational field data indirectly recommend that pressure, and
7

probably CO2, have migrated upward into the caprock. They evaluate possible related hypotheses using
available field data of In Salah CO2 storage site. Based on their observation, there are four possible
related scenarios to the geomechanical behavior of reservoir and caprock including fault leakage, flow
through preexisting fractures and the possibility that injection pressures are the reason for hydraulic
fracturing and seismicity. The simplest and plausible description of the recorded real field observations is
that a fraction of the lower caprock was hydraulically fractured. Authors propose that there is no evidence
that the overall storage of the reservoir has been compromised; also, several independent data sets
establish that CO2 does not leak through caprock (White, Chiaramonte et al. 2014).
The caprock integrity and induced seismicity as a result of CO2 geosequestration using
uncertainty analyses are inspected. The authors use a novel response surface methodology and a two-step
statistical experimental design; they also evaluate the statistical significance of operator choices and
related underground uncertainties to caprock integrity and measured the possible moment magnitude of
the induced seismicity. Moreover, the worst-case scenario regarding caprock integrity and induced
seismicity regarding the desired properties is predicted. Analysis of variance for the response surface
quadratic model results in the impact indicators were demonstrated in histograms under the Coulomb
failure criteria and a moment magnitude of the triggered seismic activity. They found highly significant
parameters to the level of Coulomb failure stress and magnitude level of the induced seismicity, and the
most sensitive indicators of the Coulomb failure stress and a moment magnitude of the induced seismicity
were determined (Wei, Li et al. 2015).

2.2 Numerical Modeling of Shear Behavior of Fault Gouge
While no model is suited to simulate all the behavior of a natural phenomenon, the distinct
element method (DEM) is a widely accepted method of inspecting mechanical behavior of granular
material (Pöschel, Schwager et al. 2005, Radjaï and Dubois 2011). DEM has been employed to perform
numerous geologic and geophysical studies (Morgan and Boettcher 1999, Morgan and McGovern 2005,
Morgan and McGovern 2005, Abe and Mair 2009, Rathbun, Renard et al. 2013). Different investigations
have shown that DEM simulation results agree with laboratory experiments of sand piles (e.g., (Morgan
and McGovern 2005)) granular experiments in two dimensions (e.g., (Kruyt 2003, Knuth and Marone
2007)) and three dimensions (e.g., (Silbert, Grest et al. 2002, Abe and Mair 2009)).
Shear zone kinematics and the micromechanics of shear localization using two-dimensional
numerical simulations are inspected. The influence of Particle size distribution (PSD) and interparticle
friction

on the nature of deformation in granular fault gouge is investigated using DEM. PSD was

modeled by fabricating collections of particles with self-similar size distributions characterized by the
two-dimensional power law exponent D. The range of D value is from 0.81 to 2.60. They concluded that
8

D = 1.60 portrays the two-dimensional equivalent of characteristic PSD. Also, it represents that
cataclastically deforming gouge is thought to evolve. Interparticle friction coefficient values were 0.10
and 0.50 and applied normal stress on shear zone walls was 70 MPa in these numerical experiments. PSD
is the governing parameter of the character of deformation in the fault gouge, since the modifications in
the relative importance of interparticle slip and rolling as deformation mechanisms. Slip zones are wide
and deformation zones are broadly distributed as a high degree of frictional coupling between large
rolling particles when D value is low (coarse grained). Small rolling particles self-arranged into columns
separating large rolling particles leads to frictional resistance reduction within the deformation zone when
D value is higher (D ≥ 1.60). Numerical experiments show that this abnormal particle arrangement
depends on a critical abundance of small particles as a threshold at D = 1.60. It also may facilitate strain
localization in both simulated and real granular accumulations (Morgan and Boettcher 1999).
The shearing behavior of gravity-free layer of circular grains is simulated. The authors inspected
the necessary conditions to develop stick-slip behavior. They also investigated the behavior of granular
material before and during slip events in detail. They compared numerical results with a simple spring
block model, and they found that there exist bulk static and dynamic coefficients of friction for a system
of grains, and the difference between them are approximately 0.1. Their results showed that the
micromechanics of contact forces are the governing parameter for stick-slip behavior. Before starting the
slip, as the number of grain contacts which carry low forces and slide increases, the internal stress release
accelerates. When an adequate number of the low-force contacts frictionally slide, the granular media
weakens, resulting in movement of contacts with a higher magnitude of contact force and large-scale slip
(Aharonov and Sparks 2004).
The effect of grain comminution on the frictional and micromechanical behavior of fault gouge is
investigated. Authors simulated a quartz gouge utilizing the distinct element method (DEM) to inspect the
comminution process and related dynamic alterations in grain characteristics, and resulting frictional and
micromechanical behavior of granular fault gouge. To model grain fracture and comminution, irregular
grain shapes such as rounded and triangular shapes are modeled using clusters of circular particles. Their
results show that direction and degree of change in grain shape are the governing parameters in
determining whether or not grain comminution decreases gouge strength. When grain angularity
increases, the frictional strength of fault gouges notably increases; however, enlargement of grain
elongation likely leads to reduced frictional strength (Guo and Morgan 2006).
The influence of normal stress and rock strength on fault gouge evolution is investigated based on
DEM simulation of granular shear zones where the breakdown of fault and development of shear zone are
simulated. In these numerical experiments, the breakdown of faults is simulated, using the addition of
breakable elastic bonds between neighboring, closely packed particles. Results show that there are two
9

main and distinct stages of fault evolution, i.e., fast growth and slow growth. The process of gouge zone
thickening became exponentially slower during the fast growth stage, but then the rate of this process
reaches a relatively constant value, which identifies the beginning of the slow growth stage. The
thickening rate has a positive correlation with normal stress and negative correlation with uniaxial
compressive strength during the fast growth stage, but these correlations reverse during the slow growth
stage. The average grain size of the shear zone has a first order correlation with shear displacement, but it
depends less significantly on normal stress and uniaxial compressive strength (Guo and Morgan 2007).
Three-dimensional DEMs are utilized to inspect the effect of wall roughness and friction in
granular fault gouge. Walls are modeled as rough walls with large grooves, or smooth walls consisting of
spherical particles that can be modified to make a desirable roughness. The friction coefficient of walls is
changed from lower than the friction coefficient of the gouge to higher than it. Results show that the
particle-particle friction and the mechanical interaction between fault zone wall and gouge have the firstorder of influence on gouge strength. As walls with higher roughness induces more shear inside the shear
zone, and gouge layers have a higher magnitude of dilation, and the number of sliding grains is increased,
the magnitude of necessary shear force to shear the gouge zone is increased. When walls have a lower
amplitude of roughness, mechanical interaction between fault zone wall and gouge, and hence the
strength depends on wall and particle friction and fine-scale boundary roughness (Rathbun, Renard et al.
2013).
The related-change of pore pressure and its effect on effective stress are not the only significant
factors in the reactivation of fault zones or originating the new ones. Another crucial factor is the probable
impact of CO2 on the strength and stability of those faults. The reason for this behavior is, surprisingly at
constant pore pressure, sliding on fault zones can fundamentally be triggered by a reduction in µ
(Samuelson and Spiers 2012). Remarkably some evidence in which CO2 degassing along natural fault
systems in the Italian Apennines can generate induced seismicity, are exist. Not only elevated pore
pressure has a remarkable role in this phenomenon but also a frictional weakening of the fault zone is
another reason (Collettini, Cardellini et al. 2008). In recent years, some experimental studies which are
related to the effect of CO2 on shear behavior of the host rock exist in the literature. The systematic
association between frictional strength and friction rate was explained. In this study, the friction rate is
one of the main controlling parameters (Ikari, Marone et al. 2011).
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3 Numerical Simulation of Shear Test
To scrutinize the effect of mineral transformation on the frictional behavior and resulting slip of
reservoir rock, the numerical model has been developed utilizing the Particle Flow Code (PFC) software
package (Cundall and Strack 1980, Itasca 2008). PFC3D is categorized as a Discrete Element Code (DEM)
(Cundall and Hart 1992), because confined displacements and rotations of discrete bodies (including
complete detachment) are allowable in PFC3D, and it diagnoses new contacts automatically during the
calculation process. In the DEM, the interplay between particles is simulated as a dynamic process in
which mode of equilibrium develops whenever the internal forces balance. The contact forces and
displacements of the assembly of particles under specified stress are determined by tracing the
movements of the individual particles. Movements are the result of the propagation through the particle
system of disturbances induced by specified wall and particle motion and/or body forces. It is a dynamic
process, and physical properties of the discrete system are the governing parameters of the speed of
propagation (Itasca 2008).
Newton’ssecondlawis applied to the particles, and a force-displacement law is implemented to
the contacts are the two important part of the calculation process. Newton’s second law is used to
determine the motion of each particle. Moreover, the motion of each particle is derived from the contact
and body forces acting upon particle. On the other hand, the force-displacement law is utilized to
recalculate the new contact forces driving from the relative motion at each contact. The forcedisplacement law is the only governing equation for the behavior of the ball-wall contacts. The user
defines the wall motion;therefore,utilizingNewton’ssecondlawisnotrelevant to the walls. Figure. 3-1
shows the calculation cycle in PFC3D (Itasca 2008).

Figure 3-1 Calculation cycle in PFC3D (Itasca 2008)
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3.1 Contact Model in PFC3D
PFC3D introduces two standard contact models, (1) a linear model and (2) a simplified HertzMindlin model. The linear model introduces contact-bond behavior (that is, the linear model can be
bonded or unbonded depending upon its situation). The component behaviors are described before
introducing linear model (Itasca 2008).

3.1.1 Component Behaviors
Component behaviors are made up of stiffness, slip, and bonding. When a contact is built
between particles, the contact force is determined as a function of relative displacements and prescribed
stiffness of particles. The normal stiffness
force

over the total normal displacement

is a secant stiffness since it is the ratio of total normal
, Eq. (2). Meanwhile, the shear stiffness

tangent stiffness since it is the ratio of the increment of shear force
displacement

is a

over the increment of shear

, Eq. (3). The linear contact model is expressed as follows (Itasca 2008):
(2)
(3)

Slip behavior is defined by applying a relation between shear and normal force. This relation
should be such that the two objects, which make the contact, may slip relative to one another. There is no
normal strength in tension in this relation, and slip is allowable by limiting the shear force. Slip behavior
always exists, unless a contact bond is active. In this case, the contact-bond overrides the slip behavior.
The linear and Hertz-Mindlin models explain the force-displacement law for particle contact arising at a
point. The friction coefficient provides the slip behavior at the contact

, which is dimensionless

parameter (Itasca 2008),
(4)
where,

are the indexes that identify the first and second contacting entities respectively.
The criterion for slip is calculating the maximum allowable shear contact force (Itasca 2008),
|

where,

|

(5)

is the maximum allowable shear contact force,

and

are the normal force and friction

coefficient relating to contact i, respectively. If the shear contact force (
allowable shear contact force

reaches the maximum

, slip is allowed to occur by specifying the magnitude of contact

shear force equal to the maximum allowable shear contact force using the subsequent equations (Itasca
2008):
⁄|

|

(6)
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The model in this analysis is box-shaped and consists of ten walls. Five walls enclose the upper
half, and the other five enclose the lower half of the box, and fault gouge is simulated as the particles
enclosed in between the ten walls. The contact bond was selected as a linear contact model, and the
micro-parameters of the particles and the contacts were modified to reproduce an expected continuous
frictional behavior. The numerical simulations were operated following three steps: (1) fault gouge
particle generation and initial equilibrium process; (2) apply specified confining stress; (3) preparing
shearing conditions with prescribed velocity step scheme and (4) applying shear velocity to the model.
Figures (3-2) and (3-3) show the geometry of the model.

Figure 3-2 Mineral composition of the samples (A) Unaltered Entrada Sandstone, and (B) Altered Entrada
Sandstone

Figure 3-3 Schematic of the numerical simulation
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The specified confining stress is applied based on the servomechanism which is explained in the
3D

PFC

manual as the following. The wall velocity equation is (Itasca 2008):

̇

(

(7)

)
is the “gain” parameter that is estimated by the following formulation,

Where

calculated instantaneous confining stress,
̇

is the

is the required confining stress specifying by user and

is calculated wall velocity to reach required confining stress.
The maximum increase in wall force based on wall movement

in one timestep is (Itasca

2008):
(8)
̇
where,

is the number of contacts on the wall, and

is the average stiffness of these contacts.

Therefore, the increment in mean wall stress is
̇
where

(9)

is the wall area. The absolute value of the increment in wall stress must be lower than the

absolute value of the difference between the calculated and required stresses in order to reach stability. In
reality, a relaxation factor, , is used so that the stability requirement equation becomes (Itasca 2008):
|

|

|

(10)

|

Substituting Eqs. (7) moreover, (9) into Eq. (10) yields
|

|

|

(11)

|

Moreover, the “gain” parameter is determined as
(12)
is calculated for the relevant wall, and

is evaluated for each wall according to Eq. (12).

Boundary conditions are defined based on the physical condition of each level of the numerical
simulations. In the confinement step, the wall at the bottom of the shear box is restrained in all directions,
and the velocities of all walls are restrained in all directions except a direction normal to the wall planes
and the Z-direction. Spins of all walls are also restrained in all directions. In the shearing step, the wall in
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the bottom of the shear box is restrained in all directions. Other walls in the lower portion of the shear box
are free in the Z-direction (direction of the applied normal stress), but they are restrained in Y-direction
(direction of the applied shear velocity) and X-direction. The walls that construct the top half of shear box
are fixed in the X-direction, but they are free in other directions. Spins of all walls are also restrained
about all directions during the shearing stage.
The normal stress is calculated by dividing the average out of balance force on the top wall and
the bottom wall by the area of the top wall, and it is updated each timestep. Shear stress also is calculated
by dividing the average force on the upper left and the lower right walls by the effective sheared area that
is defined by multiplying the width of the sheared area by the length of the sheared area. The friction
coefficient is calculated by dividing shear stress by the normal stress, and it is updated every each
timestep.

3.2 Case Study Characteristics
The case study is situated on the northwestern fringe of the Paradox Basin, and it is near Green
River in east-central Utah (figure 3-4). The Paradox Basin is composed of sedimentary rocks containing
multiple aquifers and intervening cap rocks such as typically proposed GCS sites ((IPCC) 2005). There
are six major aquifers in this area including the Permian White Rim Sandstone, the Lower Jurassic
Wingate/Kayenta/Navajo Sandstones, and the Middle Jurassic Entrada/Curtis Formations (Shipton, Evans
et al. 2004). There exist six related cap rocks including, Triassic Moenkopi/Chinle Formations, the
Carmel Formation/the shale-rich lower part of the Entrada Sandstone, and the Middle Jurassic
Summerville Formation, respectively. There are two major normal fault systems also in this research area:
the LGW and SW faults (figure 2-4). Also, both of them strike from east to west at the surface and dip of
70-80◦ to the south. The faults also cut the north side of the Green River Anticline (Jung, Han et al. 2015).
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Figure 3-2 The geological formations of the case study, in which red dots are the location of CO2driven springs and geysers along with the LGW and SW faults (black heavy lines). The site of the
study area is demonstrated in a small map of Utah, USA, at the bottom left corner (Jung, Han et al.
2015)

There exist a series of CO2-driven geysers and springs, active and fossil travertines, and carbonate
veins adjacent to the LGW and SW fault traces (figure 3-4). The faults are the main mechanism of CO2
leakage. Crystal Geyser is an abandoned well drilled for oil exploration, drilled within the LGW fault
zone (Gouveia and Friedmann 2006).

3.3 Parametric Study
We investigated the long-term effect of Mineral Transformations related CO2-Water-Rock
interactions on frictional behavior of reservoir rock, and this investigation was based on Crystal Geyser,
Utah where natural CO2 leakage has transformed a range of geological formations for a considerably
16

large time scale which is analogous to Geological Carbon Sequestration. The mineral composition of
Entrada-unaltered reservoir rock is Calcite 7%, Illite-Smectite 23%, Quartz 45%, Orthoclase 4%,
Aragonite 7%, and Dolomite 11%. In addition, the mineral composition of Entrada-altered reservoir rock
is Calcite 5%, Illite-Smectite 23%, Quartz 50%, Orthoclase 3%, Aragonite 8%, and Dolomite 9%. The
model is generated based on the percentile of each mineral in the Entrada-unaltered and Entrada-altered
rocks. These samples are surface samples which were collected from the above mentioned site (Major,
Eichhubl et al. 2014). Table 3-1 shows the related mechanical properties of this model.
Table 3-1 Mechanical properties of numerical experiments
Mineral

Normal Stiffness

Shear Stiffness

Friction Coefficient

Calcite

0.65

Illite

0.6

Smectite

0.3

Quartz

0.6

Orthoclase

0.65

Aragonite

0.65

Dolomite

0.6

Rest

0.6

The effect of confining stress and friction coefficient of walls were also considered. Therefore,
confining stress was changed from 10 to 30 and 50 MPa, and friction coefficient of the walls was changed
from 0.2, 0.4 and, 0.8.
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4 Results and Discussion
4.1 Effect of Mineral Transformation
Generally, the diagrams of friction coefficient against shear displacement are noisy. One
important reason for it might be the number of particles. As an explanation, increasing the number of
particles lead to the more compacted simulated models. However, increasing the number of particles is
the computational sensitive process. Figures (4-1) to (4-3) show the comparison of the shear behavior of
the unaltered Entrada Sandstone and altered Entrada Sandstone when the friction coefficient of the wall is
0.8. A stable friction coefficient is defined as the average friction coefficient

. Since the friction

coefficient begins to fluctuate around a stable value after shear displacement of ~6mm up to 20mm in all
of the shear simulations, the resulting friction coefficients with shear displacement in this range are
considered for calculating

. In Figure (4-1) the peak friction coefficient

Sandstone is approximately 1, but

in unaltered Entrada

in altered Entrada Sandstone is approximately 0.8. The

simulation reached a stable friction coefficient after ~5mm shear displacement, but the stable friction
coefficient for unaltered Entrada Sandstone is higher than altered Entrada Sandstone. The calculated
for unaltered rock is 0.6626, but

for altered rock is 0.6546.

18

Figure 4-1 Comparison of Shear behavior of altered and unaltered EntradaSandstone(σn=10 MPa and
μwall=0.8)

In Figure (4-2) the peak friction coefficient
approximately 1, but

in the unaltered Entrada Sandstone is

in the altered Entrada Sandstone is approximately 0.8. The simulation

reached a stable friction coefficient after ~6mm shear displacement, but the stable friction coefficient for
unaltered Entrada Sandstone is higher than that for altered Entrada Sandstone. The calculated
unaltered rock is 0.5397, but

for

for altered rock is 0.5382.

Figure 4-2 Comparison of shear behavior of altered and unaltered EntradaSandstone(σn=30 MPa and
μwall=0.8)
In Figure (4-3) the peak friction coefficient
approximately 0.95, but

in unaltered Entrada Sandstone is

in altered Entrada Sandstone is approximately 0.8. The simulation

reached a stable friction coefficient after ~6mm shear displacement, but the stable friction coefficient for
unaltered Entrada Sandstone is slightly higher than altered Entrada Sandstone. The calculated
unaltered rock is 0.5090, but

for altered rock is 0.4915.
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Figure 4-3 Comparison of shear behavior of altered and unaltered EntradaSandstone(σn=50 MPa and
μwall=0.8)
Figures (4-4) to (4-6) show a comparison of the shear behavior of unaltered Entrada Sandstone
and altered Entrada Sandstone when the friction coefficient of the wall is 0.4. In Figure (4-4) the peak
friction coefficient

in unaltered Entrada Sandstone is slightly higher than 0,8, but

in

altered Entrada Sandstone is approximately 0.75. The simulation reached a stable friction coefficient after
~6mm shear displacement. The stable friction coefficient for both rocks is roughly similar. The calculated
for unaltered rock is 0.6595, but

for altered rock is 0.6622. In addition, there is a period of

velocity strengthening after approximately 12mm shear displacement for the unaltered Entrada Sandstone,
as is illustrated in Figure (4-4).
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Figure 4-4 Comparison of shear behavior of altered and unaltered Entrada Sandstone(σn=10 MPa and
μwall=0.4)
In Figure (4-5) the peak friction coefficient
higher than 0.8, but

in unaltered Entrada Sandstone is slightly

in altered Entrada Sandstone is approximately 0.75. The simulation reached a

stable friction coefficient after ~6mm shear displacement. The stable friction coefficient for both rocks is
roughly similar. The calculated

for unaltered rock is 0.5338, but

for altered rock is 0.5471. In

addition, there is a period of velocity strengthening after ~12mm shear displacement of unaltered Entrada
Sandstone, as it is illustrated in Figure (4-5).
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Figure 4-5 Comparison of shear behavior of altered and unalteredEntradaSandstone(σn=30 MPa and
μwall=0.4)
In Figure (4-6) the peak friction coefficient

in unaltered and altered rocks are roughly

0.8. The simulation reached a stable friction coefficient after ~4mm shear displacement. The stable
friction coefficient for both rocks is similar. The calculated

for unaltered rock is 0.4838, but

altered rock is 0.4915. In addition, the magnitude of fluctuation in both rocks is approximately similar.
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Figure 4-6 Comparison of shear behavior of altered and unalteredEntradaSandstone(σn=50 MPa and
μwall=0.4)
Figures (4-7) to (4-9) show the comparison of the shear behavior of unaltered Entrada Sandstone
and altered Entrada Sandstone when the friction coefficient of the wall is 0.2. In Figure (4-7) the peak
friction coefficient

for both rock types are similar, and there is no significant situation that peak

friction coefficient exists. The magnitude of fluctuations of friction coefficient is significantly lower in
both rock types, when we compare them to other results. Therefore, the whole results are in the viable
range for calculating stable friction coefficient. The calculated
for altered rock is 0.6707.
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for unaltered rock is 0.6778, but

Figure 4-7 Comparison of shearbehaviorofalteredandunalteredEntradaSandstone(σn=10 MPa and
μwall=0.2)
In Figure (4-8) the peak friction coefficient

for both rock types are roughly similar, and

there is no significant peak friction coefficient. The peak friction is 0.6771 and 0.6770 for unaltered rock
and altered rock respectively. The simulation reached a stable friction coefficient after ~4mm shear
displacement. The stable friction coefficient for both rocks are roughly similar. The calculated
unaltered rock is 0.5634, but

for altered rock is 0.5540.
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Figure 4-8 Comparison of shearbehaviorofalteredandunalteredEntradaSandstone(σn=30 MPa and
μwall=0.2)
In Figure (4-9) the peak friction coefficient

for both rock types are roughly similar, and

there is no significant peak friction coefficient. The simulation reached a stable friction coefficient after
~4mm shear displacement. The stable friction coefficient for both rocks is roughly similar.
calculated

for unaltered rock is 0.5122, but

for altered rock is 0.5242.
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Figure 4-9 Comparison of shear behavior of altered and unaltered EntradaSandstone(σn=50 MPa and
μwall=0.2)
Since the friction coefficient starts to fluctuate around a stable value from 6mm, the values of
friction coefficient before 6mm of shear displacement are not considered in calculating average friction
coefficient
The

, standard deviation of friction coefficient, and maximum friction coefficient

is also calculated by adding the standard deviation of the friction coefficient to

.

.

4.2 Effect of Normal Stress
Figures (4-10) to (4-15) show the effect of confining stress on the shear behavior of unaltered and
altered Entrada Sandstone when the friction coefficient of the walls were 0.4, 0.8 and 0.2 respectively.
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Figure 4-10 Comparison of shear behavior of unaltered Entrada Sandstone with different confining
stresses(μwall=0.4)

Figure 4-11 Comparison of shear behavior of altered Entrada Sandstone with different confining stresses
(μwall=0.4)
Based on Figures (4-10) and (4-11), there exist an inverse correlation between friction coefficient and
confining stress. However, Figure (4-10) shows that the peak friction coefficient
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is roughly

similar when the normal stress was changed form 10 MPa to 50 MPa, and it is approximately 0.8. Figure
(4-11) also shows that there is a slight difference between peak friction coefficients

when the

normal stress is changed from 10 MPa to 50 MPa, and it is slightly lower than 0.8. The magnitude of
fluctuation decreases when the normal stress is increased.

Figure 4-12 Comparison of shear behavior of unaltered Entrada Sandstone with different confining
stresses(μwall=0.8)
Based on Figures (4-12) and (4-13), when the confining stress is 10 MPa, the friction coefficient
is overall higher. Whereas, there is no significant difference between friction coefficient of unaltered
Entrada Sandstone when the confining stress is 30 and 50 MPa (Figure 4-12). Also, the peak friction
coefficient does not change significantly, and it is roughly similar for all three confining stresses (Figure
4-12).
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Figure 4-13 Comparison of shear behavior of altered Entrada Sandstone with different confining stresses
(μwall=0.8)
Based on Figures (4-12) and (4-13), the magnitude of the fluctuation is decreased when the
normal stress is increased. However, friction coefficient follows a similar trend in all cases. Figure (4-13)
also shows that an average friction coefficient is decreased when the normal stress is increased.
Figure (4-14) shows the behavior of unaltered and altered Entrada Sandstones resulting from
normal stress change. There is an inverse correlation between friction coefficient and normal stress when
normal stress is increased. The main reason for this behavior is decreasing the number of contacts
between particles because of increasing normal stress (Guo and Morgan 2004).
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Figure 4-14 The change of average friction coefficient as a result of different normal stress

4.3 Effect of Friction Coefficient of Walls
Figures (4-15) and (4-16) show the difference of different friction coefficient of walls on the
shear behavior of two types of reservoir rocks when the confining stress is 10 MPa. Based on Figure (415) the higher friction coefficient of the walls leads to higher peak friction coefficient
the

. Figure (4-16) demonstrates that the altered rock has a lower sensitivity to changing the

friction coefficient of the walls, but
the

of ~1 when

still has the highest value, which is approximately 0.85, when

.
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Figure 4-15 Comparison of friction coefficient for different friction coefficient of walls (unaltered
Entrada Sandstone, confining stress 10 MPa)

Figure 4-16 comparison of friction coefficient for different friction coefficient of walls (altered Entrada
Sandstone, confining stress 10 MPa)
Figures (4-17) and (4-18) show the difference of different friction coefficient of the walls on the
shear behavior of two types of reservoir rocks when the confining stress is 30 MPa. Based on Figure (431

17) the higher friction coefficient of the walls leads to a higher peak friction coefficient
slightly higher than 0.95, when

, which is

. Figure (4-18) demonstrates that the altered rock has a lower

sensitivity to changing the friction coefficient of walls, but

still has the higher value, which is

roughly 0.75, when the friction coefficient of the walls are higher.

Figure 4-17 comparison of friction coefficient for different friction coefficient of walls (unaltered
Entrada Sandstone, confining stress 30 MPa)
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Figure 4-18 comparison of friction coefficient for different friction coefficient of walls (altered Entrada
Sandstone, confining stress 30 MPa)
Figures (4-19) and (4-20) show the difference of different friction coefficient of walls on the
shear behavior of two types of reservoir rocks when the confining stress is 50 MPa. Based on Figure (419) the higher friction coefficient of walls leads to higher peak friction coefficient
roughly 0.95, when the

, which is

. Figure (4-18) demonstrates that the behavior of unaltered rock is

similar when the friction coefficient of walls are 0.4 and 0.8. Moreover, it demonstrates that the altered
rock has lower sensitivity to changing the friction coefficient of the walls, but
value, which is slightly lower than 0.8, when the friction coefficient of walls are higher.
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still has the higher

Figure 4-19 comparison of friction coefficient for different friction coefficient of walls (unaltered Entrada
Sandstone, confining stress 50 MPa)

Figure 4-20 comparison of friction coefficient for different friction coefficient of walls (altered Entrada
Sandstone, confining stress 50 MPa)
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5 Conclusion
The effect of Mineral Transformation on frictional behavior of reservoir rock due to CO 2
injection is modeled by modeling the Direct Shear Test using DEM, and the simulations are conducted
based on real data from the Crystal Geyser site. A sensitivity analysis is also conducted on the effect of
normal stress and friction coefficient of walls. The following results are concluded:
1) Based on the results of the simulations, there is no significant difference between the
behavior of unaltered and altered reservoir rock.
2) There is an inverse correlation between the friction coefficient and normal stress when the
normal stress is increased.
3) The peak friction coefficient of unaltered Entrada Sandstone is generally higher, but this
result is not completely true when the normal stress is 50 MPa and the friction coefficient of
the walls is 0.4.
4) The calculated average friction coefficient for unaltered Entrada Sandstone is higher when
the friction coefficient of the walls is 0.8 and the normal stress is 10 MPa and 30 MPa.
However, the calculated average friction coefficient for altered Entrada Sandstone is higher
for other cases, but the difference between the value of average friction coefficient for
unaltered and altered rocks are not significant.
5) The effect of different friction coefficient of the walls is also investigated to check whether
the model is sensitive to different friction coefficients of the walls. Based on the peak friction
coefficient, it is clear that the higher friction coefficient of the walls leads to the higher
friction coefficient.
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