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ABSTRACT
Induced seismicity resulting from fluid injection into the subsurface related to water
and CO2 disposal, hydraulic fracturing and the stimulation of geothermal reservoirs present
an important societal concern. These human activities involve the injection of large
volumes of pressurized fluid into the subsurface, potentially at high rates, raising local pore
pressures and disturbing the pristine local stress regime by lowering effective normal stress
on pre-existing faults and fractures. The reduction of effective normal stress may trigger
fault/fracture reactivation and in some cases result in hazardous seismic ruptures. Effective
management and engineering of anthropogenic seismic events requires substantial
understanding in the mechanisms, especially for the controlling factors on coupled
rheological and transport response, including fault shear strength, slip stability, and
permeability evolution during such events. In this study, we explore the coupled
rheological and transport response of faults and fractures during reactivation as controlled
by two fundamental controlling properties, viz., mineralogy and textural features. We
approach this problem through shear experiments on analog faults and fractures via
laboratory and numerical experiments. Specifically, we investigate: (1) the influence of
frictionally weak minerals (talc) in mixtures of mineral analogs featuring contrasting
frictional properties, (2) the influence of iron oxide grain coatings on quartz aggregates,
and (3) the influence of fracture roughness in mated fractures on the ensemble shear
strength, slip stability, and permeability evolution during reactivation events. We address
the following questions in this study: (1) how much and what distribution of frictionally
weak minerals is required to induce significant weakening in faults consisting of a matrix
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of frictionally strong minerals, (2) how does a pre-imposed weak mineral layer influence
the rheological and transport behavior of faults, (3) what is the influence of a trace amount
of grain coating materials introduce on the coupled behavior of faults, and finally (4) how
do asperity height and wave length control the ensemble behavior of faults. These questions
are explicitly answered in the following.
Chapter 1 explores the impact of phyllosilicate (weak but velocity-strengthening)
in a majority tectosilicate (strong but velocity-weakening) matrix in bulk shear strength
and slip stability of faults. Numerical simple-shear experiments using a Distinct Element
Model (DEM) are conducted on both uniform mixtures of quartz and talc analogs and on
textured mixtures consisting of a talc layer embedded in a quartz matrix. The mechanical
response of particles is represented by a linear-elastic contact model with a slip weakening
constitutive relation representing the essence of rate-state friction. The weight percentage
of the talc in the uniform mixtures and the relative thickness of the talc layer in the textured
mixtures are varied to investigate the transitional behavior of shear strength and slip
stability. Specifically, for uniform mixtures, ~50% reduction on bulk shear strength is
observed with 25% talc present, and a dominant influence of talc occurs at 50%; for
textured mixtures, a noticeable weakening effect is shown at a relative layer thickness of
1-particle, ~50% shear strength reduction is observed with 3-particles, and a dominant
influence occurs at 5-particles. In terms of slip stability, a transition from velocityweakening to velocity-strengthening is observed with 10% to 25% talc present in the
uniform mixtures or with 3-particles to 5-particles in the textured mixtures. In addition,
further analysis suggest that quartz has a high tendency towards dilation, potentially

v
promoting permeability; while talc dilates with increased slip rate, but compacts rapidly
when slip rate is reduced, potentially destroying permeability. The simulation results match
well with previous laboratory observations.
Chapter 2 elaborates numerical shear reactivation experiments on analog mixtures
of quartz and talc gouge using a three-dimensional (3D) distinct element model (DEM).
We follow the evolution of shear strength, slip stability, and permeability of the gouge
mixture during dynamic shear and explore the mesoscopic mechanisms. A modified slipweakening constitutive law is applied at contacts. We perform velocity-stepping
experiments on both uniform, and layered mixtures of quartz and talc analogs. We
separately vary the proportion of talc in the uniform mixtures and talc layer thickness in
the layered mixtures. Shear displacements are cycled through shear velocities of 1 and
10μm/s. Simulation results show that talc has a strong weakening effect on shear strength
- a thin shear-parallel layer of talc (~8.1 wt%) can induce significant weakening. However,
the model offsets laboratory derived strong weakening effects of talc observed in uniform
mixtures, implying the governing mechanisms may be the strong shear localization effect
of talc, which is enhanced by its natural platy shape. Ensemble stability (𝑎𝑎 − 𝑏𝑏) can be
enhanced by increasing talc content in uniform talc-quartz mixtures. No apparent influence
of increasing talc layer thickness on (𝑎𝑎 − 𝑏𝑏) is observed in layered mixtures. Talc enhances

compaction at velocity down-steps, potentially reducing fault permeability. Additionally,
we show that dimensionality significantly impacts the resolution of dynamic responses. 3D
simulations are more representative of laboratory observed behavior. Numerical noise is
shown to be of the order of ~0.1 of previous 2D counterparts. Evolution trends of stability
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parameters regarding the composition and structure of the fault gouge can be
straightforwardly obtained from the 3D simulation. Our study elaborates a DEM approach
to mechanistically investigate the mechanical and rheological response of faults during
shearing and enhances the understanding of fault weakening mechanism.
Chapter 3 involves investigating the influence of CO2-transformed iron oxide
coatings on the coupled behavior of faults. Fugitive emissions of CO2 along faults may
significantly influence their rheology and permeability by altering cementation and
transforming gouge components. We conduct laboratory double direct shear experiments
on pristine hematite-, and CO2-transformed goethite-coated quartz gouge to investigate the
evolution of shear strength, slip stability and permeability. The gouge samples are
synthesized in the laboratory and are characterized by particle size distribution and through
SEM imaging both before and after shear-permeability experiments. Shear strength (at 3
MPa), a-b stability values, frictional healing and creep rates and (fault parallel)
permeability are measured in velocity-stepping and slide-hold-slide loading modes.
Hematite-coated quartz exhibit the highest peak shear strength, followed by goethite- then
un-coated quartz. Coated and un-coated gouge samples exhibit similar residual shear
strength. Hematite-coated quartz may undergo potential seismic slip, suggesting by
negative (a-b) values. Goethite-coated quartz shows velocity-strengthening behavior by
featuring positive (a-b) values but higher frictional healing rate and creep rate. All samples
show an initial increase in permeability followed by a decline. However, goethite-coated
samples show much less reduction in permeability than others. Characterization suggests
that the liberation, transport and clogging of coating particles and shear-produced wear
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products can be the main mechanism for permeability evolution. These observations
suggest CO2-transformed goethite-coated quartz-rich faults feature reduced risk of seismic
reactivation, while greater loss of inventory in the long-term containment of CO2 may be
expected.
Chapter 4 investigates the influences of roughness on the ensemble mechanical
and rheological behavior of mated fractures during reactivation. Subsurface fluid injections
can disturb the effective stress regime by elevating pore pressure and potentially reactivate
faults and fractures. Laboratory studies indicate that fracture rheology and permeability s
in such reactivation events are linked to the roughness of the fracture surfaces. We
construct discrete element method (DEM) models to explore the influence of fracture
surface roughness on the shear strength, slip stability, and permeability evolution during
such slip events. For each simulation, a pair of analog rock coupons (3D bonded quartzparticle analogs) representing a mated fracture are sheared under a velocity-stepping
scheme. The roughness of the fracture is defined in terms of asperity height and asperity
wavelength. Results show that (1) samples with larger asperity heights (rougher), when
sheared, exhibit a higher peak strength which quickly devolves to a residual strength after
a threshold shear displacement; (2) these rougher samples also exhibit greater slip stability
due to a high degree of asperity wear and resultant production of wear products; (3) longterm suppression of permeability is observed with rougher fractures, which is plausibly due
to the removal of asperities and redistribution of wear products, which locally reduces
porosity in the dilating fracture. This study provides insights into the understanding of the
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mechanisms of frictional and rheological evolution of rough fractures anticipated during
reactivation events.
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Chapter 1
Influence of Weakening Minerals on Ensemble Strength and Slip Stability of
Faults

Abstract
We explore the impact of phyllosilicate (weak but velocity-strengthening) in a
majority tectosilicate (strong but velocity-weakening) matrix in bulk shear strength and
slip stability of faults. Numerical simple-shear experiments using a Distinct Element Model
(DEM) are conducted on both uniform mixtures of quartz and talc analogs and on textured
mixtures consisting of a talc layer embedded in a quartz matrix. The mechanical response
of particles is represented by a linear-elastic contact model with a slip weakening
constitutive relation representing the essence of rate-state friction. The weight percentage
of the talc in the uniform mixtures and the relative thickness of the talc layer in the textured
mixtures are varied to investigate the transitional behavior of shear strength and slip
stability. Specifically, for uniform mixtures, ~50% reduction on bulk shear strength is
observed with 25% talc present, and a dominant influence of talc occurs at 50%; for
textured mixtures, a noticeable weakening effect is shown at a relative layer thickness of
1-particle, ~50% shear strength reduction is observed with 3-particles, and a dominant
influence occurs at 5-particles. In terms of slip stability, a transition from velocityweakening to velocity-strengthening is observed with 10% to 25% talc present in the
uniform mixtures or with 3-particles to 5-particles in the textured mixtures. In addition,
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further analysis suggest that quartz has a high tendency towards dilation, potentially
promoting permeability; while talc dilates with increased slip rate, but compacts rapidly
when slip rate is reduced, potentially destroying permeability. The simulation results match
well with previous laboratory observations.

1 Introduction
In nature, tectonic faults tend to slip at much lower resolved shear stress than the
stresses inferred from rock mechanics experiments [Engelder et al., 1975; Dieterich,
1979a; Marone et al., 1990]. Explanations for this difference between laboratory
observations and natural phenomena include the prevalence of low effective stresses,
elevated pore pressures [Rice, 1992; Faulkner and Rutter, 2001] and dynamic weakening
in which friction decreases above a threshold slip rate [Melosh, 1996; Di Toro et al., 2006;
Ampuero and Ben-zion, 2008]. Recent field observations of the San Andreas fault [Moore
and Rymer, 2007] and an exhumed low angle normal fault in Italy [Collettini et al., 2009]
showed that the weakness of natural faults can be explained by the presence of talc; a
frictionally weak mineral. Earlier experiments using synthetic mixtures of salts and
muscovite/kaolinite [Bos and Spiers, 2002; Niemeijer and Spiers, 2006] showed that
weakening in shear strength can occur with as little as 10% of frictionally weak minerals.
In addition, the shear strength and associated stability of a fault greatly depends on its
mineralogical composition [Ikari et al., 2011]. Phyllosilicates like talc generally show low
frictional strength but are stable during slip events - to the contrary, tectosilicates usually
exhibit high frictional strength but slip unstably. Shear experiments using mixtures of talc

3
and quartz sand [Carpenter et al., 2009] suggests that in order to adequately weaken the
fault, 30%-50% of frictionally weak minerals are needed. However, there is only ~2-3% of
talc present in some weak tectosilicate faults suggesting that both the structure and texture
of the talc is important.
This strong weakening effect of a frictionally weak mineral in a matrix where the
majority of minerals are frictionally strong elicits the question of how much of the
frictionally weak mineral is needed and in what structure? Also, importantly, what is the
impact of this proportion and structure on the stability regime? Experiments conducted on
synthetic gouge consisting of quartz as a frictionally strong phase and a through-going talc
layer as a frictionally weak phase [Niemeijer et al., 2010; Moore and Lockner, 2011]
suggest that the frictional strength of the sample gouge decreases systematically with an
increase in thickness of the talc layer. Two critical values are noted for both the onset of
weakening and for full weakening of the sample relative to pure talc. In addition to the
decrease in frictional strength, the sample gouge also showed a transition from mildly
unstable to mostly stable during slip events. Additional observations suggest that the
permeability evolution of fractures is likely linked to such mineralogical effects on
frictional stability [Fang et al., 2017]. The slip characteristics of mature faults are governed
by gouge, comprising granular and clay-sized particles, separating fault planes. Distinct
Element Methods [DEM; Cundall and Strack, 1979] have been successfully applied to
represent the mechanical response of assemblages of circular shaped particles that are
characteristic of fault gouges. Numerical models of direct shear experiments on granular
materials have been developed using DEM, [Morgan and Boettcher, 1999], to investigate
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the effect of particle size distribution and the effect of inter-particle friction coefficient on
the deformation mechanisms in granular fault zones.
The full seismic cycle during fault slip is well described by rate-state friction laws
[Dieterich, 1979b; Ruina, 1983; Scholz, 1998].

Rate-state friction laws have been

incorporated into grain-grain contact models in DEM [Abe et al., 2002; Morgan, 2004],
and show good agreement with experimental observations with the configuration of flat
fault surface. However, with synthetic fault gouges, the frictional response is shown to be
highly dependent on the gouge structure and on particle rotation [Morgan, 1999, 2004].
Also, the full implementation of rate-state constitutive laws at a grain-grain scale is
computationally inefficient. Despite available DEM models in simulating shear strength
evolution of fault gouge, few DEM models are developed to simulate the strength and
stability evolution of fault gouge consisting of two mineral phases, i.e. a frictionally strong
phase and a frictionally weak phase. Our model simulates the shear strength and slip
stability evolution of fault gouge consisting of uniform and textured mixtures of a
frictionally strong phase and a frictionally weak phase. We especially focus on how much
frictionally weak mineral is needed to weaken the fault. The results of this study provide a
numerical approach which could be potentially beneficial for predicting the transitional
behavior in stability and transport properties (especially permeability) of mineral mixtures
with drastically different material properties during dynamic shearing. This study
implements a DEM model with a slip weakening law at the grain-grain boundary. In
addition, sample layer thickness, porosity, and coordination number are monitored during
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numerical simulations. These simulations are used to define the transitional behavior in
slip stability and poromechanical evolution of transport properties of the gouge.

2 Numerical Method and Materials
The distinct element method iteratively solves Newton’s second law of motion for
an assembly of particles with a pre-defined constitutive model applied at the grain-grain
contacts. Calibration of the contact model is essential in DEM modeling. A model is
established to simulate direct shear experiments on synthetic fault gouge comprising a twophase mixture distributed both uniformly and as a through-going layer.

2.1 Distinct element method and contact model
The current DEM model has been developed using the Particle Flow Code 2D
[Itasca Crop.], with the principles of DEM described previously in a large body of literature
[Antonellini and Pollard, 1995; Burbidge and Braun, 2002; Morgan and McGovern, 2005;
Abe et al., 2011]. DEM models are capable of simulating the mechanical response of
granular materials, for example, fault gouge [Morgan and Boettcher, 1999; Guo and
Morgan, 2004; Abe and Mair, 2009; Rathbun et al., 2013; Sun et al., 2016]. Such
simulations are usually carried out using a two-dimensional (2-D) configuration with
circular-shaped disks as particles. This maximizes computational efficiency but neglects
the role of angularity and out-of-plane rotations in representing the real physical response
of granular materials. In general, compared to a three-dimensional model, a two-
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dimensional representation is an adequate simplification which retains the advantage of
significantly less computational cost while still obtaining a representative mechanical
response.
A linear elastic contact model is implemented as the grain-grain contact model
(Figure 1-1). Linear components act in normal and shear directions and reproduce linear
elastic (no tension) and frictional behavior. All components act on a vanishingly small area,
with only force transmitted. The contact force (𝐹𝐹𝑐𝑐 ) is resolved into normal (𝐹𝐹𝑛𝑛 ) and shear
(𝐹𝐹𝑠𝑠 ) components:
𝐹𝐹𝑐𝑐 = 𝐹𝐹𝑛𝑛 + 𝐹𝐹𝑠𝑠

(1)

The linear and shear components are updated in the absence of slip and with active

contact as:
𝐹𝐹𝑛𝑛 = (𝐹𝐹𝑛𝑛 )0 + 𝑘𝑘𝑛𝑛 ∆𝛿𝛿𝑛𝑛
𝐹𝐹𝑠𝑠 = (𝐹𝐹𝑠𝑠 )0 + 𝑘𝑘𝑠𝑠 ∆𝛿𝛿𝑠𝑠
𝜇𝜇

𝐹𝐹𝑠𝑠 = −𝜇𝜇𝐹𝐹𝑛𝑛

(2)
(3)
(4)

where 𝑘𝑘𝑛𝑛 and 𝑘𝑘𝑠𝑠 are the stiffness of normal and shear elastic components, ∆𝛿𝛿𝑛𝑛 and

∆𝛿𝛿𝑠𝑠 are the relative normal and shear displacement between the contacting grains within
one time-step. The calculated shear force is compared to the shear strength of the current
𝜇𝜇

contact state (𝐹𝐹𝑠𝑠 ) and determines whether slip is initiated.
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Figure 1-1. The components of linear elastic contact model.

If slip occurs, unlike Coulomb friction with a constant coefficient of friction ( µ ),
a rate-state friction law [Dieterich, 1978; Ruina, 1983] is utilized to describe the evolution
of friction coefficient during the slip event. The original rate-state constitutive relation is
described by the empirical state-variable-based friction evolution (equation (5)) with
elastic coupling (equation (6)):
𝑉𝑉

𝑉𝑉 𝜃𝜃

𝜇𝜇(𝑉𝑉, 𝜃𝜃) = 𝜇𝜇0 + 𝑎𝑎𝑎𝑎𝑎𝑎 �𝑉𝑉 � + 𝑏𝑏𝑏𝑏𝑏𝑏 � 𝐷𝐷0 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

0

= 𝑘𝑘�𝑉𝑉𝑙𝑙𝑙𝑙 − 𝑉𝑉�

𝑐𝑐

(5)
(6)

where 𝑎𝑎 and 𝑏𝑏 are the empirical stability parameters of the material, usually

determined by experiments and depend on mineralogy; 𝐷𝐷𝑐𝑐 is the critical slip distance

which indicates how much distance the contacting surface slips until reaching the next

steady state. The second term on the right-hand-side in equation (5) describes the evolution
of friction coefficient upon a stepped velocity change (the direct effect), and the third term
describes the evolution of friction coefficient over the critical slip distance 𝐷𝐷𝑐𝑐 (evolution
effect). 𝑉𝑉, 𝑉𝑉0, and 𝑉𝑉𝑙𝑙𝑙𝑙 are the relative current, reference, and load point velocities of the
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two contact surfaces respectively; 𝜃𝜃 is the state variable; 𝑘𝑘 is the geometric stiffness of the

loading system. When 𝑘𝑘 is smaller than a critical value, unstable sliding will occur if the
system is velocity-weakening, the critical stiffness is governed by confining stress, critical

slip distance, and stability parameters 𝑎𝑎 and 𝑏𝑏. There are two evolution laws for the state

variable, Dieterich Law and Ruina Law, which are shown as equations (7) and (8) below
respectively:
𝑑𝑑𝑑𝑑

𝑉𝑉𝑉𝑉

𝑑𝑑𝑑𝑑

= 1 − 𝐷𝐷

𝑑𝑑𝑑𝑑

𝐷𝐷𝑐𝑐

𝑑𝑑𝑑𝑑

=

𝑉𝑉𝑉𝑉

𝑐𝑐

𝑉𝑉𝑉𝑉

(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ 𝑙𝑙𝑙𝑙𝑙𝑙)

𝑙𝑙𝑙𝑙 � 𝐷𝐷 �
𝑐𝑐

(11)

(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙)

(12)

Experimental observations show that rate-state friction adequately describes both

seismic behavior and friction healing of fault slip events [Marone, 1998a]. However, the
complexity of solving the full nonlinear constitutive relations makes the full
implementation in DEM at the grain-grain scale computationally expensive [Abe et al.,
2002]. To reduce this computational cost, and assuming the stiffness of the system is much
larger than the critical stiffness, the rate-state evolution may be simplified as a form of slip
weakening law:
𝑉𝑉

𝜇𝜇𝑝𝑝 = 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑎𝑎𝑎𝑎𝑎𝑎 �𝑉𝑉 𝑙𝑙𝑙𝑙 �
𝑟𝑟𝑟𝑟𝑟𝑟

(13)
𝑉𝑉

𝜇𝜇𝑠𝑠𝑠𝑠 = 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 + (𝑎𝑎 − 𝑏𝑏)𝑙𝑙𝑙𝑙 �𝑉𝑉 𝑙𝑙𝑙𝑙 �
𝜇𝜇𝑝𝑝

𝑟𝑟𝑟𝑟𝑟𝑟

𝜇𝜇 = �𝜇𝜇𝑝𝑝 − �

𝜇𝜇𝑝𝑝 −𝜇𝜇𝑠𝑠𝑠𝑠

𝜇𝜇𝑠𝑠𝑠𝑠

𝐷𝐷𝑐𝑐

� 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎

(14)
𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 = 0

0 < 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 < 𝐷𝐷𝑐𝑐
𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 ≥ 𝐷𝐷𝑐𝑐

(15)
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Table 1-1. Model parameters including calibrated Young’s Modulus for quartz [Hieher, 1996] and
talc [Guan, 2012]
Quartz Analog

Talc Analog

Unit

Density

2650

2800

kg/m3

Radius

50-100

20-25

μm

Inter-particle Friction

0.3

0.05

N/A

Effective Modulus

1.30E+10

1.00E+09

N/m2

Normal-to-shear Stiffness Ratio

1

1.5

N/A

Calibrated Young’s Modulus

8.35

0.79

GPa

Inter-particle a Value

0.025

0.025

N/A

Inter-particle b Value

0.050

0.005

N/A

Inter-particle Dc

50

25

μm

where 𝜇𝜇𝑝𝑝 is the peak friction due to the direct effect of velocity change, 𝜇𝜇𝑠𝑠𝑠𝑠 is the

steady state friction after frictional evolution has completed, 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 is the reference friction

coefficient depending on different mineral analogs, and 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 is the relative local shear

displacement that has accumulated since that previous velocity change on each contact.
This value varies through every contact in the model depending on local contact state. 𝑉𝑉𝑙𝑙𝑙𝑙

and 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 are the absolute values of the current and previous shear velocity of the shear

platens respectively. 𝐷𝐷𝑐𝑐 is the characteristic slip distance - a mineral related property that
is assigned to each and every local contact.

Figure 1-2 shows the implementation of this slip weakening model. The contact
model is implemented onto each contact of the assembly. 𝑉𝑉𝑙𝑙𝑙𝑙 and 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 are stored for each

contact, thus each contact “knows” the current global shear velocity as well as the velocity
history of the previous velocity step. 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 is the accumulated relative local shear
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displacement. 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 remains zero if no local slip has occurred (shown in Figure 1-2 as the

green path) - as a result, the friction coefficient will remain at a value of 𝜇𝜇𝑠𝑠𝑠𝑠 . If (i) a slip

event occurs at a contact, and (ii) there is a difference between stored 𝑉𝑉𝑙𝑙𝑙𝑙 and 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 , the

contact will slip weaken (following the red path in Figure 1-2, as described by equation
(9) to (11)). If the local slip distance threshold 𝐷𝐷𝑐𝑐 is reached, the contact friction will remain
as 𝜇𝜇𝑠𝑠𝑠𝑠 (orange path) as long as the contact is still active. If slip terminates in the middle of

the evolution path (but the contact is still active) then the friction coefficient on the contact
will remain as-is (illustrated by the blue dot on the red path in Figure 1-2) until slip
reinitiates. At re-initiation, the contact friction continues to follow the red evolutionary
path. There are cases when active contacts undergoing slip weakening evolution turn
inactive due to particle rearrangement. In these cases, the slip weakening evolution will
cease once the contact becomes inactive. Newly formed contacts will begin evolving from
the end of the green path (Figure 1-2) once condition (i) and (ii) above are both met for
the contact. Otherwise, the friction coefficient will remain constant as 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 . If a contact

transits a full evolution path (𝐷𝐷𝑐𝑐 ), the friction coefficient will remain as 𝜇𝜇𝑠𝑠𝑠𝑠 no matter the
slip state and as long as the contact is still active. The contact will not evolve again until
the next global velocity step. In particular, once a new contact is formed, the accumulated
relative local shear displacement (𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 ) is reset to zero so that the slip history of the contact,

either slipping or non-slipping, is re-initialized to enable renewed evolution.
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Figure 1-2. Schematic of the slip weakening law: the friction coefficient of a local contact starts to
evolve upon a slip event together with a difference between global load point velocity and stored
global reference velocity friction will reach a peak (𝜇𝜇𝑝𝑝 ) and continue to evolve to its steady state
(𝜇𝜇𝑠𝑠𝑠𝑠 ) if local slip persists according to either velocity-strengthening or velocity-weakening; if slip
halted before reaching steady state, the friction coefficient will state as-is; friction evolution of
newly formed contact will be reset and evolve from the beginning (left to right).

2.2 Mineral analogs
Observations in nature suggest that the presence of talc may greatly reduce the shear
strength of mostly tectosilicate faults and may be a cause of fault creep [Moore and Rymer,
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2007]. Measurements of the shear strength and stability of granular quartz reveal that
quartz is a typical tectosilicate which exhibits high frictional strength and velocityweakening properties. Conversely, talc is usually frictionally weak but velocitystrengthening [Ikari et al., 2011; Moore and Lockner, 2011]. Because quartz and talc have
these key contrasting frictional and stability properties, they represent the most suitable
candidate analogs for this study. The density, particle size, and rate-state parameters used
in this study for quartz and talc analogs are listed in Table 1-1.
The elastic modulus of granular materials is dependent on mean stress and is usually
much smaller than that of the intact crystals [Hieher, 1996; Guan et al., 2012]. In DEM
modeling, the elastic behavior of the granular assembly is represented by effective modulus
and normal-to-shear stiffness ratio. The effective modulus and normal to shear stiffness
ratio are assigned at each contact, and the relationship between them and contact stiffness
is listed below (equation (12) and (13)) as,
𝑘𝑘𝑛𝑛 =
𝑘𝑘𝑠𝑠 =

𝐴𝐴𝐸𝐸 ∗

(12)

𝑘𝑘𝑛𝑛

(13)

𝐿𝐿

𝜅𝜅 ∗

where 𝑘𝑘𝑛𝑛 is the normal contact stiffness, 𝑘𝑘𝑠𝑠 is the shear stiffness, 𝐴𝐴 is the virtual

contact area of the two entities, typically the product of the smaller diameter of the two
contacting entities and unit thickness and 𝜅𝜅 ∗ is the normal to shear stiffness ratio.

Notably, the effective modulus is not a macroscopic elastic modulus but is related

to it, and the normal-to-shear stiffness ratio is related to Poisson’s ratio. Specifically, the
normal-to-shear stiffness ratio is defined as the ratio of the normal stiffness (𝑘𝑘𝑛𝑛 ) and shear

stiffness (𝑘𝑘𝑠𝑠 ) of the elastic components shown in Figure 1-1. These are contact parameters
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that are assigned directly to the contacts. They are derived by performing numerical biaxial
compression experiments on packs of quartz and talc analogs, respectively. In the trialand-error calibration procedure, initial estimates of effective modulus and normal to shear
stiffness ratio are made as trial parameters. Then a face-centered-cubic assembly of pure
mineral analog is generated with the trial parameters. The loose assembly is compacted,
equilibrated, then a biaxial compression test is conducted under a normal stress of 10 MPa.
The macroscopic elastic modulus of the cubic sample is then calculated by the slope of the
axial stress-strain evolution curve (loading direction) at 0.05% of the axial strain. This
macroscopic elastic modulus is then compared with laboratory measured macroscopic
elastic modulus in the literature. We generally accept values of calibrated modulus which
lie within 3% of the suggested values of laboratory experiments [Hieher, 1996; Guan et
al., 2012], otherwise we adjust the initial estimates and repeat the calibration process. The
estimates of effective modulus, normal-to-shear ratio, and resultant modulus used in this
study are shown in Table 1-1. In addition, the effective modulus of the wall elementparticle contact is set to the same magnitude as the quartz-quartz contact analog to
minimize stress concentrations effects.
In the case where a talc and quartz analog particle are in contact, the stiffness and
rate-and-state parameters (𝑎𝑎 and 𝑏𝑏) of this contact is expressed by the geometric average

from both contacting entities. The friction coefficient (𝜇𝜇) and characteristic slip distance
(𝐷𝐷𝑐𝑐 ) is determined by the smaller value of either entity.
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Figure 1-3. DEM model configuration as a symmetric simplification of a double direct shear
apparatus: (a) uniform mixtures; (b) textured (layered) mixtures; inset on the right-hand-side shows
the variation of quartz (orange) to talc (blue) content/relative layer thickness in uniform/layered
mixtures.

3 Experiment Design
The model configuration is in double direct shear configuration [Mair and Marone,
1999], which consists of a pair of saw-tooth shaped platens and a synthetic fault gouge
sample sandwiched between them (Figure 1-3). Unlike the full experimental setup, the
numerical model represents one symmetric limb of the apparatus with the modeled platens
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retained parallel. Before the shear experiment, the model is 20 mm in length (horizontal),
and approximately 5 mm in height (vertical). The shear platens in the numerical model
consist of arrays of tightly bounded particle clusters (clumps) with a triangular tip. Wall
elements are specified outside the platens to serve as boundaries. These wall elements are
facets which do not obey Newton’s second law of motion due to lack of mass, however, a
servo mechanism constantly adjusts the velocity of the wall elements to maintain static
normal stress. Specifically, total unbalanced normal force on a specific wall is monitored
by superposing contact normal forces of contacting particles. The velocity vector of the
wall element is then adjusted by a scaled value of the difference between total unbalanced
stress and target normal stress. A constant confining/normal stress of 10 MPa is applied in
all numerical runs. The velocities of the top and bottom wall boundaries are adjusted
simultaneously and consistently during shear experiments in order to maintain the normal
stress during the shear experiment. A typical numerical shear experiment is conducted as
follows: (1) generate shear platens and adjacent wall elements; (2) generate loosely
distributed analog particles between two shear platens; (3) apply controlled normal velocity
(vertical) on wall elements to drive both shear platens to compact loose particles until
reaching the desired confining stress. The velocity applied to wall elements is adjusted to
maintain the desired confining stress until average ratio is sufficiently low (0.001). The
average ratio is defined as the average of the ratio of unbalanced forces to the sum of body
force, applied force, and contact forces on one particle in all degrees of freedom. This
quantity is used to identify whether the system is close to equilibrium. The average ratio
of 0.001 is typically used in this study to judge whether the system is sufficiently close to
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equilibrium; (4) actuate the upper shear plate with a prescribed velocity scheme while
holding the lower platen static in order to exert internal shear of the gouge particles; (5)
record experimental parameters until shear displacement reaches the desired shear
displacement or completion of desired velocity steps.
Table 1-2. Model parameters of numerical experiments; quartz/talc content is varied from 0% to
100% in uniform mixtures; relative talc layer thickness is varied from 1-particle to 10-particles in
layered mixtures; initial sample thickness and shear velocity regime during the tests are listed.
Name

Quartz
Analog (wt%)

Talc
Analog (wt%)

Talc
Layer
Thicknessa

Sample
Thicknessb
(µm)

Shear
Velocity
(µm/s)

cqt100-00

100%

0%

N/A

5283.78

1

cqt90-10

90%

10%

N/A

5205.57

1

cqt80-20

80%

20%

N/A

5163.03

1

cqt75-25

75%

25%

N/A

5133.04

1

cqt60-40

60%

40%

N/A

5117.93

1

cqt50-50

50%

50%

N/A

5107.28

1

cqt25-75

25%

75%

N/A

5123.29

1

cqt00-100

0%

100%

N/A

5146.91

1

sqt100-00

100%

0%

N/A

5175.16

1/10/1/10/1

sqt90-10

90%

10%

N/A

5109.28

1/10/1/10/1

sqt80-20

80%

20%

N/A

5051.87

1/10/1/10/1

sqt75-25

75%

25%

N/A

5041.20

1/10/1/10/1

sqt50-50

50%

50%

N/A

5006.85

1/10/1/10/1

sqt25-75

25%

75%

N/A

5021.85

1/10/1/10/1

sqt00-100

0%

100%

N/A

5045.55

1/10/1/10/1

cqt001

98%

2%

1

5168.64

1

cqt003

97%

3%

3

5163.03

1

cqt005

94%

4%

5

5139.05

1

cqt008

90%

10%

8

5152.66

1

cqt010

87%

13%

10

5144.23

1

sqt001

98%

2%

1

5168.64

1/10/1/10/1

sqt003

97%

3%

3

5163.03

1/10/1/10/1

sqt005

94%

4%

5

5139.05

1/10/1/10/1

sqt008

90%

10%

8

5152.66

1/10/1/10/1

sqt010

87%

13%

10

5144.23

1/10/1/10/1
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a

The relative thickness of talc analog layer is determined by the most approximate number of

particles vertically aligned in the actual talc analog layer.
b

The sample thickness is measured at the beginning of each numerical run.

4 Results
Numerical simulations of biaxial direct shear experiments are conducted for
mineral mixtures of quartz and talc. Two mixture patterns are considered - uniform and
layered. Shear strength evolution and the transition of stability parameters are shown in the
results with a variation of mineral compositions and mixture patterns.

4.1 Frictional evolution of mineral mixtures
Constant velocity shear experiments are conducted on uniform mixtures with a
shear velocity of 1 µm/s. The evolution of shear strength of uniform mixtures is shown in
Figure 1-4 (a). It is apparent that the bulk shear strength (friction coefficient) decreases as
the weight percentage of talc in the mixture increases. To be specific, the residual friction
coefficient remains at ~0.70 with no talc in the mixture, while it reduces from ~0.70 to
~0.35 with ~25% talc, showing a strong weakening effect of talc on bulk shear strength of
the sample. However, the fast reduction in shear strength slows down when there is more
than 25% talc present in the mixture (i.e. 30%, 40%, etc.), when the weight percentage of
talc analog exceeds 75%, the residual coefficient of friction exhibits a similar magnitude
to pure talc, showing a talc dominating effect. This transition in steady-state friction is
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plotted in Figure 1-4 (b). This trend is revealed in previous experimental observations
[Carpenter et al., 2009; Moore and Lockner, 2011].
Similarly, constant-velocity shear experiments with the same velocity scheme are
conducted on textured (layered) mixtures. Specifically, the sample consists of a quartz
matrix and a sandwiched layer of talc. The relative thickness of the talc analog layer is
varied in each numerical run to investigate its effect on shear strength of the mixture. The
evolution of friction is shown in Figure 1-4 (c). Figure 1-4 (d) clearly shows that the
steady-state friction coefficient decreases as the relative thickness of the talc analog layer
increases. In particular, the steady-state friction coefficient drops from ~0.70 to ~0.35 with
layer thickness of the talc increasing from 0-particle to 3-particles. With a relative layer
thickness of 5-particles, the residual friction coefficient is reduced to ~0.25, which is
approximately the steady-state friction of pure talc (~0.20). With a relative layer thickness
larger than 5-particles, the residual friction coefficient drops incrementally and approaches
the steady-state friction for pure talc. These observations suggest that a relative thickness
of 5-particles is sufficient for the talc analog to establish a dominant effect. Similar effects
are also observed with relative thicknesses of 8-particles and 10-particles. This trend is
consistent with previous experimental observations [Niemeijer et al., 2010].
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Figure 1-4. (a) Friction evolution of uniform mixtures, (note: symbols in the figure represent keys);
(b) residual friction decreases as the talc content increases, with a noticeable weakening at ~25%
and a dominant weakening at ~40%; (c) friction evolution of textured mixtures; (d) residual friction
decreases as the thickness of the talc layer increases, with a noticeable weakening at 3-particles and
a dominant weakening at 5-particles. (note: the maximum, average and minimum values shown in
the error bar are calculated from each friction evolution data set after shear displacement of 750
microns).
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4.2 Slip stability evolution of mineral mixtures
Observations from the constant-velocity numerical experiments suggest that talc
has a significant weakening effect on the shear strength of a quartz-rich fault. In addition,
it is suggested from experiments [Moore and Lockner, 2011] that talc also influences slip
stability of faults consisting of a small amount of talc in a frictionally strong matrix, i.e.
slip stability can transit from velocity-weakening (quartz-dominant) to velocitystrengthening (talc-dominant) with increasing talc content.
Virtual velocity-stepping experiments, with shear-velocity steps of 1 µm/s and 10
µm/s, were performed on both uniform and layered mixtures of talc and quartz analogs.
Specifically, weight percentage of talc in uniform mixtures and relative layer thickness of
talc are varied to explore the transition from velocity-weakening to velocity-strengthening.
Figure 1-5 (a) shows the friction evolution of two end-member uniform mixtures of pure
quartz and pure talc as an example. The (a − b) values are analyzed by zooming into each
of the velocity steps, and the velocity steps are fitted to rate-state friction constitutive
relations. We fit the rate-and-state parameters using a forward Levenberg-Marquardt
algorithm [Press et al., 1987]. We make an initial estimate of the a , b ,and Dc values and
progressively fit to rate-and-state constitutive relations (5) through (8). The constitutive
relation is solved with shear displacement using a 4th order Runge-Kutta algorithm [Press
et al., 1987]. The Levenberg-Marquardt algorithm searches in the range from 1/10 of the
initial estimate to 10 times the initial estimate. We conclude when either the difference of
parameter or the Chi-square value of the data from current estimate and last estimate meet
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the tolerances of 0.0001 or 0.01, respectively. The insets in Figure 1-5 (a) show the
stability analysis of two velocity steps, for example.
In terms of the transition of slip stability parameters, i.e. (𝑎𝑎 − 𝑏𝑏)values , Figure 1-

5 (b) shows the (𝑎𝑎 − 𝑏𝑏) values obtained by previous laboratory shear experiments on
mixtures of quartz and talc [Moore and Lockner, 2011]. The transition is clearly observable

at ~20% talc. In our simulation, the transition in stability parameter of uniform mixtures is
shown in Figure 1-5 (c), the (𝑎𝑎 − 𝑏𝑏) values are negative (velocity-weakening) when no
talc is introduced; however, the (𝑎𝑎 − 𝑏𝑏) values transit to positive rapidly when there is

~10% to ~25% talc present in the mixture. With more than 25% talc analog introduced, the
(𝑎𝑎 − 𝑏𝑏) values of the bulk sample remain positive, indicating the dominating effect of talc
(velocity-strengthening) on bulk slip stability of the mixture.

Transition in slip stability is also expected in layered mixtures of quartz and talc.
Results from velocity-stepping experiments on uniform mixtures show a similar trend of
increasing (𝑎𝑎 − 𝑏𝑏) values when increasing the relative talc layer thickness. With a through-

going talc layer, the (𝑎𝑎 − 𝑏𝑏) values of the gouge transit to positive with a trace amount of

talc (1 ~ 3-particle, Figure 1-5 (d)). The sample exhibits velocity-strengthening similar to
the pure talc with relative talc layer thickness of 5-particles. Additionally, the (𝑎𝑎 − 𝑏𝑏)
values become larger compared to those for uniform mixtures when the relative thickness

of the talc layer is increased. This behavior indicates that the spatial distribution of talc in
the gouge has significant influences on the slip stability of the mixture. With a layered
structure, even a minimal amount of talc can alter the bulk stability behavior of the fault.
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Figure 1-5. Slip stability evolution of uniform mixtures: (a) end-member friction evolution with
velocity-stepping shear tests (inset shows an example of curve fitting to recover stability
parameters); (b) laboratory data [Moore and Lockner, 2011] of (𝑎𝑎 − 𝑏𝑏) obtained using quartz and
talc mixtures. The red dashed rectangular is the transition zone from velocity weakening to velocity
strengthening; (c) evolution of stability parameter(𝑎𝑎 − 𝑏𝑏), (𝑎𝑎 − 𝑏𝑏)values are negative with no talc
present but shifts to positive after more than 10% of talc is introduced, and will keep being positive
when more than 25% talc is introduced; (d) evolution of stability (𝑎𝑎 − 𝑏𝑏), (𝑎𝑎 − 𝑏𝑏)values are
negative with no talc present but shift to positive after introducing a thin layer (1-particle and 3particles) of talc, and will remain positive when relative talc layer thickness is larger than 5particles; Upper right insets: examples showing (𝑎𝑎 − 𝑏𝑏) analysis.
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4.3 Dilation, coordination number, and permeability
Slip events are usually accompanied by fault dilation or compaction depending on
the mineralogical composition and corresponding mechanical properties. The distinctive
difference between dilation and compaction defines a possible link between the mineralogy
and the permeability evolution of the fault. In other words, dilation indicates potential
increase in fault permeability and vice versa. Usually dilation or compaction can be directly
measured in laboratory experiments through monitoring the evolution of sample layer
thickness. However, it is difficult to directly observe the evolution of porosity and average
coordination number in laboratory experiments. Coordination number is the average
number of contacts around a particle. The evolution of porosity and coordination number
give a clearer picture of dilation or compaction at grain-grain scale. Specifically, when the
bulk gouge is compacted, the coordination number is expected to increase while porosity
decreases, and conversely for dilation.
Figures 1-6 (a) (b) (c) show the evolution of sample layer thickness, average
coordination number, and porosity evolution for pure quartz and pure talc during velocitystepping experiments, respectively. Overall layer thickness decrease is observed during our
numerical tests, which causes a reduction in shear zone thickness. This decrease in sample
layer thickness over shear displacement is induced by mineral analog particles filling the
two empty pockets at the ends of the upper and lower shear platens during dynamic
shearing. This effect occurs in every numerical test; therefore, we consider it as a
background compaction effect that will not significantly affect the comparison of dilation
effects between numerical tests. Distinct differences are noted for end-member behaviors.
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Quartz and talc samples begin with similar initial layer thicknesses (Figure 1-6 (a)), despite
background compaction effects, quartz shows an increase in layer thickness and a sharp
decrease in coordination number during the first ~500 microns in shear displacement.
Conversely, talc samples show the opposite trend in layer thickness evolution. In addition,
the evolution of the coordination number at a velocity up-step, as highlighted for talc in
Figure 1-6 (b), shows a slow decease (i.e. from 1 µm/s to 10 µm/s) but a sharp increase
with a velocity down-step (i.e. from 10 µm/s to 1 µm/s). This indicates a slow decrease in
number of contacts (dilation) during velocity up-steps but a fast increase in the number of
contacts (compaction) upon velocity down-steps. The same behavior is not clearly
observed for quartz or for other quartz-rich samples. This is further discussed in discussion
section 5.5.
Moreover, we can directly monitor the porosity in the assembly by calculating the
ratio of void volume and total volume. An increase in porosity is observed Figure 1-6 (c)
for quartz samples throughout the loading, while relatively steady porosity evolution is
observed for the talc sample. The quartz sample evolves to a higher layer thickness,
porosity, and lower coordination number than the talc sample, indicating a stronger dilation
effect. Evolutions of these three parameters for uniform mixtures and textured mixtures lie
between the two end-member evolution responses.
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Figure 1-6. (a) Evolution in layer thickness of a pure quartz/talc sample during velocity stepping
experiments., quartz shows strong dilation despite background compaction while talc shows slow
dilation upon velocity up-steps and fast compaction upon velocity down-steps; (b) Evolution of
average coordination number of the same tests, Talc shows a gradual decrease in coordination
number at velocity up-steps, but a rapid increase in coordination number at velocity down-steps;
quartz shows a negligible change in coordination number at velocity steps; (c) Sample porosity
evolution of the same tests, Quartz shows overall increasing porosity while talc shows relatively
insignificant porosity change throughout the test.

Estimates of permeability evolution are shown in Figure 1-7 using equation (14)
and (15) [Ouyang and Elsworth, 1993; Samuelson et al., 2011]:
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Where 𝑘𝑘⁄𝑘𝑘0 is the relative ratio in permeability, ∆𝐻𝐻⁄𝐻𝐻 is the relative ratio in

sample thickness, ∆𝜙𝜙 is the relative difference in porosity. Figure 1-7 shows that the
permeability of pure quartz increases regardless of the change in velocity, while the

permeability of the pure talc sample remains stable with a slight increase during velocity
up-steps and a sharp decrease during velocity down-steps. While a compaction effect is
generally expected during velocity down-steps, the observations can be plausibly explained
by the tight packing of the quartz sample in our specific runs, thus only dilation is observed.
Furthermore, the strong tendency of the dilation of quartz can also be explained by a higher
elastic modulus and higher particle interlocking caused by higher friction resistance at
contacts.
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Figure 1-7. Permeability evolution of gouge consisting of pure quartz or talc: gouge consisting of
quartz is dilation-dominated while gouge consisting of talc exhibits dilation only on velocity upsteps, but rapid compaction on velocity down-steps.

4.4 Effect of normal stress, characteristic slip distance, and particle size
We test the model with variations in normal stress, critical slip distance and particle
size to analyze the sensitivity of the DEM model. We examine behavior at normal stresses
of 5, 10,15, 30, and 50 MPa. The frictional evolution curves for 75% quartz and 25% talc
mixtures under these different normal stresses are shown in Figure 1-8 (a). From the initial
frictional evolution, we observe a trend indicating that it takes less shear displacement for
the assembly to reach steady state friction at lower normal stress - this may be attributed to
less normal constraints on particles to rearrange under shearing. The remainder of the
evolution curve shows bulk shear strengths to be generally higher during velocity up-steps
at low normal stress (5 MPa) - this is likely due to the stronger tendency for dilation at low
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normal stresses. Despite these observations, the friction evolution curves generally overlie
each other and feature no general trend in shear strength and stability parameters.
In terms of characteristic slip distance (𝐷𝐷𝑐𝑐 ), Figure 1-8 (b) shows the frictional

evolution curves for a 75% quartz and 25% talc mixture under a normal stress of 10 MPa
with 2×, 1×, and 0.5× values of 𝐷𝐷𝑐𝑐 (refer to Table 1-1). Again, the frictional evolution

curves overlie each other. We observe no significant difference in the frictional evolution
due to the change in 𝐷𝐷𝑐𝑐 . This is possibly caused by the contact mechanism described in
Section 5.5. In the case of smaller 𝐷𝐷𝑐𝑐 , the assembly requires a shorter slip distance to reach

steady state, which is subtly observed from the first and the second velocity down-steps.

However, the significant amplitude of noise masks this.
The effect of particle size on the evolution of friction is shown in Figure 1-8 (c),
for 2×, 1×, and 0.5× particle radius (refer to Table 1-1) under a normal stress of 10 MPa.
For smaller particle sizes, the amplitude of the fluctuation is reduced. The evolution curve
is not generally offset by reducing the particle diameter except in the initial velocity-step,
where for 0.5× particle radius the friction coefficient is smallest. This is potentially due to
the increase in surface area of the talc particles when the number of particles increases.
However, this initial offset is soon annulled.
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Figure 1-8. Friction evolution of a uniform mixture containing 75% quartz and 25% talc, at: (a)
normal stresses of 5, 10, 15, 30, and 50 MPa; (b) with 𝐷𝐷𝑐𝑐 set at 0.5, 1.0, and 2.0× characteristic slip
distance; (c) with particle sizes of 0.5, 1.0, and 2.0× particle size,
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5 Discussion
The numerical simulation results suggest that evolution of shear strength and
stability of the simulated fault gouge is largely related to weight percentage and texture of
the talc in the mixture. It is observed that for uniform mixtures, a relatively small amount
of talc (~25% in weight percentage) can significantly weaken the fault; while for layered
mixtures, a minimal amount of talc (a relative thickness of 3-particles) can provide the
same level of influence. These results in turn pose questions of what the possible mechanics
behind the observed evolution trends are and their implications. The following discussion
examines the slip weakening law, by examining: fluctuations within the numerical friction
measurements, the influence of localization effects of shear due to heterogeneity, the effect
of platen rigidity and system stiffness, the stability of the calculated slip and mechanism
for frictional healing, and the scaling of stability parameters in the two-dimensional
numerical model.

5.1 Model validation and stress fluctuations
The frictional evolution of 75% quartz and 25% talc with a slip weakening friction
law and constant friction is used to validate the effect of the friction law. Figure 1-9 shows
the comparison between friction evolution using both friction constitutive relations (slip
weakening and constant) under a normal stress of 10 MPa. Both laws yield similar
magnitudes of friction coefficient, however, the effect of instantaneous friction evolution
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is only observed while using a slip weakening law. This identifies the key impact of the
contact-contact slip weakening law in defining ensemble behavior.

Figure 1-9. Contact model validation with comparison of velocity-stepping shear experiments on
uniform mixtures with 75% quartz and 25% talc using models with a slip weakening friction law
or constant friction. The dashed rectangle highlights the frictional evolution after the velocity steps.
Shear experiments with implemented slip weakening model show clear frictional evolution at the
velocity steps while it is difficult to observe a clear evolution of friction at velocity steps with a
constant friction law.

Both dimensionality and particle size have a major influence on fluctuations in
friction evolution data [Knuth and Marone, 2007]. In 2-D laboratory experiments, it is
common to observe frictional fluctuation magnitudes of 0.1~0.15. Our simulation results
show similar or even smaller amplitudes of fluctuations.
Becasue the simulation results show relatively large fluctuations in the frictional
evolution (of the order of 0.1~0.2), the resulting (𝑎𝑎 − 𝑏𝑏) values need to be similarly scaled,

which are one order-of-magnitude smaller than the fluctuations; they are originally too
small and will be lost inside the noise should laboratory scale values be used (in the order
of 0.001). Therefore, in order to capture the evolution of friction due to velocity changes,
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we implement (𝑎𝑎 − 𝑏𝑏) values one magnitude larger than the laboratory measured (𝑎𝑎 − 𝑏𝑏)
values to capture the rate-and-state behavior. This is further discussed in Section 5.7

Large fluctuations are observed in frictional evolution in quartz-rich samples,
especially in those with quartz content greater than 75%. This may due to the nature of the
2-D configuration of this study. Particle dimensionality is associated with large fluctuations
of shear strength especially in a 2-D configuration [Knuth and Marone, 2007]. However,
the fluctuations in shear strength in talc-rich samples are much smaller than those in quartzrich samples (this study). We believe there are two main governing factors influencing the
shear strength fluctuations in our model, namely: particle abundance (particle sizing), and
inter-particle friction coefficient. Figure 1-10 (a) (b) shows a comparison of frictional
evolution of pure quartz during dynamic shearing with normal and reduced particle size
(half of original particle size in this study, 𝐷𝐷𝑐𝑐 value for quartz analog is adjusted
accordingly). Smaller fluctuations are observed in the simulation with smaller particles.

The magnitude of these fluctuations is not so significant in the context of this study
compared to the exponentially increased computational cost in eliminating them. Interparticle friction coefficient is another important factor which may govern the fluctuations
of the bulk shear strength. In this study, the mineral analogs are geometrically defined as
circular particles without any angularity, with the rotation of particles also restricted.
Therefore, inter-particle friction coefficient may have a strong effect on the dilation
behavior of particles. Figure 1-10 (b) also shows frictional evolution of a quartz analog
with artificially reduced inter-particle friction coefficient (0.05), from which a reduction in
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shear strength fluctuation is observed. However, the ensemble shear strength is also
reduced significantly with the reduction of inter-particle friction coefficient.

Figure 1-10. (a) Frictional evolution of pure quartz analog showing large fluctuations; (b) Frictional
evolution of pure quartz analog with reduced particle size (0.5×) and reduced inter-particle friction
coefficient (0.05) shows reduced fluctuations.

5.2 Comparison with established rate and state contact models
Rate and state dependent frictional evolution has been previously implemented into
particle dynamics simulations (Abe et al., 2002). A full rate and state constitutive relation
was implemented at contact level in their approach, with the state variable 𝜃𝜃 (described in

equation (5)) updated by local relative shear velocity and contact surface parameters. The
contact model was implemented in a Lattice Solid Model, with simulation results
suggesting a good match with theoretical bare-surface rate and state models and laboratory
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experiments. The results also indicated that critical slip distance 𝐷𝐷𝑐𝑐 is related to fault
roughness. However, this approach is too computationally expensive to carry out using the

large number of particles we use. Another approach (Morgan, 2004) simplified the
complex rate and state constitutive relation by implementing a time dependent frictional
healing constitutive law onto contacts. The constitutive relation of friction in this model is
described by equation (16) through (17) as follows:
𝜇𝜇𝑝𝑝𝑎𝑎 = 𝜇𝜇𝑝𝑝0 , 𝑡𝑡 = 0

𝜇𝜇𝑝𝑝𝑎𝑎 = 𝜇𝜇𝑝𝑝0 + 𝑏𝑏 ln(𝑡𝑡), 𝑡𝑡 > 0

(16)
(17)

where 𝜇𝜇𝑝𝑝𝑎𝑎 is the time-dependent interparticle friction coefficient and 𝑏𝑏 is a scalar

coefficient. This constitutive law was tested in a simulated gouge assembly consisting of
circular shaped particles with three different radii. Dynamic shear experiment under
periodic boundary condition were conducted on the assembly to show that the model

delivered a good match with laboratory hold-slide-hold experiments on fault gouge
[Marone, 1998b].
The constitutive relation of friction described in this study is a slip weakening law.
Compared to the full implementation of rate and state friction law described above, the
state variable 𝜃𝜃 is not included in the slip weakening law due to the high computational
cost to update 𝜃𝜃 on every contact through solving a series of nonlinear equations. Also, we

do not implement time-dependent frictional healing onto each contact compared to the
second example stated above. This will make the simulation of long term friction evolution
under hold-slide-hold conditions impractical for our model. However, the focus of this
study is not in precisely simulating the micro-mechanisms of rate and state friction,
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implementing even second-order mechanisms. Instead, we simplify the problem by
implementing a slip weakening law to study instantaneous friction evolution response upon
velocity steps and focus on the response of mineral mixtures. Our implementation is best
suited for studying the transitional behavior of stability of minerals mixtures consisting of
minerals with different stability parameters (𝑎𝑎 and 𝑏𝑏 values). Additionally, our

implementation also shows a good match with laboratory results of transitional behavior
in stability using quartz and talc mixtures, which implies the validity and capacity of our
simplification in predicting this transitional behavior of stability on mineral mixtures.

5.3 Shear localization within the slip zone and effect of shear zone thickness
In this study, numerical double direct shear tests are conducted on gouge mixtures
with two representative structural distributions of talc. Observations suggest that the spatial
distribution of talc has a strong influence not only on the frictional strength but on slip
stability as well. These strong effects may be caused by enhanced shear localization
corresponding to the spatial distribution of talc. Figure 1-11 shows a displacement map of
the assembly (uniform mixture, 75% quartz and 25% talc; layered mixture, relative talc
layer thickness of 8) and the distribution of slipped contacts at the end of representative
numerical runs with both uniform (upper row) and textured mixtures (lower row). The
displacement maps show that for uniform mixtures, there is a high degrees of particle
rearrangement, and shear planes are likely to form within the assembly (from upper left to
lower right). However, for layered mixtures, the shear plane is more horizontal, matching
the location of the talc layer. Therefore, we suggest that for uniform mixtures, the
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localization zones tend to bridge between the two shear platens with an inclined shear zone
across the sample. For textured mixtures, the localization pattern appears to be similar to
that for uniform mixtures with very little talc present in the sample (first column of Figure
1-11). However, with a relative layer thickness larger than 3-particles, slip contacts are
mainly present in the talc layer while few slipped contacts are present in the surrounding
quartz matrix. This observation suggests that in structured (layered) samples, slip is easily
mobilized on the interfaces or inside the weak layer. When slip events occur mostly on the
layer interfaces or inside the weak layer, the bulk shear strength is governed by the weak
layer and exhibits similar behavior to that for pure talc.
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Figure 1-11. Displacement map of uniform mixture (75% quartz and 25% talc, upper left) shows
higher degree of particle rearrangement during shear while layered mixture (relative layer thickness
of 8, upper right) shows distinctive shear localization along the intervening talc layer. Slipped
contacts at the end-stage (steady friction, lower two rolls) of representative numerical runs.
Representative plot of slipped contacts in uniform mixtures showing shear zones localized between
the two shear platens (upper row). Representative plots of slipped contacts in layered mixtures
showing shear zones localized inside or at the interfaces of the talc layer (lower row).
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The same mechanism applies to the evolution of slip stability. Although talc exerts
a strong influence on slip stability of the gouge, the scattered talc particles in uniform
mixtures exert less impact on the bulk slip stability than the localized talc layer. This is
mostly explained since slip tends to occur around and between talc particles due to the
substantially lower contact friction. A thicker talc layer can greatly promote creep in the
gouge, changing from velocity-weakening to velocity-strengthening. However, this
transition is accompanied by a significant reduction in shear strength. Therefore, talc has a
two-fold influence: increasing the stability as evident in the ensemble parameters (𝑎𝑎 − 𝑏𝑏)
but simultaneously reducing the shear strength of the fault.

These observed localization effects are consistent with those observed previously
[Morgan, 2004]. In addition, previous studies also suggest that there is a localization effect
on weakening as well, indicating that the slipped localization patch will become even
weaker. In this study, we did not consider, at the contact level, the further weakening
localization of a slipped weak patch since there is a further evolution law defined beyond
slip weakening. This further effect in weakening is, however, out of the scope of our study.
We consider the results and conclusions of this study, i.e. the transitional behavior of slip
stability and evolution of transport behavior of mineral mixtures may not be heavily
impacted by this further weakening of localization. This is due to the nature of this study
which is focused on the bulk weakening effect of frictionally weak minerals.
Shear zone thickness is an important parameter to determine the relative shear
velocity between particles. Thicker shear zones feature lower relative shear velocity
between particles than thinner zones. In this study, the slip-weakening law is defined as
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global velocity and local strain based, i.e. the local friction evolution is calculated by the
global reference velocity of the previous velocity step, the global load point velocity, local
slip state, and local accumulated slip distance (described in the numerical methods section).
We do not take into account local relative shear velocity. Therefore, shear zone thickness
will not impose a significant effect on the results and conclusions of this study. This
simplification is specific to this study and shear zone thickness must be considered in the
scenario of precisely modeling the rate and state behavior, however, this is beyond the
scope of this study.
Grain shape is another important factor in controlling shear localization [Kock and
Huhn, 2007]. Talc is a microscopically platy mineral, which is different from the circular
shaped particles we use in this study. However, despite the difference in representation,
our simulation results of transitional behavior in shear strength and slip stability are
consistent with previous laboratory experiments, which implies that circular shaped
particles may be sufficient in deriving the transitional behavior of mineral mixtures.
Regardless, the effect of grain shape is important and need to be further explored in DEM
simulation.

5.4 Effect of system stiffness and platen rigidity
In this work, a slip-weakening contact law is implemented, rather than full ratestate behavior. Where we assume system stiffness to be infinitely large, this will always
result in stable slip regardless of critical stiffness of the contact and sign of (𝑎𝑎 − 𝑏𝑏) ,

although velocity weakening behavior may still evolve; this will be an index of the
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potential for unstable behavior. Thus, this study contributes to the understanding of the true
mechanism and potential for unstable behavior as there is an intrinsic system stiffness that
must be accommodated in nature in assessing the potential for unstable slip. In other
words, we use the metric of velocity/slip weakening as an absolute measure of the potential
for unstable slip, unmodulated by an arbitrary system stiffness.

5.5 Dilation in granular systems under dynamic shearing
As discussed in the results section, the initial strong dilation of quartz upon shearing
is observed. This behavior is drastically different from the cyclic dilation-compaction of
talc in response to velocity up-steps and velocity down-steps. The mechanism of
dilation/compaction and the concept of force chain generation and brittle failure has
already been described in previous studies [Morgan and Boettcher, 1999; Anthony and
Marone, 2005]. Essentially, in granular systems, dilation, compaction, and compliant shear
deformation during dynamic shearing is governed by the generation and breakage of force
chains. The same theory applies in our model. We propose that the differences in dilatant
behavior upon dynamic shearing may be due to differences in contact elastic stiffness and
the inter-particle friction coefficient. Quartz analog particles feature much higher contact
stiffness (essentially effective modulus) and inter-particle friction coefficient than talc
analog particles (refer to Table 1-1). High elastic stiffness and inter-particle coefficients
contribute to a higher degree of resistance in particle self-rearrangement during dynamic
shearing, thus promoting strong dilation. Furthermore, this high resistance in selfrearrangement may delay the prompt reaction to changes in shear velocity. This may be the
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reason why no significant compaction is observed during velocity down-steps in the quartzrich samples. This may also explain the large initial dilation of pure quartz and the quartz
rich analog during dynamic shearing since it takes more shear displacement for the particles
in these assemblies to reach a dynamic equilibrium. In contrast, talc particles feature a
significantly lower contact stiffness and inter-particle friction coefficient, which greatly
reduces the resistance to particle self-rearrangement during dynamic shearing. Therefore,
the assembly reacts more quickly to changes in shear velocity. The self-rearrangement
resistance can also be affected by the abundance of particles. Figure 1-12 (a) shows the
evolution of porosity of pure quartz over 4500 microns of shear displacement. The porosity
evolution of quartz with reduced particle size is also shown Figure 1-12 (b). It can be
clearly observed that for a quartz assembly, with half-sized particles (more particles
overall), after ~1200 μm of shear displacement the assembly reaches a dynamic
equilibrium as indicated by a halted increase in overall porosity. This is significantly faster
than the original evolution of pure quartz (~2000 μm) in reaching dynamic equilibrium.
But in both cases, the tendency of dilation in quartz is strong and the porosity evolution is
of similar magnitude.
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Figure 1-12. (a) Porosity evolution of pure quartz analog over a shear displacement of 4500 μm.
Dynamic equilibrium is reached at ~2000 μm of shear displacement; (b) Porosity evolution of pure
quartz analog with reduced particle radius over a shear displacement of 4500 μm, dynamic
equilibrium is reached at ~ 1200 μm of shear displacement.

In the quartz-talc analog mixtures, the inter-particle elastic stiffness of a quartz-talc
contact is taken by connecting the contact stiffness of quartz and talc in series, with the
inter-particle friction coefficient is taken as the minimum of the two. In this case, talc will
dominate in determining the contact stiffness. Essentially this will cause increased
weakening on the quartz particles connected by talc particles (due to lowered contact elastic
stiffness and talc-dependent inter-particle friction coefficient). Meanwhile, the reduction
in inter-particle friction coefficient and elastic stiffness also contributes to the reduction in
resistance to self-rearrangement during dynamic shearing, thereby reducing the dilation
tendency, which eventually leads to the transition from strong dilation (pure quartz) to
cyclic dilation and compaction (pure talc).

43
There are other properties affecting the dilation of granular assemblies, such as
particle shape, angularity and surface roughness. The study of the effects of these multiple
parameters are important to illuminate mechanisms of the shearing of granular materials,
but is beyond the scope of this study.

5.6 Stability of slip events
Slip events at contacts may and will occur in the gouge assembly once shear begins.
It is worth noting that not all contacts will slip at once under dynamic shearing due to
particle packing and local effects. Slip is triggered once the Coulomb criterion is reached
locally, and evolves according to a prescribed slip-weakening law as the slip proceeds.
Once local slip occurs, under the assumption that the system stiffness is infinite, the
calculated slip at the sliding contact will always be stable, but will evolve to a new state
following the slip weakening law and according to local slip distance. However, if local
contact slip does not occur at a given time, the friction coefficient will remain constant and
not evolve. In any fault gouge sample, there are both contacts undergoing slip as well as
those that are stationary. Therefore, the ensemble friction evolution is a combination of
local friction evolution (either undergoing slip weakening or not) of every contact in the
assembly.
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5.7 Scaling of empirical stability parameters and uncertainties
In the DEM model, there are inevitable differences and conversions between graingrain scale mechanical parameters and macroscopic mechanical parameters. For example,
the macroscopic elastic modulus is converted into an effective modulus, and through
normal to shear stiffness ratio, effective modulus is then converted to normal and shear
contact stiffness. These conversions map the grain-grain scale parameters from
macroscopic parameters. The same rules also apply to stability parameters. Considering
the fluctuation of the 2-D numerical shear model, the stability parameters measured from
the bulk stability evolution data differ from those used at grain-grain scale. Particularly,
the stability parameters from curve fitting are of similar magnitude (0.01~0.05) to the
stability parameters assigned at grain-grain scale. They are however, one order-ofmagnitude larger than the laboratory measured parameters shown in Figure 1-5 (b)
(0.001~0.008). This is due to the two-dimensional configuration generating a relatively
large amount of noise in the frictional evolution [Knuth and Marone, 2007], which prevents
clear analysis of stability parameters at the laboratory scale. Therefore, the use of relatively
large and artificial stability parameters in two-dimensional models helps to identify the
transitional behaviors in frictional strength and slip stability.
Uncertainties remain since simplifications and assumptions have been made for this
numerical study. Specifically, the mineral particles are assumed to be circular and a slipweakening constitutive relation has been taken as a simplification of rate and state
constitutive behavior. These assumptions, might not be applicable in every situation, but
serve well in reproducing the transitional behavior of shear strength and slip stability of
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frictionally strong/weak mineral mixtures, as well as predicting evolutionary trends in
permeability. Besides, the method we use to calculate the resultant stability parameters for
quartz-talc mineral contacts reveals a potential relation of the resultant stability parameters
of contacts between surfaces with drastically different stability properties.

6 Conclusions
A DEM model is established to simulate the mechanical responses of synthetic
gouge mixtures consisting of a quartz and talc analogs. Direct shear experiments with predefined velocity up-steps and down-steps were conducted on both uniform and textured
mixtures. This is achieved by altering the weight percentage of talc in uniform mixtures
and the relative thickness of the talc layer in textured (layered) mixtures, and in then
analyzing experimental results. The following conclusions are drawn:
1. Talc has a significant weakening effect on the shear strength of quartz-rich fault
gouges. This effect is enhanced when talc forms a through-going layer in the
gouge.
2. Relatively small amounts of talc (10% to 25% talc in the uniform mixtures or
3-particles to 5-particles in the textured mixtures) can transform the stability
behavior of the gouge from velocity-weakening to velocity strengthening.
3. Minerals with high elastic modulus and frictional resistance at contacts tend to
dilate universally upon slip, while minerals with low elastic modulus and
frictional resistance dilate during velocity up-steps but compact quickly during
velocity down-steps.
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4. Quartz tends to be dilation dominant and thus an increase in permeability could
be expected in quartz-rich faults during slip events; while talc also dilates, but
compacts much faster, therefore a decrease in permeability could be expected
in talc-bearing faults.
The numerical modeling-derived conclusions suggests that DEM modeling is
capable of simulating the shear strength and stability evolution of granular fault gouge
using a simplified rate-state friction law. Also, it is possible to simulate gouge with
complex mineralogical composition and with varying degrees and forms of heterogeneity.
The analysis of coordination number and porosity evolution suggest new methods to
examine the nature of permeability evolution of faults during the seismic cycle.
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Chapter 2
Ensemble Shear Strength, Stability, and Permeability of Mixed Mineralogy
Fault Gouge Recovered from 3D Granular Models

Abstract
We conduct numerical shear reactivation experiments on analog mixtures of quartz
and talc gouge using a three-dimensional (3D) distinct element model (DEM). We follow
the evolution of shear strength, slip stability, and permeability of the gouge mixture during
dynamic shear and explore the mesoscopic mechanisms. A modified slip-weakening
constitutive law is applied at contacts. We perform velocity-stepping experiments on both
uniform, and layered mixtures of quartz and talc analogs. We separately vary the proportion
of talc in the uniform mixtures and talc layer thickness in the layered mixtures. Shear
displacements are cycled through shear velocities of 1 and 10μm/s. Simulation results show
that talc has a strong weakening effect on shear strength - a thin shear-parallel layer of talc
(~8.1 wt%) can induce significant weakening. However, the model offsets laboratory
derived strong weakening effects of talc observed in uniform mixtures, implying the
governing mechanisms may be the strong shear localization effect of talc, which is
enhanced by its natural platy shape. Ensemble stability (a-b) can be enhanced by increasing
talc content in uniform talc-quartz mixtures. No apparent influence of increasing talc layer
thickness on (a-b) is observed in layered mixtures. Talc enhances compaction at velocity
down-steps, potentially reducing fault permeability. Additionally, we show that
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dimensionality significantly impacts the resolution of dynamic responses. 3D simulations
are more representative of laboratory observed behavior. Numerical noise is shown to be
of the order of ~0.1 of previous 2D counterparts. Evolution trends of stability parameters
regarding the composition and structure of the fault gouge can be straightforwardly
obtained from the 3D simulation. Our study elaborates a DEM approach to mechanistically
investigate the mechanical and rheological response of faults during shearing and enhances
the understanding of fault weakening mechanism.

1. Introduction
Seismic events commonly occur in mature faults consisting of fault cores and
damage zones (Faulkner et al., 2010). Frictional response and stability of faults are usually
governed by fault gouge present in the fault core. Extensive studies have documented the
friction and stability of fault gouge under varied stress conditions, shear velocity regimes,
and fluid saturations in the laboratory using natural and synthetic samples (Fang et al.,
2014; Ikari et al., 2011; Mair and Marone, 1999). Fault gouge can contain mixtures of
frictionally strong tectosilicates and weak phyllosilicates (Collettini and Holdsworth, 2004;
Faulkner et al., 2003; Vrolijk and Van Der Pluijm, 1999; Wintsch et al., 1995), including
talc (Giorgetti et al., 2015; Moore and Lockner, 2011; A. R. Niemeijer et al., 2010a). Talc
can be derived from the metamorphic alteration of ultramafic rocks with silica-saturated
hydrothermal fluids, and from dissolution of dolomite under the alteration of silica-rich
fluids (D’Orazio et al., 2004; Escartín et al., 2008; Grasemann and Tschegg, 2012; Moore
and Rymer, 2007; Peacock, 1987; Taylor and Huchon, 2002; Viti and Collettini, 2009).
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Laboratory studies suggest that talc may exert a significant effect on the shear
strength and slip stability of gouge mixtures. In order to strongly weaken the gouge, a ~50
wt% of talc is required in uniform mixtures (Moore and Lockner, 2011). Only ~4 wt% of
talc is required to weaken the gouge in layered mixtures (Niemeijer et al., 2010).
Laboratory shear tests using uniform mixtures of talc and strong minerals (quartz, calcite)
show that talc has a dominant effect on shear strength at weight percentages of ~20% or
higher (Giorgetti et al., 2015). The study of layered gouge mixture with talc, e.g., layered
talc sandwiched by frictionally strong minerals, has always been a challenge in the
laboratory due to the difficulty in preparing a uniform and consistent talc layer (Niemeijer
et al., 2010), tracking localized shear deformation, and machanistcally analyzing shear
deformation within the gouge layer during shearing. An alternative way to study the
dynamic responses of gouge materials is to take advantage of numerical methods. One
effective method is to conduct a similar study on friction evolution of synthetic fault gouge
during dynamic shearing by discrete element methods (DEM) (Cundall and Strack, 1979).
DEM has been successfully applied to the simulation of fault gouge and many other
laboratory experiments on rocks and granular materials (Guo and Morgan, 2004; Morgan,
1999; Sun et al., 2016; Wang et al., 2017). Granular gouge materials are represented by an
assembly of particles which can move independently within preset degrees of freedom. The
dynamics of particles are updated by explicit representation of Newton’s second law, and
the interaction of particles is evaluated by various constitutive contact models depending
on different applications and scenarios.
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DEM simulations of granular materials are usually carried out in two-dimensions
for equivalent media and with compensation mechanisms to represent suppressed out-ofplane displacements (Morgan, 1999; Morgan and Boettcher, 1999; Wang et al., 2017).
Gouge models constructed in 2D are widely adopted due to the significantly lower
computational cost. However, the shape and dimensionality of particles can also affect the
maximum shear strength of simulated faults (Abe et al., 2011; Ferdowsi et al., 2014; Knuth
and Marone, 2007). Additionally, 2D models typically fail to reproduce out of plane
particle interactions, lack particle interlocking mechanisms, and exaggerate shear dilation.
Studies have been conducted both numerically and experimentally to investigate the effects
of particle dimensionality on the shear strength of faults (Knuth and Marone, 2007).
Unusual fluctuations in shear strength evolution are observed in laboratory double direct
shear experiments using metal rods (representing 2D particles). Unrealistically low shear
strength is also observed, and this is believed to be caused by free-rolling of the particles
(rods).
The shear stability of faults is commonly described by rate and state friction law
(Dieterich, 1992; Marone, 1998; Ruina, 1983). Shear stability of granular shear is analyzed
by direct measurement of shear stress and shear displacement in the laboratory; it is also
implemented in DEM simulations by introducing contact-based constitutive laws. A
contact-based slip-weakening law has been implemented in 2D DEM simulations for slip
stability analysis (Wang et al., 2017). Although a large number of studies and discussions
have been carried out to investigate shear strength and slip stability of granular shear using
2D or 3D configurations (Anthony and Marone, 2005; Ferdowsi et al., 2014; Hazzard and
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Mair, 2003; Knuth and Marone, 2007), few studies have combined slip stability and
permeability evolution of gouge mixture containing frictionally weak minerals using 3D
DEM simulation.
In this study, we complete 3D DEM simulations of granular gouge in shear
experiments using quartz and talc analogs. Specifically, we explore the shear strength, slip
stability, and permeability evolution of the mixture in the configurations of uniform and
layered mixtures (e.g., layered talc). The weight percentage of talc in these two
configurations is systematically varied. By performing direct shear simulations with
velocity steps, transitional behavior in shear strength and changes in the stability parameter
(𝑎𝑎 − 𝑏𝑏) are captured and its impact on permeability inferred. We present mechanistical
analysis of the transitional behavior and report substantial discussions.

2. Method
Seismic events commonly occur in mature faults consisting of fault cores and
damage zones (Faulkner et al., 2010). Frictional response and stability of faults are usually
governed by fault gouge present in the fault core. Extensive studies have documented the
friction and stability of fault gouge under varied stress conditions, shear velocity regimes,
and fluid saturations in the laboratory using natural and synthetic samples (Fang et al.,
2014; Ikari et al., 2011; Mair and Marone, 1999)
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2.1 Model configuration
The 3D DEM model represents one symmetric half of the double direct shear
configuration (Marone, 1998) (Figure 2-1). In this model, gouge analogs are confined
between two saw-tooth grooved platens consists of particle clumps. The length of the shear
platen is 20mm. The thickness of the gouge sample assembly is approximately 5mm
including the platens; the exact thickness varies with mineral content. Virtual walls are
generated outside of the assembly to prevent the extrusion of particles during shear. These
virtual walls do not obey Newton’s second law due to the lack of mass. However, they
preserve linear elastic contact properties and can thus perform as elastic boundaries to the
assembly.
The direct shear simulations are conducted under a normal stress (applied normal
to the shear direction) of 10MPa with the stress magnitude maintained via a servo-loading
algorithm. The algorithm constantly adjusts the relative velocity of the upper and lower
platens to retain the normal stress within 0.5% of the preset magnitude (10MPa in this
study). The 3D model simulates the full process of direct shear by the following steps:
1. Generate a domain, virtual walls, and shear platens;
2. Generate loosely distributed mineral analogs with an initial target porosity of 55%,
allowing initial particle overlaps;
3. Equilibrate the assembly by iterating until the ratio of unbalanced forces to the sum
of body force, applied force, and contact forces on one particle in all degrees of
freedom (mechanical ratio) is less than 0.001;
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4. Activate the servo-displacement algorithm to compact the sample until the normal
stress (10MPa) is reached while maintaining the mechanical ratio below 0.001.
5. Actuate the upper platen in shear to a preset velocity and cycle between velocity
steps.
The analog mixture is sheared through a full displacement of 500 𝜇𝜇𝜇𝜇 at 1 𝜇𝜇𝜇𝜇/𝑠𝑠

with the velocity then up-stepped to 10 𝜇𝜇𝜇𝜇/𝑠𝑠 over a further 500 𝜇𝜇𝜇𝜇 of shear displacement.

The velocity is then decreased to 1 𝜇𝜇𝜇𝜇/𝑠𝑠 and the process repreated. The maximum shear
displacement for each simulation is 3500 𝜇𝜇𝜇𝜇, enabling a total of 6 successive steady states

to be reached. The numerical simulation monitors the evolution of ensemble friction
coefficient, sample layer thickness, average coordination number, and porosity of the
gouge sample during dynamic shear. Shear stress is calculated from the unbalanced force
on upper shear platen divided by effective shear area. Friction coefficient is then interpreted
by the ratio of shear stress to normal stress. The sample layer thickness is calculated from
the average distance between the two shear platens prescribing the outer boundary (the
distance from the outer flat surface of the upper platen to the lower platen). Porosity is
monitored in seven spherical control volumes distributed along the gouge analog. The
diameter of each spherical control volumes is 750 𝜇𝜇𝜇𝜇. The locations (unit in 𝑚𝑚𝑚𝑚) are

(±4,0), (±3,0), (±2,0), (0,0), in which (0,0) is the geometric center of the compacted
sample before shear.
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Figure 2-1. Model configuration represents one half of the double direct shear configuration (Mair
and Marone, 1999). (a) Double direct shear configuration; (b) DEM model for homogeneous
mixtures (red line marks the model scale; black arrow marks the direction of shear); (c) Layered
mixture.

2.2 Contact Model
In order to reduce the rolling tendency of the uniformly spherical particles in the
model and to thereby reproduce realistic particle interlocking effects, we use a contact
model accommodating rolling resistance and linear elastic contact (Ai et al., 2011; Iwashita
and Oda, 1998; Jiang et al., 2015; Wensrich and Katterfeld, 2012). This is effective in
reducing the undesirable strong rolling effect of particles during simulation. Specifically,
the contact model consists of linear elastic components in both the normal and shear
direction (Figure 2-2(a)). All components act at a vanishingly small contacting area, with
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only forces and moments transmitted. The contact force (𝑭𝑭𝑐𝑐 ) is resolved into normal (𝐹𝐹𝑛𝑛 )
𝜇𝜇

and shear components (𝑭𝑭𝑆𝑆 ). Magnitudes of shear force 𝑭𝑭𝑠𝑠 is compared to a threshold 𝐹𝐹𝑠𝑠 ,
and if more than this magnitude allows contact slip with the friction coefficient evolving
according to a slip-weakening constitutive relation. The iterative constitutive relation for
normal and shear elastic components are:
� 𝑐𝑐 + 𝑭𝑭𝑆𝑆 + 𝑭𝑭𝑑𝑑
𝑭𝑭𝑐𝑐 = −𝐹𝐹𝑛𝑛 𝒏𝒏

(1)

𝑭𝑭𝑠𝑠 = (𝑭𝑭𝑠𝑠 )0 − 𝑘𝑘𝑠𝑠 Δ𝜹𝜹𝑠𝑠

(3)

𝐹𝐹𝑛𝑛 = (𝐹𝐹𝑛𝑛 )0 + 𝑘𝑘𝑛𝑛 Δ𝛿𝛿𝑛𝑛
𝜇𝜇

(2)

𝜇𝜇

𝐹𝐹𝑠𝑠 = −𝜇𝜇0 𝐹𝐹𝑛𝑛 (before slip initiates); 𝐹𝐹𝑠𝑠 = −𝜇𝜇𝐹𝐹𝑛𝑛 (after slip initiates)

(4)

in which (𝐹𝐹𝑛𝑛 )0, (𝑭𝑭𝑠𝑠 )0 , and 𝑭𝑭𝑑𝑑 are the normal force, shear force vector, and dashpot

force vector (damping coefficient of 0.2 is implemented in both normal and shear

� 𝑐𝑐 is the contact normal; 𝑘𝑘𝑛𝑛 and 𝑘𝑘𝑠𝑠 are the normal and shear contact stiffness;
direction); 𝒏𝒏
Δ𝛿𝛿𝑛𝑛 and Δ𝜹𝜹𝑠𝑠 are the increments of local displacement and displacement vector in the
normal and shear directions; 𝜇𝜇0 is the coulomb friction coefficient of the contact before

slip initiates(also 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 ); 𝜇𝜇 is the transient friction coefficient of the contact after slip
initiates.

The contact moment (𝑴𝑴𝑐𝑐 ) is determined by the rolling resistance moment (𝑴𝑴r )

determined by rolling resistance stiffness 𝑘𝑘𝑟𝑟 , and local bend-rotation increment (∆𝜽𝜽𝑏𝑏 ). 𝑴𝑴r
is updated as:

𝑴𝑴r = (𝑴𝑴r )0 − 𝑘𝑘𝑟𝑟 ∆𝜽𝜽𝑏𝑏

𝑘𝑘𝑟𝑟 = 𝑘𝑘𝑠𝑠 𝑅𝑅� 2
1
𝑅𝑅�

1

1

= 𝑅𝑅(1) + 𝑅𝑅(2)

(5)
(6)
(7)
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in which (𝑴𝑴r )0 is the rolling resistance moment vector of the previous time step;

and 𝑅𝑅� is the contact effective radius calculated from the radii (𝑅𝑅 (1) and 𝑅𝑅 (2) ) of two
contacting particles.

The rolling resistance moment is capped by a rolling resistance coefficient 𝜇𝜇𝑟𝑟 ,

particle properties (size, contact stiffness) and normal force. The rolling resistance moment

(𝑴𝑴r ) is checked against a threshold limit (𝑴𝑴∗ ), with 𝑴𝑴∗ calculated according to equation
(8). The rolling resistance moment is set as 𝑴𝑴∗ if the resultant 𝑴𝑴r is greater than the
threshold. This mechanism works in a sense similar as Coulomb’s law of friction as,
𝑴𝑴∗ = 𝜇𝜇𝑟𝑟 𝑅𝑅� 𝑭𝑭𝑛𝑛

(8)

The implementation of this rolling resistance makes it feasible to simulate particle

interlocking by restricting the rolling tendency of uniform spherical particles.
When slip occurs, instead of evaluating frictional behavior using Coulomb’s law of
friction, rate-and-state approach (Dieterich, 1979; Marone et al., 1990; Ruina, 1983;
Scholz, 1998) is commonly applied. The rate and state friction laws are interpreted with a
single degree of freedom elastic coupling system, and the associated constitutive relations
implemented as,
𝑉𝑉

𝑉𝑉 𝜃𝜃

𝜇𝜇(𝑉𝑉, 𝜃𝜃) = 𝜇𝜇0 + 𝑎𝑎𝑎𝑎𝑎𝑎 �𝑉𝑉 � + 𝑏𝑏𝑏𝑏𝑏𝑏 � 𝐷𝐷0 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

0

𝑐𝑐

= 𝑘𝑘�𝑉𝑉𝑙𝑙𝑙𝑙 − 𝑉𝑉�

(9)
(10)

in which 𝜇𝜇0 is the reference friction coefficient prior to friction evolution; 𝑎𝑎 and 𝑏𝑏

are the empirical stability parameters associated with the material; 𝑉𝑉, 𝑉𝑉𝑙𝑙𝑙𝑙 , and 𝑉𝑉0 are the

current, load point, and reference sliding velocity; 𝜃𝜃 is the state variable; 𝐷𝐷𝑐𝑐 is the
characteristic slip distance; 𝑘𝑘 is the system stiffness.
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The commonly accepted evolutions for the state variables are the Dieterich and
Ruina laws as,
𝑑𝑑𝑑𝑑

𝑉𝑉𝑉𝑉

𝑑𝑑𝑑𝑑

= 1 − 𝐷𝐷

𝑑𝑑𝑑𝑑

𝐷𝐷𝑐𝑐

𝑑𝑑𝑑𝑑

=

𝑉𝑉𝑉𝑉

𝑐𝑐

𝑉𝑉𝑉𝑉

(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ 𝑙𝑙𝑙𝑙𝑙𝑙)

𝑙𝑙𝑙𝑙 � 𝐷𝐷 �
𝑐𝑐

(11)

(𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛 𝑙𝑙𝑙𝑙𝑙𝑙)

(12)

Both laboratory and simulation studies show that rate and state friction laws

adequately describe seismic and frictional healing during fault slip events. DEM
simulations involve updating friction evolution at many active contacts in every time step.
Implementation of full rate and state friction laws for all contacts is currently computational
ineffective (Abe et al., 2002). To reduce the computational cost, we assume that the system
stiffness is infinitely large and implemented a modified slip-weakening response at each
contact. The slip-weakening law is described as,
𝑉𝑉

𝜇𝜇𝑝𝑝 = 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑎𝑎𝑎𝑎𝑎𝑎 �𝑉𝑉 𝑙𝑙𝑙𝑙 �
𝑟𝑟𝑟𝑟𝑟𝑟

(13)
𝑉𝑉

𝜇𝜇𝑠𝑠𝑠𝑠 = 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 + (𝑎𝑎 − 𝑏𝑏)𝑙𝑙𝑙𝑙 �𝑉𝑉 𝑙𝑙𝑙𝑙 �
𝜇𝜇𝑝𝑝

𝑟𝑟𝑟𝑟𝑟𝑟

𝜇𝜇 = �𝜇𝜇𝑝𝑝 − �

𝜇𝜇𝑝𝑝 −𝜇𝜇𝑠𝑠𝑠𝑠

𝜇𝜇𝑠𝑠𝑠𝑠

𝐷𝐷𝑐𝑐

� 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎

(14)
𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 = 0

0 < 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 < 𝐷𝐷𝑐𝑐

(15)

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 ≥ 𝐷𝐷𝑐𝑐

in which 𝜇𝜇𝑝𝑝 is the peak friction coefficient at the initiation of evolution; 𝜇𝜇𝑠𝑠𝑠𝑠 is the

presumed steady-state friction coefficient after evolution; 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 is the reference friction

coefficient between particles; 𝑉𝑉𝑙𝑙𝑙𝑙 and 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 are the load point velocity and reference velocity

of the shear platens; 𝑎𝑎, 𝑏𝑏, and 𝐷𝐷𝑐𝑐 are contact surface stability parameters and are not
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necessarily identical to the laboratory derived values for rate and state friction; 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 is the

accumulative shear displacement on the contact.

This constitutive relation is implemented for each contact of the assembly. The
behavior of this modified slip-weakening constitutive relation is shown in Figure 2-2(b).
In the numerical implementation, the value of the current load point velocity and reference
velocity is stored for each contact. The evolution of friction at contacts will evolve in the
following manner:
1. The friction coefficient follows the (green) path shown in Figure 2-2(b) before
local shear force reaches the friction threshold.
2. Once the local shear force reaches the threshold and triggers local slip, friction
evolution follows the slip-weakening path (red path of Figure 2-2(b)).
3. The local friction coefficient reaches a steady-state (purple path in Figure 2-2(b)).
Note that the final steady-state can be either velocity strengthening or weakening
with both paths (black) shown for demonstration.
There are cases when a local slip on a contact halts before the full evolution of
friction can occur. In such cases, the friction coefficient of the contact will remain as-is
(shown as the blue dot in Figure 2-2(b)). The evolution continues once slip is reinitiated,
and when the contact is still active. If the contact is no longer active, due to large shear
displacement, then the friction evolution will halt. When a new contact forms, the friction
evolution always follows the three stages noted above.
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Figure 2-2. (a) Contact model between two particles comprises linear elastic components in the
local shear and normal directions with a moment-based rolling resistant component (𝑘𝑘𝑟𝑟 ); (b)
modified slip-weakening constitutive relation acting at each particle-particle contact.

2.2 Mineral Analogs
We use quartz and talc analog particles to represent analog mixtures. Quartz and
talc exhibit importantly contrasting frictional properties. Quartz is frictionally strong but
with velocity neutral or weakening, while talc is frictionally weak, but velocity
strengthening (Ikari et al., 2011). It is observed both in nature and the laboratory that small
amounts of talc can greatly weaken the shear strength of a mineral assembly comprising a
majority of strong minerals in the matrix (Giorgetti et al., 2015; Moore and Lockner, 2011;
Moore and Rymer, 2007).

63
The elastic modulus of granular materials is dependent on particle size distribution,
particle shape, mean stress, and is usually much smaller than that of the intact bulk
materials (Guan et al., 2012). In this model, the elastic interaction between particles is
governed by a combination of local elastic stiffness in the normal and shear directions. The
normal and shear stiffness are derived from a calibrated effective modulus (𝐸𝐸 ∗ ) and
normal-to-shear stiffness ratio (𝜅𝜅 ∗ ) via,

𝑘𝑘𝑛𝑛 =
𝑘𝑘𝑠𝑠 =

𝐴𝐴𝐸𝐸 ∗

(16)

𝑘𝑘𝑛𝑛

(17)

𝐿𝐿

𝜅𝜅 ∗

where 𝐴𝐴 is the virtual contact area between two particles, typically calculated with

2
the smaller diameter of the two contact particles (𝜋𝜋𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
); 𝐿𝐿 is the distance between the

centers of gravity of the two particles.

Notably, the effective modulus (𝐸𝐸 ∗ ) is not equivalent to the macroscopic elastic

modulus. This is directly assigned as a contact property in a mesoscopic sense.

Nevertheless, effective modulus is related to the macroscopic elastic modulus, and the
normal-to-shear stiffness ratio is related to Poisson’s ratio. Specifically, the effective
modulus is calibrated through a series of pseudo triaxial compression simulation on packs
of candidate quartz and talc analogs, respectively. The calibration process is defined as:
1. Make initial estimations of the effective modulus and normal-to-shear stiffness
ratio;
2. Generate an assemblage of candidate particles in a cylindrical vessel with a 3:2
height: diameter ratio;
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3. Conduct pseudo triaxial compression tests under a normal stress of 10MPa up to an
axial strain of 0.05%;
4. Calculate the resultant macroscopic elastic modulus from the stress-strain relation;
5. Repeat by varying normal-to-shear stiffness ratios (#1) until the macroscopic
estimate is within 3% of literature-derived values.
The calibrated contact properties are presented in Table 2-1.
Table 2-1. Model parameters including calibrated elastic modulus for quartz and talc (Guan et al.,
2012).
Quartz Analog

Talc Analog

Unit

Density

2650

2800

kg/m3

Radius

25-50

25-50

μm

Inter-particle Friction

0.3

0.1

[-]

Effective Modulus

35

1.0

GPa

Normal-to-shear Stiffness
Ratio

1

1.5

[-]

Calibrated Elastic
Modulus

9.35

0.94

GPa

Rolling resistance
coefficient

0.5

0.3

[-]

Inter-particle a Value

0.0025

0.0050

[-]

Inter-particle b Value

0.0050

0.0025

[-]

Inter-particle Dc

50

25

μm

Density scaling (1012 ) has been implemented in shear simulations, the

corresponding time step is in the magnitude of 10−3 𝑠𝑠. The influence of density scaling is
discussed in section 5.2.

In this study, there are often cases when contrasting mineral analog particles are in
direct contact. In such cases, the contact surface stability parameters (𝑎𝑎 and 𝑏𝑏) are
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calculated from the harmonic average of parameters for the two contrasting materials. The
normal and shear stiffnesses are connected in series. The contact surface friction coefficient
(𝜇𝜇) and characteristic slip distance (𝐷𝐷𝑐𝑐 ) is determined by the smaller value of the two
particles.

3. Simulation
We study the evolution of shear strength, slip stability, and permeability of quartz
and talc mixtures in each of two configurations: a uniform mixture and as a layered mixture.
We estimate the local permeability from the evolution of local porosity measured in seven
spherical control volumes arranged along the shear localization zone. The relationship
between the evolution of porosity and permeability is given by Samuelson et al., (2011),
𝑘𝑘

𝑘𝑘0

≅ (1 + ∆𝜙𝜙)3

(18)

where 𝑘𝑘/𝑘𝑘0 is the relative ratio of current to initial permeability and ∆𝜙𝜙 is the

change in average local porosity.

The uniform mixtures comprise uniformly distributed quartz and talc analog
particles representing mass fractions from 0:100% to 100:0% quartz: talc. The layered
mixtures consist of a thin layer of talc analog sandwiched within a quartz matrix with a
variable thickness of ~1-particle, 3-particles, 5-particles, 8-particles, and 10-particles
across the talc layer at the initiation of each test. The detailed list of simulations is presented
in Table 2-2.
Table 2-2. Simulation suite.
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Quartz Analog
(wt%)

Talc Analog
(wt%)

Talc Layer
Thicknessa

Sample
Thicknessb(µm)

Number of Particles

qztc100-00

100%

0%

N/A

5998.91

19190

qztc90-10

90%

10%

N/A

5863.02

19117

qztc80-20

80%

20%

N/A

5762.72

19130

qztc70-30

70%

30%

N/A

5646.12

19076

qztc60-40

60%

40%

N/A

5519.43

19132

qztc50-50

50%

50%

N/A

5453.57

19121

qztc40-60

40%

60%

N/A

5393.31

19139

qztc30-70

30%

70%

N/A

5364.67

19197

qztc20-80

20%

80%

N/A

5347.15

19198

qztc00-100

00%

100%

N/A

5381.38

19192

qztc005

95.9%

4.1%

5958.33

19170

qztc010

91.9%

8.1%

1 (~125 𝜇𝜇𝜇𝜇)

5920.28

19114

qztc015

87.9%

12.1%

3 (~250 𝜇𝜇𝜇𝜇)

5908.96

19116

qztc020

83.4%

16.6%

5 (~375 𝜇𝜇𝜇𝜇)

5869.70

19063

qztc030

76.6%

23.4%

8 (~500 𝜇𝜇𝜇𝜇)

10 (~750 𝜇𝜇𝜇𝜇)

5810.17

19026

Name

a

The relative thickness of the talc analog layer is determined by the approximate number of

particles across the initial talc layer, the approximate width in 𝜇𝜇𝜇𝜇 are also listed.
b

The sample thickness is measured at the initiation of shear.

4. Results
Direct shear simulations with a prescribed velocity schedule are conducted for
mixtures of quartz and talc analogs under controlled normal stress and prescribed shear

67
velocities. Both uniform and layered mixtures are used to define the evolution of shear
strength, stability parameters, and permeability.

4.1 Evolution of shear strength
Simulations of direct shear tests are conducted on uniform and layered mixtures of
quartz and talc analogs. Since the normal stress in all simulations is identical (10MPa), we
use the shear strength evolution to represent the ensemble friction coefficient of the
mixture. The full friction evolution of the representative uniform mixtures and layered
mixtures are shown in Figure 2-3.
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Figure 2-3. (a) Friction evolution of representative uniform talc-quartz mixtures, i.e., 0%, 20%,
40%, 50%, 60%, 80%, and 100% talc-quartz mixtures. (b) Friction evolution of layered mixtures,
i.e., 4.1%, 8.1%, 12.1%, 16.6%, and 23.4% talc in terms of weight percentage.

The friction coefficient of uniform mixtures after a shear displacement of 500 𝜇𝜇𝜇𝜇

is summarized in Figure 2-4. It is clearly observed that an increase in talc content results
in a reduction in shear strength. With 50% talc, the friction coefficient of the mixture is
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reduced from ~0.52 to ~0.34, from that of 100% quartz. The weakening continues with
>50% talc.
The frictional evolution of a layered mixture is also shown in Figure 2-4. The
friction coefficient decreases with an increase in talc layer thickness. Specifically, friction
decreases from ~0.52 to <0.3 with ~8% of talc (relative layer thickness of 5-particles)
present in the mixture. This trend is consistent with previous laboratory observations
(Niemeijer et al., 2010) and 2D simulation results using DEM (Wang et al., 2017).

Figure 2-4. Friction coefficient after 500 𝜇𝜇𝜇𝜇 of shear displacement. Significant weakening in the
uniform mixture happens at >50% talc, while ~8 wt% of talc can induce similar weakening effect
in the layered mixtures.
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4.2 Evolution of slip stability
Previous laboratory observations suggest that talc can affect the slip stability of
faults comprising a strong tectosilicate matrix. Specifically, the presence of talc can
increase the value of the stability parameter (𝑎𝑎 − 𝑏𝑏) with increasing weight percentage.

Gouge mixtures of quartz and talc show a transition from velocity weakening to velocity
strengthening

at 25-50 wt% talc; calcite and talc mixtures show mainly velocity

strengthening behavior (Giorgetti et al., 2015; Moore and Lockner, 2011). This strong
influence of talc on behavior has been simulated using 2D DEM modeling (Wang et al.,
2017). In this study, we conduct velocity stepping simulations on quartz and talc mixtures
using a modified slip-weakening constitutive law.
Zooming into friction evolution at each velocity step enables the analysis of
stability parameters, i.e., (𝑎𝑎 − 𝑏𝑏) values. The friction evolution of each velocity step is best
fitted by a rate and state friction law using a iterative Levenberg-Marquardt (L-M)
algorithm (Press et al., 1987). In the fitting process, a set of initial guesses for 𝑎𝑎 and 𝑏𝑏

values are made. The L-M algorithm then searches from a range of 0.001 to 1000 times the
initial estimations. The algorithm fits the evolution curve by solving the rate and state
friction law using a 4th order Runge-Kutta algorithm (Press et al., 1987). The algorithm
converges at conditions where both the difference between the previous and current trial
parameter or Chi square of the fitted data is sufficiently small. Figure 2-5(a) and (b) show
the fitted (𝑎𝑎 − 𝑏𝑏) values analyzed from uniform mixtures and layered mixtures
respectively.
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Figure 2-5(a) and 5(b) shows the summarized plot of (𝑎𝑎 − 𝑏𝑏) values of

corresponding velocity steps marked in Figure 2-3, as well as trendlines of (𝑎𝑎 − 𝑏𝑏) values

from the same velocity steps from different simulations. The value of (𝑎𝑎 − 𝑏𝑏) are mostly
positive in both uniform and layered mixtures. The positive slopes of (𝑎𝑎 − 𝑏𝑏) trendlines

suggest that, in uniform mixtures, an increase in talc content can increase the (𝑎𝑎 − 𝑏𝑏) value,

with the exception of the first velocity-increase step (negative slope). The exception could

be explained by the bulk gouge not reaching steady state after 500 𝜇𝜇𝜇𝜇 of initial shear
displacement. The (𝑎𝑎 − 𝑏𝑏) values do not show apparaent trends with increasing thickness
of talc layer, suggesting by scattered data and trendline slopes.

Figure 2-5. (a) (𝑎𝑎 − 𝑏𝑏) of uniform mixture plotted against talc weight percentage; (b) (𝑎𝑎 − 𝑏𝑏) of
layered mixture plotted against talc weight percentage., the markers correspond to the velocity steps
shown in Figure 2-3.
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4.3 Evolution of layer thickness, coordination number, and local permeability
The permeability of reactivated faults will evolve as the fault slips. The
permeability of fault gouge is related to the evolution of layer thickness and porosity
(Samuelson et al., 2009). We represent the overall evolution of the layer thickness by
monitoring the dilation of gouge during the experiment. Local permeability evolution is
also determined from local changes in porosity recorded during shear. The original and
corrected sample layer thicknesses of 10% and 90% uniform talc-quartz mixtures are
shown in Figures 2-6(a) and (b), respectively. Geometric thinning is evaluated by
compensating the gouge volume engaged in shear by the extruded volume of gouge at the
two ends of the platens. Long-term shear dilation is observed in both cases. Specifically,
the 10% talc-quartz mixture shows a faster dilation during 10 𝜇𝜇𝜇𝜇/𝑠𝑠 velocity step and a
slower dilation during 1 𝜇𝜇𝜇𝜇/𝑠𝑠 velocity step. The 90% talc-quartz mixture shows apparent

compaction at 1 𝜇𝜇𝜇𝜇/𝑠𝑠 velocity steps, i.e., when velocity drops from 10 𝜇𝜇𝜇𝜇/𝑠𝑠 to 1 𝜇𝜇𝜇𝜇/𝑠𝑠,

but the compaction halts shortly, followed by a slow dilation until the next velocity step.

The local permeability of the 10% and 90% talc quartz mixture is shown in Figure
2-6(c). The 10% talc-quartz mixture shows an initial increase in local permeability,
followed by a sharp decrease at ~2000 𝜇𝜇𝜇𝜇 of shear displacement, and continues to slowly
level off afterwards. The 90% talc-quartz mixture shows a sharp decrease in local

permeability at ~1000 𝜇𝜇𝜇𝜇 of shear displacement, and stabilizes after ~2000 𝜇𝜇𝜇𝜇. In both

cases, the local permeability decreases after a velocity drop but may slightly recover before
the next change in velocity, suggesting a maturation of a localization zone. However, this
behavior is not apparent before ~1000 𝜇𝜇𝜇𝜇 and ~2000 𝜇𝜇𝜇𝜇 of shear offset for 90% and 10%
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talc-quartz mixtures, respectively, suggesting that higher content of talc may accelerate the
development of shear localization zone.
The average coordination numbers (the average number of active contacts around
each particle) of the 10% and 90% talc-quartz mixtures are shown in Figure 2-6(d). Both
cases show an overall decrease in coordination number with shear offset, which is
consistent with the observation of long-term dilation. 10% talc-quartz mixture shows
significantly lower average coordination number than 90% talc-quartz, indicating a less
dense packing. In the case of the 90% talc-quartz mixture, the average coordination number
increases with a velocity decrease, with the converse behavior observed for the 10% talcquartz mixture. These observed behaviors can be viewed as the additive effect of
compaction, dilation, and self-rearrangement. Quartz exhibits a higher shear strength,
contact rolling resistance, incapable of rapid rearrangement, suggesting by the negligible
compaction after a velocity drop (Figure 2-6(a)). Talc exhibits significantly smaller
contact friction and thus may self-rearrange rapidly - reflected in the slight dilation
(decrease in coordination number) promoted by a velocity increase and rapid compaction
(increase in coordination number) caused by a velocity decrease. Given the non-periodic
model configuration, the extruded particles at the two ends features less dense packing than
the effective shear zone in the quartz-rich mixtures, however, they feature similar packing
as the shear zone in the talc-rich mixtures. Higher shear velocity may promote selfrearrangement of the quartz-rich gouge in the non-periodic system, thus increasing
coordination number during velocity increases. This observed rate of self-rearrangement is
also suspect to be related to normal stress, i.e., higher normal stress may reduce the effect
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of self-rearrangement thus neutralizing the difference of velocity-dependent compaction
and dilation behavior between talc-rich and quartz-rich gouge.

Figure 2-6. Uncorrected/corrected evolution of sample layer thickness with shear displacement for
(a) 10% talc-quartz mixture, (b) 90% talc-quartz mixture. (c) Local normalized permeability
evolution of 10% and 90% talc-quartz mixtures estimated from local porosity evolution. (d)
Evolution of average coordination number of 10% and 90% talc-quartz mixtures.
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5. Discussion

5.1 Shear Localization and permeability evolution
Uniform mixtures of quartz and talc show a linear trend of weakening while layered
mixtures show a non-linear (exponential) trend in our simulation results. In laboratory
experiments, dominant weakening of talc is commonly observed. Our observation of
uniform mixtures matches previous laboratory observation (Moore and Lockner, 2011) but
contradicts the other laboratory observations of dominant weakening at ~25% talc in
uniform mixtures (Giorgetti et al., 2015), and 2D simulation results using a similar DEM
setup (Wang et al., 2017). However, the dominant weakening trend of layered mixtures in
our simulation matches laboratory observations very well (Niemeijer et al., 2010). In a
granular gouge system, the transient shear strength is determined by ensemble strength of
force chains formed during shear, weak patches can reduce the amount of effective strong
force chains or hinder strong force chains to form. Talc particles feature much lower
surface friction and elastic contact stiffness than quartz particles thus acting as a weak patch
in the quartz matrix by connecting quartz particles as shown in Figure 2-7(a). The
weakening behavior of quartz-talc mixtures is believed to be caused by the connection of
weak talc patches in the uniform mixtures and shear localization in the layered mixtures.
Introducing more talc by weight increases the number of weak patches as well as their
affected areas. Weak patches are often preferentially self-relocated along the shear zone
after a certain amount of shearing. The weakening effect can be largely enhanced if the
weak particles (patches) are pre-imposed as a through-going layer in the gouge, forming a
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connected weak zone as shown in Figure 2-7(b). The weak zone prevents the formation of
stronger force chains, reduces the ensemble shear strength significantly.
Figures 2-7(c) and (d) show the filtered contact friction map of the uniform mixture
and layered mixture at a shear displacement of 3000 𝜇𝜇𝜇𝜇, at the end of a velocity increase.

Weak contacts with friction in the range 0.106 to 0.100 (according to the slip-weakening
law introduced in section 2.1) are plotted, representing the evolved contacts in the assembly
where the majority of shear displacement is accommodated. Strong contacts with friction
coefficient outside of the range (0.1 to 0.106) are not shown (filtered). It can be clearly
observed that these contacts are mainly distributed in the Riedel-shear direction in the
uniform mixtures.
In layered mixtures, the weak talc patches are naturally connected and are preimposed as a through-going layer, resulting in strong weakening and localization. In this
configuration, the talc layer transects the gouge and prevents these mechanically-isolated
quartz particles from forming strong force chains, creating a barrier effect. However, when
the talc layer is relatively thin, some quartz particles penetrate the talc layer and form
continuous force chains across the horizontal transect and between shear platens.
Increasing talc layer thickness enhances the barrier effect obviating the penetration of
quartz across the talc. Therefore, the observation of a strong weakening effect with an
increase in the thickness of the talc layer is rational. The force chains are truncated mostly
at the boundary of the talc layer. Figure 2-8 shows the assembly at a shear displacement
of 3500 𝜇𝜇𝜇𝜇 with talc weight percentages of 4.1%, 8.1%, 12.1%, 16.6%, and 24.3% (these
weight percentages correspond to the relative talc layer thickness of 1-particle, 3-particles,
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5-particles, 8-particles, and 10-particles, respectively). Penetration of quartz through the
talc layer is clearly decreased as the increase in talc layer thickness (Figure 2-8(a) through
8(e)). A major increase in shear localization is observed between 4.1% talc and 8.1% talc,
suggested by the strong weakening effect (large drop in friction shown in Figure 2-4),
minor differences are observed with even greater talc layer thicknesses, indicating a
dominate effect.

Figure 2-7. (a) Schematic of weak patches formed by talc. (b) Schematic of weak patches
preferentially self-rearranged into a shear zone after a given shear displacement. (c) Evolved weak
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contacts in a uniform mixture oriented along the R-shear direction. (d) Evolved weak contacts in
layered mixture only appear in the talc layer, indicating strong localization.

The volume and interconnectivity of pore volume are linked directly to the
permeability of porous media. Porosity is often measured as a proxy for permeability
although requires scaling against a necessary length dimension. In this study, the
permeability of the gouge is estimated from porosity measured in seven (spherical)
sampling windows, spaced along the shear zone, overlapping with the localization zone.
The evolution of porosity during dynamic shear in the localization zone accounts for the
permeability evolution. We have shown a distinct difference in permeability evolution
between the 90% talc (talc-rich) gouge and 10% talc (quartz-rich) gouge mixtures (Figure
2-6(c)). Specifically, permeability decreases with talc-rich gouge while increases with
quartz-rich gouge. This distinct behavior is plausibly caused by different elastic properties
and frictional resistance of quartz and talc contacts. Contacts between quartz grains feature
much higher contact stiffness and friction than talc, indicating a large potential for shear
dilation rather than shear compaction during shear. Contacts between talc grains, or
contacts between talc and quartz grains are weakened by talc, in terms of both elastic
properties and friction. Therefore, these contacts are less prone to shear dilation, exhibiting
shear compaction, thus destroying permeability. Notably, once the gouge accumulates a
certain amount of shear displacement (~2000 𝜇𝜇𝜇𝜇 in this study), the overall local porosity
stabilizes, implying an overall steady-state permeability, and a maturation of shear
localization. In nature, talc grains are platy, deformable, and featuring a tendency towards
self-organization to align with the shear localization direction. These features increase the
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number of weakened contacts, therefore enhancing the weakening effect and shear
compactive nature of talc.

Figure 2-8. Localization of shear deformation in a layered mixture. The green band shows the
deformation pattern of the gouge for different talc layer thicknesses. Penetration of quartz through
the talc layer is reduced by increased talc layer thickness. A major difference in shear localization
are observed between 4.1% talc and 8.1% talc, as a strong weakening effect is observed, however,
minor differences are observed greater talc layer thicknesses.
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5.2 Modeling of stability parameters
The DEM modeling of enhance of shear stability (increase in (𝑎𝑎 − 𝑏𝑏) values) with

an increasing proportion of talc matches well with previous studies. However, the stability
parameters (𝑎𝑎 and 𝑏𝑏) applied to the analog minerals in this study are approximately one
order-of-magnitude larger than laboratory measured values and are always positive.

Previous laboratory studies suggest that phyllosilicates feature negative 𝑏𝑏 values, which is

presumably due to the platy particle shape (Giorgetti et al., 2015). In the DEM model,
spherical particles are implemented to conduct the simulations. The spherical grain shape
could result in greater geometric dilation and produce increased numerical noise as shear
strength evolves. This numerical noise would mask the evolution in instability and hinder
the direct assignment of lab-measured stability parameters. 3D DEM simulations are often
computational expensive, which takes significant amount of real-time in computing. In our
simulation, a density scaling factor of 1012 has been implemented to reduce the
computational time to a feasible range (around 24 hours on current hardware), reduce the

density scaling factor by two magnitudes will result in one magnitude increase in the
computational time. Density scaling may induce additional inertial effect on velocity
change events which can affect the magnitude of (𝑎𝑎 − 𝑏𝑏) values, i.e., large density scaling
factor can increase the value of 𝑎𝑎. We use density scaling and exaggerated 𝑎𝑎 and 𝑏𝑏 values

to, first, unmask the stability behavior from the numerical noise. The scaling-up of stability

parameters 𝑎𝑎 and 𝑏𝑏 improves the resolution of the instantaneous response to velocity
change during dynamic shear with velocity steps. Second, we focus on defining the

transition in slip stability behavior, i.e., exploring the evolution trends of (𝑎𝑎 − 𝑏𝑏). Large
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magnitude of the selected stability parameters and density scaling would not presumably
influence the evolution trend of stability parameters against the gouge composition. Third,
the precise reproduction of rate and state response using DEM remains a major challenge,
and is beyond the principal foci of this study. Nevertheless, this study provides useful
insights in approaching the problem via appropriate simplifications.

5.3 Effect of grain size and grain shape
A rolling resistance mechanism is implemented at particle contacts to mimic grain
angularity and interlocking. Previous simulation studies have considered grain angularity,
anisotropy, local rate and state friction, and grain deformation (Abe and Mair, 2009; Guo
and Morgan, 2004; Kim et al., 2016; Mair et al., 2002). However, these physical features
and mechanisms are never combined into a single numerical model, as doing so makes the
model overly complicated and computationally expensive. In this study, we specifically
explore the evolution of shear strength, slip stability, and permeability of quartz and talc
analog mixtures. Nonetheless, grain size and grain shape no doubt play a key role in
determining the resolution of the simulation and the transitional behavior of the mixture.
Reducing particle size can improve the resolution of shear strength evolution (Wang et al.,
2017), however, a smaller grain size necessarily increases of the number of particles in the
assembly – this is especially true in 3D space, resulting in increased computational cost.
We manage to achieve a balance between the choice of grain size, computational cost, and
resolution of the simulation.
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The drawback of spherical particles, in allowing unfettered rolling, is well
understood but can be countered by adding rolling resistance to the particle contact. The
aspect of quartz particles generally ranges from near spherical to angular, and that of talc
is platy. These are the key microscopic features which dictate distinct frictional properties.
Platy talc particles would be anticipated to form increased contacts with quartz particles,
with this, coupled with its high deformability, providing the potential to create large
weakening areas. It was found that the microscopic weakening mechanism for talc mixtures
is related to the deformation and self-reorientation of the platy particles, as well as strong
mineral particles tends to slide along the plate interfaces of talc particles in an angular grain
matrix, forming localized weak patches. These weak patches are self-organizing and
localized in the shear zone to further weaken the bulk gouge during shear (Giorgetti et al.,
2015). The weakening mechanism applies to both uniform and layered mixture. However,
certain amount of shear strain is required in uniform mixtures for talc to form a shear
localization, while the localization has already been imposed in layered mixtures. The
numerical simulations in this study are compared to previous laboratory data in Figure 29. The numerical results of uniform mixtures in this study differ by ~10 to ~20% in terms
of the transition from dominantly frictionally-strong dominantly to frictionally-weak,
resulting from the spherically-shaped grains in the model. However, the weakening effect
of a pre-imposed localization (layered mixtures) shown by our simulation is
mechanistically similar to that of laboratory results, due to the fact that platy talc particles
promotes localization in uniform mixtures by forming through-going talc-rich layers. Full
implementation of platy grains with appropriate high deformability could be achieved in a
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future study. Nonetheless, we argue that our simulation results show an overall creditable
match with previous laboratory and simulation results, especially for the layered mixture
configuration (Niemeijer et al., 2010), which is most likely to appear in nature.

Figure 2-9. Comparison of weakening effect of talc explored in this study relative to previous
laboratory results using calcite-talc mixtures (Giorgetti et al., 2015). Data replotted from original
paper.

5.4 Comparison of 3D and 2D response
The effect of problem dimensionality on the shear strength of gouge has been
studied both in the laboratory and in numerical simulations. In laboratory studies, metal
rods were used to represent the 2D configuration (Knuth and Marone, 2007) and behavior
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was compared to experiments using glass beads (3D). 2D materials have a high potential
for dilation and compaction, creating large fluctuations in shear strength during shear
evolution. Additionally, due to the strong tendency for the rolling of rods, the friction
coefficient in the 2D configuration is reduced (maximum of ~0.35). Numerical studies of
2D direct shear on gouge (Morgan and Boettcher, 1999; Wang et al., 2017a) indicate
similar friction evolution and fluctuation to laboratory results on metal rods. Realistic
magnitudes of friction can only be reproduced by fully restraining the rotation of particles.
We compare the resolution of friction evolution from previous 2D simulation with particle
rotation disabled (Wang et al., 2017) and 3D simulation in this study. Figure 2-10(a) and
10(b) show the simulated evolution of friction of 100% analog quartz in both 2D and 3D
configurations where model parameters are consistent. A significant reduction in
fluctuations is observed in the 3D evolution. The direct effect and evolution effect of rate
and state friction are independently apparent in 3D but are almost masked in 2D.
In terms of reducing fluctuations in shear strength evolution, the additional
dimension and related extra displacement-degree-of-freedom in 3D reduces the strong
dilation effect apparent in 2D. For example, particles that need to override other particles
to rearrange in 2D, are able to move both obliquely and sideways in 3D. This 3D
rearrangement in our numerical model better accommodates the natural rearrangement of
gouge grains during shear.
3D numerical simulations also show an improved representation of the direct and
evolution effects described by rate and state friction. This is plausibly due to the increase
in the number of contacts in the 3D configuration. The average coordination number is

85
nearly double that in 2D. This indicates that more contacts are evolving during a velocity
step, resulting in a crispier resolution.

Figure 2-10. Comparison of 2D and 3D simulations: (a) 2D friction evolution of 0% talc under
dynamic shear (Wang et al., 2017); (b) 3D friction evolution of 0% talc under dynamic shear (this
study).

6. Conclusions
In this study, we explore the shear strength, slip stability, and permeability of
analog quartz and talc mixtures via 3D discrete element modeling. Specifically,
configurations of both uniform and layered mixtures with various talc: quartz weight
proportions are examined. We perform numerical direct shear tests with velocity stepping
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on the sample mixtures and capture the evolution of shear strength, slip stability, and
permeability. We conclude the following based on the observed results:
1. Simulations show strong weakening effects in uniform mixtures of talc; a linear
weakening effect is observed due to the limitation of particle shape - in this case
restricted to spherical. A dominant weakening effect is observed for layered talc. A
mixture with ~8% talc can induce an ~50% reduction in shear strength.
2. Increased talc content can enhance the stability of uniform mixtures by increasing
(𝑎𝑎 − 𝑏𝑏) values, however, increasing talc layer thickness in layered mixtures shows
no apparent influence on the stability behavior.

3. In uniform mixtures, permeability increases in the shear localization zone with
more quartz present, while decreases with more talc. Permeability evolves to a
steady state, and is enhanced with velocity up-steps while suppressed with downsteps after the maturation of shear localization.
4. Dimensionality can greatly impact the resolution of the dynamic response of gouge
mixtures during shear. The friction evolution during a velocity change can be
clearly observed in 3D simulations which are largely obscured in 2D models.
The results fit previous laboratory observations while some slight mismatches are
also noticed. These inaccuracies can be related to the idealized particle shape and size
distribution, simplified to spherical in these mixtures. Future research of full
implementation of realistic particle shape and deformable grains need to be achieved to
better simulated the behavior of faults during shear. Nonetheless, our work shows an
alternative way of exploring the rheological properties of faults during dynamic shear.
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Chapter 3
The Influence of CO2-transformed Iron Oxide Grain Coatings on the
Rheological and Transport Behaviors of Faults

Abstract
Fugitive emissions of CO2 along faults may significantly influence their rheology
and permeability by altering cementation and transforming gouge components. We
conduct laboratory double direct shear experiments on pristine hematite-, and CO2transformed goethite-coated quartz gouge to investigate the evolution of shear strength,
slip stability and permeability. The gouge samples are synthesized in the laboratory and
are characterized by particle size distribution and through SEM imaging both before and
after shear-permeability experiments. Shear strength (at 3 MPa), a-b stability values,
frictional healing and creep rates and (fault parallel) permeability are measured in velocitystepping and slide-hold-slide loading modes. Hematite-coated quartz exhibit the highest
peak shear strength, followed by goethite- then un-coated quartz. Coated and un-coated
gouge samples exhibit similar residual shear strength. Hematite-coated quartz may undergo
potential seismic slip, suggesting by negative (a-b) values. Goethite-coated quartz shows
velocity-strengthening behavior by featuring positive (a-b) values but higher frictional
healing rate and creep rate. All samples show an initial increase in permeability followed
by a decline. However, goethite-coated samples show much less reduction in permeability
than others. Characterization suggests that the liberation, transport and clogging of coating
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particles and shear-produced wear products can be the main mechanism for permeability
evolution. These observations suggest CO2-transformed goethite-coated quartz-rich faults
feature reduced risk of seismic reactivation, while greater loss of inventory in the longterm containment of CO2 may be expected.

1 Introduction
Geological carbon sequestration injects carbon dioxide (CO2) into aquifers or
reservoirs. It is a promising technology for removing atmospheric CO2 while replenishing
carbon resources in the Earth’s subsurface (Benson & Cole, 2008). However, injecting
large volumes of fluid at high rates can disturb the subsurface stress field, creating
fractures, reactivating pre-existing fractures and faults, and causing unfavorable
consequences of gas breaching, loss in inventory, and induced seismicity (Ellsworth, 2013;
Elsworth et al., 2016; Guglielmi et al., 2015; Zoback & Gorelick, 2012). Additionally, CO2
is chemically active, thus may alter the mineralogy of pre-existing rocks and faults,
inducing mechanical weakening effects (Altman et al., 2014a, 2014b; Rinehart et al., 2016;
Wang, Elsworth, Fang, et al., 2017). CO2-bleached sandstone samples retrieved from an
analog CO2 reservoir (near Crystal Geyser, Utah) shows significantly lower fracture
toughness relative to the unaltered sandstone (Major et al., 2014). Characterization of these
samples indicates the presence of hematite as quartz grain coating in the intact samples that
is transformed to goethite by CO2-bleaching - and may be the cause of this weakening.
Iron oxides are the most common products of weathering by geochemical
processes, with Goethite (𝛼𝛼 − 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) being the most abundant (Cornell & Schwertmann,

93
2003). Hematite, however, is a more mature and stable iron oxide which can be commonly
found in soils and sandstones in regions with higher temperatures and water activities.
Geological alteration of Goethite into hematite in soils has been previously reported
(Schwertmann, 1971). Natural hematite and Goethite are poorly crystalized, with small
crystalline size ranging from sub-microns to microns; they can typically form Fe2+-O-Si
bonds with silica in acidic environments, forming an iron oxide coating layer on the quartz
grains. These coating iron oxides, hematite and Goethite in particular, serve an important
role in characterizing the mechanical properties of hosting rocks. For example, one
previous study (Cundy & Hopkinson, 2005) suggests the precipitation of iron oxides can
enhance the undrained shear strength of soil. Since quantifying the influences of iron oxide
coating materials are challenging, previous studies intentionally remove iron oxide
coatings using strong reductants (Rao et al., 1995). Other studies investigate the influence
of iron oxide coatings on the shear strength of sand using lab synthesized hematite and
Goethite coated quartz sand (Choo et al., 2015; Larrahondo et al., 2011a; Larrahondo &
Burns, 2014). These results indicate that hematite coated sands feature the highest shear
strength followed by Goethite-coated sand then uncoated sand. In addition to merely shear
strength, slip stability and permeability are two crucial factors that influence the potential
for injection-induced seismicity and loss of CO2 inventory. The potential for this response
may be codified through rate and state friction (RSF) laws, that describe the frictional
evolution and stability of faults during earthquake cycles (Dieterich, 1978, 1979b, 1979a;
Marone, 1998; Rice et al., 2001; Ruina, 1983) and the linkage of RSF to the evolution of
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permeability (Fang et al.). For rate state friction, the constitutive relation can be
summarized as:
𝑉𝑉

𝑉𝑉 𝜃𝜃

𝜇𝜇 = 𝜇𝜇0 + 𝑎𝑎 ln �𝑉𝑉 � + 𝑏𝑏 ln � 𝐷𝐷0 �
0

𝑐𝑐

(1)

in which, 𝜇𝜇 and 𝜇𝜇0 are the friction coefficients of the current state and previous

steady state; 𝑉𝑉 and 𝑉𝑉0 are the slip velocity of the current state and previous steady state.
𝑉𝑉𝑙𝑙𝑙𝑙 is the loading velocity; 𝜃𝜃 and 𝐷𝐷𝑐𝑐 are the state variable and characteristic slip distance;

𝑎𝑎 and 𝑏𝑏 are the stability parameters.

Reactivation of faults and fractures are common concerns for carbon sequestration,

and it is crucial to understand the influencing factors. In particular, most characterizations
of concurrent evolution of friction and permeability (Fang et al., 2016; Fang et al., 2017,
2018; Im et al., 2018a; Samuelson et al., 2009; Wang, Elsworth, & Fang, 2017; Yasuhara
et al., 2006) ignore the impacts of coatings. To rectify this, we examine key mechanisms
implicated in the evolution of friction, stability, and permeability on hematite-, Goethiteand un-coated quartz. These experiments are conducted in a novel double direct shear
apparatus within a traditional simple-triaxial pressure vessel and constrained by SEM
imaging and particle size measurements.

2 Experimental materials and methods

2.1 Experimental materials
We coat US F-110 (mean particle diameter of 95 𝜇𝜇𝜇𝜇) fine grain silica sand with

hematite and Geothite using the “heterogeneous suspension reaction” method (Scheidegger
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et al., 1993). Hematite is purchased in powder form and used as is. Goethite is synthesized
by maturing ferrihydrite (prepared from potassium hydroxide and ferric nitrate, PH = 13.6)
at 70℃ for 60 hours then air-drying and grinding to fine powder form. To synthesize the
iron oxide coated sand, the uncoated sand is wet sieved (#200 sieve) to remove fines, prewashed by 3% hydrogen peroxide solution (H2O2), then air dried. The prepared uncoated
sand is mixed and stirred with hematite or Goethite (weight ratio of 25:1) in sodium nitrate
solution (NaNO3, 0.01M ionic strength) with a controlled PH of 3.0 (achieved by nitric
acid, HNO3) for 24 hours, resulting in uniformly coated sands (Figure 3-1).

2.2 Experimental method and program
We use a miniaturized double direct shear (DDS) configuration similar to the
macro-apparatuses reported previously (Collettini et al., 2009; Mair & Marone, 1999;
Marone et al., 1990; Marone, 1998). The DDS comprises three loading blocks sandwiching
two layers of gouge or intact rock. The normal load (confining stress) is applied to the sides
of the blocks with the shear load applied by displacing the center block, perpendicular to
the normal loading (Figure 3-1). DDS apparatuses are particularly effective in
concurrently measuring the evolution of shear strength, slip stability, frictional healing and
creep behavior – the elimination of excess moment and spurious rotations yields highly
resolved measurements. This DDS configuration may also make highly resolved
measurements of friction-permeability on rock coupon surfaces (Im et al., 2017, 2018b)
and in slightly different configuration on gouge (this study). In this study, we conduct DDS
experiments using novel DDS fluid-flow through platens (Figure 3-1(a-a)) inside a
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TEMCO simple-triaxial pressure vessel (Figure 3-1). These components comprise three
steel plates with saw-tooth grooves sandwiching two layers of gouge. The DDS sample is
jacketed with normal stress applied and controlled by a single precision pump (A; Figure
3-1). A second precision pump (B; Figure 3-1) applies shear loading, and a third pump (C;
Figure 3-1) circulates fluid along the sample in the direction of shear by maintaining a
constant upstream pressure (~35kPa). Darcy’s law is used to evaluate the permeability of
the sample:
𝜇𝜇𝜇𝜇𝜇𝜇

𝜅𝜅 = 𝐴𝐴Δ𝑝𝑝

(2)

in which, 𝜅𝜅 is the permeability parallel to the direction of shear; 𝜇𝜇 is the dynamic

viscosity of the fluid; 𝑄𝑄 is the monitored flow rate from pump C; 𝐴𝐴 and 𝐿𝐿 are the estimated
transient area of flow and length of the flow path, respectively; Δ𝑝𝑝 is the hydraulic pressure
difference from upstream and downstream.

Two experiments (layer thicknesses of 2mm and 3mm, for validation purposes) are
conducted on each of three sample (hematite-, Goethite- and un-coated) types (Figure 31(a-a)). Confining stress and upstream hydraulic pressure are maintained at 3 MPa and 35
kPa respectively for all the tests. For each test, the shear loading is applied according to the
following stages:
Stage1. Constant Rate Loading: Load at constant shear velocity (10 𝜇𝜇𝜇𝜇/𝑠𝑠) to

~4000 𝜇𝜇𝜇𝜇 shear displacement to reach steady state.

Stage2. Velocity-Stepping Experiments: Step shear velocity between 10 𝜇𝜇𝜇𝜇/𝑠𝑠

and 5 𝜇𝜇𝜇𝜇/𝑠𝑠 (or 3 𝜇𝜇𝜇𝜇/𝑠𝑠) every 800 𝜇𝜇𝜇𝜇 in shear displacement to capture slip stability
behavior, until reaching 9600 𝜇𝜇𝜇𝜇 in total shear displacement.
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Stage3. Slide-Hold-Slide Experiments: Reactivate fractures after various hold
durations (100 s, 500 s, 800 s, and 1000 s) to determine frictional healing and creep.
The experimental program is summarized in Table 3-1, with the results of each test
reported, analyzed and summarized in the following sections.

Figure 3-1. DDS inside a TEMCO simple-triaxial pressure vessel (upper). Confining stress is
maintained via pump A, shear loading is supplied by pump B, and fluid flow parallel to the shear
direction is supplied by pump C. (a-a) is the zoomed-in view of the sample core, showing the
arrangement of the gouge and the direction of the applied stress. The lower right panels show the
experimental materials (hematite coated quartz sand, goethite coated quartz sand, and uncoated
quartz sand) and the platens and samples both before and after the shear test.
Table 3-1. Test program.
Velocity Step
(µm/s)

Hold-slide-hold
duration (s)

Uncoated quartz

Initial Sample
Thickness
(mm)
2

10/5/10/5/3/5/10

100/500/800/1000

Uncoated quartz

3

10/5/10/5/3/5/10

100/500/800/1000

Hematite coated quartz

2

10/5/10/5/3/5/10

100/500/800/1000

Test

Experiment Material

uqz-2mm
uqz-3mm
hqz-2mm
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hqz-3mm

Hematite coated quartz

3

10/5/10/5/3/5/10

100/500/800/1000

gqz-2mm

Goethite coated quartz

2

10/5/10/5/3/5/10

100/500/800/1000

gqz-3mm

Goethite coated quartz

3

10/5/10/5/3/5/10

100/500/800/1000

3 Results

3.1 Evolution of shear strength and permeability
The evolution of shear strength (friction) and permeability of all experiments are
shown in Figure 3-2. All samples show a typical trajectory reaching peak strength in the
first ~1000 𝜇𝜇𝜇𝜇 of shear displacement then decline to a residual strength over the next ~500
𝜇𝜇𝜇𝜇. Specifically, the hematite-coated quartz shows the highest peak shear strength

followed by the Goethite then the un-coated control (Figure 3-2(a-a)), with these consistent
with previous laboratory observations using similar test materials (Choo et al., 2015;
Larrahondo et al., 2011b; Larrahondo & Burns, 2014). Despite the difference in peak shear
strengths, all samples return similar residual shear strengths (except hqz-2mm which is

slightly higher). All tests exhibit a slight long-term strengthening effect, which is plausibly
an artifact caused by the geometric thinning of the gouge sample and resulting strainstrengthening effect.
Permeability evolution for the 2 mm and 3 mm thickness samples are shown in
Figures 3-2(b) and (c), respectively. Permeability generally increases during the first
~4000 𝜇𝜇𝜇𝜇 of shear displacement, followed by a continuous decrease. For the 3 mm

thickness samples, the un-coated quartz features the highest peak permeability and the most

99
significant permeability decline; the Goethite-coated quartz shows a lower overall
permeability with only a moderate decrease; and the hematite-coated quartz, begins with
the smallest permeability and then further decreases with shear displacement. Conversely,
permeability evolution for the 2 mm gouge samples shows similar permeability
enhancement during the first ~4000 𝜇𝜇𝜇𝜇 of shear displacement, after which the permeability
of the un-coated and hematite-coated samples both significantly decrease while the
permeability of goethite-coated quartz only decreases slightly. Interestingly, although
different initial sample thickness seems to not affect the permeability evolution pattern and
results in similar residual permeabilities (5 × 10−12 𝑚𝑚2), the peak permeability of the 2

mm gouge samples is almost double that of the permeability of 3 mm gouge samples. One
possible explanation is that there are more grains perpendicular to the fluid flow direction
in the 3 mm samples than that of 2 mm samples – resulting in more tortuous flow channels
which affect bulk permeability negatively.
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Figure 3-2. (a) Evolution of shear strength (interpreted as friction) for all six experiments, (a-a) is
a zoomed-in on friction evolution from 0 to 3000 μm. Hematite-coated quartz shows the highest
peak shear strength while uncoated quartz shows the lowest; (b) Permeability evolution of 3 mm
gouge samples. Permeabilty generally increases initially and then decreases. Un-coated quartz
shows the largest permeability reduction with hematite-coated quartz having the lowest initial
permeabilty; (c) Permeability evolution for 2 mm and 3mm thick gouge sampls show similar trends.
Hematite-coated quartz and un-coated quartz show a significant reduction in permeability after an
initial increase, while the Goethite-coated quartz shows only a moderate decrease.

3.2 Slip stability, frictional healing and creep
(𝑎𝑎 − 𝑏𝑏) values, frictional healing rate, and creep rate are the among the most

important stability parameters which determine the potential-for, and style-of, reactivation
of faults. (𝑎𝑎 − 𝑏𝑏) values are obtained from the friction evolution of each velocity step
(Stage2; velocity stepping, typically from ~4000 𝜇𝜇𝜇𝜇 to ~9600 𝜇𝜇𝜇𝜇 in shear displacement).

A typical friction evolution at a velocity step is shown in Figure 3-3(a), in which the long-
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term global strenghtneing trend is removed (red vs. black evolution curve). The (𝑎𝑎 − 𝑏𝑏)
values of all tests are summarized in Figure 3-3(b). Both hematite-coated and un-coated
quartz feature positive and negative (𝑎𝑎 − 𝑏𝑏) values, indicating velcoity neutral behavior.

However, Goethite-coated quartz shows only positive (𝑎𝑎 − 𝑏𝑏) values, suggesting mostly
velcoity strengthening behavior. The un-coated quartz shows a wider range of (𝑎𝑎 − 𝑏𝑏)
values while coated quartz shows a narrower spectrum.

Frictional healing rates and creep rates are obtained through slide-hold-slide
experiments (Stage3: slide-hold-slide, typically from ~9600 𝜇𝜇𝜇𝜇 to 12500 𝜇𝜇𝜇𝜇 in shear

displacement). Frictional healing rate defines how rapidly the sample evolves to peak
friction after reinitiating sliding from the prior steady state friction before the previous
hold. Creep rate is defined as the decrease in friction per unit time during holds. The results
of frictional healing rate and creep rate are summarized in Figure 3-3(c) and (d). In terms
of frictional healing, the Goethite-coated quartz shows the highest healing rate (0.013,
slope calculated agaisnt logarithmic time), which is almost double that for hematite-coated
quartz (0.007). Un-coated quartz shows a similar frictional healing rate as the Goethitecoated quartz (0.012). Goethite-coated quartz also shows the highest creep rate (0.056)
followed by hematite- (0.048), then un-coated quartz (0.031). Goethite coatings increase
both frictional healing and creep rate, while hematite coatings increase creep rate but
decrease the frictional healing rate of the gouge sample.
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Figure 3-3. (a) Typical frictional evolution at a velocity step from test Stage 2 (velocity-stepping).
The global strengthening trend is removed to determine the stability parameter (a-b); (b) Summary
of stability parameter (a-b) from all tests. Un-coated and hematite-coated quartz show velocity
neutral behavior (featuring both positive and negative (a-b) values), while Goethite-coated quartz
shows velocity strengthening behavior (featuring positive (a-b) values); (c) Summary of frictional
healing rate calculated from test Stage 3 (slide-hold-slide). Goethite-coated quartz shows the
highest healing rate, while hematite-coated quartz shows the lowest; (d) Summary of creep rates.
Goethite-coated quartz shows the highest creep rate followed by hematite- then un-coated quartz.
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4 Discussion

4.1 Implications from morphological analysis
From the preceding, it is apparent that hematite- and Goethite- coatings exert
different influences on the mechanical and rheological responses of faults. We perform a
morphological analysis of the gouge samples both before and after the shear experiments
to further explore the controlling micro-mechanisms. Scanning electron micrographs
(SEM) of hematite- and Goethite-coated quartz grains from before and after shearing are
shown in Figure 3-4(a) and (b), respectively. From the SEM images, the hematite coating
particles are shown to be polyhedral in shape and scattered uniformly on the quartz grain
surface, with individual coating particles <1 𝜇𝜇𝜇𝜇 in diameter. Conversely, the Goethitecoating is fiber-like, featuring a moderate degree a of overlap between adjacent particles

and seems to have a strongger attachment on the host quartz grains. The length of each
Goethite fiber can be as small as sub-micron and as large as ~5 𝜇𝜇𝜇𝜇. These coating materials

increase the complexity of surface texture of hosting quartz grains, thus increasing
frictional resistance. Addtionally, contacting Goethite-coated quartz fibers may feature less
frictional resistance due to the perpendicularly arranged fibers promoting sliding over
interlocking. This geometric effect may be one of the explanations why Goethite-coated
quartz shows a lower peak frictional strength than hematite-coated quartz. Due to the lack
of complex grain texture provided by the coating materials, the uncoated quartz may
consequently show the lowest peak shear strength.

104
To further investigate the influence of hematite- and goethite- coatings on the
permeability evolution of faults, the samples are carefully collected, air-dried, and analyzed
after the shear test. Figures 3-4(c) and (d) are SEM images of hematite and goethite coated
quartz grains after shear tests. Figure 3-4(c) shows the hematite coating no longer
uniformly distributed on the host grain substrate. Instead, clustered hematite coating is
observed on the host grains. The origins of these clusters are possibly due to fluid-coating
interactions, in which hematite coating materials are transported and deposited in clusters,
by the fluid.
Additionally, wear products are typically observed either attaching to the host grain
(marked in Figure 3-4(c)) or scattered in the background. No drastic change in the preand the post-test distribution of coating materials is observed in the Goethite-coated quartz
after the shear tests (Figure 3-4(d)). Transport by the circulating fluid seems to exert less
influence on the Goethite coatings, as evident from the empty substrate surface, devoid of
Goethite fibers (highlighted in Figure 3-4(d)).
The SEM images suggest that the hematite coatings, as fabricated in this study,
feature a weaker attachment to the host grains relative to goethite. However, the hematite
tends to form clusters post- mechanical shear and fluid flow, suggesting a high degree of
self-cohesion. The images also suggest that hematite coatings are readily transported by
fluid than the Goethite coatings.
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4.2 Permeability evolution mechanism
In addition to the SEM images, particle size distributions (PSD) are measured for
the hematite- and goethite-coated samples, both before and after the shear tests. Coated
samples pre- and post-test are dispersed on a transparent glass surface and scanned via
identical sampling windows (100 𝑚𝑚𝑚𝑚2 in area). Representative results are summarized in

Figure 3-4(e). The hematite-coated quartz shows a slight increase in fine particles after

shear. Conversely, the goethite-coated quartz sample shows a reduced percentage of fine
particles. The number of particles in the hematite-coated quartz is reduced by ~25% after
shear (center panel of Figure 3-4(e)), and is likely due to the clustering of coatings and
loss of coatings through fluild transport to the downstream (reddish colorartion is noticed
in the downstream fluid). Conversly, an increase in total number of particles is observed in
the goethite coated quartz samples, indicating the generation of wear products.
Together, the combined PSD and SEM observations suggest that permeability
evolution is controlled by the accumulation and transport of wear products and coating
particles clogging the flow channels. This is the key mechanism in the signficant
permeability reduction for the hematite-coated quartz, with its absence implicated in the
reduced impact for the goethite cements.
Additionally, during holds (Stage3, slide-hold-slide) for several tests, a gradual
permeability increase is observed. A representative example is shown in Figure 3-4(f) and
(g). Specifically, Figure 3-4(f) follows permeability evolution with shear displacement,
and Figure 3-4(g) shows permeability versus time. During the hold, between 3600 s and
5500 s, the permeability of the gouge sample increases. This may be counterintuitive as
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previous observations suggest permeability decline due to fault sealing (Elkhoury et al.,
2006; Im et al., 2018b). However, we argue that clogging and unclogging of wear products
can dominate the permeability of gouge layers by controlling major flow channels at low
confining stress. Some unclogging can occur during holds due to the effects of transport,
which unclogs certain flow channels.
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Figure 3-4. (a) Typical SEM image of hematite-coated quartz before the test. Hematite crystals are
polyhedral and uniformly scattered on the quartz surface. (b) Typical SEM image of goethitecoated quartz before the test. Goethite crystals are fiber-like and uniformly distributed on the quartz
surface. (c) Hematite-coated quartz after the shear-permeability test. Wear products and clustering
of coating particles highlighted. (d) Goethite-coated quartz after the shear-permeability test. Clean
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damage surfaces are observed, suggesting strong attachment of goethite coating. (e) Particle size
distribution (PSD) analysis of hematite- and goethite- coated quartz before and after tests. (f)
Permeability evolution of gqz-3mm from a displacement of ~9600 μm. Permeability increases
during holds. (g) Zoomed-in (a-a) permeability vs. time. Permeability increases in holds are
observed.

5 Conclusions
We report observations and analysis of the influence of hematite and goethite
coatings on the shear strength, slip stability, and permeability evolution of quartz. The
hematite- and goethite-coated quartz samples are synthesized in the laboratory as analog
pristine and CO2-transformed fault gouge. A novel double direct shear (DDS) apparatus
has been implemented in the simple-triaxial pressure vessel to conduct shear-permeability
tests on the coated samples. The response of the coated quartz samples before, during and
following shear experiments suggest:
1. Both hematite- and goethite- coated quartz show higher peak shear strength than
un-coated quartz; goethite-coated quartz is slightly weaker than hematite-coated
quartz in peak shear strength.
2. Goethite-coated quartz show velocity-strengthening behavior while featuring a
higher frictional healing rate, creep rate, and permeability. This suggests a reduced
risk of seismic reactivation but greater loss of inventory in the long-term
containment of CO2.
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3. Hematite coatings show weaker attachment to host quartz grains than goethite
coatings and feature a high degree of mobility and self-clustering upon fluid
interaction.
4. Wear products are generated during mechanical shear. The transport of these wear
products can clog fluid conduits during shearing, thus significantly reducing
permeability parallel to the shear direction.
This study provides insights into how hematite and goethite coatings, before and
after long-term geochemical alteration by CO2, can influence shear strength, stability, and
permeability evolution of faults during shearing. Future experiments, potentially long-term
shear-permeability tests, on natural samples are necessary to strengthen these conclusions.
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Chapter 4
Influence of Fracture Roughness on Shear Strength, Slip Stability and
Permeability: A Micro Mechanistic Analysis by 3D Digital Rock Physics

Abstract
Subsurface fluid injections can disturb the effective stress regime by elevating pore
pressure and potentially reactivate faults and fractures. Laboratory studies indicate that
fracture rheology and permeability s in such reactivation events are linked to the roughness
of the fracture surfaces. We construct discrete element method (DEM) models to explore
the influence of fracture surface roughness on the shear strength, slip stability, and
permeability evolution during such slip events. For each simulation, a pair of analog rock
coupons (3D bonded quartz-particle analogs) representing a mated fracture are sheared
under a velocity-stepping scheme. The roughness of the fracture is defined in terms of
asperity height and asperity wavelength. Results show that (1) samples with larger asperity
heights (rougher), when sheared, exhibit a higher peak strength which quickly devolves to
a residual strength after a threshold shear displacement; (2) these rougher samples also
exhibit greater slip stability due to a high degree of asperity wear and resultant production
of wear products; (3) long-term suppression of permeability is observed with rougher
fractures, which is plausibly due to the removal of asperities and redistribution of wear
products, which locally reduces porosity in the dilating fracture. This study provides
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insights into the understanding of the mechanisms of frictional and rheological evolution
of rough fractures anticipated during reactivation events.

1. Introduction
Human interventions into the subsurface, such as hydraulic fracturing, enhanced
geothermal stimulation, and carbon sequestration involve injecting large volumes of fluid
at high overpressures. Such interventions disturb the stress field by elevating pore pressure
and altering far-field stress (Elsworth et al., 2016), potentially resulting in the reactivation
and potential seismic rupture of pre-existing faults and fractures. Hydraulic fracturing, in
particular, attempts to create engineered fracture networks by injection to stimulate
hydrocarbon production. These hydraulic fractures, while creating possibility to extract
hydrocarbon resources from tight shale, can be extremely vulnerable to seismic failure
upon stress perturbation (Ellsworth, 2013; Walsh and Zoback, 2015; Zoback and Gorelick,
2012), causing hazardous consequences. One key question in understanding the seismic
cycle is in unraveling the evolution of shear strength, stability, and permeability of fault
and fractures that may contribute to dynamic slip events.
Previous laboratory shear experiments on faults and fractures show permeability
declines over shear slip, which may be caused by clay swelling or clogging of wear
products. (Fang et al., 2017b; Im et al., 2017; Fang et al., 2018a; Ishibashi, et al., 2018).
These observations reflect the friction-stability-permeability relationships at low confining
stresses for fractures with small roughness, i.e., asperity size of the order of micrometers.
A recent study reports that in the injection-induced shear slip experiment, asperity degrades
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but the surface roughness would still contribute to increasing permeability (Ye and
Ghassemi, 2018). Investigations on fabricated fractures with controlled roughness suggest
that roughness patterns exert a strong control on permeability evolution via competitive
effects of compaction and dilation during shearing (Fang et al., 2018b). However, due to
the lack of direct tracking in lab conditions, it is still not clear how mechanistically the
asperities of fractures evolve during shear, which further controls the permeability
evolution.
Traditional direct shear experimental studies have suggested that the shear strength
of fractures are closely linked to surface roughness (Barton, 1973; Barton and Choubey,
1977). Empirical indices have been developed to describe the roughness of rock surfaces
on the order of millimeters using parameter such as JRC (joint roughness coefficient) and
JCS (joint compressive strength). Correspondingly, rougher surfaces undergo greater
dilation when sheared, resulting in an increase in aperture and enhancement of
permeability. However, breakage and degradation of asperities can lead to impeded
dilation, reduced aperture, and reduction in permeability (Barton et al., 1985; Elsworth
and Goodman, 1986; Segall and Rice, 1995). Laboratory and numerical shear experiments
have been conducted on rough specimens which feature “saw-tooth” or sinusoidal shaped
asperities (Asadi et al., 2013). These studies suggest that the breakage and degradation of
asperities are linked to normal stress, bonding strength, and asperity geometry. These
studies, however, lack proper reproduction of the stochastic characteristics of natural rough
rock surfaces. Mathematical algorithms have been developed to describe the natural
roughness of rock surfaces (Brown and Scholz, 1985). The theories suggest three key
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parameters to describe a rough rock surface: (1) the root mean square (RMS) roughness
including variance of amplitude and distribution of the asperities; (2) the length scale for
degree of mismatch; and (3) fractal parameters (Brown, 1995).
Numerical approaches have been adopted to investigate the effects of roughness on
the shear strength of rock joints. While continuum numerical models are implemented to
simulate the onset of shear failure of rough joints and fractures, discrete element methods
(DEM) (Cundall and Strack, 1979a) provide one method to follow the progression of
failure of rough fractures. In DEM models, the surface profiles can be reproduced, and the
damage of asperities can be tracked during a simulated shear test (Cundall, 2000). DEM
studies have examined the evolution of the shear strength of fractures described by JRC
profiles and shown that tensile failure dominates the breakage of asperities and
development of micro cracks (Park and Song, 2009). DEM models have also been used to
investigate the evolution of shear strength, slip stability, and permeability of gouge
materials (Guo and Morgan, 2004; Morgan and Boettcher, 1999; Morgan, 1999; Sun et al.,
2016; Wang et al., 2017). However, no DEM studies to date have explored the ensemble
of rough surface profiles featuring stochastic characteristics, and the linkage of shear
strength, slip stability, and permeability evolution.
We report results investigating the influences of surface roughness on the evolution
of shear strength, slip stability, and permeability of fractures. We utilize a series of virtual
rough surfaces by DEM with variations in asperity roughness, wavelength and degree of
wavelength anisotropy.
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2. Numerical method
We create virtual rough fracture surfaces using a simplified stochastic method and
utilize the distinct element method (DEM) to construct our numerical model. DEM solves
Newton’s second law iteratively for the mechanical interactions of a bonded particle
assembly. A modified slip-weakening friction constitutive model is implemented on
particle-particle contacts to represent slip evolution and the evolution of fracture porosity
and permeability.

2.1 Fracture roughness
Three key parameters may be used to define fracture roughness: (1) the root mean
square (RMS) roughness; (2) the length scale for degree of mismatch; and (3) a fractal
parameter/dimension. Each of these parameters plays a role in influencing the dynamic
response of fractures during reactivation events. In this study, we focus on the first order
effect of roughness on the shear strength, slip stability and permeability of mated fractures
prone to reactivation. Therefore, we simplify the characterization of the surface roughness
by considering only the statistical size and distribution of asperities. We use the two key
parameters: (1) the root mean square (RMS) height (𝑆𝑆𝑞𝑞 ) of the asperities; (2) the

wavelength (𝐿𝐿𝑤𝑤 ) describing the distance between two statistically independent points. The

RMS height of the asperities in a sample surface of area 𝐴𝐴 can be expressed as:
1

𝑆𝑆𝑞𝑞 = �𝐴𝐴 ∬ 𝑧𝑧(𝑥𝑥, 𝑦𝑦)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(1)
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in which 𝑧𝑧 is the individual asperity height and (𝑥𝑥, 𝑦𝑦) is the location of the asperity.

In this study, we independently vary the RMS height (𝑆𝑆𝑞𝑞 ), and the wavelength (𝐿𝐿𝑤𝑤 ) in the
two orthogonal directions (𝑥𝑥 and 𝑦𝑦) within the mean fracture plane to characterize different

roughness profiles (Section 2.3).

2.2 Model construction
The model (Figure 4-1) in this study is developed via the Particle Flow Code 3D
(PFC3D, Itasca Consulting Group. Inc.) utilizing the principles of DEM (Cundall and
Strack, 1979b). The applicability of DEM to simulate the dynamic response of rocks and
faults is summarized elsewhere (Abe et al., 2002; Antonellini and Pollard, 1995; Burbidge
and Braun, 2002; Guo and Morgan, 2004; Morgan, 1999, 2004; Sun et al., 2016; Wang et
al., 2017). The majority of DEM simulations are in two-dimensional (2D) configurations
to reduce computational cost yet still produce representative results. However, drawbacks
of neglecting out-of-plane interactions are the inability to reproduce the interaction of
fracture surfaces with texture and roughness across a plane and in 3D. Therefore, in this
study, we use a three-dimensional configuration to reproduce fracture surfaces with predefined roughness features.
Analog virtual rough fracture pairs (10 𝑐𝑐𝑐𝑐 by 1 𝑐𝑐𝑐𝑐 by ~0.5 𝑐𝑐𝑐𝑐 each half) with pre-

defined rough surfaces are sheared to simulate the dynamic response of intact fractures

during reactivation events. Specifically, each rough fracture coupon is generated by filling
a virtual box with particles with one side of the box replaced with a prescribed rough
surface profile. The infilled particles are equilibrated to dissipate the kinetic energy caused
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by initial infilling, i.e., cycling until the ratio of total unbalanced force to total body force
is less than 0.001. Particles are then linked into an ensemble “lithified” fracture by parallel
bonding. The pair of virtual rough rock fracture coupons with mated fracture surfaces are
slowly brought together and confined with a prescribed confining stress (10 MPa). Once
the incremented confining stress reaches the prescribed magnitude (10 MPa), the upper
coupon is displaced laterally to shear against the static lower coupon at a prescribed shear
velocity (1 𝜇𝜇𝜇𝜇/𝑠𝑠). The shear velocity is incremented to 10 𝜇𝜇𝜇𝜇/𝑠𝑠 after 5 𝑚𝑚𝑚𝑚 of shear

displacement and cycled back to 1 𝜇𝜇𝜇𝜇/𝑠𝑠 after another 5 𝑚𝑚𝑚𝑚 of shear displacement. The
cycles continue until a total shear displacement of 25 𝑚𝑚𝑚𝑚 is reached.
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Figure 4-1. Model construction: (a) Two numerically generated rough surfaces are imported, ready
to be brought together; (b) A virtual box (not shown) with one face replaced with one of the rough
surfaces serves as a mold for one analog rock coupon. Particles are generated, equilibrated, and
bonded inside the mold. A pair of analog rock coupons are generated at the same time. The rough
surfaces are removed upon the completion of bonding. The particles located closest to the fracture
surfaces are marked in blue and red; (c) The two coupons are confined under a prescribed (10 MPa)
normal stress and the upper coupon of the specimen is loaded to initiate the shear test.

121
2.3 Contact model
The interaction of particles in the DEM model is determined by a contact model
and contact properties. We use a modified parallel bond contact model (Figure 4-2) to
describe the contact-contact interaction in the assembly. The modified parallel bond model
consists of three main elastic components: (1) Linear elastic spring/sliders in the normal
and shear direction of the contact; (2) Linear elastic bonds in the normal and shear direction
with tensile strength and cohesion; (3) Rotation resistance (Ai et al., 2011; Iwashita and
Oda, 1998; Jiang et al., 2015). The particles are bonded prior to the application of a
confining stress with the breakage of bonds is tracked after the particles are bonded. The
mechanical response of a contact before bond breakage is described as in Figure 4-2.

Figure 4-2. Contact model between bonded particles, (a) Schematic of the modified linear parallel
bond model. A rotation resistance component is included to restrict any free rolling motion; (b)
Evolution of friction coefficient at contacts upon local shear slip.

The force and moment within a bonded contact are,
𝐹𝐹𝑐𝑐 = 𝐹𝐹 𝑙𝑙 + 𝐹𝐹�
�
𝑀𝑀𝑐𝑐 = 𝑀𝑀

(2)
(3)
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where, 𝐹𝐹𝑐𝑐 is the contact force and 𝑀𝑀𝑐𝑐 is the contact moment. The contact force is

resolved as the sum of linear forces (𝐹𝐹 𝑙𝑙 ) and parallel bond forces (𝐹𝐹� ). A detailed discussion

of the component linear forces are discussed elsewhere ( Potyondy and Cundall, 2004).
The parallel bond force si resolved into normal and shear components and the parallel bond
moment resolved into twisting and bending moments,
𝐹𝐹� = −𝐹𝐹�𝑛𝑛 𝑛𝑛�𝑐𝑐 + 𝐹𝐹�𝑠𝑠

(4)

� = 𝑀𝑀
�𝑡𝑡 𝑛𝑛�𝑐𝑐 + 𝑀𝑀
�𝑏𝑏
𝑀𝑀

(5)

in which, 𝐹𝐹�𝑛𝑛 and 𝐹𝐹�𝑠𝑠 are the normal and shear force components of the parallel bond,

�𝑡𝑡 and 𝑀𝑀
�𝑏𝑏 are the twisting and bending moment components and 𝑛𝑛�𝑐𝑐 is the unit normal of
𝑀𝑀

the contacting plane. The contact force and moment are updated through the following
relations,
min�𝑅𝑅
𝑅𝑅� = �
𝑅𝑅 (1)

(1)

, 𝑅𝑅 (2) �

𝐴𝐴̅ = 𝜋𝜋𝑅𝑅� 2
𝐼𝐼 ̅ =
𝐽𝐽 ̅ =

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(6)
(7)

𝜋𝜋𝑅𝑅� 4

(8)

𝜋𝜋𝑅𝑅� 4

(9)

4

2

𝐹𝐹�𝑛𝑛 ∶= 𝐹𝐹�𝑛𝑛 + 𝑘𝑘�𝑛𝑛 𝐴𝐴̅∆𝛿𝛿𝑛𝑛

(10)

�𝑡𝑡 = 𝑘𝑘�𝑠𝑠 𝐽𝐽𝜃𝜃
̅ 𝑡𝑡
𝑀𝑀

(12)

𝐹𝐹�𝑠𝑠 ∶= 𝐹𝐹�𝑠𝑠 − 𝑘𝑘�𝑠𝑠 𝐴𝐴̅∆𝛿𝛿𝑠𝑠

(11)

�𝑏𝑏 = 𝑘𝑘�𝑛𝑛 𝐼𝐼 𝜃𝜃
̅ 𝑏𝑏
𝑀𝑀

(13)

in which 𝑅𝑅� is the contact cross-sectional radius, 𝐴𝐴̅ is the contact cross-sectional

area, 𝐼𝐼 ̅ is the moment of inertia of the cross-section, 𝐽𝐽 ̅ is the polar moment of inertia of the
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cross-section, ∆𝛿𝛿𝑛𝑛 and ∆𝛿𝛿𝑠𝑠 are incremental normal and shear displacements at the contact,

𝑘𝑘�𝑛𝑛 and 𝑘𝑘�𝑠𝑠 (stress/length) are the stress stiffness of the parallel bond and 𝜃𝜃𝑡𝑡 and 𝜃𝜃𝑏𝑏 is the
twisting and bending angles of the contact, respectively.

The tensile and shear stresses within the parallel bond are defined as,
𝜎𝜎� =
𝜏𝜏̅ =

𝐹𝐹�𝑛𝑛
𝐴𝐴̅

+ 𝛽𝛽̅

‖𝐹𝐹�𝑠𝑠 ‖
𝐴𝐴̅

� 𝑏𝑏 ‖𝑅𝑅�
‖𝑀𝑀
𝐼𝐼 ̅

+ 𝛽𝛽̅

𝛽𝛽̅ ∈ [0,1]

(14)

�𝑡𝑡 ‖𝑅𝑅�
‖𝑀𝑀
𝐽𝐽 ̅

(15)
(16)

where 𝛽𝛽̅ is a moment-contribution factor (Potyondy, 2011). The resulting normal

(tensile) and shear stresses are compared with specified bond strengths to determine
survival or failure of the contact. If the contact fails, the parallel bond mechanism ceases
to function, and the linear contact stiffness and rolling resistance must carry updates of the
contact force and follow shear slip evolution.
The frictional response of the contact may be accommodated by quasi- rate and
state friction (RSF). Rate and state friction law (Dieterich, 1978; Ruina, 1983) has been
developed to describe the evolution of friction during slip of faults and fractures. The
constitutive relation of rate and state friction, may be described as,
𝑉𝑉

𝑉𝑉 𝜃𝜃

𝜇𝜇 = 𝜇𝜇0 + 𝑎𝑎 ln �𝑉𝑉 � + 𝑏𝑏 ln � 𝐷𝐷0 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

0

= 𝑘𝑘�𝑉𝑉𝑙𝑙𝑙𝑙 − 𝑉𝑉�

𝑐𝑐

(17)
(18)

in which, 𝜇𝜇 is the friction coefficient 𝜇𝜇0 is the reference friction coefficient, 𝑉𝑉, 𝑉𝑉0,

and 𝑉𝑉𝑙𝑙𝑙𝑙 are the current, reference, and load point velocities of the system, 𝜃𝜃, 𝐷𝐷𝑐𝑐 , and 𝑘𝑘 are
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the state variable, characteristic slip distance, and system stiffness, respectively, and 𝑎𝑎 and
𝑏𝑏 are the stability parameters.

Although rate and state friction is able to match many of the first and second order

features in the evolution of friction, it is computationally intensive when implemented on
contact-level models, such as DEM (Abe et al., 2002). A simplified relation that replicates
key features (Wang et al., 2017) is used here to reduce the computational cost. The
constitutive relation (Figure 4-2(b)) may be represented as,
𝑉𝑉

𝜇𝜇𝑝𝑝 = 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑎𝑎 ln �𝑉𝑉 𝑙𝑙𝑙𝑙 �
𝑟𝑟𝑟𝑟𝑟𝑟

(19)
𝑉𝑉

𝜇𝜇𝑠𝑠𝑠𝑠 = 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 + (𝑎𝑎 − 𝑏𝑏) ln �𝑉𝑉 𝑙𝑙𝑙𝑙 �
𝜇𝜇𝑝𝑝

𝑟𝑟𝑟𝑟𝑟𝑟

𝜇𝜇𝑝𝑝 −𝜇𝜇𝑠𝑠𝑠𝑠

𝜇𝜇 = �𝜇𝜇𝑝𝑝 − �
𝜇𝜇𝑠𝑠𝑠𝑠
𝜇𝜇𝑝𝑝

𝐷𝐷𝑐𝑐

𝜇𝜇𝑝𝑝 −𝜇𝜇𝑠𝑠𝑠𝑠

𝜇𝜇 = � 𝜇𝜇𝑝𝑝 − �
𝜇𝜇𝑠𝑠𝑠𝑠

� 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎

𝐷𝐷𝑐𝑐

� 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎

(20)

(21)
𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 = 0

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 ∈ (0, 𝐷𝐷𝑐𝑐 )

(22)

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 ∈ (0, 𝐷𝐷𝑐𝑐 )

where 𝜇𝜇𝑝𝑝 , 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 , and 𝜇𝜇𝑠𝑠𝑠𝑠 are the peak, reference, and steady state friction coefficient

on the evolving contact, 𝑉𝑉𝑙𝑙𝑙𝑙 and 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 are the current global shear velocity and global shear

velocity from the last velocity step and 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 is the accumulated shear displacement on the
contact.

A slip event is initiated if the contact is broken by the resultant shear stress
exceeding the frictional strength of the contact. The evolution of the contact friction
depends on the local accumulative shear displacement, and the difference between current
and previous global shear velocity. During a local slip event (single contact shear), the
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friction begins to evolve following the red path in Figure 4-2(b) if there is a difference
between current global slip rate and that of the previous velocity step. If the contact remains
active (the two particles are in contact), the contact will evolve along the red path (𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 <

𝐷𝐷𝑐𝑐 ) and transfers to the purple path at steady state (𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 ≥ 𝐷𝐷𝑐𝑐 ). The purple path is shown
for velocity weakening, for clarity, but can also follow the path of velocity strengthening,
depending on the magnitude of the stability parameters (𝑎𝑎 − 𝑏𝑏) assigned to the contact.
Where the contact becomes inactive before reaching steady state (the two particles are no

longer in contact), the friction of the either contact will remain as-it-is on the red path (e.g.
Wang et al., 2017). The material properties and parameters used in this study are
enumerated in Table 4-1. Representative material properties for uniaxial compressive
strength, tensile strength, and Young’s modulus recovered from laboratory experiments (4
cm in diameter, 8 cm in height) are reported in Table 4-2.
Table 4-1. Model Parameters.
Parameter

Value

Particle Diameter (mm)
Effective Modulus (MPa)
Stiffness Ratio
Parallel Bond Effective Modulus (MPa)
Parallel Bond Stiffness Ratio
Friction Coefficient
Rolling Resistance Ratio
a
b
Dc (µm)

0.5 (near-fracture) / 1.25 (near-boundary)
350
1
35
1
0.3
0.5
0.0025
0.0050
50

Table 4-2. Material Properties.
Material Properties

Value

Young's Modulus (GPa)
Peak Compressive Strength (MPa)
Peak Tensile Strength (MPa)

2.10
76.60
11.50
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2.4 Experiment matrix
We explore the influence of fracture roughness on the evolution of shear strength,
slip stability, and permeability of rough fractures during slip events. Specifically, we
separately contrast the impacts of: (1) Root mean square height of the asperities (rss1
through rss6); (2) Spatial distribution (asperity wavelength) of asperities (rss6, 7, 8, 9 for
x-direction; rss6, 10, 11, 12, for y-direction); and (3) Tensile strength and cohesion of the
wall-rock represented by particle bond strength (rss6, 13, 14). The spectrum of
experimental variables are noted in Table 4-3.
Table 4-3. Experiment schedule.
Test
rss1
rss2
rss3
rss4
rss5
rss6
rss7
rss8
rss9
rss10
rss11
rss12
rss13
rss14
rss15

RMS (cm)
0.005
0.010
0.020
0.030
0.040
0.050
0.100
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050

clx (cm)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.5
3.0
5.0
1.0
1.0
1.0
1.0
1.0

cly (cm)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.5
3.0
5.0
1.0
1.0

Tensile Strength (MPa)
50
50
50
50
50
50
50
50
50
50
50
50
50
500
20

Cohesion (MPa)
50
50
50
50
50
50
50
50
50
50
50
50
50
500
20
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3. Results and analysis
We perform numerical direct shear tests on analog rock coupons with pre-defined
roughness profiles. The experiments are conducted in velocity stepping mode with
velocities up- and down-stepped between 1 𝜇𝜇𝜇𝜇/𝑠𝑠 and 10 𝜇𝜇𝜇𝜇/𝑠𝑠 over incremented shear
offsets of 5 𝑚𝑚𝑚𝑚. The evolution of shear strength, slip stability, and permeability are
followed as functions of the three properties of asperity height, wavelength and strength.

3.1 Evolution of shear strength
The virtual rock coupons are sheared to a total relative shear displacement of 25
mm in five velocity-stepped increments. The lower coupon is held in place while the upper
coupon translates while restrained to deform parallel to the long-axis of the fracture.
Confining stress is maintained constant at 10 MPa by a servo mechanism with shear and
confining stresses monitored by summing contact forces on the corresponding loading
walls. Friction coefficient is defined as the ratio of shear stress to normal stress. Figure 43 shows the fracture surface profiles and the evolution of friction coefficient for tests rss1
through rss6. The analog coupons feature RMS asperity heights from 0.005 cm to 0.05 cm.
Since confining stresses are maintained constant during the test, the shear strength scales
as friction coefficient. The comparison shows an anticipated trend of increasing peak shear
strength with increasing RMS asperity height. Shear stress builds until failure with a
pronounced post-peak stress/strength drop. Test rss6 shows the highest peak friction
(~0.65), and rss1 exhibits the lowest peak friction (~0.36). The magnitude of the stress drop
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increases with the rms height as does the shear displacement required to mobilize peak
strength. All the specimens stabilize at a similar coefficient of residual friction (~0.32) after
failure.
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Figure 4-3. (a) Fracture surface profiles for rss1 through rss6. Lower fracture surfaces before shear
with colored contours illustrating the topography of the surfaces (asperities). (b) Evolution of shear
strength, interpreted as friction (𝜏𝜏/𝜎𝜎) for specimens with RMS asperity heights ranging from
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0.005cm to 0.05cm (rss1 through rss6). The shear strength of the specimens generally increases
with a sudden stress drop post-peak, sometimes comprising several successive stress drops.
Specimens with rougher fractures exhibit a higher peak shear strength and larger threshold shear
displacement to peak strength. All specimens show similar residual shear strength after failure.

3.2 Fracture dilation and permeability evolution
Fracture permeability is controlled by the local contribution to ensemble aperture
along fluid channels formed by the interconnected pore network. These effects can be
estimated by monitoring the evolution of sample dilatancy (scaled to change in sample
thickness during shear) and local porosity along the fracture. In this study, the sample
thickness is calculated as the distance between the virtual confining walls attached to the
top and bottom of the analog coupons. Local porosity is measured by averaging
measurements from five evenly distributed and equally sized sampling windows (spheres)
placed along the fracture. The evolution of sample thickness for tests rss1 through rss6 are
shown in Figure 4-4. The specimens begin with a total height/thickness of ~7.85 mm, and
gradually dilate to a peak magnitude maintained as a plateau or slight compaction.
Specimens with low RMS asperity heights (rss1 and rss2) reach a steady sample layer
thickness after ~8 and ~10 mm of shear displacement, respectively. Specimens with larger
asperities (rss3 through rss6, higher RMS) dilate significantly more (magnitude here) and
also undergo larger relative displacement to reach peak dilation. For example, it takes ~22
mm of shear displacement for the roughest specimen (rss6) to reach maximum dilation –
this peak dilation reached simultaneously with peak strength. Post peak strength, the
samples no longer dilate (rss1-3) and in some cases compact slightly (rss4-6).
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Figure 4-4. Evolution of sample thickness for specimens with RMS asperity heights ranging from
0.005cm to 0.05cm (rss1 through rss6). The specimens generally dilate until reaching a steady state
or plateau where the sample thickness either ceases to increase (rss1-rss3) for small RMS or slightly
compacts (rss4-rss6) for large RMS.

The evolution of fracture permeability is estimated from the local change in
porosity sampled along the fracture (Ouyang and Elsworth, 1993; Samuelson et al., 2011),
𝑘𝑘

𝑘𝑘0

≅ (1 + ∆𝜙𝜙)3

(23)

in which 𝑘𝑘⁄𝑘𝑘0 is the relative change in permeability and ∆𝜙𝜙 is the change in

porosity. Estimates of fracture permeability evolution (𝑘𝑘⁄𝑘𝑘0 ) during shear for tests rss1
through rss6 are shown in Figure 4-5. Permeability of the fracture decreases slightly during

the first ~10 mm of shear displacement except for rss1. Permeability in the less rough
fractures (rss1-rss3) with smallest RMS share a common trend of increasing after a
threshold shear displacement (~10 mm or more with higher RMS asperity heights) with the
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permeability then reaching a plateau and stabilizing. However, for fractures with moderate
RMS roughness (rss4), the fracture permeability evolves relatively unstably after the initial
onset of permeability growth. Finally, for the roughest fractures (rss5 and rss6)
permeability decreases following the attainment of peak permeability enhancement.

Figure 4-5. Evolution of fracture permeability (𝑘𝑘⁄𝑘𝑘0 ) for tests rss1 through rss6. Fracture
permeability is estimated from the evolution of local porosity measured along the fracture flowpath. Permeability decreases slightly in the first ~10 mm of shear displacement with compaction,
except for rss1, and then increases rapidly until reaching a plateau (rss2-rss4). Permeability
decreases post-peak permeability for the roughest fractures with highest RMS (rss5 and rss6).

3.3 Evolution of slip stability
The evolution of slip stability of the simulated rough fractures is important in
understanding the characteristics of the potential for induced seismicity. Stability may be
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indexed via the (𝑎𝑎 − 𝑏𝑏) parameter. Positive values suggest aseismic behavior and negative
values indicate potential seismic behavior. In this study, the (𝑎𝑎 − 𝑏𝑏) values are extracted

by fitting the rate and state friction law to the detrended friction evolution from the velocity
steps. Figure 4-6 shows the summarized (𝑎𝑎 − 𝑏𝑏) values for samples rss1 through rss6 (a

few extreme outliers are excluded that result from the interference of closely occurring
stress drops). (𝑎𝑎 − 𝑏𝑏) values generally scatter around the neutral (zero) line, showing
mostly velocity neutral behavior. The (𝑎𝑎 − 𝑏𝑏) values increase with RMS asperity height
(from 0.005 cm to 0.05 cm).

Figure 4-6. Summarized (𝑎𝑎 − 𝑏𝑏) values for different RMS asperity heights (0.005cm to 0.05cm).
The (𝑎𝑎 − 𝑏𝑏) values generally scatter around the zero line, showing velocity neutral behavior.
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(𝑎𝑎 − 𝑏𝑏) values increase with RMS asperity height, implying a dominant effect of wear products
generated by asperity comminution in rougher fractures.

4. Discussion
RMS asperity height is shown to play an important role in controlling the shear
strength, slip stability, and permeability of the fracture. We observe that larger RMS
asperity heights result in higher peak shear strengths and a larger threshold displacement
for failure with a larger stress drop. A higher RMS asperity height also precipitates greater
shear dilation, resulting in an increase in fracture permeability. However, extremely rough
fractures exhibit net reduction in permeability post peak permeability. Natural fractures are
complex systems with anisotropy in roughness and asperity strength. We provide a brief
discussion of relative roles of asperity wavelength anisotropy, asperity strength, and finally
a proposed mechanism for permeability evolution for rough fractures.

4.1 Influence of RMS height on peak frictional strength
We have shown that RMS asperity height is closely related to peak shear strength.
Figure 4-7 shows the relationship between peak shear strength, correlated threshold shear
displacement and RMS asperity height (0.005 cm to 0.05 cm in this study) for a single
wavelength. Peak shear strength increases near linearly with RMS asperity height. The
threshold shear displacement for peak shear strength also increases with RMS asperity
height following a similar trend except for RMS heights larger than 0.04 cm. When RMS
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height reaches 0.05 cm, the threshold shear displacement only increases slightly. These
observed trends suggest that the shear strength and shear displacement required to reach
failure is linearly related to the RMS asperity height, up to a limiting asperity height (0.05
cm in this study). Thus the shear strength of rough fractures is not solely determined by
asperity heights and wavelengths, but also by the strength of the asperities as well.

Figure 4-7. Peak shear strength and corresponding threshold shear displacement versus RMS
asperity height (from 0.005 cm to 0.05 cm). These two properties are positively correlated to RMS
asperity height up to a threshold RMS height (e.g. 0.04 cm).

4.2 Influence of roughness anisotropy
The anisotropy of the roughness within the plane of the fracture plays an important
role in determining the mechanical and rheological properties. In this study, the anisotropy
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of roughness is interpreted by varying asperity wavelength in the shear direction (𝑥𝑥
direction, rss7 through rss9), and perpendicular to the shear direction (𝑦𝑦 direction, rss10
through rss12). Fracture surfaces with various degree of roughness anisotropy (wavelength
of 0.5 cm, 1 cm, 3 cm, and 5 cm in one direction) are tested. The fracture surface profiles
are shown in Figure 4-8.

Figure 4-8. Fracture surface profiles for samples rss6 through rss12. Lower fracture surfaces before
shear are shown. Specifically, rss6 features a uniform wavelength distribution in both 𝑥𝑥 and 𝑦𝑦
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directions; rss7, rss8, and rss9 feature increasing wavelengths in the 𝑥𝑥 direction (shear direction);
rss10, rss11, and rss12 feature increasing wavelength in 𝑦𝑦 direction.

The evolution of shear strength, permeability, and stability parameters resulting
from these profiles are shown in Figure 4-9. Increasing asperity wavelength in the shear
direction reduces the peak strength and the amount of the stress drop at failure. Fractures
with larger wavelengths in the shear direction (rss9) show permeability enhancement at a
smaller threshold shear displacement. Sample rss9 also shows a stabilized permeability at
near-peak levels without any tendency to decrease, while the permeability of rss6, rss7 and
rss8 (fractures with smaller asperity wavelengths in the shear direction) slightly decrease
after reaching peak permeability. In terms of stability parameters, Figure 4-9(b) shows a
slight trend of increasing (𝑎𝑎 − 𝑏𝑏) values with increasing wavelength in the shear direction.
Increasing asperity wavelength perpendicular to the shear direction（Figure 4-9(c)

）reduces the peak shear strength, and the magnitude of stress drops at failure.
Additionally, the stress drop evolves from a single or several abrupt drops at failure with
large magnitude (rss6, rss10) to a series of smaller stress drops with a cyclic form (rss11,
rss12). The residual shear strength increases with an increase in the asperity wavelength
perpendicular to the shear direction. In terms of stability parameters, the values are broadly
scattered with no obvious relationship between the values of (𝑎𝑎 − 𝑏𝑏) and the asperity

wavelength apparent.
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Figure 4-9. The evolution of shear strength, fracture permeability, and stability parameters related
to the anisotropy of asperity wavelength, i.e. in the shear direction and perpendicular to the shear
direction. (a) Shear strength and permeability evolution of fractures with asperity wavelengths of
0.5cm, 1.0cm, 3.0cm and 5.0 cm (rss6, rss7, rss8, and rss9) in the shear direction; (b) Stability
parameters of samples rss6, rss7, rss8, and rss9; (c) Shear strength and permeability evolution of
fractures with asperity wavelengths of 0.5cm, 1.0cm, 3.0cm and 5.0 cm (rss6, rss10, rss11, and
rss12) perpendicular to the shear direction; (d) Stability parameters of samples rss6, rss10, rss11,
and rss12. The left column shows the geometry of the lower fracture coupon before shear.
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4.3 Influence of asperity strength
The strength of asperities plays an important role in determining the ensemble
mechanical strength of fractures. In this study, we discuss the influence of asperity strength
by varying the tensile strength and cohesion for the contacts while retaining all other
parameters constant. Figure 4-10 shows the evolution of shear strength, permeability, and
stability of specimens featuring parallel bond strengths and cohesion of 20 MPa, 50 MPa,
and 500 MPa (rss14, rss4, and rss13, respectively). The resulting evolution of shear
strength (Figure 4-10) suggest that increasing tensile strength and cohesion results in an
increase in peak shear strength. Specifically, rss13 shows ~25% higher peak shear strength
than rss4 and ~50% higher than that of rss14, respectively. This trend can be explained by
the rationale that lower bonding strength and cohesion results in weaker asperity strength.
Therefore, specimens with lower bonding strength and cohesion are subject to increased
localized failure and asperity breakage, producing more wear products during shear. This
effect is shown by the amount of broken bonds inside the analog coupons as shown in
Figure 4-10 (the lower fracture coupons are shown with 95% transparent backgrounds).
Noticeably, the bond breakage tends to localize on the contacting faces of the specimens
where stress concentrates due to loading.
In terms of permeability evolution, increasing tensile strength and cohesion causes
permeability enhancement to initiate both earlier and to a higher degree, as apparent in
Figure 4-10(a). Interestingly, rss14 shows almost no enhancement of permeability
throughout the simulation. This may be related to the localization of bond breakage on the
two sides of the specimen and the deposition of comminution products between the fracture
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faces. Shear-induced bond breakage produces relatively large amount of wear products,
which plausibly clog the fluid passage in the fracture, reducing fracture permeability.
Additionally, as shown in Figure 4-10(b), the stability parameters are mostly
negative and show an even broader range of variation with larger bonding strength and
cohesion. However, the stability parameters do not show any significant correlation with
increasing tensile strength and cohesion.
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Figure 4-10. Fracture profiles, specimen geometries, and bonding breakage after 25 mm of shear
displacement for samples rss4, rss13, and rss14. (a) Evolution of shear strength and permeability
with bond strengths and cohesion of 20 MPa, 50 MPa, and 500 MPa, respectively; (b) Stability
parameters plotted against bond strengths.
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4.4 Influence of shear generated wear products
The generation of wear products during shear are commonly observed elsewhere
(Faoro et al., 2009; Bakker et al., 2016; Fang et al., 2017; Fang et al., 2017) and also in this
study. The generated wear products can be transported and redistributed by mechanical
interaction between the two fracture surfaces, and by fluid, if present (Candela et al., 2014
& 2015). These wear products can influence the mechanical the rheological properties of
the fracture through a variety of mechanisms. The wear products may both impact shear
strength of the fracture by localizing shear and clog pores and major fluid pathways within
the fracture, staunching permeability evolution. Over longer timescales, mechanical and
fluid interactions and reaction between wear products and asperities may result in
geochemical transformations that alter surface properties of the asperities and impact the
evolution of rheological and transport properties. In this study, the generation of wear
products for samples rss1 through rss6 are represented at red highlighted particles in Figure
4-11. The corresponding numbers of broken bonds are shown in the lower right plot in
Figure 4-11.
It is typically observed that rough fractures with higher RMS asperity heights
produce more wear products (rss6 vs. rss1 in Figure 4-11). However, samples rss1 and
rss2 do not show a significant difference in the amount of generated wear products. While
rss3 and rss4 show a large increase in the amount of generated wear products, this increase
slows down in rss5 and rss6. Noticeably, the threshold shear displacement for bond
breakage (left plot of Figure 4-11), where the slope of the evolution curve becomes
abruptly smaller, corresponds with the major stress drop at failure (Figure 4-3), and the
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peak in permeability evolution (Figure 4-5). This behavior indicates dominant influence
of wear products on the evolving shear strength and permeability of the fracture, as
indicated by similar residual shear strengths for samples rss1 through rss6. Large initial
asperity height results in increased dilation and peak permeability, but generates more wear
products, reducing permeability by clogging major fluid channels. Therefore, permeability
evolution is potentially dependent on the competitive influence of asperity height
(contributing to dilation) and the volume of generated wear products (contributing to
clogging) - with the dominant process defining the response. When the clogging effect
exceeds that of dilation, the permeability of the fracture may be reduced after reaching its
peak, even though the fracture begins with higher RMS asperity heights. This mechanism
is suggested by the permeability evolution of samples rss5 and rss6 (Figure 4-5) and the
amount of generated wear products (Figure 4-11). It is worth noting that the wear products
mainly concentrate on the principal contacting portions of the fractures, suggesting that
stress concentration (in the laboratory and otherwise) may result in the clustering of wear
products at kinks in fractures and fault asperities.

144

Figure 4-11. Fracture profiles and geometries of the fracture specimens (95% transparency) after
25 mm of shear displacement for samples rss1 through rss6. Shear generated wear products are
highlighted by red particles. Lower right plot shows the evolution of numbers of broken bonds
during shear simulation for specimens with various RMS asperity heights (rss1 through rss6).
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5. Conclusions
In this study, we investigate the influence of fracture roughness on the shear
strength, slip stability, and permeability evolution of fractures by discrete element method
modeling. The rough fracture surfaces are generated based on RMS asperity heights and
asperity wavelengths. We have discussed the influence of fracture roughness by the
following aspects: RMS asperity heights, anisotropy of asperity wavelength, strength of
asperities. Also, we have analyzed the stability parameters, the relationship between peak
shear strength and RMS asperity heights, and proposed mechanisms for the permeability
evolution for rough fractures. We summarize the conclusions of this study as following:
1. Larger RMS asperity height yields higher peak shear strength, while requiring more
shear displacement to reach the peak strength. The relationship between asperity
height and peak shear strength is positively correlated, but in a non-linear fashion,
i.e., under given asperity strength, there is a limit for peak shear strength for rough
fractures with increasing RMS asperity heights.
2. Increasing the RMS asperity height can alter slip stability of rough fractures from
mostly velocity weakening to velocity strengthening. This transformation of slip
stability can be related to the generation of wear products and its domination effect.
3. Anisotropy of asperity wavelength can influence the shear strength and
permeability evolution of rough fractures. Larger asperity wavelength in the shear
direction reduces peak shear strength of the fracture while increase the fracture
permeability. Larger asperity wavelength perpendicular to the shear direction can
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slight reduce peak shear strength, induce more frequent stress drops during failure,
while delaying or suppress the permeability enhancement.
4. The strength of the asperities (bonding strength and cohesion) are crucial in
determine the shear strength and permeability evolution of the rough fractures.
Lower asperity strength results in lower shear strength and less permeability
enhancement.
5. The amount, distribution, and transport of shear generated wear products can
dominate the evolution of shear strength, slip stability, and permeability of rough
fractures by localization and clogging effects. Fractures with more wear products
exhibits lower shear strength, higher slip stability, and lower permeability during
dynamic shear.
Conclusions drawn above are specifically applicable to the parameters and
situations in this study with the potential of upscaling to the field. Future study may
consider the deformation and crushing of individual analog particles. Nonetheless, our
study provides a straightforward way to study the influence of surface roughness on the
mechanical and rheological properties of fractures.
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Chapter 5
Conclusions
Our studies investigate the mineralogical and textural control on the shear strength,
slip stability, and permeability of faults and fractures. Specifically, we develop twodimensional (2D) and three-dimensional (3D) discrete element models (DEM) to explore
the influence of frictionally weak minerals on the ensemble frictional and rheological
behavior of faults. Moreover, we elaborate the influence of CO2-transformed grain coatings
on the bulk shear strength, frictional stability, and permeability of quartz rich faults using
a novice mini double direct shear apparatus. Lastly, we conduct numerical shear tests on
mated fractures with controlled roughness (asperity heights and wavelength) to investigate
its influence on frictional and permeability responses upon reactivation events. Here we
repeat, verbatim, the conclusions form our studies.
In Chapter 1, we established a DEM model to simulate the mechanical responses
of synthetic gouge mixtures consisting of a quartz and talc analogs. Direct shear
experiments with pre-defined velocity up-steps and down-steps were conducted on both
uniform and textured mixtures. This is achieved by altering the weight percentage of talc
in uniform mixtures and the relative thickness of the talc layer in textured (layered)
mixtures, and in then analyzing experimental results. The following conclusions are drawn:
1. Talc has a significant weakening effect on the shear strength of quartz-rich fault
gouges. This effect is enhanced when talc forms a through-going layer in the gouge.
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2. Relatively small amounts of talc (10% to 25% talc in the uniform mixtures or 3particles to 5-particles in the textured mixtures) can transform the stability behavior
of the gouge from velocity-weakening to velocity strengthening.
3. Minerals with high elastic modulus and frictional resistance at contacts tend to
dilate universally upon slip, while minerals with low elastic modulus and frictional
resistance dilate during velocity up-steps but compact quickly during velocity
down-steps.
4. Quartz tends to be dilation dominant and thus an increase in permeability could be
expected in quartz-rich faults during slip events; while talc also dilates, but
compacts much faster, therefore a decrease in permeability could be expected in
talc-bearing faults.
The numerical modeling-derived conclusions suggests that DEM modeling is
capable of simulating the shear strength and stability evolution of granular fault gouge
using a simplified rate-state friction law. Also, it is possible to simulate gouge with
complex mineralogical composition and with varying degrees and forms of heterogeneity.
The analysis of coordination number and porosity evolution suggest new methods to
examine the nature of permeability evolution of faults during the seismic cycle.
In Chapter 2, we explore the shear strength, slip stability, and permeability of
analog quartz and talc mixtures via 3D discrete element modeling. Specifically,
configurations of both uniform and layered mixtures with various talc: quartz weight
proportions are examined. We perform numerical direct shear tests with velocity stepping
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on the sample mixtures and capture the evolution of shear strength, slip stability, and
permeability. We conclude the following based on the observed results:
1. Simulations show strong weakening effects in uniform mixtures of talc; a linear
weakening effect is observed due to the limitation of particle shape - in this case
restricted to spherical. A dominant weakening effect is observed for layered talc. A
mixture with ~8% talc can induce an ~50% reduction in shear strength.
2. Increased talc content can enhance the stability of uniform mixtures by increasing
(𝑎𝑎 − 𝑏𝑏) values, however, increasing talc layer thickness in layered mixtures shows
no apparent influence on the stability behavior.

3. In uniform mixtures, permeability increases in the shear localization zone with
more quartz present, while decreases with more talc. Permeability evolves to a
steady state, and is enhanced with velocity up-steps while suppressed with downsteps after the maturation of shear localization.
4. Dimensionality can greatly impact the resolution of the dynamic response of gouge
mixtures during shear. The friction evolution during a velocity change can be
clearly observed in 3D simulations which are largely obscured in 2D models.
The results fit previous laboratory observations while some slight mismatches are
also noticed. These inaccuracies can be related to the idealized particle shape and size
distribution, simplified to spherical in these mixtures. Future research of full
implementation of realistic particle shape and deformable grains need to be achieved to
better simulated the behavior of faults during shear. Nonetheless, our work shows an
alternative way of exploring the rheological properties of faults during dynamic shear.
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In Chapter 3, we report observations and analysis of the influence of hematite and
goethite coatings on the shear strength, slip stability, and permeability evolution of quartz.
The hematite- and goethite-coated quartz samples are synthesized in the laboratory as
analog pristine and CO2-transformed fault gouge. A novel double direct shear (DDS)
apparatus has been implemented in the simple-triaxial pressure vessel to conduct shearpermeability tests on the coated samples. The response of the coated quartz samples before,
during and following shear experiments suggest:
1. Both hematite- and goethite- coated quartz show higher peak shear strength than
un-coated quartz; goethite-coated quartz is slightly weaker than hematite-coated
quartz in peak shear strength.
2. Goethite-coated quartz show velocity-strengthening behavior while featuring a
higher frictional healing rate, creep rate, and permeability. This suggests a reduced
risk of seismic reactivation but greater loss of inventory in the long-term
containment of CO2.
3. Hematite coatings show weaker attachment to host quartz grains than goethite
coatings and feature a high degree of mobility and self-clustering upon fluid
interaction.
4. Wear products are generated during mechanical shear. The transport of these wear
products can clog fluid conduits during shearing, thus significantly reducing
permeability parallel to the shear direction.
This study provides insights into how hematite and goethite coatings, before and
after long-term geochemical alteration by CO2, can influence shear strength, stability, and

155
permeability evolution of faults during shearing. Future experiments, potentially long-term
shear-permeability tests, on natural samples are necessary to strengthen these conclusions.
In Chapter 4, we investigate the influence of fracture roughness on the shear
strength, slip stability, and permeability evolution of fractures by discrete element method
modeling. The rough fracture surfaces are generated based on RMS asperity heights and
asperity wavelengths. We have discussed the influence of fracture roughness by the
following aspects: RMS asperity heights, anisotropy of asperity wavelength, strength of
asperities. Also, we have analyzed the stability parameters, the relationship between peak
shear strength and RMS asperity heights, and proposed mechanisms for the permeability
evolution for rough fractures. We summarize the conclusions of this study as following:
1. Larger RMS asperity height yields higher peak shear strength, while requiring more
shear displacement to reach the peak strength. The relationship between asperity
height and peak shear strength is positively correlated, but in a non-linear fashion,
i.e., under given asperity strength, there is a limit for peak shear strength for rough
fractures with increasing RMS asperity heights.
2. Increasing the RMS asperity height can alter slip stability of rough fractures from
mostly velocity weakening to velocity strengthening. This transformation of slip
stability can be related to the generation of wear products and its domination effect.
3. Anisotropy of asperity wavelength can influence the shear strength and
permeability evolution of rough fractures. Larger asperity wavelength in the shear
direction reduces peak shear strength of the fracture while increase the fracture
permeability. Larger asperity wavelength perpendicular to the shear direction can
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slight reduce peak shear strength, induce more frequent stress drops during failure,
while delaying or suppress the permeability enhancement.
4. The strength of the asperities (bonding strength and cohesion) are crucial in
determine the shear strength and permeability evolution of the rough fractures.
Lower asperity strength results in lower shear strength and less permeability
enhancement.
5. The amount, distribution, and transport of shear generated wear products can
dominate the evolution of shear strength, slip stability, and permeability of rough
fractures by localization and clogging effects. Fractures with more wear products
exhibits lower shear strength, higher slip stability, and lower permeability during
dynamic shear.
Conclusions drawn above are specifically applicable to the parameters and
situations in this study with the potential of upscaling to the field. Future study may
consider the deformation and crushing of individual analog particles. Nonetheless, our
study provides a straightforward way to study the influence of surface roughness on the
mechanical and rheological properties of fractures.
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