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Influence of weakening minerals on ensemble
strength and slip stability of faults
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Abstract we explore the impact of phyllosilicate (weak but velocity strengthening) in a majority
tectosilicate (strong but velocity weakening) matrix on 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 velocity weakening 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 suggests that quartz has a high tendency
toward 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 experi-
ments using mixtures of talc and quartz sand [Carpenter et al., 2009] suggest 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
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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 transi-
tion 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 the effect of particle size
distribution and the effect of interparticle 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 friction-
ally 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 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 predefined 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 two-phase 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 2-D (ltasca Crop.), with the princi-
ples 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-
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). 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 (F.) is resolved
into normal (F,) and shear (F;) components:

FC:Fn+Fs (1)
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The linear and shear components are
updated in the absence of slip and with
active contact as

Particle

Fn = (Fn)g + knAdn (2)
Fs = (Fs)o + ksAés (3)
F/sl = —uFy (4)

where k,, and k; are the stiffness of nor-
mal and shear elastic components and
Ad, and Ads are the relative normal
Figure 1. The components of linear elastic contact model. and shear displacement between the

contacting grains within one time step.
The calculated shear force is compared to the shear strength of the current contact state (F¥) and determines
whether slip is initiated.

2

If slip occurs, unlike Coulomb friction with a constant coefficient of friction (u), 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 evolu-
tion (equation (5)) with elastic coupling (equation (6)):

B v Vol
du
+= k(Vip — V) ©)

where a and b are the empirical stability parameters of the material, usually determined by experiments and
depend on mineralogy; D, 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 D, (evolution effect). V, V,,
and V), are the relative current, reference, and load point velocities of the two contact surfaces,
respectively; 4 is the state variable; k is the geometric stiffness of the loading system. When k 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 a and b. There are two evolution laws for the
state variable, Dieterich law and Ruina law, which are shown as equations (7) and (8) below, respectively:

do_ Yo @)
dt D,
do Vo veo

Experimental observations show that rate-state friction adequately describes both seismic behavior and fric-
tion healing of fault slip events [Marone, 1998a]. However, the complexity of solving the full nonlinear consti-
tutive 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

Vi
=t +aln ( p) 9)
Hp Href Vref
V
Hss = Hres +(a—b) In (i) (10
Vref
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Figure 2. Schematic of the slip-weakening law: the friction coefficient of a local contact that 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 value () and continue to evolve to its steady state (uss) if local slip persists according to either velocity
strengthening or velocity weakening; if slip halted before reaching steady state, the friction coefficient will stay as is; friction
evolution of newly formed contact will be reset and started from the beginning (left to right) if reinitiated.

Hp Dacc =0
—u
H=9 U _( D, SS>Dacc Dacc€(0, Dc) (an
Hss Dacc = D

where u,, is the peak friction due to the direct effect of velocity change, u.; is the steady state friction after
frictional evolution has completed, uf is the reference friction coefficient depending on different mineral
analogs, and D, 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. Vi, and Vi¢r are the absolute values of the current and previous shear velocity of the shear platens,
respectively. D, is the characteristic slip distance—a mineral-related property that is assigned to each and
every local contact.

Figure 2 shows the implementation of this slip-weakening model. The contact model is implemented onto
each contact of the assembly. Vi, and V¢ 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. D, is the accumulated rela-
tive local shear displacement. D, remains zero if no local slip has occurred (shown in Figure 2 as the green
path)—as a result, the friction coefficient will remain at a value of u... If (i) a slip event occurs at a contact, and
(i) there is a difference between stored V), and Vi, the contact will slip weaken (following the red path in
Figure 2, as described by equations (9) to (11)). If the local slip distance threshold D, is reached, the contact
friction will remain as u (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 2) until slip reinitiates. At reinitiation, 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 evolu-
tion will cease once the contact becomes inactive. Newly formed contacts will begin evolving from the
end of the green path (Figure 2) once conditions (i) and (ii) above are both met for the contact. Otherwise,
the friction coefficient will remain constant as .. If a contact transits a full evolution path (D), the friction
coefficient will remain as uss no matter the slip state and as long as the contact is still active. The contact
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Table 1. Model Parameters Including Calibrated Elastic Modulus for Quartz [Hieher, 1996] and Talc [Guan et al., 2012]
a

Quartz Analog Talc Analog Unit
Density 2650 2800 kg/m>
Radius 50-100 20-25 pm
Interparticle friction 0.3 0.05 NA
Effective modulus 1.30E + 10 1.00E + 09 N/m?
Normal-to-shear stiffness ratio 1 1.5 NA
Calibrated elastic modulus 835 0.79 GPa
Interparticle a value 0.025 0.025 NA
Interparticle b value 0.050 0.005 NA
Interparticle D, 50 25 pm

@NA, not applicable.

will not evolve again until the next global velocity step. In particular, once a new contact is formed, the
accumulated relative local shear displacement (D,..) is reset to zero so that the slip history of the contact,
either slipping or nonslipping, is reinitialized to enable renewed evolution.

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, 2007]. Measurements of the shear
strength and stability of granular quartz reveal that quartz is a typical tectosilicate which exhibits high
frictional strength and velocity-weakening properties. Conversely, talc is usually frictionally weak but velo-
city strengthening [lkari et al., 2011; Moore and Lockner, 2011]. Because quartz and talc have these key con-
trasting 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.

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 con-
tact stiffness is listed below (equations (12) and (13)) as

AE*
kn = e (12)
ks = k_z (13)
K

where k,, is the normal contact stiffness, k, is the shear stiffness, A 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 « 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 (k,) and shear stiffness (k) of the elastic components shown in Figure 1.
These are contact parameters 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 trial-
and-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
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Figure 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.

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. In addition, the effective modulus of the wall element-
particle contact is set to the same magnitude as the quart-quartz contact analog to minimize stress
concentrations effects.

In the case where a talc and quartz analog particle is in contact, the stiffness and rate-and-state parameters (a
and b) of this contact are expressed by the geometric average from both contacting entities. The friction
coefficient (1) and characteristic slip distance (D.) are determined by the smaller value of either entity.

3. Experiment Design

The model configuration is in double direct shear configuration [Mair and Marone, 1999], which consists of a
pair of sawtooth-shaped platens and a synthetic fault gouge sample sandwiched between them (Figure 3).
Unlike the full experimental setup, the numerical model represents one symmetric limb of the apparatus with
the modeled platens 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. It generates shear platens and adjacent wall elements.
2. It generates loosely distributed analog particles between two shear platens.
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Table 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

Quartz Analog Talc Analog Relative Talc Layer Sample Shear

Name (wt %) (wt %) Thickness® ThicknessID (um) Velocity (um/s)
cqt100-00 100% 0% NA 5283.78 1
cqt90-10 90% 10% NA 5205.57 1
cqt80-20 80% 20% NA 5163.03 1
cqt75-25 75% 25% NA 5133.04 1
cqt60-40 60% 40% NA 5117.93 1
cqt50-50 50% 50% NA 5107.28 1
cqt25-75 25% 75% NA 5123.29 1
cqt00-100 0% 100% NA 5146.91 1
sqt100-00 100% 0% NA 5175.16 1/10/1/10/1
sqt90-10 90% 10% NA 5109.28 1/10/1/10/1
sqt80-20 80% 20% NA 5051.87 1/10/1/10/1
sqt75-25 75% 25% NA 5041.20 1/10/1/10/1
sqt50-50 50% 50% NA 5006.85 1/10/1/10/1
sqt25-75 25% 75% NA 5021.85 1/10/1/10/1
sqt00-100 0% 100% NA 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

#The relative thickness of talc analog layer is determined by the most approximate number of particles vertically aligned in the actual talc analog layer.
The sample thickness is measured at the beginning of each numerical run. NA, not applicable.

3. It applies 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 equilibrium.

4. Itactuates 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. It records experimental parameters until shear displacement reaches the desired shear displacement or
completion of desired velocity steps.

Laboratory experiments reveal that the distribution of talc in the fault slip zone plays an important role in
determining the shear strength and slip stability [Moore and Rymer, 2007]. Reduction in shear strength but
enhancement in slip stability results from an increase in talc content, especially when talc forms a layered
structure in a tectosilicate matrix. This effect of both uniformly distributed and layered talc on the shear
strength and slip stability of the fault are the foci of this study. Uniform and layered mixtures of talc and
quartz analogs are tested with systematically increased talc content (weight percentage) and relative layer
thickness (Figures 3a and 3b, right-hand side insets). Constant velocity shear experiments (1 um/s for
1500 s) and velocity-stepping (1/10/1/10/1 pm/s for 1600 s) experiments were performed on both uniform
and layered mixtures. The bulk friction coefficient is calculated from the ratio of monitored shear stress
and normal stress. The numerical simulations and their associated parameters are listed in Table 2.
Additionally, prior results [Guo and Morgan, 2004] suggest that 2-D geometry and circular particles in DEM
engender a high tendency to rolling, reducing bulk friction coefficient. In this model, the rotation of all
mineral analogs is restricted in order to eliminate the rolling tendency of circular particles.
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Figure 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 um).

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 um/s. The
evolution of shear strength of uniform mixtures is shown in Figure 4a. 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 (e.g., 30% and 40%); 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 transi-
tion in steady state friction is plotted in Figure 4b. This trend is revealed in previous experimental observa-
tions [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 rela-
tive 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 4c. Figure 4d 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
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Figure 5. Slip stability evolution of uniform mixtures: (a) end-member friction evolution with velocity-stepping shear tests
(inset shows examples of curve fitting to recover stability parameters). (b) Laboratory data [Moore and Lockner, 2011] of
(a — b) 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 (a — b), (a — b) 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 parameter (a — b), (a — b) values are negative with no talc present but shift to positive
after introducing a thin layer (1 particle and 3 particles) of talc and will remain positive when relative talc layer thickness
is larger than 5 particles.

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].

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 friction-
ally strong matrix, i.e., slip stability can transit from velocity weakening (quartz dominant) to velocity
strengthening (talc dominant) with increasing talc content.

Virtual velocity stepping experiments, with shear velocity steps of 1 um/s and 10 um/s, were performed on
both uniform and layered mixtures of talc and quartz analogs. Specifically, weight percentage of talc in uni-
form mixtures and relative layer thickness of talc are varied to explore the transition from velocity weakening
to velocity strengthening. Figure 5a 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 a, b, and D, values and progressively fit to rate-and-state constitutive relations (5) to (8). The constitutive
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relation is solved with shear displacement using a fourth-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 the tolerances of 0.0001 or 0.01, respectively. The insets in
Figure 5a show the stability analysis of two velocity steps, for example.

In terms of the transition of slip stability parameters, i.e,, (a — b) values, Figure 5b shows the (a — b) 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 5¢; the (a — b) values are negative (velocity weakening)
when no talc is introduced; however, the (a — b) values transit to positive rapidly when there is ~10% to
~25% talc present in the mixture. With more than 25% talc analog introduced, the (a — b) values of the bulk
sample remain positive, indicating the dominating effect of talc (velocity strengthening) on bulk slip stabi-
lity 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 (a — b) values when increasing
the relative talc layer thickness. With a through-going talc layer, the (a — b) values of the gouge transit to posi-
tive with a trace amount of talc (1-3 particles, Figure 5d). The sample exhibits velocity strengthening similar
to the pure talc with relative talc layer thickness of 5 particles. Additionally, the (a — b) values become larger
compared to those for uniform mixtures when the relative thickness of the talc layer is increased. This beha-
vior 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.

4.3. Dilation, Coordination Number, and Permeability

Slip events are usually accompanied by fault dilation or compaction depending on the mineralogical compo-
sition 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 parti-
cle. 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 6a—6¢ show the evolution of sample layer thickness, average coordination number, and porosity evo-
lution for pure quartz and pure talc during velocity-stepping experiments, respectively. Overall layer thick-
ness 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. Quartz and talc samples begin with similar initial layer thicknesses (Figure 6a);
despite background compaction effects, quartz shows an increase in layer thickness and a sharp decrease
in coordination number during the first ~500 pm in shear displacement. Conversely, talc samples show the
opposite trend in layer thickness evolution. In addition, the evolution of the coordination number at a velo-
city up step, as highlighted for talc in Figure 6b, shows a slow decease (i.e., from 1 um/s to 10 um/s) but a
sharp increase with a velocity down step (i.e., from 10 um/s to 1 um/s). This indicates a slow decrease in num-
ber 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 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 6c¢ for quartz samples throughout the loading, while
relatively steady porosity evolution is observed for the talc sample. The quartz sample evolves to a higher
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Figure 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.

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.

Estimates of permeability evolution are shown in Figure 7 using equations (14) and (15) [Ouyang and
Elsworth, 1993; Samuelson et al., 2011]
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Figure 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 up steps but rapid compaction on velocity
down steps.
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where k/kq is the relative ratio in permeability, AH/H is the relative ratio in sample thickness, and A¢ is the
relative difference in porosity. Figure 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 inter-
locking caused by higher friction resistance at contacts.

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 sen-
sitivity 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 8a. From the initial frictional evolution, we observe a trend indicating that it takes less shear displace-
ment 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 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 (D.), Figure 8b shows the frictional evolution curves for 75% quartz and
25% talc mixture under a normal stress of 10 MPa with 2 times, 1 times, and 0.5 times the values of D (refer to

Table 1). Again, the frictional evolution curves overlie each other. We observe no significant difference in the
frictional evolution due to the change in D.. This is possibly caused by the contact mechanism described in

section 5.5. In the case of smaller D, 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 8¢, for 2 times, 1 times, and 0.5 times
particle radius (refer to Table 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 times 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 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 D set at 0.5, 1.0, and 2.0 times characteristic slip distance; and (c) with particle sizes of 0.5, 1.0, and 2.0
times particle size.

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 are the possible mechanics
behind the observed evolution trends 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 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 is only
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Figure 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.

observed while using a slip-weakening law. This identifies the key impact of the contact-contact slip-
weakening law in defining ensemble behavior.

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.

Because the simulation results show relatively large fluctuations in the frictional evolution (of the order of
0.1-0.2), the resulting (a — b) values need to be similarly scaled, which are 1 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,
we implement (a — b) values 1 magnitude larger than the laboratory measured (a — b) 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 be 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 quartz-rich 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 interparticle
friction coefficient. Figures 10a and 10b show 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; D, 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, interparticle friction coefficient may have a strong effect on the dilation
behavior of particles. Figure 10b also shows frictional evolution of a quartz analog with artificially reduced
interparticle friction coefficient (0.05), from which a reduction in shear strength fluctuation is observed.
However, the ensemble shear strength is also reduced significantly with the reduction of interparticle
friction coefficient.

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 0 (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
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Figure 10. (a) Frictional evolution of pure quartz analog showing large fluctuations. (b) Frictional evolution of pure quartz
analog with reduced particle size (0.5 times) and reduced interparticle friction coefficient (0.05) shows reduced fluctuations.

simulation results suggesting a good match with theoretical bare-surface rate and state models and
laboratory experiments. The results also indicated that critical slip distance D. 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 equations (16) and (17) as follows:

Hy=pd,t=0 (16)

uy =4y +bln(t),t >0 (17)

where u7 is the time-dependent interparticle friction coefficient and b 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 was 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 # is not included in the
slip-weakening law due to the high computational cost to update 8 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, 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 (a and b 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
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Figure 11. Displacement map of uniform mixture (75% quartz and 25% talc, Figure 11 (top left)) shows higher degree of
particle rearrangement during shear, while layered mixture (relative layer thickness of 8, Figure 11 (top right)) shows
distinctive shear localization along the intervening talc layer. Slipped contacts at the end stage (lower two rolls) of repre-
sentative numerical runs. (top of lower two rolls) Representative plot of slipped contacts in uniform mixtures showing shear
zones localized between the two shear platens. (bottom of lower two rolls) Representative plots of slipped contacts in
layered mixtures showing shear zones localized inside or at the interfaces of the talc layer.

not only on the frictional strength but also on slip stability. These strong effects may be caused by enhanced
shear localization corresponding to the spatial distribution of talc. Figure 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 degree 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 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 (Figure 11, first column of the lower two rows). 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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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 accompa-
nied by a significant reduction in shear strength. Therefore, talc has a twofold influence: increasing the
stability as evident in the ensemble parameters (a — b) 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 con-
sider 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 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 section 2.1). 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 micro-
scopically 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 par-
ticles may be sufficient in deriving the transitional behavior of mineral mixtures. Regardless, the effect of
grain shape is important and needs 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 rate-state behavior. Where we
assume system stiffness to be infinitely large, this will always result in stable slip regardless of critical stiff-
ness of the contact and sign of (a — b), although velocity-weakening behavior may still evolve; this will be
an index of the 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 accom-
modated 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 arbi-
trary system stiffness.

5.5. Dilation in Granular Systems Under Dynamic Shearing

As discussed in section 4, the initial strong dilation of quartz upon shearing is observed. This behavior is dras-
tically 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 dilational behavior upon dynamic shearing may be due to differences in
contact elastic stiffness and the interparticle friction coefficient. Quartz analog particles feature much higher
contact stiffness (essentially effective modulus) and interparticle friction coefficient than talc analog particles
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Figure 12. (a) Porosity evolution of pure quartz analog over a shear displacement of 4500 pm. Dynamic equilibrium is
reached at ~2000 um of shear displacement. (b) Porosity evolution of pure quartz analog with reduced particle radius
over a shear displacement of 4500 pm, dynamic equilibrium is reached at ~1200 pm of shear displacement.

(refer to Table 1). High elastic stiffness and interparticle coefficients contribute to a higher degree of
resistance in particle self-rearrangement during dynamic shearing, thus promoting strong dilation.
Furthermore, this high resistance in self-rearrangement may delay the prompt reaction to changes in shear
velocity. This may be the reason that no significant compaction is observed during velocity down steps in
the quartz-rich 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 interparticle 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 12a
shows the evolution of porosity of pure quartz over 4500 pm of shear displacement. The porosity
evolution of quartz with reduced particle size is also shown Figure 12b. It can be clearly observed that for
a quartz assembly, with half-sized particles (more particles overall), after ~1200 pm 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 pm) in reaching dynamic equilibrium.
But in both cases, the tendency of dilation in quartz is strong and the porosity evolution is of
similar magnitude.

In the quartz-talc analog mixtures, the interparticle elastic stiffness of a quartz-talc contact is taken by
connecting the contact stiffness of quartz and talc in series, with the interparticle friction coefficient 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 interparticle friction coefficient). Meanwhile, the reduction in
interparticle 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).

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 is important to illuminate mechan-
isms of the shearing of granular materials, but it 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 trig-
gered 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

WANG ET AL.

INFLUENCE OF WEAKENING MINERALS ON FAULT 7107



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013687

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 evolu-
tion is a combination of local friction evolution (either undergoing slip weakening or not) of every contact in
the assembly.

5.7. Scaling of Empirical Stability Parameters and Uncertainties

In the DEM model, there are inevitable differences and conversions between grain-grain scale mechanical
parameters and macroscopic mechanical parameters. For example, the macroscopic elastic modulus is con-
verted into an effective modulus, and through normal-to-shear stiffness ratio, effective modulus is then con-
verted 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, 1 order
of magnitude larger than the laboratory measured parameters shown in Figure 5b (0.001-0.008). This is
due to the two-dimensional configuration generating a relatively large amount of noise in the frictional evo-
lution [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 slip-weakening 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 frictionally strong/weak mineral mixtures, as well as predicting evolutionary trends in permeabil-
ity. 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
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 ana-
lyzing 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 com-
pact 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 suggest 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 pos-
sible to simulate gouge with complex mineralogical composition and with varying degrees and forms of het-
erogeneity. The analysis of coordination number and porosity evolution suggests new methods to examine
the nature of permeability evolution of faults during the seismic cycle.
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Erratum

In the originally published version of this article, Equation (16) contained a subtraction sign that should be an
equal sign. The equation has been corrected, and this version may be considered the authoritative version
of record.
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