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Abstract:

Mature faults with rough surface at their core contain granular gouge, however, the
presence of fault gouge is mostly disregarded in the analysis of effect of fault’s surface
roughness on the mechanics and stability of faults. In this work, we consider a rough
fault system with constant roughness at the wall-gouge interaction and study the
effect of grain friction on the characteristics of seismic cycles. Our discrete element
simulations show that the stick-slip frictional strength and dilation of the rough fault
system, as well as their variations, nonlinearly increase with the particle friction, but
at high particle friction saturate. By statistical analyses on a large number of slip
events, we find that the average recurrence time and its variations decrease with
particle friction. A rough fault with higher grain friction shows more small slip
events, but also contains a limited number of extreme events and demonstrates a
more complex nucleation phase with higher stored energy. We analyze the pseudo
acoustic emission, which is based on monitoring of the velocity signal of particles,
and find higher temporal and more spatially distributed acoustic emissions for rough
fault with higher grain friction. Our findings in this study show that, in rough faults
with granular gouge, where the fault zone walls are totally engaged to the granular
gouge, the friction at grain scale controls the characteristics of stick-slip cycles
showing similar influence on the mechanics of faults as the roughness of fault’s

surface in absence of fault gouge.

Keywords: friction, roughness, stick-slip, granular materials, fault gouge, fault

mechanics
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1- Introduction

Mature faults at their core are usually characterized by a granular gouge layer, created
by wear, communition and other frictional processes in nature [Engelder, 1974;
Shimamoto, 1979; Chester et al., 1985; Chester & Logan, 1986; Marone et al., 1990;
Chester & Chester, 1998; S. Cashman & Cashman, 2000; Chester & Chester, 2000;
Faulkner et al., 2003; Heermance et al., 2003; S. M. Cashman et al., 2007; Zoback et
al., 2010]. Characteristics of slip events in laboratory stick-slip experiments including
stress drop, pre-seismic friction, recurrence time, compaction etc. have been studied
widely for different loading configurations and particle properties [Dieterich &
Kilgore, 1994; Chris Marone, 1998; Karner & Marone, 2000; Mair et al., 2002;
Brantut et al., 2008; Rathbun & Marone, 2010; Haines et al., 2014; Rosenau et al.,
2017]. It is shown that frictional strength and stability of a sheared granular zone are
sensitive to grain shape, particle size distribution and their evolution [Mair et al.,
2002; Anthony & Marone, 2005].

The stability and slip behavior of natural faults and their relation with fault
properties, and in particular their geometry and surface roughness, have been under
debate during last years. The fault roughness spans from microns to tens of
kilometers [Kozlowska et al.,, 2018] and can be measured using different methods
[Renard et al., 2006; Sagy et al., 2007; Candela et al., 2009; Bistacchi et al., 2011; Emily
E. Brodsky et al., 2011; Candela et al., 2012; Emily E Brodsky et al., 2016]. At field
scale, the fault roughness is suggested to control the stress drop and slip distribution

during earthquakes, hydraulic fracturing and subduction of seafloor relief [Bouchon
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et al., 2010; Candela, Renard, Bouchon, et al., 2011; Candela, Renard, Schmittbuhl,
et al,, 2011; Wang & Bilek, 2014; Rijsingen et al., 2018]. At lab scale, experimental
studies showed that the topology and fault structure influence the spatial and
temporal distribution of small and large earthquakes [Ohnaka & Shen, 1999; Ohnaka,
2003; T. H. W. Goebel, Becker, et al., 2014; Thomas H.W. Goebel et al., 2017].
Numerical simulations have been also used to study the effect of fault roughness on
mechanics and nucleation of slip events [Chester & Chester, 2000; Dieterich &
Smith, 2009; Angheluta et al., 2011; Dunham et al., 2011; Fournier & Morgan, 2012;
Rathbun et al., 2013; Bruhat et al., 20106; Zielke et al., 2017; Tal & Hager, 2018; Tal
et al., 2018§].

However, the presence of granular fault gouge is neglected in most of the
previous studies related to fault roughness. The study of Rathbun et al. [2013],
considered the presence of fault gouge during stable sliding simulations and found
that, on the first-order, fault strength is controlled by particle friction and mechanical
coupling of the fault zone wall to the gouge for both rough and smooth faults.
Rathbun et al. [2013] showed that, for rough faults, when the fault zone walls and
gouge zone are totally engaged with no slip between them, only the gouge friction
controls the strength. In this work, we systematically vary the particle friction
coefficient (called here for simplicity particle friction) in a fault with granular gouge
and focus on stick-slip dynamics to study the effect of particle friction on the slip
size distribution and inter-event time of seismic cycles describing the

micromechanical properties of frictional processes that take place in the fault damage
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zone. To this end, we perform 3-D DEM simulations recording hundreds of slip
events for statistical analyses provided by the advantage of numerical simulations.
We also study the evolution of elastic strain energy (i.e. potential energy in
[Dorostkar, 2018; Dorostkar & Carmeliet, 2018]), kinetic energy, and the
micromechanics of slip events and explain the macro-scale response of fault with
grain-scale metrics (e.g. [Dorostkar, Guyer, et al., 2017a]). Using a simple rheological
and geometrical granular contact model, we will show that, although our simplified
numerical approach does not contain all complexities present in nature, it shows that
for faults with granular gouge, the friction of the gouge particles controls the
characteristics of stick-slip cycles. We also compare our findings with previous
numerical and experimental works and show that, in rough faults with granular
gouge, the friction at grain scale has similar influence on the mechanics of faults as

the roughness at fault’s surface in absence of fault gouge.

2- Model description

Due to particulate nature of granular fault gouge, we use DEM to model gouge
grains. In DEM, the equations of motion solved for each particle considering the

applied forces are:

Y F, =m(sup), 1)

d
ZTp = I(Ewp), 2
where m, I, U, and w,, are the mass, the moment of inertia and the translational and

angular velocity of particle, respectively. In Eq. (1) and (2), F, and T, are the forces
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and torques acting on particle 7 owing to particle-particle contacts. In soft sphere
DEM, the particle-particle contact allows an overlap between them and the contact
law is described by a combination of different rheological elements (spring, dashpot,
slider etc.). These elements are at play when particles are in contact. Upon contact
loss, there are no contact forces acting between the particles. In order to capture
particle scale nonlinearity, we use the nonlinear Hertzian contact law. In this particle-
particle contact law, the spring stiffness and the coefficient of damping are function
of particle material properties and the overlap between particles [Hertz, 1882; Di

Renzo & Di Maio, 2004]. The normal and tangential contact forces are calculated as

follows:

Fyn = —kpn6&pn + Cpndipy , ©)
, t

Fyt = min {|kpt ftc,o Suye dt + cpt6upt| s UcFpn }, )

where ky, and kp are the normal and tangential spring stiffness, Cp, and cp; are
the normal and tangential damping coefficient, €y, is the overlap and duy,, and
Suy,; are the relative normal and tangential velocities of two particles in contact,
respectively. In Eq. (4), the parameter U, represents the particle friction coefficient
that limits the tangential force. When the tangential contact force between two
particles in contact reaches this limit, they start sliding against each other. The integral
term in Eq. (4) shows an incremental spring, storing energy based on the relative
elastic tangential deformation of the particle surface starting from the moment

particles touch each other at .. A damping is added to the spring component of
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the tangential force if the Coulomb criterion is not met [Di Renzo & Di Maio, 2004;

Goniva et al., 2012]. The spring and damping coefficients are calculated as follows:

4

Kpn = 3 Y*\/R*6epy , 5)

kyr = 8G"\/R* 6y, (0)
— 9 B @™ « [} .

Cpn = —2 \/; X T X [2Y*\/R*b6ep, m* | (7
— E ln(r) * * *

Cpt = —2 \/; X o X |8G*/R*b6epym™, 8

where, 7 is the restitution coefficient, and Y™, R*, G* and m”" are the equivalent
Young’s modulus, radius, shear modulus and mass, respectively, calculated as
follows:

1_ b -

1o D, Ooh) )
G Y, Y,

1 1 1

ot 11
S= ot (12
m m;  m,

where subscripts 1 and 2 refer to the two particles in contact and v is the Poisson's
ratio of the particle.

Figure 1 illustrates a granular layer representing a part of a granular fault gouge.
In our model, 8000 spherical particles constitute this layer with particle diameter
ranging 90-150 pm having a uniform, poly-disperse particle size distribution. The

sample size in our simulations is 11x1.5X0.8 mm®. In order to model a fault with
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rough surface in a simplified way, on the sample top and bottom, we employ two
corrugated plates with high surface roughness modeled by a friction coefficient of
0.9 between the plates and particles to facilitate the transmission of shear stresses to
the granular gouge (see Fig.1 insets). This kind of geometry is inspired from the
BIAX laboratory earthquake machine using corrugated driving blocks [Chris
Marone, 1998; Riviere et al., 2018] and simulates a fault system with rough surface.
Our analysis shows that use of these corrugated plates with high surface friction leads
to a total engagement of fault blocks with granular gouge. Therefore, no slip takes
place at the boundary between the plates and the granular gouge, but the deformation
is distributed across the sample thickness, inside the granular gouge (see Fig. 13). In
this paper, our study is dedicated to the influence of the gouge particle friction on
stick-slip behavior and we do not study the effect of fault roughness i.e.
characteristics of the corrugated plates e.g. length, depth, etc. on the dynamics of the
sheared granular layer. A detailed analysis showed that change of these characteristics
does not fundamentally alter the dynamic regime of stick-slip. Rathbun et al. [2013]
showed that, due to a better engagement between the corrugated plates and gouge
zone, a higher roughness of corrugated plates characterized with larger tooth size will
extend the deformation more inside the gouge zone [Rathbun et al., 2013]. The
previous research showed that by increasing the rolling friction i.e. the resistance of
particles to rotate, the stick-slip dynamics becomes more stabilized and the dynamic
regime tends to change from stick-slip to slow slip, defined as a more gradual

decrease of the macroscopic friction rather than a sudden drop [Dorostkar, 2018].
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Therefore, since our focus here is on stick-slip dynamics and we aim to isolate the
effect of particle friction in a detailed analysis, we do not include the effect of rolling
resistance and consider it zero within the scope of this manuscript.

On the front- and back-side of the sample, we implement frictionless walls with
the same elastic properties of particles. This type of interaction between particles and
walls are designed to avoid rigid wall boundary conditions. Wall-particle interaction
in our DEM model is the same as particle-particle interaction when one particle has
an infinite radius. Periodic boundary conditions are applied at the left and right
sidewalls representing a long fault gouge in x direction. The periodic boundary
conditions allow for large shear displacements, and facilitate recording many slip
events to be used for statistical analyses. To prepare the sample, particles are inserted
randomly in space descending with an initial velocity of 10 cm/s. Next, the upper
plate is moved downward to apply a confining stress to confine the sample (applied
on top x-y plane in Fig.1). At this stage, the load increases until the desired confining
stress is attained (10 MPa). The position of the upper plate is adapted continuously,
as in the lab experiments, in order to maintain the confining stress constant. At
constant confining stress, shearing is initiated by moving the bottom plate in x
direction with a displacement-controlled mechanism (constant velocity of 600 pm/s)
until reaching the maximum shear stress, at which point the stick-slip process
commences. The particle density is 2900 kg/m® that results in an applied time step
of 15X10” seconds for DEM calculations, within the recommended range based on

the Rayleigh time. Our DEM calculations remain in the quasi-static regime by
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controlling the inertial number to be below 10° [MiDi, 2004; Sheng et al., 2004;
Agnolin & Roux, 2007]. Similar to our previous works [Dorostkar, Johnson, et al.,
2017; Dorostkar et al., 2018], we use LIGGGHTS [Goniva et al., 2012; Kloss et al.,

2012] to model the granular fault gouge.

3- Results

We show in Fig. 2a and 2b the evolution of macroscopic friction and gouge thickness
during the stick-slip dynamics, respectively, for three different particle friction values
of 0.1, 0.5 and 0.9. The macroscopic friction is defined as the ratio of shear stress to
normal stress (confining stress) on the driving block and the gouge thickness
represents the measurement in z direction of Fig. 1. All simulations start from the
same initial thickness and particle arrangement. Figure 2c¢ shows with higher
resolution the shaded area in Fig. 2a. The macroscopic friction rapidly increases in
the sample and after some stable sliding; the sample undergoes stick-slip dynamics,
where the start of stick-slip dynamics is denoted by time zero. For each stick-slip
cycle, the macroscopic friction (or shear stress, since the confining stress is kept
constant) increases nonlinearly reaching to a critical state where micro-slips take place
followed by a major slip event. The average macroscopic friction increases
nonlinearly with the particle friction: at low particle friction values (0.1 to 0.5), the
macroscopic friction increases much more compared to high particle friction values
(0.5 and 0.9). A similar behavior can be observed for the gouge thickness (Fig. 2b).
The schematic stick-slip cycle shown in Fig. 3a shows the definition of recurrence

time, micro-slips and major slip event in our analysis. We recognize major slip events
10
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with a drop in macroscopic friction larger than or equal to 0.01, a threshold that
avoids capturing micro-slips before a major slip event [Dorostkar, Guyer, et al,
2017b]. We perform long simulations and measure the average macroscopic friction,
gouge thickness and slip recurrence time over all stick-slip phases as function of
particle friction (Fig. 3b-d). We observe that the gouge strength represented by
macroscopic friction increases nonlinearly with particle friction and saturates at
around U, = 0.9 to 1. A similar behavior is observed for gouge thickness (Fig. 3c).
The standard deviations of macroscopic friction signal and gouge thickness are found
to increase with increasing particle friction (Fig. 3b and 3c). The slip recurrence time
and its standard deviation decreases with increasing particle friction, meaning that
slip events occur more often and more regularly in a gouge with higher frictional
particles (Fig. 3d)

To complement the observations in Fig. 3, in Fig. 4a, we observe an almost linear
relation between macroscopic friction and gouge thickness for simulations with
different particle friction. The more dense population of data points at higher
thickness and macroscopic friction is consistent with the nonlinear behavior
observed in Figs. 2b and 2¢c. We also observe that the number of slip events increases
with increasing particle friction (equivalent to a decreasing recurrence time as seen in
tigure 3d). The histogram of slip events’ friction drop (Fig. 5) shows that this increase
in number of events at higher particle frictions mainly stems from smaller events.
This implies that, a fault gouge with higher particle friction experiences more smaller

slip events at a shorter and more regular inter-event time (less standard deviation in

11
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Fig. 3d) with lower friction drop. Remark however that, at high particle friction,
although the majority of the slip events are smaller, there are also some extreme slip
events, which are larger than the events at lower particle friction.

When studying the time evolution of the average contact force, we find a similar
stick-slip type of behavior (Fig. 6). This observation shows that the contact forces at
grain scale control the macroscopic response of the sheared granular gouge. We
observe that, by increasing the particle friction, the average contact force increases,
however the relative increase of higher particle friction becomes smaller at higher
values. The decomposition of contact force into normal and tangential components
shows that the contribution of the normal component is dominant irrespective of
particle friction value. The relative contribution of normal contact force to the total
contact force compared to the contribution of the tangential contact force, however,
decreases for higher particle frictions.

The Slipping Contact Ratio (SCR) is defined as the ratio between number of
contacts at Coulomb frictional limit prone to slip and the total number of contacts.
In Fig. 7a, we observe drops in SCR of almost one order of magnitude when
changing the particle friction from 0.1 to 0.5 or from 0.5 to 0.9. At the same time,
Fig. 7b shows that the average coordination number (coordination number is the
number of contacts per particle) decreases with increasing particle friction. The
decrease in coordination number for higher particle frictions can be attributed to the
larger dilation or higher gouge thickness (see Fig. 2b). We remark that, since the

coordination number decreases with increasing particle friction (Fig. 7b), we also
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check the total number of slipping contacts that is not normalized by the number of
contacts and observe similar behavior: the total number of slipping contacts
decreases with increasing particle friction.

In Figs. 7c and 7d, we show the instantaneous and cumulative particle
displacement averaged over all particles, respectively. The cumulative displacement
is the total displacement of a particle from the start of each simulation. The
instantaneous particle displacement shows larger jumps upon micro- or major slips
for higher particle frictions. Moreover, the cumulative particle displacement cleatly
shows that for a given instant in time (or a given shear strain), particles with higher
particle friction have undergone higher total displacements. Our analysis shows that
particle displacement is mainly in x-direction (99 %) along the moving boundary that
imposes the shear stress (Fig. 1).

We also study the evolution of potential and kinetic energies in sheared granular
fault gouge (Fig. 8). The elastic strain potential energy is stored within the particle-
particle contacts through overlap between particles [Dorostkar & Carmeliet, 2018]
and the kinetic energy is due to translation and rotation of particles. The fault gouge
with higher particle friction shows more potential energy, however, the increase in
average potential energy is not linear with respect to the increase of particle friction.
For instance, an increase of particle friction by a factor 9, from 0.1 (Fig. 8c) to 0.9
(Fig. 8a), leads to an increase in potential energy only by a factor 3. We also observe
that the kinetic energy signal for higher particle frictions shows more fluctuations

and bursts i.e. important rearrangements of particles inside the fault gouge. While

13
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the potential energy at low particle friction (Fig. 8c) shows a plateau before the major
slip events, the energy is always increasing approaching slip events for higher particle
trictions (Fig. 8a).

We compare in Fig. 9 the evolution of macroscopic friction and gouge thickness
for particle frictions with 2 orders of magnitude contrast i.e. 10, 1 and 0.1. The
nucleation phase of slip events for higher particle friction (Fig.9a) shows a complex
behavior in both macroscopic friction and gouge thickness signals, where a
considerable amount of small drops in macroscopic friction occur during the stick
phase before an upcoming extreme slip event that has a long recurrence time. The
statistical analysis of the size of all slip events based on drop in macroscopic friction
(Fig. 10) shows that slip events occur more often for higher particle frictions i.e.
larger number of slip events with shorter recurrence interval. More importantly, we
observe that, although the higher number of slip events stems mainly from smaller
events (see also Fig. 5), there exist also some very large slip (extreme) events (Fig.
10).

Our analyses show that the velocity (or acceleration) signal of a flagged particle,
which is called “pseudo Acoustic Emission (AE)” signal in this study, demonstrates
(Fig. 11a) a very similar behavior to acoustic data of the lab (e.g. [Rouet-Leduc et al.,
2017]). We will discuss the details of this observation in Section 4. In Fig. 11b, the
velocity signal of a flagged particle shows bursts at slip events, which are larger for
higher particle frictions. The complementary Cumulative Distribution Function

(cCDF) of pseudo acoustic emission bursts (for all emissions without threshold,
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during both stick and slip phases) in Fig. 12 clearly shows the increase of AE
amplitude for higher particle frictions. We remark that the observations in Fig. 11
and 12 are not dependent on the flagged particle and are recorded consistently for
several chosen particles.

We further look at the micromechanics of fault by visualizing the particles on a
plane representative of the whole box (here the front x-z plane of the gouge in Fig.
1) for particle friction values of 0.1 and 10, at a point during the stick phase (Fig. 13).
For panels a and b, we set the maximum of color bar equal to the shear driving plate
velocity, 0.06 cm/s. While a gradient is observed for particle friction of 0.1 from top
to bottom, where the particles close to the bottom plate have velocity close to 0.06
cm/s, the particle velocity field shows a more uniformly distributed profile for a
particle friction of 10. We will discuss the implications of this observation in Section
4. A comparison between panels c and d shows a larger cumulative displacement for
particles with particle friction of 10, where the maximum of color bar is set to the
maximum cumulative displacement of particles with particle friction of 0.1, for a
better comparison. It is clear from Fig. 13d that a larger portion of the sample has
experienced a large displacement. We remind that the main displacement for particles
is in x direction, along the driving plate motion. The spatial distributions in panels ¢
and d are consistent with temporal evolution in Fig. 7d. The spatial distributions of
coordination number for both particle frictions are rather uniform, while the gouge

with lower particle friction shows higher coordination numbers consistent with
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observations of Fig. 7b. The gouge with higher particle friction shows on average

lower numbers, also showing some ‘blue’ spots with very low coordination number.

4- Discussion

We found that the frictional strength of the sheared granular fault gouge during stick-
slip dynamics increases with particle friction, but saturates at particle friction values
around 0.9-1 (Fig. 3). The nonlinear macroscopic behavior and saturation of friction
are attributed to the rotational behavior of the particles showing a gradual transition
from sliding to rolling, since high particle friction makes the conditions easier for
particles to roll [J. Latham et al., 2005; Azéma et al., 2012; Shojaacee et al., 2012;
Goncu & Luding, 2013; Rathbun et al., 2013; Azéma et al., 2017]. Furthermore, we
show a linear relation between macroscopic stick-slip friction and gouge thickness
(Fig. 4), as is confirmed by previous research [Mead, 1925; C. Marone, 1998; Frye &
Marone, 2002; Knuth & Marone, 2007, Makedonska et al., 2011]. From the
micromechanical point of view, we only observed a small increase in tangential
contact force, while our results show that, the overall shear strength of fault gouge
increases at higher particle friction. This means that the increase in shear strength
cannot be attributed to the increase of tangential contact force. In other words, the
increase in particle friction leads to an increase in normal contact forces enhancing
the shear capacity of the system. To explain this observation, we pose the hypothesis
that a structural effect is introduced, where at higher particle friction less slipping
contacts occur, providing a better support for a contact network to build up higher

contact forces. The lower number of slipping contacts (or the higher number of
16
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locked contacts) could also explain the larger cumulative particle displacement (Fig.
7 and Fig. 13), as rough faults are suggested to require more overall work to shear
leading to more deformation in the fault zone [Rathbun et al., 2013]. The hypothesis
here is that, the fault gouge with higher particle friction has to undergo more complex
states during deformation towards failure, which involves more locked contacts in
spite of a lower total number of contacts. This makes the system to experience a
wider range of macroscopic frictions and dilations manifested in higher variations of
macroscopic friction and gouge thickness (Fig. 3). The system with higher particle
friction going through those complex topographical states has to expand more to
accommodate the continuous externally applied shear, which leads to a higher
dilatation and a lower coordination number. These conditions make a fault gouge
with higher particle friction to fail more frequently leading to more fluctuations in
both macroscopic friction (slip events) and gouge thickness. A slip event in a sheared
granular layer is found to be a phenomenon where the slipping contact ratio increases
approaching the failure leading to a major slip event. Therefore, from another point
of view, in a system with a higher particle friction and lower slipping contact ratio,
the slip event is prevented due to stronger contacts, so that the system will only
partially fail leading to a large number of smaller slips. We also remark that, since the
main displacement for particles is along the direction of the shear driving plate (x
direction in Fig. 1), the higher cumulative particle displacement for a higher particle
friction is consistent with a higher number of slip events, where at each slip event

there is a displacement (rupture) for the center of mass of the granular fault gouge.
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Based on our observations, we argue that the effect of gouge particle friction on the
mechanics of faults and characteristics of seismic cycles has a similar effect as
increasing the fault roughness in absence of fault gouge. The recent numerical model
using 2-D plane strain calculations by Tal and Hager [2018] showed that, as the fault
surface roughness amplitude increases, the load in the fault is released by more slip
events but with lower average stress drops [Tal & Hager, 2018]. Similarly, we observe
in Fig. 4 that increase of particle friction leads to more slip events but with lower
friction drops. Furthermore, using numerical simulations, Tal et al. [2018] observed
a more complex behavior for faults with higher roughness, where the complexities
in the nucleation process are reflected as irregular fluctuations in the moment rate
for rougher faults [Tal et al., 2018]. We observe a similar complexity in 3D DEM,
where the nucleation (stick) phase of slip events contains many fluctuations i.e.
smaller slip events. However, using the advantage of DEM and employing the
periodic boundary conditions we can shear the fault gouge during long time
collecting information of hundreds of slip events. Using a statistical analysis, we then
show that a fault gouge with high enough particle friction and large enough shear
displacement shows, besides the large amount of small events, some extreme slip
events with long recurrence time compared to faults with lower particle friction.
Acoustic emission is suggested to originate from groaning, creaking, and
chattering of continuous grain motions and breakage of force chains within the fault
gouge during laboratory stick-slip experiments [MclLaskey & Glaser, 2011; T. H. W.

Goebel et al., 2012; T. H. W. Goebel, Candela, et al., 2014; Thomas H.W. Goebel et
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al., 2017; Rouet-Leduc et al., 2017; Rivicre et al., 2018]. We use the velocity signal of
tlagged particles as pseudo-acoustic emission signals, however, since the velocity
profile of a flagged particle contains both motion from arriving waves owing to
rearrangements of other particles and the motion of the particle itself, we call it
“pseudo AE” signal. In other words, although our AE signal is derived from the
motion of a single flagged particle compared to the lab signal where the AE is usually
recorded with a device outside of the fault gouge; we find that the pseudo AE signal
contains sufficient information for the purpose of this study, where we compare the
velocity signal from the same particles for simulations with different particle frictions.
As the experimental work by Kwiatek et al. [2014] showed that the observed changes
in AE characteristics are clearly correlated to the fault topography and roughness
[Kwiatek et al., 2014], Goebel et al. [2017] discussed that faults with rougher surface
show a more spatially distributed AE activity and a higher b-value i.e. the measure
for the relative abundance of the strong to the weak earthquakes based on the
Gutenberg—Richter law [Thomas H.W. Goebel et al., 2017]. Our DEM simulations
show dependency of AE on fault particle friction. We observe higher temporal (Fig.
11 and 12) and more spatially distributed AE (Fig. 13) for fault with higher particle
friction. The higher AE in fault gouge with higher particle friction is consistent with
more frequent kinetic energy releases (Fig. 8), since AE is believed to originate from
the rearrangement of particles. We remind that, although our discussion on AE is
based on velocity tracking of single flagged particles, the temporal evolution and

higher moments of those signals show very similar behavior to laboratory AE (e.g.
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[Rouet-Leduc et al., 2017; Riviere et al., 2018]), as we are using them for machine
learning analyses in our ongoing research.

Opverall, our observations on the effect of particle friction using 3-D DEM model
of a granular fault gouge show similarities to other numerical and experimental works
on the effect of fault surface roughness, where the presence of granular gouge has
been disregarded. In order to better document this observation, in Fig. 14 we show
schematically a fictitious shear plane for gouges with low and high particle frictions.
For a rough fault with a granular gouge at the core, where the fault surface is totally
engaged with the gouge and deformation (slip) takes place inside the gouge zone, our
macro- and micro-scale observations suggest high particle friction originates a more
complex topography and shear pattern for slip, which is similar to a surface with high
roughness amplitude. This rougher shear pattern stems from stronger granular
structure at higher particle friction, showing more locked contacts and the larger
deformation that the fault gouge has to go through approaching failure. The DEM
model in this work is a vast simplification of real faults in nature but yet expands our
understanding of micro-scale fault frictional processes and provides a means to study
and measure quantities that are not feasible to measure in the lab and in the field,
showing how numerical models can boost our understanding from physical

processes that dictate frictional strength of a fault damage zone.
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5- Conclusions

We model stick-slip dynamics of a granular fault gouge by 3-D discrete element

simulations and study the influence of particle friction on the characteristics of

seismic cycles. The major findings of this study can be summarized as follows:

The fault gouge frictional strength, dilation and their variations nonlinearly
increase with particle friction, saturating at high particle friction.

The average slip events’ recurrence time and its variations decrease with
particle friction. A fault gouge with higher particle friction shows a more
complex nucleation (stick) phase, characterized by many smaller slip events as
manifested by the more frequent energy release in the kinetic energy signal.
Obur statistical analyses on a large number of slip events obtained by shearing
the fault gouge to a large shear strain suggest that a fault gouge with higher
particle friction shows a higher number of slip events mainly consisting in
small slip events. However, there are also some extreme slip events larger than
the extreme events of fault gouge with lower particle friction.

The fault gouge with higher particle friction shows higher stored potential
energy and stronger particle-particle contacts leading to a structure that needs
more work to deform. Therefore, for a given shear strain, the particles in a

gouge with higher particle friction experience more deformation.
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455 - The pseudo acoustic emission analysis, based on monitoring the velocity of

456 particles, shows higher temporal emissions for fault gouge with higher particle
457 triction.

458 - Our observations suggest that, in a rough fault with granular gouge where the
459 rough fault surface is engaged with the gouge zone, the effect of gouge particle
460 friction on the characteristics of seismic cycles is similar to the effect of fault
461 surface roughness in absence of fault gouge.
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7- Figures

mted plates

UE // Top & bottom (xy plane)

Normal load (xy plane)
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Thickness = 1.5 mm
Direction z

Depth =0.8 mm
Direction y

Fig. 1: Three dimensional granular fault gouge with 8000 particles with poly-disperse
diameter distribution of 90-150 micrometer. The fault gouge is confined in z
direction and sheared in x direction, with periodic boundary conditions at the end
on y-z planes. The shear load is applied along the x-y plane. Two corrugated plates
are used on top and bottom x-y planes of the gouge to simulate a rough fault surface.
The x-z planes are frictionless walls. (Image produced with the open source

visualization tool (OVITO) [Stukowski, 2010]).
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Fig. 2: Time series of (a) macroscopic friction and (b) fault gouge thickness for three

different particle friction values. The greenish shaded areas in a and b are shown in

(c) with a higher resolution for u = 0.5. Please note that the thickness is shown with

a secondary axis in c. Time zero denotes the start of stick-slip dynamics after the

initial stable sliding.
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interval. Average (b) macroscopic friction, (c) fault gouge thickness and (d) slip
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The schematics delivers the hypothesis that high particle friction originates a more

complex shear pattern that affects the mechanics of fault and characteristics of

seismic cycles similar to the effect of fault surface roughness in absence of granular

gougc.
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