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Abstract

Granular gouge is commonplace in natural faults. Revealing the particle motion and rearrangement inside the granular
gouge during stick—slip cycles can help better understand the complex processes involved in tectonic earthquakes. Here,
the microscopic kinematics and collective response of a granular gouge during the two distinctive states—stick and slip
phases—are analyzed based on a numerically simulated sheared granular fault system using the combined finite-discrete
element method. During stick phases, the gouge locks the fault plane like a solid, but a few tiny active particle clusters
exist due to scattered local contact failures between particles. When slips occur, part of the gouge flows like a liquid, and
the particles in the principal slip zone are the most chaotic. The correlation of the collective response of granular particles
is weak during stick phases, and the particles barely rearrange themselves, which gives opportunities for storing potential
energy in the system. However, when fault slips, the gouge particles’ collective response is strongly correlated, and the
stored energy is released, indicating that the particles are effectively rearranged. The rearrangement of the gouge can be
explained by the stress chain structures. These stress chains facilitate the cascade of the slips, which reveals why granular
gouge inhibits pre-slips. Our study shows how the granular gouge reacts and rearranges during stick—slip cycles from a
microscopic viewpoint and may shed light on the dynamic nucleation process of natural earthquakes.

Keywords Sheared granular gouge - Stick—slip - Deformable plate - Gouge kinematics - Collective response - Stress
chain

1 Introduction

Granular gouge is commonplace in natural faults due to
the continuous grinding between fault blocks [20, 25, 60]
which plays a vital role in the dynamic behavior of faults
and the generation of repetitive stick—slip cycles [41]. The
stick phase corresponds to the inter-seismic stage, during
which fault surfaces are locked and thus elastic energy is
built up. The slip phase corresponds to the slip nucleation
stage, where fault surfaces are unlocked and slide with each
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other, and elastic energy is released drastically due to gouge
failure (gouge particles unlock and collide with each other)
[13]. This sequence implies that the granular gouge experi-
ences distinctively different dynamics in these two stages.
Since fault surfaces interact through gouges, understanding
the microscopic kinematics of granular gouges in the inter-
seismic and slip stages is crucial for unveiling the complex
processes involved in tectonic earthquakes.

To mimic the dynamic behavior of natural faults,
researchers have incorporated granular gouges in laboratory
physical experiments, i.e., shearing simulated faults with
granular gouges on a laboratory scale [10, 23, 33, 34, 37, 40,
42, 55, 58]. Currently, the existing works focus on how the
normal pressure [6], shear velocity [35], fluid pressure [2],
temperature [52], mineral types [36], and shear displace-
ment [54] influence the macroscopic friction coefficient
(shear/normal force) during stick—slip cycles. Researchers
have not been limited to how these environmental condi-
tions influence the stability of faults; they have also studied
the effects of microstructures in granular gouges. Scuderi
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et al. [57] showed how gouges evolve with shear strain by
scanning electron microscope (SEM) imaging and found
that the microstructures in gouges strongly influence fault
stability. Daniels and Hayman [22] sheared photo-elastic
particles and showed the differences in force chains before
and after slip events. They concluded that the force chain
structure plays a key role in the shear zone deformation.
Xing et al. [64] carried out X-ray tomography on sheared
granular materials and found that the microscopic contact
forces and the topology of particles are closely related to
the macroscopic shear stress. The preponderance of the
evidence implies that the evolution in granular gouge is
closely related to stick—slip cycles. However, SEM imaging
requires sample slicing, photo elastic particles are limited
in 2D models, and X-ray tomography has limited resolu-
tions to capture detailed kinematics in the gouge during slip
phases. There are still mysteries about the microscopic rear-
rangement mechanisms inside the granular gouge during
stick—slip cycles.

With the improvement of computational power in recent
years, numerical simulations of laboratory earthquakes
were performed for detailed granular motion that cannot be
directly monitored due to the physical limitations of exper-
imental equipment [14, 21, 24, 28, 46, 47, 62]. Concepts
have been proposed to depict the microscopic evolution in
granular gouge/material, including nonaffine displacement
[19], granular temperature [69], slipping contact ratio [26],
and topology of Delaunay tessellation [15]. Researchers not
only focus on studying particles in stable sliding [69] or jam-
ming states [68], but also pay attention to the gouge during
stick—slip cycles. In addition to the precursor [26] or trigger
[27] of slip events, the micro rearrangement mechanism dur-
ing stick-slips is also studied. Aharonov and Sparks [3-5]
simulated sheared circular granular gouges under different
conditions (normal stresses, shear velocity, and gouge thick-
ness) using discrete element method (DEM). They demon-
strated how these conditions influence the shear localization
and slip-modes, and corresponding contact force network
evolution in the gouge is also explored. Researchers also
used breakable spherical gouge grains in their numerical
simulations to show how grain sizes evolve with shearing
and its effects on the macro properties of faults [1, 38]. With
the improvement of numerical simulation methods, fine and
high-resolution microscopic data of granular particles in a
more realistic numerical model are readily attainable, pro-
viding an effective tool to probe further into the microscopic
kinematics and rearrangement of granular gouges during
stick—slip cycles.

However, the existing works mainly adopt rigid shear
plates in the numerical models, and the deformation of
shear plates of granular fault systems should be consid-
ered in some large-scale faults [28]. In the laboratory, to
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construct large-scale sheared faults, there is research on
sheared meter-scale rock faults [43, 65, 66], and some used
photo-elastic materials that are much softer but can reflect
a relatively large-scale behavior in a smaller size [32, 63].
These experiments are valuable references for conducting
numerical simulations of microscopic granular informa-
tion in large-scale granular faults. The existence of granu-
lar gouges between fault planes significantly influences the
shearing behavior of large-scale faults. For example, Buijze
et al. [11] found that pre-slips of plates before slip events
are inhibited by the granular gouge when large-scale faults
are sheared in the laboratory. Thus, relevant simulations of
large-scale sheared granular faults may enable us to explain
the effects caused by the granular gouge from the perspec-
tive of microscopic particle motion. Fortunately, a recently
developed numerical method—the combined finite-dis-
crete element method (FDEM) [48]—which merges finite
element-based analysis of continua with discrete element
based transient dynamics, contact detection, and contact
interaction solutions of discontinua, provides a natural solu-
tion to modeling a large-scale fault [29].

In fact, during the stick—slip cycles, the particle mass
rearranges itself through a self-organized process [7]. Spe-
cifically, external perturbation influences some particles;
then, the influenced particles interact with their neighbors;
finally, the perturbation may pass through the whole granu-
lar mass or disappear due to the dissipation of strain energy
or weak interaction between particles. The process of how
a group reacts to environmental perturbations is called
collective response [8, 16—18]. The collective response in
sheared granular gouges of large-scale faults during stick—
slip cycles needs further exploration. Numerical simulation
is an efficient way to unveil the relevant microscopic kine-
matics of a granular gouge. A deep understanding of the col-
lective response of sheared granular gouge may also enable
us to explain how the granular gouge influences the friction
property of a fault.

Here we show that the dynamic nucleation process of
fault slip depends in part on how granular gouge reacts and
rearranges during the stick stage of stick—slip cycles. We
analyze granular gouge during the stick—slip cycles in a
simulated granular fault system using FDEM. The micro-
scopic kinematics and collective response of the gouge in
the stick and slip phases are depicted, and the accumula-
tion and drop of the macroscopic friction coefficient are
connected to explore the microscopic mechanisms in the
gouge. The collective response of different states (e.g., large
slip, small slip and stick phases) are compared. We connect
the microscopic collective response of granular gouge with
macroscopic fault states. Finally, to explain why the gouge
is in distinctive states in the stick and slip phases, we show
how the stress chain structure evolves.
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2 Methods

In this section, we first introduce the FDEM numerical tool
and the setup of the sheared fault model containing a granu-
lar gouge. Then, the method used to measure the correlation
of collective response in the granular system is illustrated.

2.1 FDEM and model setup

The FDEM was originally developed by Munjiza in the
early 1990s to simulate the transition of solid materials from
continuum to discontinuum and the interaction between dis-
crete solid bodies [48]. In FDEM, the finite element method
(FEM) module is responsible for solving the deformation
of continuum objects. Through contact detection and con-
tact interaction processing in the discrete element method
(DEM) module, complex interactions between discrete con-
tinuum objects can be captured in detail. The FDEM inherits
the advantages of both FEM and DEM. When simulating
the granular fault system, it can cooperate with deformable
plates to sheared gouge, producing distinctive stick—slip
cycles and obtaining detailed stress evolution inside the
gouge. An introduction to FDEM can be found in our previ-
ous works [29-31].

We use FDEM to simulate a 2D sheared fault system
with a granular gouge [29] based on an earlier photoelas-
tic experiment conducted by Geller et al. [32]. Bi-disperse
diameters (1.2 or 1.6 mm) for the nearly circular gouge
particles are adopted to avoid crystallization during shear
[61]. Each particle is further meshed into 24 nearly equal-
sized triangle finite elements to capture its deformation.
The gouge is sandwiched between two identical deformable
plates (Fig. 1). A constant shear velocity (F=0.5 mm/s, in
the x direction) is applied to the top stiff bar to shear the fault
system, while a normal load (P=28 kPa, in the y direction)
is maintained on the bottom stiff bar. The top stiff bar can
only move in the x direction and the bottom stiff bar can
only move in the y direction. The length of the gouge is

stiff bar meshed

particle

deformable plate
sensors

gouge

deformable plate

stiff bar ¥>

<4

t P =28 kPa

Fig. 1 Model setup. The gouge is sandwiched between two identical
deformable plates. Each particle is further meshed into 24 triangle ele-
ments. There are 1917 particles with sensors, and another 143 sensors
are placed on each of the top and bottom plates close to the gouge

500 mm, and the thickness is about 11 mm after consolida-
tion. The plate boundary has semicircle “teeth” with a diam-
eter of 1.6 mm to facilitate shear on the gouge. We place
a series of “sensors” in the middle part of the model (red
dashed rectangle area in Fig. 1) at the center of teeth and
particles to monitor the particle and plate boundary motions.
The displacement, velocity, and stress tensor data at each
sensor point are collected every 1 ms. There are a total of
1917 particles with sensors, and 143 sensors on each of the
top and bottom plates. Parameters of the model are listed in
Table S1 of the Supplementary Material.

Before entering regular stick—slip cycles, the numerical
model undergoes a consolidation and pre-shear stage. The
shear begins when the system settles (the kinetic energy
of the system is stabilized near zero). The inertial number
of the model is I = 4d/\/P/p ~ 2.84 x 1077 < 1073,
indicating the system is in a quasi-static shearing state,
where 7 is the shear rate, d is the particle’s average diam-
eter, P is normal pressure, and p is the particle’s density. The
¥ is calculated by

Y=g ()
where H,, is the height of the model (~500 mm). The simu-
lated results have been calibrated in our previous work, with

the generated slip event magnitudes adequately following
the Gutenberg-Richter distribution [29].

2.2 Characterization of collective response

The concept of collective response has been used to depict
the underlying coordination mechanisms of animal groups
(e.g., bird flocks, fish schools, mammal herds) [16, 51], and
the concept can be applied to particles in fault gouge. Col-
lective response is a powerful way to characterize how an
animal group reacts to the perturbations of environment.
The collective response is defined based on the decentral-
ized velocity (or its magnitude) of individuals in a group,
representing each individual’s contribution to the response
of the whole group to accommodate the perturbation from
the outer environment.

Before providing a definition of collective response for
the granular gouge under stick—slip cycles, we introduce a
measure of the global order of a granular system, i.e., the
polarization [16]
o= | - XN: vi 2
N & lvil|’ @
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where v; is the velocity vector of particle i, N is the total
number of particles considered, and |-| denotes the magni-
tude of the velocity vector. The range of @ is [0, 1], where
®=0 means that the velocity orientations of the particles
considered are purely randomly distributed with no prefer-
ence; the non-zero @ denotes a net motion of the mass center
of the entire granular system. @ is therefore can be used as
a standard measure of the global order of a granular system.

To define the collective response of a granular system,
we need first to quantify the fluctuation of each particle in
terms of its velocity, i.e.,

1 N
u; = V; — N;Vk. (3)

The fluctuation is essentially a particle’s velocity deduct-
ing the velocity of the group’s mass center, i.e., decentral-
ized particle velocity relative to the whole granular system,
reflecting the particle’s rearrangement in the granular sys-
tem. Note that the mean fluctuation of all particles is zero,
ie.,

1 N
¥ > u=0. (4)
=1

Based on this, a correlation function of the fluctuations of all
particles can be defined as

lzii u; w8 (r —ry ) )
€o Zz’j S(r—riy)

C(Ori (T) -

where 8(r—r;) is a smoothed Dirac function of selecting
pairs of particles at mutual distance r, and r;; is the distance
between two particles 7 andj. If the mutual distance between
two particles i and j is the prescribed r, their inner prod-
uct u; - u; contributes the most to the correlation C_;(7). ¢,
is a normalization factor that ensures C_;(r=0)=1. C_;(r)
ranges from —1 to 1. A large value of C_;(r) implies that the
fluctuations of all particles are nearly parallel (pointing in
the same direction) and thus strongly correlated at the pre-
scribed r. Conversely, when the fluctuations are anti-parallel
(pointing in the opposite directions), i.e., anti-correlated, the
correlation function has a negative value. On the other hand,
when the fluctuations are uncorrelated, i.e., pointing in non-
parallel orientations, C,;(r) is close to zero.

The above definition essentially provides a correlation
function of particles’ velocity orientations (C,,;). Similarly,
the correlation function of particles’ velocity magnitudes
can also be defined, i.e.,

@ Springer

i Zij @i@j‘s (T - Tij)
0 S, 00—y (6)

Crnag (r) =

where ¢ is the fluctuation of a particle’s velocity magnitude,
ie.,

1 N
¢i=|Vi|—N;\Vk|- (7

The scalar fluctuation ¢, is the velocity magnitude of par-
ticle 7 deducting the global mean, i.e., the magnitude relative
to that of the mass center, representing the scalar rearrange-
ment of the system. Likewise, the mean of the scalar fluc-
tuations is zero, i.e.,

T3 wi=0, ®

since there is no net velocity magnitude relative to the
group’s mass center. Like C_(r), a large positive value of
Cinag(r) implies that the scalar fluctuations tend to have the
same sign (either positive or negative), thus strongly cor-
related at the prescribed r. Conversely, when the C,(r)
is negative, the sign of the scalar fluctuations is opposite
at the prescribed r and is therefore anti-correlated. On the
other hand, when the fluctuations are uncorrelated, the sign
of scalar fluctuations is random, and the C,,,,,(r) is close to
Zero.

Typical shapes of correlation functions C; (or C,,,,) are
presented in Fig. 2, where the plus (“+”) and minus (“=")
symbols indicate the opposite orientations of velocity fluc-
tuation or the opposite signs of velocity magnitude fluctua-
tion, and the size of the symbol represents the fluctuation
size. It is worth noting that since the fluctuation is a decen-
tralized characterization of velocity orientation or magni-
tude, there must be both positive and negative fluctuation
representations; thus, their summation must be zero (see
Egs. 4 and 8). When the positive and negative orientations
(or magnitudes) of particles cluster in two distinct domains
(e.g., Fig. 2a), the system has the strongest correlation; the
correlation function traverses zero with increasing » and has
a distinctive anti-correlated domain when r is greater than a
certain value. If three distinct domains exist (e.g., Fig. 2b),
the correlation function will traverse zero twice. For more
such distinct clustering domains, more zero points of the
correlation function can be observed. When the orientations
(or magnitudes) of particle velocities are randomly distrib-
uted in space, i.e., with many more distinct domains, the
correlation function quickly drops to~0 with the increasing
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Fig. 2 Typical types of correlation (a)
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r(e.g., Fig. 2c). The curve of the correlation function reflects
the distribution of fluctuation in a granular gouge.

To further quantify the correlation of collective response
in a granular fault system, a characteristic correlation length
(&) is defined as the value of » when the correlation function
first declines to 1/e [69]. When the positive and negative
fluctuation symbols cluster in two distinct domains (e.g.,
Fig. 2a), the correlation of collective response is the stron-
gest and has the largest &. On the contrary, when the positive
and negative values are randomly distributed (Fig. 2c), the
correlation is the weakest, yielding the smallest & There-
fore, a larger £ indicates a stronger correlation of collective
response in a granular system and vice versa.

3 Results

In this section, we first depict the general kinematics of the
whole system. Then, the granular rearrangement and collec-
tive response in the gouge in both the stick and slip phases
are analyzed.
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3.1 General kinematics of the gouge

After 8000 ms, the fault system enters regular stick—slip
cycles (Fig. 3a). Here, we define the macroscopic friction
coefficient (p), i.e., the ratio between the shear and normal
stress along the plate-gouge boundary, to reflect the stick—
slip cycles (Fig. 3a). Figure 3b is an enlargement of typical
stick phases and slip events (red dotted rectangle area in
Fig. 3a). During the stick phases, p increases nearly linearly
with slight fluctuations, representing the inter-event period.
The p drops drastically with different magnitudes, corre-
sponding to slip events. The x velocities of 143 sensors on
each plate are averaged to quantify the plate motion during
the stick—slip cycles, and we denote the average velocities
of the two plates as v, and v,;,, where subscripts ‘t’ and ‘b’
denote the top and bottom plate, respectively. Generally, the
slip phase accompanies a large stress drop, and the top and
bottom plates also have large slip velocities but in oppo-
site directions. In the stick phase, v, and v, are close to
half the plate shear velocity (Fig. 3¢ and Fig. S1). Figure S1
presents the plate motion in the stick and slip phases. The
gouge particles act like solids in stick phases, locking the
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{ Fig. 3 Overview of the model. a Macroscopic friction coefficient (1)
versus time. b Enlargements of red rectangle area in a. ¢ Average plate
velocities. d Polarization (®) of the granular gouge. e Plate motion of
small and large slips (marked in b). f Probability densities of gouge
particle velocities in three different states

top and bottom plates so they move almost together. In the
slip phase, the particles move relatively freely.

The motion of the whole granular mass is depicted by
polarization (Fig. 3d). In stick phases, the polarization gen-
erally has a high value (~0.8), which means the granular
gouge has a strong order and tends to move in a particular
orientation. However, in slip phases, the polarization drops
to~0, representing a sharp order decrease in the gouge, and
the mass center oscillates. Therefore, the kinematics in the
gouge are distinct in the stick and slip phases. In the three
time stamps selected, respectively corresponding to the
three phases marked in Fig. 3b, i.e., one in the stick phase
(10,880 ms), one small slip (11,455 ms) and one large slip
(11,650 ms), the probability densities of the velocity magni-
tudes of the gouge particles decrease nearly logarithmically
(probability density fitted by f(|vi|) = — AelVil+¢) but
with distinct decline slope A (Fig. 3f). From stick, small slip
to large slip, the A changes from 29,530,791 to 125. Cor-
respondingly, their macroscopic behaviors also vary mark-
edly. For example, the friction drops and the plate velocities
for the small and the large slips differ in magnitude (Fig. 3e).
We can also find that a slip phase contains several small fric-
tion drops, and the corresponding plate velocities have dif-
ferent spikes in each slip event.

In the following sections, we demonstrate the collective
response and its correlation in different states. Here, we
define a series of large slip events with the maximum plate
velocity magnitude (|v,| or|v,|) larger than 1072 m/s. Exam-
ples of them are marked in Fig. 3a from A to E. The plate
velocities at these slips are shown in Fig. S2. We denote
the moment with the largest plate velocity as the “main-
shock”, the slip events before as “foreshocks”, and the ones
after as “aftershocks”. In these series of major slip events,
there are sometimes “calm periods” between foreshocks,
mainshocks, and/or aftershocks, but with a plate velocity
obviously higher than that in the stick phases. Similarly,
we define a series of small slip events with maximum |v,,|
or |v,,| larger than 10~ m/s but smaller than 10 m/s. The
period with no clearly distinguishable slip event but a lin-
early increasing p is defined as stick phases (maximum [v,|
orlv,,| smaller than 1073 m/s). We set these thresholds to
ensure that the large slip events correspond to the obvious
large stress drops (e.g., A-E in Fig. 3a), small slip events
correspond to much smaller stress drops, and the stick phase
corresponds to the state where shear stress can be built up.

3.2 Collective response during stick-slip cycles

Here, using the three phases marked in Fig. 3b as an exam-
ple, i.e., a stick phase, a small slip, and a large slip, we study
the collective response of the granular gouge in a stick—slip
cycle. Since in the stick phase, the particle motion at each
time stamp is similar (as demonstrated in Fig. S3), we only
select one time stamp (time=10,880 ms) as a typical rep-
resentative. For the small and large slips, we respectively
select two time stamps with the maximum local plate veloc-
ities, i.e., the small slip at 11,455 ms and the large slip at
11,650 ms, representing the main shock of these two slip
events (marked in Fig. 3e with a red star). We also exam-
ine the whole slip phase in this stick—slip cycle (Videos S1,
S2), and find that the slip events have similar granular par-
ticle motion characteristics. The three time stamps we have
selected can reasonably reflect the kinematics of the granu-
lar gouge during stick—slip cycles.

Firstly, we focus on the velocities of gouge particles.
In the stick phase, most particles move in a certain direc-
tion (Fig. 4a). However, particles that are distinctively
more active than others still exist. Therefore, we infer that
although the gouge acts like a solid during the stick phases,
not all particles are locked; some still vibrate and collide,
evidencing the non-smooth increase of p in the stick phase.
In the slip phase, both the small and large slips have dis-
tinct domains of high and low-velocity particles (Fig. 4b,
¢). The particles in high-velocity domains are rearranging,
and there are more high-velocity particles in the large slip.
In high-velocity domains, particles are moving in different
directions. Clear boundaries between clusters with different
moving directions can be observed (See Fig. S4e and h),
meaning these clusters collide and shear with each other.
Notably, in the large slip (Fig. 4¢), the sizes of high-velocity
domains are larger than those in the small slip (Fig. 4b), and
there are more such clusters, indicating a more drastic rear-
rangement in large slips.

Then, we use the decentralized particle velocity, i.e., the
fluctuation u;, to demonstrate how particles move relative to
the gouge’s mass center. In the stick phase, most particles
are locked and barely move relative to each other (Fig. 5a).
However, a few particles with large magnitudes of fluctua-
tion tend to appear in pairs with opposite moving orienta-
tions. We infer that this is caused by the sudden contact
failure due to rolling (space expansion makes particles roll
with each other) or sliding (shear force between particles
exceeds the friction limit) [69]. Although the granular gouge
has a strong order in the stick phase (i.e., large polariza-
tion @ and the gouge’s mass center moves towards a spe-
cific direction), the collective response is weak in this stage
because most particles are confined by their neighbors and
cannot rearrange freely. However, in the slip phase, parts of
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Fig.4 Particles’ velocity vectors. a Stick phase. b Small slip. ¢ Large slip. See Fig. S4 for a cloud map of the velocity field

(@)

Stick, time = 10880 ms

7

"~ Contact failure

time = 11455 ms

R )y

Fig.5 Particle fluctuation vectors and the background mechanism. a Quiver plot of fluctuation u; in stick phase; active particles exist due to scat-
tered contact failure. b Quiver plot of fluctuation u; in slip phases; some particles flow like a fluid.
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the gouge particles flow like fluid and rearrange efficiently
(Fig. 5b). The granular mass has a weak global order (i.e.,
low polarization @) in the slip phase, but we notice a strong
correlation of collective response. Because the particles
start to flow, particles with similar velocity orientations tend
to cluster together.

To demonstrate the particles’ rearrangement, we explore
the relationship between the particles spatial positions
and velocities in the two extreme time stamps selected
earlier, i.e., the stick (time=10,880 ms) and the large slip
(time=11,650 ms) time stamps. In our simulated granular
fault, the particle velocities in the x direction (the shearing
direction) are more closely related to their rearrangement
(the motion in the x direction is more intense than that in
the y direction). Here, to facilitate visualization and com-
parison, the x velocities (v,;) and displacements (d,,) of each
particle are plotted by projecting these values to the x and
y axes according to their spatial positions (Fig. 6). The left
panel of Fig. 6 presents the results in the stick phase, while
the right panel shows the results in the large slip.

The particles with high velocities (v,;) are rare in the
stick phase (Fig. 6a, b). However, in the large slip, high-
velocity particles are clustered in places where the failures
occur (Fig. 6f). Particles near the plate move toward a cer-
tain direction because of the driving of the plates (Fig. 6g).
After a full stick phase (marked in Fig. 3b, from 10,780
to 11,380 ms), all particles move to a certain orientation,
and we observe a linear increasing trend in the y direction
(Fig. 6c, positive d,;). On the other hand, after a full large
slip (marked in Fig. 3b, from 11,630 to 11,730 ms), the par-
ticles near the top and bottom plate move in reverse direc-
tions (Fig. 6h).

The average v,; fluctuates in the y direction in the stick
phase (Fig. 6d). Meanwhile, the average |v, has a higher
value in places with a certain distance to the plates (Fig. 6e),
indicating that these places are more active and more con-
tact failures occur here due to less confinement by the plates.
On the contrary, in the large slip, the shear localization zone
does exist when a slip occurs (Fig. 61). The |v,| at the main
shock has a similar average value in the direction perpen-
dicular to the fault (Fig. 6j). However, the average v,; has a
zero point (Fig. 61), meaning that in the shear localization
zone the v,; has different directions; therefore, the particle
collides and fractionates fiercely with each other. This spa-
tiotemporal localization of energy dissipation may explain
why the gouge in the principal slip zone is finer than the
surrounding areas in real experiments [54].

3.3 Correlation length during stick-slip cycles

The correlation functions C,; and C,,,,, in the stick phase

and in the small and large slips mentioned in Sect. 3.1 are

respectively shown in the three rows in Fig. 7. In the stick
phase, C,; quickly drops to zero with increasing » and then
fluctuates slightly (Fig. 7a), reflecting that particle locking
weakens the correlation of particles’ velocity orientation.
However, C,,,,, in the stick phase has more violent fluctua-
tions, indicating that the failure of contacts renders a higher
velocity for their neighboring particles (Fig. 7b). Neverthe-
less, the fluctuations are too small to trigger large-area par-
ticle flow (Fig. 7b). With the increasing 7, the C,,; of the
small slip has an anti-correlation domain before stabilizing
around zero (Fig. 7c), which differs from C_; in the stick
phase (Fig. 7a). Therefore, when slips occur, particle mass
does have a stronger correlation of collective response. The
C,; of the large slip goes through a more correlated-anti-
correlated traverse (Fig. 7¢) due to more support structure
failure and particle rearrangement in several locations. The
shapes of C,,,,, are similar in both the small and large slips
(Fig. 7d, f), resembling Fig. 2b. This can be explained by
the conversion from strain energy to kinetic energy during
the failure. Particles closer to failure have higher velocity
magnitudes. Notably, the single domain for high-speed par-
ticles (similar to Fig. 2b) tells us that despite several support
structure failures, they may originate from the same small
contact failure.

In addition to the three typical time stamps analyzed
above, we also extract the results from more time stamps
and calculate the statistics of the correlation lengths (&,
see Sect. 2.2) of the granular gouge in the stick, small and
large slip phases to quantify and compare the correlations
(Fig. 8a, b). The average & ; in these three phases are similar
(Fig. 8a); however, we notice that the C_; in slip phases fluc-
tuate around zero before stabilizing around zero (Fig. 7c, e),
telling us the gouge system traverses from correlated to anti-
correlated. Then, we calculate the correlation strength (Cy,
integral of the absolute value of the correlation function) in
these three phases to check the fluctuation of C_; (inset of
Fig. 8a), and find that the C; in the stick phase is less than
that of the small and large slip. The &,,, has low values in
the stick phase, representing a weak collective response. The
Eori and &, in the small slip have a remarkable fluctuation
range, possibly due to the more random failure positions.
We find no distinct difference of & in the foreshock, main
shock, and aftershock, which indicates that each failure has
a similar mechanism (Fig. 8c, d). Finally, we compare & in
the stick and calm period in the large slip (Fig. 8e, f). The &
of the calm period in the large slip has a much larger value
than that in the stick phase, telling us that the particles are
more active than the stick phase and are easy to fail in the

calm period of the large slip.
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{ Fig. 6 Velocities and displacements of gouge particles. Left panel
a—e is for the stick phase: a Scatter plot of particles’ x velocity (v,;)
projected along the x axis according to their x coordinates; b Scatter
plot of v, projected along the y axis according to their y coordinates;
¢ Scatter plot of particles’ x displacement (d,;) projected along the y
axis according to their y coordinates (10,780-11,380 ms); d Blue line:
averaged d,; at each y value; red line: averaged v, at each y value;
e Average |v] at each y value. Right panel f-j is for the large slip: f
Scatter plot of v,; projected along the x axis. g Scatter plot of v,; pro-
jected along the y axis. h Scatter plot of d; projected along the y axis
(11,630-11,730 ms). i Blue line: averaged d,; at each y value. Red line:
averaged v,; at each y value. j Averaged |v, at each y value. See Fig. S4
for cloud map of velocity field

3.4 Rearrangement mechanism of stick-slip
granular gouge

The evolution of the granular gouge’s collective response
during stick—slip cycles may be interpreted from the view-
point of stress chain evolution. Under the shear and normal
load, the gouge particles contact each other, and the stress
chain structures with strong heterogeneity are formed. The
stress chain is closely related to the motion and rearrange-
ment of the particles and may explain how the gouge par-
ticles respond to the outer environment. Here, we choose the
maximum shear stress (t,,,,) monitored at each sensor point
in the gouge to present the chain-like structures (Fig. S5).
We draw the particles with higher stresses and velocities for
the three phases mentioned earlier (see Fig. S6 for details).
The dip angles of the stress chains are roughly similar and
aligned in directions that can resist the shear and normal
load (Fig. 9a). High-velocity particles are evenly distrib-
uted in space in the stick phase (Fig. 9b), whereas in the
slip phases, they cluster and form the stress chain structures
(Fig. 9c, d).

Such a granular gouge rearrangement can be explained
by the heterogeneous stress distribution in the gouge par-
ticles, i.e., the stress chain structures in the gouge. When
failure occurs on a strong stress chain, the dramatic release
of kinetic energy enlarges the domain of high-velocity par-
ticles (see supplementary Videos S1, S2). Then, the particle
mass calms down and fails again because the unstable sys-
tem yielded in the last failure renders an unstable system.
We also find that the velocity orientations of high-velocity
particles change dramatically. We draw a diagram in Fig. 9¢
to illustrate the slip mechanism. When a supporting stress
chain structure fails, the particles near this failure begin to
flow and tend to move with the plate they are close to (large
black arrow); particles further away will flow to fill the void
space (small black arrow). Then, the quakes pass through
the still-locked particles, inducing another failure (cascade
mechanism). The particle mass calms down after several
failures and may enter a new stick cycle or fail soon.

We animate the stress chains in the stick and large slip to
depict how they evolve in the stick—slip cycles. In the stick

phase, only minor changes in stress chains can be found (see
supplementary Video S3). Combined with the displacement
of particles (Fig. 6¢, d), we infer that the stress chains rotate
slightly during the stick phases to support the plates, result-
ing in a thicker gouge and leaving more room for particles to
rearrange [29]. From the motion of high-velocity particles,
we find that particle rearrangement indeed occurs during
the stick phase; however, no strong stress chain fails, and
such failure has a minor effect on the macroscopic friction
coefficient. In the slip phase (see supplementary Video S4),
we observe high-velocity particles clustering around strong
stress chains, indicating the dramatic rearrangement of par-
ticles along these strong stress chains. The stress chains
may adjust slightly or disappear quickly and then reappear
nearby. This supports the view that a slight change in strong
stress chains can tremendously affect the particle system
[44, 49, 50]. Therefore, large slips in the granular fault
system tend to cascade (failure of one stress chain induces
other stress chain failures, Fig. 9), which explains why the
gouge inhibits pre-slips (slow, localized slip) before large
slip events when shearing large-scale faults in the labora-
tory [11, 12].

4 Discussion

During the stick—slip cycles of the granular gouge, the
stick phase corresponds to a weaker correlation of collec-
tive response, whereas the particle mass does reach a cer-
tain degree of correlation to rearrange itself in the large slip.
When large slips happen, the granular mass has higher C
(Fig. 10a, b) and &,,,,, (Fig. 10c, d) than the stick phase. The
plate velocity in places adjacent to the gouge reflects the
intensity of kinetic friction dissipation between the plates
and the particles and thus the energy consumption rate. In
the stick phase, such intensity of friction is low, and the cor-
relation of collective response is weak in the gouge. This
may be caused by the fact that the particles are locked by
their neighbors, and they barely arrange themselves to
accommodate the shear load. However, in the slip phase,
the plates slip at a higher velocity, and thus the intensity of
friction is high, and the correlation of collective response
is strong in the gouge due to the efficient particle flow and
rearrangement. The above analyses link the macro states
of the granular mass and the micro collective response of
particles. Specifically, in a granular gouge, the weak cor-
relation of collective response means that the granular mass
shows solid-like behavior due to individual particles confin-
ing each other; thus, the system cannot freely cope with the
changes to the external environment and is capable of stor-
ing potential energy. Conversely, if the collective response
of granular mass strongly correlates, the granular mass
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Fig. 7 Correlation functions of the gouge in the three different phases.
From the top to the bottom row, they are the stick phase, the small slip
and the large slip. The left column presents the correlation function of

shows fluid-like behaviors, and the system can rearrange
itself efficiently to adapt to the outer environment. Energy is
consumed dramatically.

Compared to the stress states in the small-scale sheared
granular faults [3—5, 39], the high-stress areas and low-stress
areas in large-scale faults are more distinctly interlaced
between each other (Figs. 9, S5, and S6). Correspondingly,
the motion of particles is also interlaced along faults when
large slips occur due to plates being deformable (Fig. 5,
Fig. S4). The simulated fault here shows and explains how
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particle velocity orientation, and the right column shows the correla-
tion function of velocity magnitudes

the granular gouge flows in and between these high-stress
areas and low-stress areas (Fig. 9). We notice that all slip
events in Videos S3, S4 show similar patterns. Therefore, in
this kind of granular fault, the granular gouge rearrangement
may have a similar mechanism as we have described before.
After each slip event, the stress chains also show similar
structures. The properties of the structures (interval dis-
tance, orientation) may be influenced by the normal stress,
grain size distribution, particle shape, and fault roughness,
which need to be further studied in the future.
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Here, compared to the slip phase, we admit that during
the stick phase the collective response pattern only evolves
slightly (see supplementary Video S3). Therefore, the col-
lective response or particle velocity field may not be a
perfect tool to describe the microevolution of the granular
gouge during the stick phase. The deformation of the topol-
ogy structure of granular mass [64] and the evolution of the

respectively. Inset in a: Correlation strength of velocity orientation in
the stick phase, small slip and large slip. ¢ and d & ; and &,,,,,, of fore-
shock, main shock and aftershock. e and f £,; and &, in the stick and
calm period in the large slip

stress field [67] may be more suitable indicators to describe
the microevolution in the stick phase. However, this part is
beyond the scope of this paper. Besides, our model is purely
elastic, and the granular gouge has bi-disperse diameters.
However, in natural faults, the gouge grains will be crushed
during the slip phase and the size distribution of the grains
shows the power-low distribution [9, 56]. Moreover, the
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begin to flow and tend to move with the plate they are close to (large

complex geometry of fault planes [53, 59] and the chemi-
cal reaction of minerals in the coseismic stage can also
influence the granular rearrangement [45]. Detailed stud-
ies about how grain breakage, grain size distributions, fault
plane geometry, and chemical reactions influence granular
rearrangement in large-scale granular faults can be con-
ducted in the future.

5 Conclusions
We use finite element-based analysis of continua with dis-
crete element based transient dynamics, contact detection,

and contact interaction solutions (FDEM) to explore the
kinematics of gouge particles in a sheared granular fault

@ Springer

black arrow); particles away from the failure points flow and fill the
void space (small black arrow). Then, the quakes pass through the still-
locked particles and induce other failures (cascade mechanism). The
particle mass calms down after a series of failures and may enter a new
stick—slip cycle

system subjected to stick—slip cycles. We show that the par-
ticle motion in the stick and slip phases have distinct char-
acteristics. In the stick phases, the particles are locked like
solids; there is no apparent shear localization but contact
failure can easily occur in places with a certain distance
from the plates because of less confinement. In the slip
phases, some particles flow like fluid, and shear localization
appears. In the principal slip zone, the motion of particles is
more chaotic, indicating that the particles are colliding and
frictionating. This spatiotemporal localization of energy dis-
sipation explains why the particles in principal slip zone are
smaller in real fault gouges.

Analysis of correlations of the collective response of
gouge particles in the stick and slip phases shows that the
granular mass has a stronger correlation in the slip phase
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compared to the stick phase, reflecting that the particles
can rearrange efficiently in the slip phase while confined by
each other in the stick phase. We link the macroscopic states
of granular mass and the microscopic collective response
of particles: if a granular mass has a weak correlation,
the granular mass shows solid-like behavior and can store
potential energy; conversely, if a granular mass has a strong
correlation, it shows fluid-like behavior, and the energy is
released drastically.

The granular flow distributes interlacedly along faults
when large slips occur in large-scale faults. The rearrange-
ment in granular gouge can be explained by the stress chain
structures. In the granular gouge, the stress chain structure
is highly heterogeneous, and the slip event is closely related
to the rearrangement of particles on strong stress chains.
Slight changes in a strong stress chain can cause large mac-
roscopic friction drops, which is a finding consistent with
previous inferences in the literature [44, 49, 50]. In the stick
phase, the stress chain structure rotates slightly to support
the plate, which leaves more space for particle arrangement.
The stress chain structures cannot undergo large shear dis-
placements before failure. Therefore, the large slips in the
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granular fault system tend to cascade, which explains why
the gouge inhibits pre-slips before earthquakes. Our work
implies that understanding the complex processes involved
in earthquakes needs to account for evolving processes in
the stick phase of the tectonic cycle.
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