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SUMMARY

Fault cores have layered shear structures that evolve with time. Probing details of the accom-
panied gouge grain breakage and granular flow can unveil the complex evolving mechanism
of fault. Here, irregular breakable grains are incorporated in a numerically simulated sheared
granular gouge to show the evolution of shear structures. Granular quantities (e.g. non-affine
displacement and local granular temperature) are adopted to depict the microstates of gouge
in different macro shear stages and during stick-slips. Granular plasticity (defined as plastic
granular flow here) is scattered in the linear stage, while it starts to cluster near the plate in the
yield stage. Then, the shear localization becomes the strongest in the unstable shearing stage
and weakens in the later stick-slip stage. In the stick phase during the stick-slip stage, some
particles are more prone to unlocking due to the geometry of the fault and the arrangement
of particles. Small local slips occur between these particles. The accumulation of small local
slips between these particles can cause large dynamic failures. Finer grains in the principal
slip zone decrease the transmitted shear force and render it easier for the granular gouges to
rearrange themselves, causing the shear to localize in these zones. The long-term stick-slip
cycles of natural faults result in the layered shear structures in the fault cores. Although the
granular gouge between fault planes is composed of discrete particles or grains, the granular
mass ruptures like a solid when slip events happen.

Key words: Fracture and flow; Numerical modelling; Crustal structure; Fractures, faults, and
high strain deformation zones.

1 INTRODUCTION

Tectonic plates shear and grind with their counterparts, producing
stick-slip cycles, and this stick-slip behaviour of faults is deemed
an important mechanism of tectonic earthquakes (Byerlee & Brace
1968). Due to the pulverization of rocks, tectonic plates interact
with each other through the granular gouge between fault planes
(Ben-Zion & Sammis 2009). It is undeniable that the gouge plays
a key role in stick-slips. Therefore, laboratory-scale sheared faults
incorporating granular gouge are commonly employed to study tec-
tonic earthquakes in controllable conditions (Marone 1998). Apart
from the environmental conditions (e.g. normal pressure, shear ve-
locity, temperature), researchers also focus on how the microscopic
mechanism in gouge influences the macroscopic properties of faults
(Ikari et al. 2015; Aubry et al. 2018; Passelegue et al. 2019).

In both laboratory earthquakes and natural faults, the shear struc-
tures in the fault core are not in a constant state but evolve with shear

(Scuderi et al. 2017; Okubo et al. 2019). The unique structures in
natural fault cores may take thousands of years to form. Labora-
tory earthquakes present a similar process in a much shorter time,
which may help us better understand the formation of structures in
fault cores. Typical shear structures in laboratory earthquakes are
shown in Fig. 1. Researchers found that a more continuous shear
structure at long shear displacement can transform the fault from
velocity-strengthening to velocity-weakening behaviour (Scuderi
et al. 2017). Under different environmental conditions (e.g. differ-
ent normal stresses), the faults show different slip modes, and the
shear structures also have different evolution patterns (Pozzi et al.
2022; Pozzi et al. 2023). The shear structures are strongly correlated
with the macroscopic properties of faults, and knowing the details
of the formation and evolution of shear structures can help unveil
the complex shearing process of natural faults.

Numerical simulation of laboratory fault gouges can provide
more microscopic details that cannot be easily monitored using
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Figure 1. Typical shear structures in gouge (Mair & Marone 1999; Davis
et al. 2000; Katz et al. 2004; Scuderi et al. 2017; Kimura et al. 2022; Pozzi
et al. 2022). Y shear parallel with the shear direction. The angle between R
shear and the shear direction is acute (usually about 20°).

laboratory physical equipment, and it is thus a powerful supple-
mentary tool for revealing micro granular flow in the gouge (Fer-
dowsi et al. 2014). The discrete element method (DEM) is capable
of simulating discontinuous granular materials and is also widely
used in the numerical simulation of sheared granular gouges (Mora
& Place 1999; Morgan 1999; Place & Mora 2000; Munjiza 2004;
Yu 2004). Generally, because we focus on the microscopic mech-
anism in gouge, the plates are simplified as rigid blocks in the
numerical model. The normal stress and the load stiffness are ad-
justed to ensure the model can produce regular stick-slip cycles
(Leeman et al. 2016; Dorostkar et al. 2017). With the detailed data
of kinematics of gouge particles, granular physics quantities can
be calculated, such as non-affine displacement (Chikkadi & Schall
2012), granular temperature (Zou et al. 2021), slipping contact
ratio (Ferdowsi ef al. 2013), and topology of Delaunay tessella-
tion (Cao et al. 2018), to depict the microscopic characteristics in
gouge. The micro property of gouge particles, which is hard to
measure in the laboratory, can also be changed for a more sys-
tematic exploration. Casas et al. (2022) sheared a granular gouge
with different percentages of particle cementation and explored
how the cementation between particles influences the macro peak
stress and the evolution of shear structures inside the gouge. Nu-
merical simulations provide effective ways to connect the macro-
scopic properties of faults and their corresponding microscopic evo-
lutions in gouge (Chikkadi & Schall 2012; Ferdowsi ef al. 2013; Cao
2018).

To study the detailed evolution of shear structures and the ef-
fects caused by grain breakage, instead of purely adopting rigid
gouge particles, researchers also constructed breakable grains in
their numerical granular gouge. Some researchers used large break-
able spherical gouge grains in their numerical simulations, each
grain consisting of up to hundreds of gouge particles connected
by breakable bonds (Abe & Mair 2005, 2009; Mair & Abe 2008;
lIoannidi et al. 2024). This kind of model is suitable for showing
how the grain size evolves during shearing. Guo & Morgan (2006)
constructed rounded and triangular grains by connecting circular
particles with breakable bonds to explore how the shape of grains
influences the frictional behaviour of granular faults. Guo & Mor-
gan (2007) also adopted breakable bulks to shear with each other to
demonstrate how the gouge zone develops. However, relatively large
irregular grains are observed in the real granular gouge (Sammis

et al. 1987; Billi 2005), and a full simulation process incorporat-
ing large irregular breakable grains under shear may tell us more
microscopic process about the breakage of large irregular grains
and evolution of accompanied shear localization. Relevant stud-
ies are still missing. The microscopic process can help explain the
background mechanisms of some phenomena (e.g. fault lubrica-
tion, effects of the grain breakage) in natural faults and deepen our
understanding of natural earthquakes (Di Toro et al. 2011), which
may also shed light on the formation of shear structures inside
gouges.

Aiming at studying the breakage effects of the large irregular
gouge grains, here, a new sheared granular gouge model setup that
incorporates large irregular breakable grains and sheared with finite
stiffness is proposed. In our numerically simulated sheared gran-
ular gouge using DEM, rigid discs are bonded to form breakable
grains of irregular shapes. Granular quantities (e.g. non-affine dis-
placement and local granular temperature) are adopted to depict
the microstates in the granular gouge. First, we construct a granu-
lar fault model (Section 2). The simulated fault is sheared through
different macro stages. Then, based on the recorded microscopic
information in the granular gouge, non-affine displacement is cal-
culated to depict the plasticity in different macro stages, and the
local granular temperature is calculated to depict the granular dy-
namics during stick-slips (Section 3). Finally, to further discuss
the role of grain breakage in the shearing process, two extreme
cases—one without bonds and one with unbreakable bonds—are
compared (Section 4). We explain how shear structures form and
evolve in the granular gouge. Conclusions are given at the end
(Section 5).

2 METHODS

2.1 Model setup

This study conducts numerical simulations in PFC (Particle Flow
Code, a DEM software) (Itasca 2021), which can simulate the mo-
tion and interaction of finite-size particles. In PFC, particles are
rigid bodies with finite mass that move independently of each other
and can be translated or rotated. The internal forces and moments
generated by particles through contact interact with their neigh-
bours, and the internal forces and moments between particles are
calculated and updated through contact mechanics. The kinematic
data of particles are obtained by explicitly solving Newton’s mo-
tion equations in the DEM framework. PFC is suitable for simulat-
ing granular materials with discrete properties and, therefore, can
be used for simulating sheared fault systems containing granular
gouges.

Here, numerically simulated faults that incorporate breakable
grains are constructed (Fig. 2), and the model setup mainly refers to
the laboratory experiments of sheared gouge carried out by Scuderi
et al. (2017) and Pozzi et al. (2022). We adopt rigid plates with
finite roughness to facilitate the shear. Each plate consists of eight
rigid discs with radii of 250 pm to ensure the shear force is applied
to the gouge. Equivalent normal stresses (20 MPa) are applied on
the top and bottom plates. The load point moves horizontally at a
constant speed (0.1 ms™"). It is worth noting that the shear velocity
used here is much faster than that used in the laboratory experi-
ments. This is purely for computational efficiency consideration.
However, we make sure the granular gouge is in a dense regime
and the normalized distribution of granular motion is similar (Li
et al. 2024) (see the last part of this section). Then, the shear force
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Figure 2. Numerical model of the sheared granular gouge with irregular breakable grains. The width of the model is 4 mm, and the thickness of the gouge is
about 2 mm. To avoid the influence of period boundaries, the granular quantities are only calculated in the centre area (dashed rectangle). The 2-D geometries
of quartz minerals grains are extracted from images of a quartz gouge and imported into PFC to construct a more authentic model.

is transmitted to the plate through an elastic spring, thereby apply-
ing shear stress to the top plate. At the same time, a fixed point is
connected to the bottom plate with an elastic spring. The stiffness
of both springs is 1.232 x 108 Nm~! (estimated from the slope of
the force-displacement curve in the liner stage in the experiments of
Scuderi et al. (2017) and Pozzi et al. (2022)). To achieve a large shear
strain in the model, periodic boundary conditions are applied at both
ends of the model. Further analysis of microdynamics focuses on
the central area with a 3 mm width to avoid the possible influence
of periodic boundaries (indicated by the cyan dashed rectangle in
Fig. 2).

The 2 mm-thick granular gouge consists of 11468 rigid disc
particles (radius 10-15 wm). Some (~39 per cent, estimated from
the quartz gouge image) are bonded through breakable bonds to
construct irregular breakable grains. It is worth noting that ‘grain’
refers to bonded particles hereafter. These bonds can capture the
tension and shear forces within particles before the contact fail-
ure. The bonds will be removed when they fail, and then the par-
ticles involved can move freely. Other fault gouge particles are
unbonded discs and can only sustain normal and friction forces
due to interactions with their neighbours. The Linear Parallel Bond
Model (Potyondy & Cundall 2004; Holt ef al. 2005) and Linear
Model (Cundall & Strack 1979) are respectively used for solv-
ing the mechanics states for bonded and unbonded particles. After
the failure of a bond, the Linear Parallel Bond Model degrades
to the Linear Model. More details about the two models are in-
troduced in the supplement material (Text S1). We calibrate the
microcontact parameters to compute the contact force through a

test and error process (Text S2). The macro properties of break-
able grains here resemble strong minerals like quartz (Villeneuve
et al. 2012). The density, friction coefficient, Young’s modulus,
Poisson’s ratio, tensile strength and uniaxial compression strength
are 2650 kgm—3, 0.65, 67.4 GPa, 0.08, 63.17 MPa and 200.16 MPa,
respectively. Microscopic parameters and other details are listed in
Table S1.

To construct a more authentic model, we extract 400 grain bound-
aries from images of a quartz gouge from the work of Scuderi et al.
(2017). Then, we generate breakable grains as follows (see work-
flow in Fig. 3). (1) Import the geometry of a random grain. (2)
Calculate its effective diameter and centroid. (3) Scale its geometry
to a random effective diameter (40—60 pm). (4) Rotate and translate
the geometry to a random position. (5) Check if the random posi-
tion is appropriate; specifically, a grain overlaps with the formerly
generated grains or the nodes of the grain outside the model are
considered as inappropriate. If this occurs, move back to step (4).
(6) If the random position is appropriate, bond the discs inside the
geometry. Loop steps (1)—(6) until the fraction of bonded grains
reaches the target value (~39 per cent).

The simulation involves the following steps, that is, sample prepa-
ration, consolidation and shearing. For sample preparation, first, the
space between the plates is filled with rigid discs (radius of 10—
15 pm). This step is done by randomly generating overlapping
discs. In the meantime, a small stiffness is assigned to the discs so
they interact with each other and gradually fill the space. We ensure
the number of discs is not too large to result in stress heterogeneity
and not too small so that the discs are well in contact with their
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Figure 3. Workflow to construct irregular breakable grains with the aid of real gouge particle image. ‘N’ denotes ‘No’ and “Y” denotes ‘Yes’.

neighbours. Then, we generate irregular breakable grains using the
method introduced in the previous paragraph, and the microcontact
parameters we get from the test and error process are assigned to
the discs and their contacts. After this, we gradually consolidate the
gouge until the target normal stress (20 MPa) is reached (Text S3).
The normal stress is added slowly so that the grains will not be
crushed dynamically in the consolidation stage. Finally, we main-
tain the normal stress and shear the gouge with constant velocity
at the load point. The inertial number (da Cruz et al. 2005; Fei
et al. 2020) of the model is / = yd /), ~ 1.44 x 107* < 107,
indicating that the system is in a quasi-static shearing state and the
macroscopic deformation is much slower than the microscopic re-
arrangement, which guarantees the granular material is in a dense
state, where y is the shear rate, d is the particle’s average diame-
ter, P is normal pressure and p is the particle’s density. The y is
calculated by

e (D

where H,, is the height of the model (~2 mm) and V is the shear
velocity applied on the load point.

2.2 Granular characteristics

To describe the behaviour of the discrete granular material, after
obtaining detailed information about the motion of particles, their
granular physical quantities can be calculated to further quantify the
motion of particles and to establish a connection between the mi-
croscopic and macroscopic mechanical behaviour. In the shearing
process, the topology of the granular gouge changed significantly,
which means it is difficult to calculate the strain of the granular
gouge in a traditional way. The displacement gradient is also an
effective way to show the localization, but we must select a direc-
tion for calculating the gradient so the shear localization in other
directions may be ignored. Here, to capture and quantify the plas-
tic granular flow in the granular gouge and show the evolution
of shear structures, we calculate the non-affine displacement (Ma
et al. 2021) to demonstrate how the shear localization evolves in the
granular gouge. To quantify the friction and collision of the parti-
cles and grains during stick-slip cycles, local granular temperature
(Zou et al. 2021) is adopted to depict the microscopic dynamics in
the granular gouge.

2.2.1 Granular plasticity

The plasticity in granular gouge can be depicted by the non-affine
displacement (Ma et al. 2021). The non-affine displacement of a

particle is the deviation of the particle’s position from the best-
fitting affine transformation over the shear strain window Ay, that
is,
Ni
) 1
Din(y, Ay) = -2 D [0y + Ay) = wily + Ay) ©)

J
—I[r;n) -]l

where r;(y) represents the coordinate of particle / when the macro-
scopic shear strain is y. The subscript i/ denotes the designated
particle, and the index j iterates over its N; neighbours within a cut-
off distance w relative to the reference particle i at r;(y). Here, y is
the macroscopic shear strain of the system at time 7 and is defined
as the ratio of the displacement at the load point to the thickness of
the gouge, and J is the best-fitting affine transformation tensor that
minimizes the quantity D2 . J can be calculated using the following
equations:
Ni
X=)[r(r+2ay) -y +an]e[re-rnm]. 3
J

N;
Y=>[r;() -] [r(y) —rx). &)
J
and
J=X.Y" (5)

Here, D2, (v, Ay) can be deemed as the accumulation of gran-
ular plastic flow in the gouge from y to y + Ay which indicates
the shear localization in the gouge (see in Fig. 4). To describe the
general characteristic of the plastic granular flow, Ay should be
large enough (e.g. contain a full stick-slip cycle) to avoid reflecting
local biased phenomenon and also small enough not to overpass the
range of the corresponding macro stage.

Then, the correlation function (Zou et al. 2021; Mei et al. 2023)
can be introduced to characterize the spatial distribution of granular
plasticity (indicated by the non-affine displacement) in different
states, that is,

C(Ar) = ((e(r + Ar)e () = (c()?) [ ([ ) = (c)?), ()

which calculates the correlation of non-affine displacement at loca-
tions separated by mutual distance Ar. Here, ¢(r) is the non-affine
displacement D2, (y, Ay) of the particle at position 7, and c(r +

min
Ar) represents D2, (y, Ay) of particles with mutual distances of

min
Ar to the particle at position . The correlation function C(Ar) can
be a quantitative indicator for comparing the spatial distribution of
granular plasticity of our simulated fault at different macro stages.

A larger C(Ar) means that the D2, (¥, Ay) has more similar values

min
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Figure 4. Illustration of the granular plasticity. (a) Assumed particle arrangement before shear and dashed lines show the overall shape of the granular mass.
(b) Particle arrangement after disturbance and dashed lines show the overall shape [the overall shape in (a) after affine deformation]; the deviation of a particle’s
displacement from affine displacement is the non-affine displacement D2 of the particle. (c) Particles with high granular plasticity show the plastic flow in

the granular materials.

at the prescribed mutual distance Ar, which also means the cor-
relation is stronger. Then, the correlation function C(Ar) is fitted
by an exponential function C(Ar) ~ exp(—Ar/&), where & is the
correlation length. A larger & represents the C(Ar) needs longer Ar
to decay to a low value, which means that the D2, (v, Ay) has a
stronger long-range correlation.

2.2.2 Granular dynamics

We use the local granular temperature (Zou et al. 2021) to depict the
microscopic dynamics in the gouge. The local granular temperature
is defined as

N.
1 . _
Tioe = 37]\]1 Xl: |V,* - Vlzv (7)

where v; is the velocity of particle 7 and the index j iterates over its
N; neighbours and

N; N;
V=Y v;[vi[ /D vl ®)
J J

Two particles are deemed neighbours if their distance is within
a cutoff distance of w. The local granular temperature quantifies
the velocity difference between a particle and its neighbours and
can be deemed as a measurement of local collision and friction
of particles. The higher the local granular temperature, the more
intense the collision and/or friction.

3 RESULTS

In this section, the general kinematics of the simulated faults at
different macro stages are depicted by the macroscopic friction
coefficient and the plate differential velocity. Then, we show how
the granular plasticity evolves at different macro stages and how the
granular dynamics develop during the stick-slip cycles.

3.1 General results

The general kinematics of the sheared fault are shown in Fig. 5.
With the increase of load point displacement, the simulated fault

evolves in four stages: (I) linear stage, (1) yield stage, (I1I) unsta-
ble shearing stage and (IV) stick-slip stage. To depict the general
kinematics of the simulated fault, the ratio between the shear and
normal stress imposed on the gouge is defined as the macroscopic
friction coefficient (1¢), and the magnitude of the velocity difference
between the top and bottom plate is defined as the plate differential
velocity (JAvy]). In the linear stage, u increases linearly (Fig. 5b),
and the plates barely move relative to each other, so the [Av,] is
nearly stabilized at 0 (Fig. 5d). In the yield stage, although pu still
increases, some small friction drop events occur (Fig. 5b). The plates
move toward reverse directions with a relatively low velocity (| Avy|
~ 0.1 ms~") at these small friction drops (Fig. 5d). In the unstable
shearing stage, the increasing trend of p disappears and large fric-
tion drops can be observed (Fig. 5b). The plates move toward reverse
directions with large velocities (|Av,| up to ~4.8 ms™') at these
large slip events (Fig. 5d). Finally, the unstable shearing evolves
into a stick-slip stage, with a relatively smaller magnitude of fric-
tion drop (Fig. 5b) and shorter reoccurrence time of slip events than
the unstable shearing stage (Fig. 5d). We also conduct two additional
simulations with breakable grains (two newly constructed sheared
granular faults), and they all show four similar stages (Fig. S2 and
Fig. S3).

3.2 Granular plasticity

To characterize the plasticity in the sheared granular gouge in
each of the four stages, the normalized non-affine displacements
(D2,./{D2..)) in the four stages (marked in Fig. 5) are calculated
(Fig. 6), which shows the accumulated plasticity in the four stages.
These four stages undergo the same shear displacement long enough
to contain several stick-slip cycles. Here, we focus on the spatial
distribution pattern of granular plasticity so that the non-affine dis-
placement is normalized by the average non-affine displacement at
each stage. Granular plasticity quantifies the dislocation between a
particle and its neighbours, and the layer it concentrates on reflects
the shear localization in this layer.

In the linear stage (Figs 6a and e), the places with higher granu-
lar plasticity are scattered in the gouge because most particles and
bonded grains are locked by their neighbours. The gouge shows lit-
tle shear localization and manifests a linear increase in the macro-
scopic friction coefficient. However, in the yield stage (Figs 6b
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Figure 5. General results of the simulated sheared granular fault. (a) The evolution of the macroscopic friction coefficient with the load point displacement,
and the inset shows the plate motion state in stick-slip. Four typical periods are marked by different colours, and these marked periods correspond to the linear
stage, yield stage, unstable shearing stage and stick-slip stage, respectively. (b) Enlargement of the four typical periods. (c) Plate differential velocity versus
the load point displacement. The same four typical periods in (a) are marked by different colours. (d) Enlargement of the four typical periods.

and f), the places with higher plasticity start clustering near the
plate. In this stage, small slips start to occur, unlocking some par-
ticles and inducing the plate motion. Due to the released energy
in each small slip, the particles near the plates are driven to flow
plastically and shear localization can be observed (granular plastic-
ity cluster to the two plates). Then, in the unstable shearing stage
(Figs 6¢ and g), large slip events accompanied by strong shear lo-
calization in the gouge due to the dramatic release of elastic energy
force the plates to crush the grains in the gouge (granular plastic-
ity strongly localized near the load plate). However, at this stage,
the localization of granular plasticity will decrease because more
grains are crushed. Finally, the granular plasticity enters a stick-slip
stage (Figs 6d and h), and the shear localization zone expands due
to more grains being crushed (wider distribution zone of granular
plasticity compared to before). The breakage of large grains renders
the particles in the corresponding layer easier to flow and causes
the plasticity to localize in this layer. The two additional numeri-
cal simulations presented in Fig. S4 and Fig. S5 also show similar
characteristics.

Although the distribution pattern of granular plasticity in the
four stages differs a lot, the probability density of D2, /(D2. ) inall
states decreases logarithmically in a similar trend (Fig. 7a), which
may be caused by the similar geometry of the sheared fault and
gouge particles. The spatial distribution of the correlation of non-
affine displacement varies (Fig. 7b). The linear stage has the weakest
spatial correlation since the particles are locked and barely move

relative to each other. Then, small slips occur in the yield stage, and
particles near the plate are easily driven by the plate, in which place
the plasticity has a clustering trend, and thus with an increasing
correlation. Catastrophic failure happens for the first time in the
gouge in the unstable shearing stage. The unstable shearing stage
has the strongest correlation because most grains are still intact and
jam the gouge, so the plasticity localizes near the plates. However,
with the breakage of the grain, more areas are unjammed; thus,
the localization of the plasticity decreases, and so does the spatial
correlation.

4 DISCUSSION

In this section, the formation of the shear structure in the gouge
is explained from a granular motion viewpoint. Then, the effects
caused by the breakage of grains are explored by analysing another
two extreme cases. Finally, typical principal slip zones in laboratory
earthquakes and their link to natural faults are discussed, and we
also discussed the limitations of our numerical model.

4.1 From granular motion to shear structures

To unveil the micro-dynamics during stick-slips, we animate the
normalized local granular temperatures (7ioc/(710c)) (Video S1),
and the start and end of the selected stick-slip cycle in the stick-slip
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Figure 6. Granular plasticity in different stages. (a)—(d) are the cloud maps of non-affine displacement, and (e)—(h) are the corresponding average values of
non-affine displacement along the y-axis. We use an arithmetic sequence to divide the y-axis into 15 equal layers and calculate the average Dfnin/ (Dfnin) of
particle for each layer.

stage are marked in Figs 5(b) and (d) by the dashed lines. Places with phase. According to the distribution and evolution of Tjoc/(7jec),
extremely high 71o./(T10c) (high-temperature areas) are scattered in we infer that small slips between particles exist in the stick phase,
the gouge, and they dramatically heat up when entering the slip and these slips will be dramatically accelerated in the slip phase.
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Figure 7. Distribution and the correlation of granular plasticity. (a) Distribution of the normalized non-affine displacement in the four shearing stages. The
dashed black line indicates the universal trend for the four stages. (b) Correlation of non-affine displacement in the four shearing stages.

Although the granular material is composed of discrete particles
and can flow like fluid when in the presence of external influences
(Kou et al. 2017), during stick-slip cycles, the trigger of a slip
event is similar to the failure process of brittle solid materials. In
the stick phase, some particles are more prone to unlock due to the
geometry of the fault or the arrangement of these particles (Fig. 8a).
Therefore, small slips occur between these particles. These particles
play a role similar to the microscopic cracks in solid materials,
which can trigger catastrophic failures. The accumulation of small
slips between these particles can cause dynamic failure around their
locations (Fig. 8b). The produced small slips activate the gouge with
a large slip event, and the plates move toward reverse directions
and release the stored elastic energy dramatically (Fig. 8c). The
inner failure in the granular gouge accelerates, forming the R shear.
This can also accelerate the plates to frictionate fiercely with its
counterpart, yielding the Y shear. After the slip, a new cycle starts
(Fig. 8d).

The angle between the R shear and the fault plane can be ex-
plained by the Mohr—Coulomb criterion (Fig. 8¢). The particles
lock each other, forming a granular assembly in the stick phase.
Its strength can be approximately described by the Mohr enve-
lope, which means the stress states in the gouge should satisfy
|t| < —po, where p is the friction coefficient between particles,
o and 7 are the normal stress and shear stress, respectively. After
consolidation, the applied stress on the fault plane is o, which is
also the maximum principal stress at this state (green Mohr circle
in Fig. 8e). As the shear goes, the Mohr circle is enlarged, and the
corresponding position of the fault plane in the Mohr circle also
evolves. When the Mohr circle touches the Mohr envelope, there
will be two possible failure surfaces. One failure surface corre-
sponds to a positive t (red dashed line in Fig. 8e), and the other
corresponds to a negative t (cyan dashed line in Fig. 8e). The rel-
ative movement directions on the failure surface correspond to a
positive 7, which is more consistent with the shear load on the
faults. Therefore, this kind of failure can easily occur and is then
accelerated by the relative movement of the fault planes, yielding
the R shears. To accommodate the relative displacement of the fault
planes, the Y shears parallel to the faults are formed, and some of
them join the formed shear structures, which constitute the principal
slip zone after long shear displacement (Fig. 8f).

Here, due to the relatively stiff spring in the model, after each
slip event, the differential plate displacement is small (~10~2 mm).
Therefore, in a slip event, we can see more scattered high granular
temperature areas occur, and the fierce collision and friction of

particles only exist locally. Casas er al. (2022) found that with
the increase of cementation between particles, more continuous R
shears can be found in the granular gouge. Therefore, another reason
there is no continuous R shear is that we shear dry gouge lacking
cementation.

R shear and Y shear are the most basic and common shear struc-
tures. In real experiments or natural faults, when the geometry
of the fault is more complicated or the compositions of granular
fault cores are more heterogeneous, the shear structures may have a
more random pattern. For example, the R’ shear (cyan dashed line
in Fig. 8e) can also occur. Additionally, because the accumulated
shear strain in R shears also has shear effects on the parts between
them, some subshear structures that conjugate with or link the par-
alleled R shears can also be formed at large shear displacement (P
shear and P’ shear) (Bally 1983).

4.2 The effects of grain breakage

To illustrate the effect of grain breakage during the shear, we conduct
two additional extreme cases: one without bonds (only rigid parti-
cles) and one with unbreakable bonds (bonds with infinite strength)
(Fig. 9). The first several friction drops (0.2—0.5) of these two new
models are much larger than the previous model (0.05) with break-
able grains (Fig. 5), which indicates that without breakable bonds,
the size of the initial friction drops will increase. This is because the
continuing breakage of breakable bonds releases the energy gradu-
ally in advance. The small quakes caused by the breakage of weak
bonds render the gouge layer a looser particle contact structure,
resulting in smaller first several friction drops in the model with
breakable bonds. Besides, the fault strength (macroscopic friction
coefficient) of the model with unbreakable bonds is stronger, and
the duration of the stick procedures is generally longer than that of
the other two models (the previous model with relatively breakable
bonds and the new model without bonds).

The distribution and spatial correlation of the granular plasticity
in the two new models are shown in Fig. 10, and the corresponding
results in the unstable shearing and stick-slip stages in the model
with breakable grains are also plotted for comparison. The proba-
bility density of D2, /(D2 ) in all models decreases logarithmically
in a similar trend (Fig. 10a). However, the correlation in the model
without bonds is the strongest (Fig. 10b). Without bonded grains,
the granular gouge can flow more easily and thus result in stronger
shear localization compared to the model with unbreakable bonds
(Figs 9a and c). Conversely, for the model with unbreakable grains,
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Figure 8. Formation mechanism of shear structures. (a)—(d) show the formation of shear structures. Red lines indicate relative slips between particles. Deep
grey colour textures indicate the formed shear structures. (e) presents the Mohr—Coulomb circle to illustrate the angle of R shear, where p is the friction
coefficient between particles, o, is the applied normal stress on faults, 7y is the corresponding shear stress where the faults transverse from stick phase to slip
phase and v is the Poisson’s ratio of the granular gouge. The green circle indicates the stress state after consolidation. The black circle indicates the stress
state when slip events occur and the green dashed line is the stress state on the fault plane at this moment. The two black lines tangent to the circle are the
Mohr—Coulomb envelope of the granular mass, and the tangent points are the positions of the possible two failure surfaces. (f) shows the breakage of grains in
the area we focus on in the stick-slip stage.
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Figure 10. Distribution and correlation of plasticity in gouges without bonds and with unbreakable bonds. (a) Distribution of the normalized non-affine
displacement. (b) Correlation of non-affine displacement. The corresponding results in the unstable shearing and stick-slip stages in the model with breakable

grains are also plotted for comparison.

the grains can jam the gouge (Figs 9b and d). The plates tend to
be locked, and the fault can store more elastic energy, thus produc-
ing much larger stress drops with longer stick durations. Notably,
the shear localization zone in the two new extreme cases will not
expand after longer shear displacement, and the breakage of grains
in the model with breakable grains will expand the shear localiza-
tion zone. Therefore, in the model with breakable grains, the shear
localization decreases from unstable shearing to stick-slip, and so
does the correlation.

Moreover, in the model with breakable grains, the plasticity tends
to localize in the layer where the grains are broken because these
particles are easier to flow in these places. The plates crush the grains
during the stick-slip cycles, and in turn, the layer with finer grain size
has a weaker ability to transmit the shear force. Thus, the formed
structure influences the macroscopic property of faults and prohibits
other grains from breaking. In our model, the particles cannot break
again. However, in natural faults or laboratory earthquakes, due to
the shear localization in these shear structures, the size of grains
can get much finer in these places due to the accumulated plasticity,
which strengthens the phenomenon and can be an explanation for
fault lubrication and the existence of super fine gouge in principal
slip zone (Han ef al. 2010; Reches & Lockner 2010).

Pozzi et al. (2022) sheared granular gouges with different shear
fabrics in the laboratory. The shear fabrics are pre-made by shearing
the same gouge material under different normal stresses, and higher
normal stresses result in much finer grains in the shear structure
and correspond to more matured shear fabrics. The matured shear
fabrics result in much larger friction drops in unstable shearing
stages due to less weak grains and lower fault strength in the stick-
slip stage due to fine gouge particles. In our work here, the model
without bonds and with unbreakable bonds do not contain weak
grains; they produce much larger friction drops in the unstable
shearing stage than the model with breakable grains (Fig. 5b). The
model without bonds and with breakable grains also corresponds to
a lower fault strength in the stick-slip stage compared to the model
with unbreakable bonds in which the rearrangement of the gouge is
always jammed by grains (Figs 9c and d).

4.3 Implications and limitations

There are mainly three kinds of principal slip zone (PSZ) in existing
laboratory earthquakes: (1) one PSZ right in the middle layer of
the gouge (Ma et al. 2021; Zou et al. 2021), (2) one PSZ close

to the loading plate (Pozzi et al. 2021) and (3) two PSZs close
to the two plates (Pozzi et al. 2023). The PSZ in the middle is
because the particle size in their model is relatively large compared
to the fault thickness, so the plates have extended influence ranges.
The PSZ close to the loading plate is because the grains near the
plate are easier to crush, and shear localizations in other places are
inhibited. However, two PSZs close to the two plates will form in
some circumstances. If the elastic rebound of the two plates is too
drastic or the gouge is thick enough, two PSZs will form close to the
two plates due to the decreased inhibition between the two PSZs.
This also implies how fault structures form in natural faults. Taking
the Zuccale fault core (Collettini ef al. 2011) as an example (see in
Fig. 11), the strong lens of carbonate is surrounded by the foliated
and phyllosilicate-rich zone. These specific structures may be an
evolutionary result of the long-term stick-slip cycles. Due to the
phyllosilicate-rich zone being easier to flow and accommodate shear
strain, the carbonate can maintain a block shape. There are fractures
like R shear in the fault core, and a slip event may result from
the reactivation of an existing R shear. However, this mechanism
of the formation of shear structures is induced by our numerical
simulations of laboratory experiments. With the improvement of
3-D geological modelling, simulations for the evolution of shear
structures in real shear zones should be carried out for a more
comprehensive study.

In our model, the breakage of irregular grain does render the
gouge flow easier in the corresponding layer. However, when the
granular gouge is only composed of large breakable spherical grains,
the porosity of the granular gouge is high. Abe & Mair (2009) and
Wang et al. (2021) found that the pores between spherical grains
are filled with small particles in the shear process, which increase
the friction strength of the fault system. In laboratory experiments,
some researchers found that the shear localized in the layer with
finer grain size (Scuderi et al. 2017; Pozzi et al. 2022; Pozzi et al.
2023), which is consistent with our work. However, when shearing
granular gouge with higher porosity, some researchers found that
the fine gouge particle will gradually saturate the porous shear zone
(Chang et al. 2024a;b), and finer grain size did not mean shear will
be localized in these places. Therefore, the results of our model
correspond to the granular gouge with a low porosity.

Limited by the constitutive model, the unbonded particles are
rigid discs and cannot break again. Although the simulated fault
does show characteristics of the stick-slip cycle which is analogue
to laboratory earthquakes and the Y shear band can be observed
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Figure 11. Typical shear structures in natural faults, taking the Zuccale fault core as an example (Collettini ef al. 2011).

in the numerical model, we cannot find an obvious R shear band
similar to that in the laboratory but just several isolate high granular
temperature areas lined like R shear. A more refined numerical
model that takes the damage of the mechanical property of a single
particle into account may capture more realistic shear structures
in the future. Also, the basic particles are rigid discs here, which
decreases the interlock in the granular gouge (Zou et al. 2021).
Therefore, the strength (macroscopic friction coefficient) of the
simulated fault is lower than that of the real experiment (Scuderi
etal. 2017; Pozzi et al. 2022). The basic particles’ shapes matter and
can be changed into irregular shapes to be composed of breakable
grains for further exploration in the future.

3-D spherical breakable grains have been incorporated into the
numerical model by the researchers (Abe & Mair 2005, 2009; Mair
& Abe 2008; loannidi ef al. 2024). Here, based on the 2-D images
of quartz gouge, we construct irregular breakable grains in a 2-D
numerical model of sheared granular gouge. Our model presents
the general characteristics of the experiments, so the micro granu-
lar flow in our model is worth explaining the effects caused by the
breakage of irregular grains. However, the 2-D model simplifies one
dimension, which results in discrepancies between the 2-D and 3-D
models. Frye & Marone (2002) designed laboratory experiments to
compare the 2-D (shearing paralleled cylinder rods) and 3-D mod-
els (shearing spherical grains). They found that the shear strength
of the 2-D model is less than that of the 3-D model because of the
absence of out-of-plain contacts in the 2-D model. Here, in our 2-D
model, the irregularity of the grain of one dimension is ignored.
In the 3-D model, the 3-D irregular grain may have a stronger jam
of the granular flow and cause stronger stress heterogeneity. With
the development of high-resolution computer tomography equip-
ment, we can construct irregular breakable grains in 3-D numerical
sheared granular gouges for further exploration in the future.

5 CONCLUSIONS

In this paper, a new sheared granular gouge model setup that in-
corporates large irregular breakable grains and sheared with finite
stiffness is proposed. The simulated fault evolves in four stages:
(I) linear stage, (II) yield stage, (III) unstable shearing stage and
(IV) stick-slip stage. Plasticity develops during the shear. The lin-
ear stage has the weakest correlation of plasticity. The plasticity
has a clustering trend and spatial correlation increases in the yield
stage. In the unstable shearing stage, the plasticity localizes near
the plates, so the correlation is the strongest. However, with the
breakage of the grains, the localization of the plasticity and the

spatial correlation decrease in the stick-slip stage. We also explore
the local granular dynamics to illustrate how the shear structures
form during the stick-slips in the stick-slip stage. In the stick phase,
small slips occur between some particles. The small slips can acti-
vate the gouge and finally cause dynamic failures in the gouge. This
procedure is responsible for the formation of R shear, which can
also accelerate the plate to frictionate fiercely with its counterpart
and form the Y shear.

Gouge layers with finer grain sizes become weaker to transmit
shear force, and it is easier for such granular materials to rearrange
themselves, making the shear localization in these layers more in-
tense. In laboratory earthquakes or natural faults, the size of grains
can get much finer due to the accumulated plasticity. Although gran-
ular materials have been proven to flow like fluid when subjected to
external influences (Kou ez al. 2017), the granular gouge ruptures
similarly to a solid during stick-slip cycles.
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