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HIGHLIGHTS

o The plasticity in granular gouge sheared
by deformable plates is analyzed.

e The influence of loading conditions on
granular plasticity is studied.

e Stress redistribution resulting from
plastic flow of granular gouge is
elucidated.
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ABSTRACT

Due to rock grinding and fragmentation, thin layers of granular gouge form between fault surfaces. The plastic
flow of granular gouge during stick-slips and the resulting stress redistribution remain unclear. To deepen un-
derstanding of the shearing process in faults, this paper employs the combined Finite-Discrete Element Method
(FDEM) to simulate the shearing of gouge particles under different loading conditions (i.e., normal stress, shear
velocity, and plate stiffness). In small slip events, plastic flow in the gouge is localized due to the failure of only
local stress chains. In contrast, during large slip events, more stress chains will fail, leading to a more uniform
distribution of plastic flow. In short stick phases, the plastic flow of particles is concentrated in localized areas,
triggering new slip events. Conversely, during long stick phases, particle plastic flow is relatively uniform. Higher
normal stress, higher slip velocity, and lower plate stiffness result in a more intense plastic flow of the gouge
during slip phases, corresponding to faster slip events. Higher plate stiffness leads to more intense particle plastic
flow during the stick phase and also reduces the duration of the stick periods. Since similar fault geometries are
used, the distributions of normalized particle plastic flow are similar across all loading conditions. During slips,
the release of stress on the broken strong force chains causes plate movement, which increases the stress mag-
nitudes of the surrounding stress chains, thereby homogenizing the stress state in the gouge. During stick periods,
the strong stress chains accumulate stress and rotate slowly, thickening the gouge and reducing the surrounding
stress chains, resulting in a heterogeneous gouge stress state. Our results are valuable for explaining how
granular gouge sandwiched between fault surfaces flows during stick-slips and the resulting stress redistribution
in 2D fault models.
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1. Introduction

Granular matter is ubiquitous. Although the motion of an individual
granular particle is straightforward, a collection of particles can exhibit
complex motion and mechanical response [1]. Understanding how mi-
crostructures evolve within the granular mass is crucial for under-
standing natural phenomena such as grain stacking [2], landslides [3],
avalanches [4], dune evolution [5], and debris flows [6]. In particular,
thin layers of granular gouge form between fault surfaces due to rock
grinding and fragmentation [7-11]. Previous work has demonstrated
that the properties of thin granular gouge are closely related to the
macroscopic shearing state of a fault [12,13]. Therefore, elucidating
microevolution within the granular gouge is crucial for deepening our
understanding of the shearing process in natural faults.

Laboratory earthquakes—simulated fault shearing at the laboratory
scale—are controllable and repeatable, providing an effective way to
explore fault shear processes [14-27]. Existing work has demonstrated
that mineral types and their corresponding fault strengths significantly
influence fault stability [18]. Such analyses can aid in interpreting the
seismic features of natural faults [28,29]. With the aid of scanning
electron microscope (SEM) imaging [12,30-32] and X-ray tomography
[13,33,34], researchers have characterized the microstructures of
granular gouge and linked the microstates within the gouge to the
macrostates of faults. Additionally, compared to mineral gouges,
adopting photoelastic gouge particles can capture the evolution of
stresses inside the granular gouge [35], which also serves as an impor-
tant experimental method in laboratory earthquakes to probe the mys-
teries of microstructures inside granular gouges.

With improvements in computational methods and efficiency, nu-
merical simulation is an effective tool for extracting microscopic infor-
mation that is difficult to obtain in the laboratory [34,36-48]. The
Discrete Element Method (DEM) can simulate discontinuous granular
materials and is widely used to model sheared granular materials
[49,50]. Given the focus on microscopic mechanisms within fault gouge,
the shearing plates in DEM models are typically modeled as rigid.
Relevant research primarily falls into two categories. (1) How the
microscopic properties and constitutive relations of fault gouge influ-
ence the macroscopic behavior of faults: Ferdowsi and Rubin [51]
discovered that fault healing can occur even when time-independent
constitutive relations are used for inter-particle contacts in simula-
tions, suggesting that fault healing can be explained by self-adjustment
at the microscopic contact level within fault gouge; Dorostkar and
Carmeliet [52] found that the friction coefficient between particles plays
a critical role in controlling stick-slip behavior of faults; A higher friction
coefficient increases fault strength but shortens the period of stick-slip
cycles while reducing the stress drop during each slip event. (2) How
the microscopic states of fault gouge evolve under different loading
conditions (e.g., varying loading conditions or particle properties): Zou
etal. [37] applied different shearing rates to granular materials and used
non-affine displacement to quantitatively describe plastic deformations
in the material; based on correlations observed, they provided a
microscopic explanation for why fault strength initially increases with
shearing velocity before stabilizing; Man et al. [53] investigated how
particle friction coefficients affect microscopic particle dynamics,
revealing that an increase in inter-particle friction coefficient reduces
relative velocity fluctuations within the granular system to a certain
extent, thereby weakening particle plastic flow.

However, the deformability of the plates directly affects the
arrangement of gouge particles, and incorporating deformable shear
plates in numerical granular fault models may help capture more real-
istic microstructures within the granular gouge. Guo and Morgan [54]
used elastic and breakable bonds to connect rigid particles, forming
sheared bulk materials; they showed how shear bulks are worn and how
gouge layers are formed. The calibration of microparameters in DEM is
all based on a trial-and-error process. A recently developed numerical
method—the combined Finite-Discrete Element Method (FDEM) [49],
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which merges finite element-based analysis of continua with discrete
element-based transient dynamics, contact detection, and contact
interaction solutions for discontinua, provides a natural solution for
modeling such a fault [55]. Gao et al. [56] employed FDEM to develop a
numerical model incorporating deformable shearing plates and circular
fault gouge particles; they found that the magnitude of fault slip velocity
is directly proportional to the normal stress and inversely proportional
to the square root of the shear modulus of the shearing plates, whereas
the shearing rate has minimal influence on slip velocity. Based on the
simulation data from Gao et al. [55], Zhang et al. [57] conducted a
statistical analysis of the stress tensor within the fault gouge during
stick-slip cycles; they discovered that small slip events tend to increase
the heterogeneity of stress distribution in the fault gouge (with only
localized self-adjustment occurring); in contrast, large slip events result
in a more uniform stress distribution (with self-adjustment occurring
through the entire fault gouge). Researchers have begun not only vali-
dating numerical models of faults through practical experiments but also
continuously improving simulation models. Mollon et al. [58] proposed
a numerical model for simulating stick-slip cycles: the rock mass is
represented as a continuous elastic medium, while the shear zone is
depicted using irregular, deformable particles.

Unlike continuous solids, the discrete gouge particles can easily slide
or rotate relative to one another. The “non-affine displacement” has
been shown to be an effective tool for quantifying granular plasticity,
which is closely related to the macroscopic evolution of granular ma-
terials [59]. With the aid of the non-affine displacement, Ma et al. [60]
studied the temporal evolution of the spatial correlation of granular
plasticity, and Cao et al. [34] illustrated the accompanying topology
change. Mei et al. [61] found that, using non-affine displacement as
input, the macro stress increase or decrease in stick or slip phases can be
predicted by a machine learning method (3D convolutional neural
network), indicating that non-affine displacement is also an effective
method for depicting micro dynamics.

The granular gouge deforms plastically, which will definitely result
in stress redistribution. However, how particles flow and how stress is
redistributed in the stick-slip phases are poorly understood, which is
essential for understanding the complex evolution mechanism of faults
that undergo stick-slip cycles [62-65]. A systematic study of how
loading conditions influence the plasticity of granular gouge sheared by
deformable plates and how this plasticity relates to stress redistribution
remains lacking. In this paper, we simulate sheared granular gouges
with deformable plates using FDEM. The granular plasticity is charac-
terized by the non-affine displacement, and slip events and stick periods
are extracted. We demonstrate how granular plasticity accumulates
during stick-slip cycles and how different loading conditions (e.g.,
normal stress, shear velocity, and plate stiffness) influence its accumu-
lation. Finally, we examine stress redistribution in the granular gouge
during stick-slip cycles.

2. Methods
2.1. FDEM and model setup

The FDEM was initially conceived by Munjiza in the early 1990s and
designed to model the transition of solid materials from a continuous to
a discontinuous state, as well as the intricate interactions among discrete
solid bodies [49]. Within the FDEM framework, the finite element
method (FEM) component handles deformation calculations for
continuous objects, while the discrete element method (DEM) compo-
nent supports precise contact detection and interaction processing,
enabling the capture of complex dynamics between discrete and
continuous objects. By combining the strengths of both FEM and DEM,
FDEM excels in simulating granular fault systems. The FDEM-based
granular fault model integrates with deformable plates to simulate
gouge shearing, generating characteristic stick-slip cycles and providing
insights into the intricate stress evolution within the gouge. For a
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comprehensive understanding of FDEM, readers are referred to our prior
publications [55,56,66].

Using FDEM, we recreate a two-dimensional fault system with a
granular gouge, inspired by the photoelastic experiments of Geller et al.
[67], as previously explored in Gao et al. [55]. To hinder crystallization
during shear, we use a bimodal diameter distribution (1.2 or 1.6 mm,
equally distributed) for the circular gouge particles, following recom-
mendations from Tsai et al. [68]. Each particle is meshed into 24 nearly
uniform triangular finite elements to precisely capture its deformation.
This gouge is positioned between two identical deformable plates, as
illustrated in Fig. 1. A consistent shear velocity is imparted to the upper
rigid bar to simulate fault shearing, while a steady normal load is
maintained on the lower rigid bar. Constrained movement is enforced,
with the top bar permitted only x axis motion and the bottom bar
restricted to y axis motion.

Following consolidation, the gouge measures 500 mm in length and
approximately 11 mm in thickness. To facilitate shearing, the plate
boundaries feature semicircular “teeth” with a diameter of 1.6 mm.
Within the model's central section (highlighted by the red dashed rect-
angle in Fig. 1a), we place “sensors” at the teeth and particle centers.
Data on displacement, velocity, and stress tensors are recorded at each
sensor point every millisecond. A total of 1917 particles with sensors are
integrated, accompanied by 143 sensors on both the top and bottom
plates. The reference model utilizes parameters such as a normal stress
of 28 kPa, a shear velocity of 0.5 mm/s, and a plate shear modulus of
0.84 MPa. Then we vary the normal stress (12 kPa, 20 kPa, 28 kPa, 36
kPa and 44 kPa), shear velocity (0.25 mm/s, 0.5 mm/s, 1 mm/s) and
plate shear modulus (Go, 2Gg, 4G, 20Go and 80Gg, Go = 0.84 MPa)
respectively to explore how these loading conditions (Fig. 1b) influence
the microstates in granular faults. It has been proven that these three
parameters can significantly influence the shear behavior of faults
[12,69,70]. Model parameters are outlined in Table 1.

Before entering standard stick-slip cycles, the numerical model un-
dergoes a phase of consolidation and pre-shear. Shearing initiates once
the system reaches equilibrium after consolidation (when the kinetic
energy stabilizes to nearly zero). The inertial number of the model (I =

yd/ /P/ p) is between 10~ and 10~* (much smaller than 10’3), indi-

cating that the system is in a quasi-static shearing state. Here, 7 is the
shear rate, d is the particle's average diameter, P is the normal pressure,
and p is the particle's density. y is calculated by

7=, (€8]

Hy
where Hg is the thickness of the granular gouge (~11 mm). In our pre-
vious work, we calibrated the simulated results to ensure that the
magnitudes of the generated slip events align appropriately with the
Gutenberg-Richter distribution [55].
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Table 1
Numerical simulation parameters [56].
Property Value Property Value
2 k
Particle diameter 1.2 or 1.6 mm Stiff bar density H;foo 8/
Stiff bar
Particle density 1,150 kg/m> Young's 30 GPa
modulus
Particle Young's 10 MPa Stl.ff ba1: ) 0.33
modulus Poisson's ratio
Partl?le Poisson's 0.4 Foam density 1,&50 kg/
ratio m
Particle-particle ,
friction 0.15 Foam Youngs ) yipy
- modulus
coefficient
Total particle 2,817 Fo:?m Poisson's 0.4
number ratio
Nun.lber of particles 1917 Contact penalty 4 GPa
with sensors
Main plate density 1,150 kg/m> Time step 1.0E-7 s
Main plate shear 0.84-672MPa Normalloadp 12~
modulus kPa
Main plate Poi \ .25-1
a1n'p ate Poisson's 0.49 Shear velocity V 0.25
ratio mm/s
Particle-plate
friction 0.15 Teeth diameter 1.6 mm

coefficient

2.2. Characterization of granular plasticity

The granular plasticity of a particle is defined as the dislocation
between the particle and its neighbors. Quantifying granular plasticity
can be an effective way to demonstrate where gouge motion is more
pronounced during stick-slips. In the meantime, stress redistribution in
these areas can be studied to further validate the results. Specifically, the
plasticity in granular gouge can be characterized by the non-affine
displacement [60]. Here, the non-affine displacement of a particle is
the deviation of the particle's position from the best-fit affine trans-
formation over the time window At, i.e.,

D2, (t, At) = % Z |1 (e + Ab) — x3(¢+ At) — I[15(6) — 13(8) | \27 2
L

where the subscript i denotes the designated particle, and the index j
iterates over its N; neighbors within a cutoff distance w relative to the
reference particle i at r;(t) (the position of particle i at time t). Here, tis a
time stamp during shear, and J is the best-fit affine transformation
tensor that minimizes the quantity D2, . J can be calculated using the
following equations:

Lz

Ni
X =" [5(t+A0) —r(t+A0)] ® [5(t) —1:(0)], 3)
J
V (mm/s)
meshed (b) 4
particle
1 G (MPa)
0.5 G,~0.84 N
12 20 28 36 44 g
2G, P (kPa)
4G, $0.25
20G,
80G,

Fig. 1. Model setup and selection of key simulation parameters. (a) Model setup. The gouge is sandwiched between two identical deformable plates. Each particle is
further meshed into 24 triangular elements. There are 1917 particles with sensors, and an additional 143 sensors are located on each of the top and bottom plates
near the gouge. (b) Selection of key simulation parameters: normal load P (first group, blue), shear velocity V (second group, red), and plate shear modulus G (third
group, green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Ni

Y= Z - rl ® [rj(t) - ri(t) } ) (4)
j

J=XY"L %)

Here, D%, (t,At) can be deemed as the accumulation of particle
dislocation in the gouge from t to t + At and also indicates the shear
localization in the gouge. The physical meaning of DZ; is shown in
Fig. 2. The deviation of a particle's displacement from affine displace-
ment is the non-affine displacement D?, of the particle, which quan-
tifies the particle's plasticity (i.e., the degree of deviation from purely
elastic deformation).

Here, to characterize granular plasticity during stick-slip cycles, for
each stick-slip period, time windows (from t to t+ At) are set from the
start to the end of each slip event or stick period. The larger the neighbor
cutoff distance w, the more particles will be designated as neighbor
particles. Consequently, D2, will show a more homogeneous distribu-
tion pattern and reflect fewer local features. On the other hand, the
smaller w is, the fewer particles will be designated as neighbor particles,
and the D2, will show more heterogeneous distribution patterns and
reflect more local features. Here, the w is set to 2 mm, ensuring that w is
neither too large to reflect local features nor too small to allow particles
nearby to be assigned.

2.3. Characterization of slip events

In each loading scenario, the simulated granular fault generates slip
events exhibiting diverse characteristics. To investigate granular plas-
ticity during stick-slip cycles, we identify and characterize these events
to illustrate the macroscopic properties of sheared granular faults. The
extraction process involves the following steps. (1) Timestamp Classi-
fication: Establish a threshold viyresh = 0.001 m/s (which is selected by a
series of tests and distinguishes the slip events well and does not inter-
rupt the basically increasing stick phase); the timestamps in which the
plate differential velocity | Avp| (half the absolute difference between top
and bottom plate velocities) exceeds Vinresh are classified as slip phase;
otherwise, they are classified as the stick phase. (2) Timestamp
Connection: A sequence of consecutive timestamps in the slip phase
(uninterrupted by stick phase timestamps) is connected to constitute a
distinct slip event; temporarily, the first timestamp marks its start, and
the last timestamp marks the end of the event. (3) Event Extension:
Based on the rate of the change of | Avp| at the beginning or end of a slip
event, we estimate the points where |Avp| rises from 0 and falls to 0;
these timestamps are designated as the new start and end of the slip
event, respectively. (4) Slip Event Merging: After extension, overlapping
timestamps may occur between slip events; we merge these overlapping

‘ ‘ ‘ ‘ mm .

Fig. 2. Illustration of 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.
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events into a single new event, and use the earliest start of the merged
events as the new start and the latest end as the new end. Then, we
remove the merged events and retain the new consolidated events.

The seismic moment serves as a reliable indicator of the scale of slip
events, and we use it to characterize these events. Specifically, the
seismic moment for a slip event is defined as

M, = GDS, (6)

where G is the shear modulus of the shear plates; D is the accumulated
plate differential displacement (the absolute value of the difference
between the top and bottom plate in terms of their respective average
displacement) during the slip event; S is the area of the fault plane,
which is the length of the gouge times unity (assuming unit length
perpendicular to the 2D fault model).

3. Results
3.1. General results

To depict the general results of the simulated granular gouges sub-
jected to various loading conditions, we define the shear force as the
average absolute value of the contact force between the gouge mass and
the two plates. The average x velocities of the top plate (V}, ranging
from ~0 to ~0.025 m/s) and the bottom plate (Vpp, ranging from ~ —
0.025 to ~0 m/s) are respectively taken as the average x velocities of the
143 sensors on the top and bottom plates. In the stick phase, the gouge
locks the shear plates, the shear plates move at a velocity around half the
shear velocity (~1.25-0.5 x 10~> m/s), but the Vp is slightly larger than
Vpb due to the accumulation of shear strain in the granular gouge. In the
slip phase, the gouge unlocks, and the elastic energy is released. The
elastic rebound of the plates makes the Vj, and Vp, evolve in opposite
directions and become nearly symmetric. Detailed analysis of plate
motion can be found in Gao et al. [56].

Here, we focus on the shearing stage when the shear forces are sta-
bilized. Fig. 3 shows the evolution of shear force and plate velocity
under different loading conditions; each column represents the sheared
granular gouge under different normal stresses, shear velocities, and
shear modulus of the plates, respectively. Then, the slip events in the
stable shearing stages of these numerical simulations are extracted (see
the Methods section). Their properties are illustrated in Fig. 4 and Fig. 5.

In models subjected to different normal stresses, higher normal
stresses often result in higher shear force during the stable shearing stage
(Fig. 3a). With increased normal stress, the shear force increases from
~2kN to ~7 kN. The slip mode is also strongly influenced by the normal
stress (Fig. 3b). With increased normal stress, the sheared faults exhibit
more pronounced stick-slip cycles. Higher normal stresses also result in
larger stress drop events and more pronounced plate motion during slips
(Fig. 3b). The slip events exhibit higher slip velocities in models with
higher normal stress (Fig. 4a; the fitted curve has a steeper slope at
higher normal stress). The complementary cumulative distribution
function also tells that events have large seismic moments when the
normal stress is higher (Fig. 5a). To sum up, higher normal stresses
facilitate the locking of granular gouge and fault planes, allowing longer
stick phases to store more elastic energy and produce quicker events
[14,43,70,71].

The shear velocity has a slight influence on the slip mode. All models
at different shear velocities undergo stick-slip cycles upon entering the
stable shearing stage (Fig. 3c and d). However, slip events occur at a
higher frequency when the shear velocity is higher (Fig. 3d), and they
also exhibit a slightly faster slip velocity and longer duration (Fig. 4b,
slightly wider distribution range for faster shear velocities). Corre-
spondingly, the seismic moments of the slip events are slightly higher
when the shear velocity is higher (Fig. 5b).

Shear modulus of the shear plates influence the macroscopic prop-
erties of the fault a lot (Fig. 3e). High shear modulus allow the shear
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Fig. 4. The slip velocity versus the duration of each slip event. (a) Slip events under different normal stress. (b) Slip events under different shear velocities. (c) Slip

events under different plate shear modulus.

force to oscillate during the stable shearing stage, and the plate veloc-
ities are slow during slips. On the contrary, the sheared fault undergoes
regular stick-slip cycles when the shear modulus are low (Fig. 3f). Both
the slip velocity and duration of slip events decrease with the increase of
shear modulus (Fig. 4c, a much narrower distribution range for stiff

shear plates). However, when taking the properties of the shear plates
into account, there are events with larger seismic moments with the
increase of shear modulus according to the complementary cumulative
distribution function of the seismic moment (Fig. 5c). Based on the rate-
and-state friction law [72], the rise of stick-slip can be attributed to the



Z. Dai and K. Gao

Powder Technology 482 (2026) 122759

—— 12kPa
—— 20kPa

28 kPa
—— 36kPa
—— 44 kPa

— 0.25 mm/s — Go
0.5 mm/s — 2Go
— 1mm/s 4Go
—— 20G,
—— 180G,

-2 L L

10° 10° 10°
Seismic moment (N-m)

Seismic moment (N-m)

10° 10" 10° 10° 10
Seismic moment (N-m)

Fig. 5. The complementary cumulative distribution function (CCDF) of seismic moment of slip events. (a) Slip events under different normal stresses. (b) Slip events
under different shear velocities. (c) Slip events under different plate shear modulus.

competition between the loading stiffness and the rheologic stiffness
(determined by the normal stress and the properties of the frictional
surface). In small-scale laboratory earthquakes, plate deformation is
negligible, and low loading stiffness facilitates the accumulation of
elastic energy during the stick phase, leading to larger slip events
[43,70]. However, here, stiff shear plates produce larger events, which
may be explained by the fact that stiff shear plates are more prone to
cause the slip of the whole fault plane in the slip phase compared to the
soft ones. Additionally, it is not difficult to imagine that with a further
increase in the shear modulus, the plates will become rigid and slide
stably.

3.2. Granular plasticity during shearing

To describe the evolution of granular plasticity in the gouge during
shearing, we first select two typical slip events in the model with P = 28
kPa, V = 0.5 mm/s, and G = 4Gy to illustrate how granular plasticity
accumulates during slip phases. The two selected slip events are marked
in Fig. 6 (also highlighted by the dashed red rectangle in Fig. 3f). One is a
small slip with a much smaller stress drop and |Av,| than the other large
slip. The accumulated granular plasticity during the two events is shown
by the non-affine displacement (Drznin) in Fig. 7. For the small slip, the
granular plasticity is localized, meaning that only minor rearrangements
of local supporting structures are required (Fig. 7a). For the large slip,
the granular plasticity concentrates in several areas, indicating a higher
likelihood of failure in the supporting structures within the granular
gouge (Fig. 7b). The average normalized non-affine displacement
(D2,,/{D2;)) of each layer along the x and y axes also indicates that
small slips have a more localized granular plasticity (Fig. 7).

To illustrate the accumulation of granular plasticity in the stick
phase, two stick periods from the same model marked in Fig. 6 are also
selected. One is a short stick period that accumulates less shear force
before slip, and the other is a long stick that accumulates more shear
force before slip. The accumulated granular plasticity during the two
periods is also evident in the non-affine displacement (D2, ) presented in
Fig. 8. For the short stick, the granular plasticity is more localized,

7.0
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651 —— Large slip
Short stick
6or —— Long stick
55

Shear force (kN)

50 Y" \/
4.5
4 1 1 1

1%000 10500 11000 11500 12000
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meaning the gouge particles there are not well locked after slip, and
small localized slips between unlocked particles can trigger subsequent
slip events (Fig. 8a). For the long stick, the granular plasticity appears
homogeneous, indicating that the granular gouge confines and locks
each other well and thus more shear forces are accumulated (Fig. 8b).

Therefore, granular plasticity accumulates in both slip and stick
phases. We also find that after a long-term shearing, granular plasticity
witnesses a relatively homogeneous distribution (Fig. 9). This is likely
because, in the long-term shearing process, each part of the continuous
plates drags or pushes its neighbors, causing them to move together;
thus, granular plasticity along the x axis shows a homogeneous distri-
bution (Fig. 9). However, during slips, even in large events, granular
plasticity concentrates in several areas, and the short stick period further
localizes it. Due to the driving force of the plate, the supporting struc-
tures and the stress distribution in the granular gouge evolve during
each slip. Thus, the homogeneous distribution of long-term granular
plasticity along the x axis results from the superposition of heteroge-
neous distributions within each slip event and stick period. Along the y
axis, granular plasticity is lower near the plates because they are more
confined by the plates.

3.3. Effects of loading condition on granular plasticity

As shown in Fig. 10, we use the complementary cumulative distri-
bution function (CCDF) of non-affine displacement (Dﬁﬂn) to compare
the granular plasticity under different loading conditions. Taking the
two typical slip events and the two stick periods studied in Section 3.2 as
examples, the CCDFs of the large slip and the long stick are higher than
those of the small slip and short stick, respectively (Fig. 10a and b),
indicating more accumulated granular plasticity in the large slip and
long stick than their counterparts. Then, we extract all slip events and
stick periods in all models under different loading conditions after the
shear faults enter a stable shearing state. The CCDFs of granular plas-
ticity for each slip event and stick period in each model are calculated.
The model with higher normal stresses tends to accumulate more
granular plasticity during slip events due to faster slip rates (Fig. 10c).

0.030
Small slip
0.025 —— Large slip
— 0.020 - Short Sf:ICk
g —— Long stick
= 0.015F
(=3
>
< 0.010
0.005
0.000 1 1 n
10000 10500 11000 11500 12000
Time (ms)

Fig. 6. Four typical periods: small slip, large slip, short stick, and long stick. These typical periods are taken from the case with P = 28 kPa, V = 0.5 mm/s, and G =
4Gy (marked by the dashed red rectangle in Fig. 3f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 7. Non-affine displacement during slips. The two examples are taken from the model with P = 28 kPa, V = 0.5 mm/s, and G = 4Gy, which are marked in Fig. 6.
(a) Accumulated non-affine displacement in the small slip event, and (b) the accumulated non-affine displacement in the large slip event. Figures at the lower left and
right show the average normalized non-affine displacements along the x and y axes, respectively.

However, the granular plasticity in the stick phase under different
normal stresses is similar (Fig. 10f), although stick phases are more
prominent and longer in the model with higher normal stresses (Fig. 3b).
This similarity could be explained by the increased normal stresses on
the particle interlock during the stick phases. Under higher shear ve-
locity, the accumulated granular plasticity in slip events tends to be
slightly higher (Fig. 10d) due to the slightly faster and longer slip events
(Fig. 4b and Fig. 5b). In contrast, the granular plasticity under different
shear velocities is similar in stick phases (faster shear velocity provides a
stronger drive for granular flow, but the stick phase is short in time)
(Fig. 10g). Because the higher shear modulus of plates result in lower
slip velocities and durations of slip events (Fig. 4c), although they have a
larger seismic moment (Fig. 5c), models with higher shear modulus
accumulate less granular plasticity during slips (Fig. 10e) and more
granular plasticity in stick period due to the restriction of stiff plate on
the flow of granular gouge (Fig. 10h).

We also calculate the CCDFs of normalized non-affine displacement
(D2in/(Doyin > 1-€5 Dl i

normalized by the average D7, in the corre-

sponding slip or stick period). Although the CCDFs of D2, /(D% ) are
different in large slip, small slip, short stick and long stick (Fig. 11 a-b),
in all loading conditions, the CCDFs collapse into a similar pattern in
both the slip and stick phases (Fig. 11 c-d). The same geometric structure
across all models may cause this kind of similarity [73]. Particle

dislocation in the same fault geometry under different loading condi-
tions shows a similar distribution after normalization.

3.4. Plate motion and microdynamics in gouge subject to different plate

stiffness

The stiffness of the shear plates can significantly influence the shear
behavior of faults, as we show in Section 3.1. Here, to provide a more
quantitative analysis of plate motion and microdynamics in gouge
subject to different plate stiffness, we first show how the absolute x
velocities of sensors on the top plate (|Vy|) and bottom plate (|Vyp|)
evolve (Fig. 12a and b). The general dynamics of these two periods are
shown in Fig. 3f, and the two periods are taken from the model with P =
28 kPa, V= 0.5 mm/s, and G = 4G (soft shear plate) and the model with
P =28kPa, V=0.5mm/s, and G = 80G (stiff shear plate), respectively.
Then, we analyze granular plastic flow during typical slip events in these
two periods (Fig. 12¢ and d).

Compared with the soft plate (Fig. 12a), the distribution patterns of |
Vx| and |Vyp| of the model sheared by stiff plates (Fig. 12b) have finer
lines that span across the entire fault plane. In the velocity cloud map of
the model sheared by stiff plates, the number of lines is also more, and
the lines are more continuous and less dashed-like. This plate motion
indicates the plates tend to move synchronously in a shorter time in the
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Fig. 8. Non-affine displacement in stick phases. The two examples are taken from the model where P = 28 kPa, V = 0.5 mm/s, and G = 4Gy, marked in Fig. 6. (a)
Accumulated non-affine displacement in a short stick period, and (b) accumulated non-affine displacement in a long stick period. Figures at the lower left and right
show the average normalized non-affine displacements along the x and y axes, respectively.
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Fig. 9. Long-term non-affine displacement. The model where P = 28 kPa, V = 0.5 mm/s, and G = 4G, is taken as an example here. The upper figure shows the spatial
distribution of non-affine displacement. The figures at the lower left and right show the average normalized non-affine displacements along the x and y axes,
respectively. For the long-term non-affine displacements under different load conditions, see Fig. S1, Fig. S2 and Fig. S3.
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periods shown in Fig. 8. (c) - (e) Extracted slips of the sheared granular faults under different normal stresses, shear velocities, and plate stiffness, respectively. (f) —
(h) Extracted sticks of the sheared granular faults under different normal stresses, shear velocity, and plate stiffness, respectively.

model sheared by stiff plates. However, we check all granular plastic
flow of the slip events shown in Fig. 12a and b, the granular plastic flow
is more localized in slip events of the model sheared by stiff plates
compared to the gouge sheared by soft plates, and the plastic flow of
granular gouge in the model sheared by stiff plates is less related to the
plate motion. Typical plastic flow of slip events is shown in Fig. 12¢ and
d. Therefore, we infer that when sheared by stiff plates, uneven loading
is more prone to occur, leading to a dramatic increase in local stress and
subsequent local failure (or local plastic flow). A more quantitative
study of the spatial distribution of plastic flow and its relation to plate
motion in granular gouge sheared under different plate stiffnesses will
be carried out in the future.

4. Discussion
4.1. Accompanied stress redistribution of plastic flow

We have quantitatively studied the plastic granular flow. The plastic
granular flow inevitably induces a change in stress within the granular
mass, which may influence fault shear processes and is crucial to un-
derstanding the accompanying phenomenon. In this section, we further
explore and explain the stress change caused by granular plastic flow.

The accumulation and release of shear force along the fault plane
during stick-slip cycles are much less than the peak shear force. In
addition, the stresses are redistributed in the gouge during both stick
and slip phases, with regions of increased and decreased stress present in

each phase. Fig. 13 and Fig. 14 show the non-affine displacement (D2,,),
stress change (Az, representing the change in maximum stress over a
period), and maximum stress (7) in the granular gouge of the two slip
events and two stick phases we studied in Section 3.2. In the two slip
events (Fig. 13a, b, d, and e), larger Dﬁﬂn results in more dramatic stress
changes in these areas, and the stress increase and decrease regions are
interlaced in these areas. We also find that areas with larger D2,
correspond to regions with relatively high stresses (Fig. 13c and f).
Although in the stick phase the stress increase region and stress decrease
region are also interlaced (Fig. 14b and e), we observe a less pronounced
connection between the areas with higher D2,
(Fig. 14a, c, d, and f).

To establish a more quantitative relationship between Az and D2,
we extract all slip events and stick periods (see Methods) from the stable
shearing stage of the model where P = 28 kPa, V = 0.5 mm/s, and G =
4Gy. Then, the two-dimensional probability density of Az and D2, is
estimated by kernel density estimation (Text S1). The normalized
probability density (normalized by the maximum value) and covariance
error ellipse (Text S2) of the discrete data are shown in Fig. 15. Fig. 15a
and b show all particles in slips and sticks, respectively. We define the
particles that comprise the top 10% 7 as those on stress chains. The
covariance error ellipses for particles on stress chains deviate from the
coordinate axis, indicating that the stress change has a relationship with
D2, when particles are on stress chains. As we mentioned in the last

paragraph, at least for slip events, larger D?

min

and higher stress

results in more dramatic
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Fig. 11. The complementary cumulative distribution functions (CCDF) of normalized non-affine displacement (Dﬁ1irl / <D§1in>). (a) The two slip events shown in Fig. 7.
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respectively. (f) — (h) Extracted sticks of the sheared granular faults under different normal stresses, shear velocities, and plate stiffness, respectively.

stress changes. Since stress chain structures play a primary role in sup-
porting the plates, to clearly study the relationship between Az and D2,
we neglect the particles that barely flow and consider only the top 10%
particles with the largest D2, in each slip event or stick period (Fig. 15¢
and d). In both stick and slip phases, the Az for particles on stress chains
have a much larger range, and Az tend to decrease with the increase of
D2, . The covariance error ellipse for particles on stress chains is nar-
rower during slip events than during stick periods, indicating a stronger
correlation between stress change and plastic flow during slip events.

Apart from the chain-like structures in stress distribution, the stress
changes also exhibit a chain-like distribution (Fig. S4 and Fig. S5).
Therefore, stress redistribution during stick-slip is closely related to the
stress chain structure. Combined with the interlaced distribution of
stress changes, we present a diagram to illustrate stress redistribution
during stick-slip cycles (Fig. 16). When a strong stress chain fails, slip
events occur, reducing the stress on that chain. The induced plate mo-
tion then strengthens the nearby stress chains, resulting in a more ho-
mogeneous stress state in these areas. On the contrary, in stick phases,
some stress chains rotate slightly to support the plates, and stresses are
built up on them. This thickens the gouge, and the stress near the
rotating stress chains decreases; thus, the stresses in these areas become
more heterogeneous.

Previous researchers have quantitatively investigated the spatial
evolution of stress chains through both laboratory experiments and
numerical simulations. Daniels and Hayman [35] sheared photoelastic
particles and observed differences in force chains before and after slips;
they concluded that the force chain structure plays a key role in shear
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zone deformation. Gao et al. [55] showed that the granular gouge
thickens during stick but thins during slip, and that the dip angles of
stress chains are roughly aligned in directions that can resist shear and
normal loads [66]. Dai and Gao [46] conducted statistical analyses of
gouge particle displacement in the stick and slip phases and showed the
evolution of stress chains during stick slips. These conclusions all sup-
port the evolution of stress chains in Fig. 16.

Quantitative statistical analysis has also been conducted on the
evolution of stress heterogeneity in sheared granular gouge. Zhang et al.
[57] conducted statistical analyses of stress heterogeneity within a
granular fault during stick-slip cycles, finding that it increases during the
stick phase; this trend can be explained by the evolution of stress chain,
as shown in the stick part of Fig. 16; they found that stress heterogeneity
decreases during large slip events. This can also be explained by the
evolution of the stress chain shown in the slip part of Fig. 16. However,
when small slip events occur, they found that the stress heterogeneity
increases. This may be explained by the fact that small slip events occur
due to the failure of a local, weaker stress chain, and induced plate
motion increases the stresses on the strong stress chain.

4.2. Implications and limitations

Constrained by the geometric limitations of laboratory scale, our
findings may not fully elucidate the concurrent stress redistribution
observed in catastrophic natural earthquakes. For instance, the 2025
Mw 7.8 Myanmar earthquake [74,75], where coseismic slips between
fault surfaces extended to a meter scale (~6 m). In contrast, even within



Z. Dai and K. Gao

(a) Plate motion, soft plates

(b) Plate motion, stiff plates

Powder Technology 482 (2026) 122759

140 F 140 F
ol | ‘ 0.3735 ‘ 0.03735
| 0.3320 120, i 0.03320
g 100} ‘ || 02005 __ B 100} ] 0.02905 _
0 2]
E sl : ? ‘ | 0.2490 & E sl \ ‘ { ‘ 0.02490 2
- 0.2075 = £ | | | | 0.02075 =
5 I = i .
2 60 [} 0.1660 X g 60 1 ' w Ll \ 0.01660 X
8 40 + ‘ i 0.1245 $ 40 F | ! | | 0.01245
| 0.0830 ‘ ‘ ki ‘ 0.00830
200 ‘ 0.0415 200 ‘ 0.00415
1 1 1 0.0000 ! i 1 X
18000 10500 11000 11500 12000 18000 10500 11000 11500 12000 0%
Time (ms) Time (ms)
140 F ‘ 140 F
it 0.2646 I 0.0999
120 ‘ \ 0.2352 120 \ 0.0888
100 ‘, 02058 _ 8 100y ‘ | 0.0777
E sl | 01764 = E sl | \‘ | i 0.0666 L
= 0.1470 = 3 i } \ i 0.0555 =
S 60f \ 0176 2 g 60f ‘ ‘ 0.0444 X
T = = | [t
% 40 F 0.0882 $ 40 ‘ } 0.0333
! 0.0588 } 0.0222
205 , h 0.0294 20 | i | 0.0111
| 1 1 1 | A 1 |
13000 10500 11000 11500 12000 00000 13000 10500 11000 11500 12000 00000
Time (ms) Time (ms)
(c) Plastic flow, a large slip in soft plates
0.004
10F . : % &g
3 b R £
E 5t et . i‘:‘ 0.002 —Z
> K L o :
0b_1 1 1 1 1 |- K 1 1 0.000 Q
0 50 100 150 200 250 00 350
X (mm, from 11648 ms to 11660 ms)
(d) Plastic flow, a large slip in stiff plates
10F 0.004 _
— . £
€ S S
E 5} > 0.002 =
- LY s N-é
0b_1 1 1 1 1 1 1 1 0.000 Q
0 50 100 150 200 250 300 350

X (mm, from 10505 ms to 10512 ms)

Fig. 12. Plate motion and plastic flow in gouge subject to different plate stiffness. The plate motion is taken from the model with P = 28 kPa, V= 0.5 mm/s, and G =
4Gy (soft shear plate) and from the model with P = 28 kPa, V = 0.5 mm/s, and G = 80G, (stiff shear plate). The general dynamics of these two periods are shown in
Fig. 3f. |Vy| and |Vyp| represent the absolute values of the velocity of sensors on the top and bottom plate, respectively, and the deeper the colour, the larger the
value. (a) Plate motion of the model with soft plates. (b) Plate motion of the model with stiff plates. (c) Plastic flow of a typical large slip event in the model sheared
by soft plates. The orange arrow indicates the source of the event. (d) Plastic flow of a typical large slip event sheared by stiff plates. The black arrow indicates the

source of the event.

our numerical model simulating substantial slips, the coseismic slips
between shear plate surfaces are confined to a millimeter scale (~1
mm), significantly less than the gouge thickness (~11 mm). Conse-
quently, although our model's results do not directly mirror the dy-
namics of catastrophic natural earthquakes, they may offer valuable
insights into the flow behavior of granular gouge interposed between
fault surfaces during seismic events and the consequent stress redistri-
bution patterns.

However, conducting a detailed simulation could yield comprehen-
sive verification data for frictional constitutive models, thereby
enhancing the accuracy of simulations involving natural faults. Engi-
neering endeavors in geotechnics, including railway construction and
tunnel maintenance, are intricately linked to the shearing behavior of
natural faults [76]. By incorporating the granular inertia number I and
the rate ratio J, Fei et al. [77] refined the classical Rate- and State-
Friction law, allowing for a more physically accurate description; they
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calibrated the parameters of this updated law through laboratory ex-
periments involving granular faults. Subsequently, integrating geolog-
ical and project-specific data, they applied their model to geological-
scale simulations of sheared faults. Their research elucidated how
different fault types impact railway systems and assessed whether fault
displacements exceeded established standards. Therefore, detailed
simulations and analyses of laboratory-induced earthquakes have the
potential to furnish comprehensive verification data for frictional
constitutive models, thereby facilitating simulations at the engineering
scale and providing crucial support for engineering projects associated
with faults.

Here, to accurately depict the evolution of stress chain structures, we
analyze stress redistribution by monitoring variations in the magnitude
of maximum shear stress. Nevertheless, within the realm of Continuum
Mechanics, the stress state is comprehensively described by tensors [78],
which encompass a wealth of information, including stress magnitudes
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Fig. 13. The non-affine displacements and stresses of slip events. The two slip examples are taken from the model where P = 28 kPa, V = 0.5 mm/s, and G = 4G (as
marked in Fig. 6). (a) - (c) Spatial distributions of non-affine displacements, stress change and maximum shear stress of the small slip, respectively. (d) - (f) Spatial
distributions of non-affine displacements, stress change and maximum shear stress of the large slip, respectively.

in various directions and the orientations of the maximum principal and
shear stresses. Conducting a thorough statistical analysis of the stress
tensor's evolution and its correlation with prior states could significantly
enhance our comprehension of stress redistribution within granular
gouge experiencing stick-slip cycles—a task that holds promise for
future exploration [79].

Frye and Marone [80] undertook a series of laboratory experiments
to juxtapose two-dimensional (2D) and three-dimensional (3D) models:
the former involving the shearing of parallel cylindrical rods, and the
latter, the shearing of spherical grains. Their results indicate that the
shear strength demonstrated by the 2D model is inferior to that of the 3D
counterpart. This variance can be ascribed to the absence of out-of-plane
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contacts in the 2D model. In contrast, within 3D models, stress redis-
tribution transpires not only along the dip direction of faults but also
along the strike direction. Future investigations could examine how the
additional dimension affects stress redistribution in the 3D model and
probe the disparities in stress redistribution between the 2D and 3D
models. Furthermore, in natural faults, gouge grains undergo crushing
during slip, with their size distribution adhering to a power law [81,82].
The intricate geometry of fault planes, irregular particle shapes, mineral
heterogeneity [83,84], and the chemical reactions of minerals during
shear also influence granular rearrangement [85]. Detailed studies
exploring how these factors affect stress redistribution in granular faults
could be conducted in the future.
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Fig. 14. The non-affine displacements and stresses of stick periods. The two stick examples are taken from the model where P = 28 kPa, V = 0.5 mm/s, and G = 4G
(marked in Fig. 6). (a) - (c) Spatial distributions of non-affine displacements, stress change and maximum shear stress of the short stick, respectively. (d) - (f) Spatial
distributions of non-affine displacements, stress change and maximum shear stress of the long stick, respectively.

5. Conclusions

In this study, we simulate granular faults under different loading
conditions. The increase in normal stress causes the granular faults to
exhibit more pronounced stick-slip events, as well as the occurrence of
fast slip events. When the shear velocity is much lower than the slip
velocity, the increase of shear velocity results in more prominent stick-
slip cycles, and the recurrence time of slip events is also shorter. Stiff
plates produce slip events with lower slip velocities but larger seismic
moments, and they also result in oscillatory shear force driven by stick-
slip cycles.

The plastic granular flow during shearing and the effects of loading
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conditions on it are also discussed. The granular plasticity is strongly
localized in small slips. In large slips, granular plasticity concentrates on
several areas. Granular plasticity is also strongly localized in short sticks,
whereas it is most homogeneous in long sticks. Higher normal stress,
higher shear velocity, or lower plate stiffness results in more intense
plastic flow of fault gouge during the slip phase, corresponding to faster
slip events. The stiff plates intensify particle plastic flow in the stick
phases and shorten the recurrence time. Due to the similar geometry of
numerical granular faults, the distribution of granular plasticity,
normalized by the total strain, is similar across all loading conditions.
The redistribution of stress in the thin granular gouge resulting from
plastic granular flow is analyzed. When a slip event occurs, the stress on
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Fig. 15. Relationship between the non-affine displacement and stress change. The four pictures here show the normalized probability density in four different
circumstances. The corresponding covariance error ellipses of the distribution of stress change and non-affine displacement are also plotted (magenta for particles on
stress chains and cyan for particles not on stress chains). (a) and (b) are for slips and sticks, respectively. To characterize the effects caused by plastic flow, the top
10% particles with large non-affine displacement in each slip event or stick period are extracted, and the other particles with lower non-affine displacement are
ignored. (c) and (d) ignore particles with low plasticity, and they are for slips and sticks, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 16. Diagram of stress evolution. When a strong stress chain fails, slip events occur, decreasing the stress on that chain. The induced plate motion, in turn,
increases the stress on nearby stress chains. On the contrary, in the stick phases, some stress chains rotate slightly to support the plates, and stress is built up on these
stress chains; the stress near the rotating stress chains decreases.
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