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Abstract 
The natural faults show a spectrum of slip modes due to different geological conditions. How the principal slip zones (PSZs) evolve in these 
faults remains a puzzle. Here, a series of numerically simulated sheared granular faults that incorporate breakable grains under different loading 
conditions (normal stress, shear velocity, and load stiffness) are adopted to explore the detailed evolution of PSZs. With the increased normal 
stress, the faults show more distinct stick-slip cycles, and the slip modes gradually switch from stable sliding to stick-slip. The faults produce 
larger slip events when the shear velocity increases to the scale of slip velocity of the slip events, and higher load stiffness tends to yield stable- 
sliding states. Additionally, when subjected to higher normal stresses, tenser shear localization in the granular gouge can be observed, and PSZs 
prefer to initiate from places further away from the plates and can expand more widely before entering a stable state. Also, when subjected 
to higher normal stress or lower shear velocity, the PSZs expand faster. However, the load stiffness has a minor influence on the development 
of PSZs. This paper illustrates the progression of PSZs under various loading conditions, providing a more comprehensive understanding of the 
formation and evolution mechanism of PSZs in sheared granular gouges. 
Keywords: sheared granular gouge; principal slip zone; breakable grains; load conditions; non-affine displacement; shear localization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

long-time shearing processes. Researchers have performed rel- 
evant studies in the laboratory. The shear localization in dif- 
ferent types of mineral gouge under different environmental 
conditions (e.g. normal stresses (Pozzi et al. 2023 ) and mois- 
ture (Rempe et al.2017 ; Demurtas et al.2019 )) were explored. 
How the pre-existing fractures influence the shear localization 
was also explored (McBeck et al. 2023a , 2023b , 2024 ). Re- 
searchers have also tested the frictional properties of gouges 
from PSZs of natural faults under varying temperatures, shear 
velocities, and pore fluid pressures (Lei et al. 2024 ). However, 
the fine grain size in PSZs merely reflects the present results of 
granular gouge breakage caused by accumulated shear strain. 
Limited by the current laboratory equipment, the detailed dy- 
namic evolution process of PSZs remains elusive. 

Numerical simulation of laboratory earthquakes can pro- 
vide more microscopic details than physical experiments; thus, 
it is a powerful tool to reveal the detailed evolution of PSZs. 
The discrete element method (DEM) is capable of simu- 
lating discontinuous granular materials and is also widely 
used in the numerical simulation of sheared granular gouges 
(Cundall & Strack 1979 ; Munjiza 2004 ; Yu 2004 ). Generally, 
since the microscopic mechanism in gouge is the main focus, 
the plates are usually simplified as rigid blocks in the numeri- 
cal model. Aharonov and Sparks (Aharonov & Sparks 1999 , 
2002 , 2004 ) simulated sheared circular granular gouges under 
different conditions (normal stresses, shear velocity, and gouge 
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1. Introduction 

According to seismic and geodetic observations (Rogers &
Dragert 2003 ; Ide et al. 2007 ; Shelly et al. 2007 ; Peng &
Gomberg 2010 ), natural faults show a spectrum of slip modes
ranging from regular earthquakes to slow earthquakes (Linde
et al. 1996 ; Obara 2002 ). The timescale of these slip modes
ranges from seconds to months. The slip behaviors of faults
are strongly controlled by the geological conditions (Scholz
1998 ). Besides the interplay of fault gouge frictional prop-
erties, the slip modes of faults are also governed by loading
conditions such as effective normal stress and the elastic stiff-
ness of surrounding rocks (Leeman et al. 2016 ). Laboratory
earthquakes, generated in simulated faults sheared at the lab-
oratory scale, are effective tools for probing into the slip be-
havior of faults (Marone 1998a , b ). A spectrum of slip modes
has also been reported on laboratory observations (Leeman
et al. 2016 ). 

No matter whether it is in the core of natural faults (Ben-
Zion & Sammis 2009 ; Ben-Zion & Zaliapin 2019 ; Park
et al. 2022 ) or the granular gouge in laboratory earthquakes
(Scuderi et al. 2017 ; Pozzi et al. 2019 ; Scuderi et al. 2020 ;
Pozzi et al. 2021 , 2022 , 2023 ), shear strain localizes in the
principal slip zone (PSZ) where the gouges are much finer than
other parts. The evolution of PSZs is closely related to the
catastrophic failure of faults, and a detailed study of it can help

unveil detailed micro dynamics in the fault cores subjected to 

Received: January 13, 2025. Revised: February 12, 2025. Accepted: March 28, 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of the SINOPEC Geophysical Research Institute Co., Ltd. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1093/jge/gxaf036
https://orcid.org/0000-0001-5634-605X
mailto:gaok@sustech.edu.cn
https://creativecommons.org/licenses/by/4.0/


744 Dai et al.

t  

t  

S  

a  

n  

e  

i  

l  

e  

2
 

t  

w  

M  

i  

f  

i  

a  

e  

e  

d  

m  

g  

c  

t  

q  

f  

i  

p  

f  

i  

u  

a  

u  

a  

p  

n  

i

2
2
T  

c  

b  

s  

b  

l  

i  

a  

m  

t  

k  

i  

i  

e  

l
 

s  

c  

p  

e  

P  

g  

t  

d  

i  

t  

t  

z  

f  

l  

e  

t  

o  

i  

b  

t  

r  

a  

s  

n  

0  

8  

t  

f
 

1  

1  

n  

g  

t  

i  

s  

t  

u  

t  

m  

u  

2  

e  

f  

s  

t  

j  

T  

t  

s  

k  

2  

a  

M
 

b  

S  

t  

r  

a  

t  

r  

g  

t  

o  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/jge/article/22/3/743/8100484 by guest on 14 M

ay 2025
hickness) using DEM. They demonstrated how these condi-
ions influence the shear localization in the granular gouge.
ome researchers set an initial gouge layer with fine grain size
nd found that the slip is prone to primarily accumulating
ear the boundary between grains with contrast sizes (Chen
t al. 2022 ; Hung et al. 2023 ). There are also researchers us-
ng breakable spherical gouge grains in their numerical simu-
ations to show how grain sizes evolve with shearing and its
ffects on the macroscopic properties of faults (Mair & Abe
008 ; Abe & Mair 2009 ). 
However, currently, when incorporating breakable grains,

he constructed grains in sheared granular gouge are mainly
ith regular shapes (rounded, triangular, etc.) (Guo &
organ 2006 , 2007 ), and large irregular grains are observed

n real fault gouge (Sammis et al. 1987 ; Billi 2005 ). There-
ore, constructing numerical sheared granular gouges contain-
ng granular grains with irregular shapes for further system-
tic explorations of how the loading conditions influence the
volution of PSZs is still needed, which may shed light on the
volution of PSZs in natural faults in different geological con-
itions. With the detailed granular data obtained from nu-
erically simulated sheared granular gouges with breakable
rains and the quantification of the granular plasticity (ac-
umulated dislocation between particles) using the so-called
erm “non-affine displacement” (Cubuk et al. 2017 ), we can
uantify the accumulated dislocation between particles in dif-
erent periods of shearing and compare in detail how the load-
ng conditions influence the evolution of PSZs. In this pa-
er, we conduct a series of simulations of sheared granular
aults that incorporate breakable grains under different load-
ng conditions to illuminate the evolution of PSZs. The gran-
lar plasticity inside the gouge is characterized by the non-
ffine displacement (an indicator of PSZs). The slip behaviors
nder different conditions are analyzed, and the slip events
re extracted and compared. Then, the evolutions of granular
lasticity under different loading conditions are compared. Fi-
ally, the mechanism of the formation and evolution of PSZs
s analyzed. 

. Methods 

.1. Granular fault system simulated by PFC 

he numerical simulations here are conducted using Parti-
le Flow Code (PFC) software (Itasca 2021 ), a tool capa-
le of modeling the dynamics and interactions among finite-
ized particles. In PFC, particles are represented as rigid
odies with discrete masses that move independently, al-
owing for both translational and rotational motions. The
nteractions between particles, mediated by contact forces
nd moments, are computed and updated through contact
echanics algorithms. By explicitly solving Newton’s equa-
ions of motion using DEM, PFC can capture the detailed
inematic behaviors of the particles. Consequently, PFC is
deally suited for simulating granular materials character-
zed by discrete bodies, making it a valuable tool for mod-
ling sheared fault systems incorporating granular gouge
ayers. 
In this study, we focus on investigating the behavior of

heared granular faults under varying loading scenarios, in-
luding normal stress, shear velocity, and load stiffness, as de-
icted in Fig. 1 . Our model configuration is inspired by the
xperimental setups employed by Scuderi et al. (2017 ) and
ozzi et al. (2022 ). To apply the shear force to the granular
ouge, we use rigid plates with defined roughness characteris-
ics. These plates are constructed from an array of eight rigid
isks, each with a radius of 250 μm, ensuring shear stress
s effectively acting on the gouge material. The top and bot-
om plates are subjected to equal but opposing normal stresses
o simulate realistic fault conditions. The load point is hori-
ontally translated at constant shear velocities, and the shear
orce is imparted to the top plate via an elastic spring. Simi-
arly, an elastic spring connects a stationary point to the left
dge of the bottom plate. These springs are integrated into
he model to mimic the accumulation and subsequent release
f elastic energy during shearing, with both springs sharing
dentical stiffness values. To increase the shear strain, periodic
oundary conditions are used. Only the 3-mm-wide zones in
he gouge center are analyzed to mitigate the influence of pe-
iodic boundaries. The reference model uses parameters such
s normal stress of 20 MPa, shear velocity of 0.1 m/s, and
tiffness of springs of 1.232 × 108 N/m. Then we change the
ormal stress (1, 10, 20, 30, and 40 MPa), shear velocity (0.01
.05, 0.1, 0.5, 1 m/s), and load stiffness ( k0 , 2 k0 , 4 k0 , 20 k0 and
0 k0 , k0 = 1.232 × 108 N/m, respectively) to explore how
hese loading conditions influence the microstates in granular
aults. 
The granular gouge, with a thickness of 2 mm, comprises

1 468 rigid disk particles with radii ranging from 10 to
5 μm. Approximately 39% of these particles are intercon-
ected through breakable bonds, creating a series of breakable
rains. When stretched or sheared, these bonds can sustain
ension and shear forces between particles, ultimately lead-
ng to failures if the tension or shear force exceeds their re-
pective strengths. Once a bond fails, it is removed, allowing
he initially bonded particles to move freely. The remaining
nbonded gouge particles can interact with their neighbors
hrough normal and frictional forces. We employ two distinct
odels to simulate the mechanical behavior of bonded and
nbonded particles: the linear parallel bond model (Holt et al.
005 ) and the linear model (Cundall & Strack 1979 ). The lin-
ar parallel bond model transits to the linear model on bond
ailure. A comprehensive demonstration of the model is pre-
ented in Text S1 in the Supplementary Material . We fine-tune
he microcontact parameters through iterative testing and ad-
ustment (detailed in Text S2 in the Supplementary Material ).
he macroscopic material properties, such as density, fric-
ion coefficient, Young’s modulus, Poisson’s ratio, tensile
trength, and uniaxial compression strength, are set to 2650
g/m3 , 0.65 GPa, 67.4 GPa, 0.08 MPa, 63.17 MPa, and
00.16 MPa, respectively. Additional microscopic parameters
nd details are provided in Table S1 in the Supplementary
aterial . 
To fabricate a more realistic model, we extract 400 grain

oundaries from images of a quartz gouge from the work of
cuderi et al. (2017 ). We then generate breakable grains using
he following procedure. (i) First, we import the shape of a
andomly selected grain and determine the effective diameter
nd centroid of this grain. (ii) We resize the grain’s geometry
o a randomly chosen effective diameter within the 40–60 μm
ange and then randomly rotate and reposition the scaled
rain within the model. (iii) We validate the random position
o ensure it does not overlap with previously placed grains
r has any nodes extending beyond the model boundaries.
iv) If the position is appropriate, we establish bonds between

https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
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Figure 1. 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 ∼2 mm. To avoid the influence of periodic boundaries, the granular quantities are only calculated for particles in the center area (cyan dashed 
rectangle). The 2D geometries of quartz minerals grains are extracted from images of a quartz gouge and imported into PFC to construct a more 
authentic model. The lower right corner is the illustration of the three groups of models for examining the influence of normal load P (first group, blue), 
shear velocity V (second group, red), and stiffness of springs k (third group, green). 
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particles within the grain’s geometry. We repeat steps (i)–(iv)
until we reach the desired proportion of bonded particles
within the model. 

The simulation encompasses four distinct stages: speci-
men preparation, heterogeneous model assembly, consolida-
tion, and shearing. In the first stage, we create samples by
populating the space between two plates with rigid disks of
varying radii ranging from 10 to 15 μm. This is achieved
by randomly placing overlapping disks and assigning them a
small stiffness, allowing them to interact and eventually fill
the entire space between the plates. Subsequently, we employ
the approach outlined in the previous paragraph to gener-
ate breakable grains and assemble these into heterogeneous
models. In the third stage, we utilize a servo control man-
ner (detailed in Supplementary Text S3 ) to gradually com-
press the gouge material until it attains the desired normal
stress level. Finally, we maintain a constant normal stress while
applying a shear force to the gouge through the load point
which moves at a constant velocity. The inertial numbers ( I )
of our models, calculated using the formula I = γ̇d /

√ 

P/ρ,
range from 10–10 to 10–7 , which falls below the threshold
of 10–3 , indicating that our systems operate in a quasi-static
shearing regime. This ensures that the shearing process is slow
enough to neglect inertial effects, allowing for a more accu-
rate simulation of the material’s response under shear. γ̇ is
calculated by 

γ̇ = V 

Hm 

, (1) 

where Hm 

is the height of the gouge ( ∼2 mm). 

2.2. Characterization of granular plasticity 

In granular physics, the granular plasticity of a particle reflects 
the dislocation between the particle and its neighbors. The 
granular plasticity can effectively show where the shear strain 
localizes in a sheared granular gouge. Then, the evolution of 
the PSZ can be depicted by the evolution of the localization 
of 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 fit affine transformation over 
the shear strain window �γ , that is, 

D2 
min (γ , �γ ) = 

1 
Ni 

Ni ∑ 

j 

∣∣r j (γ + �γ ) − ri (γ + �γ ) 

− J
[
r j (γ ) − ri (γ ) 

]∣∣2 , (2) 

where the subscript i denotes the designated particle, and the 
index j iterates over its Ni neighbors within a cutoff distance 

https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
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 relative to the reference particle i at ri ( γ ). Here, γ is the
acroscopic shear strain of the system at time t and is defined
s the ratio of the displacement at the load point to the thick-
ess of the gouge, and J is the best fit affine transformation
ensor that minimizes the quantity D2 

min . J can be calculated
sing the following equations: 

X =
Ni ∑ 

j 

[
r j (γ + �γ ) − ri (γ + �γ ) 

] ⊗ [
r j (γ ) − ri (γ ) 

]
, (3) 

Y =
Ni ∑ 

j 

[
r j (γ ) − ri (γ ) 

] ⊗ [
r j (γ ) − ri (γ ) 

]
, (4) 

J = X · Y−1 . (5) 

ere, D2 
min (γ , �γ ) can be deemed as the accumulation of par-

icle dislocation in the gouge from γ to γ + �γ and also indi-
ates the shear localization in the gouge. 
Then, the correlation function (Zou et al. 2021 ; Mei et al.

023 ) can be introduced to characterize the spatial distribu-
ion of granular plasticity (indicated by the non-affine dis-
lacement) in different states: 

C(�r ) =
(
〈 c (r + �r ) c (r ) 〉 − 〈 c (r ) 〉 2 

)
/
(〈
c2 (r ) 

〉 − 〈 c (r ) 〉 2 
)

, 

(6) 
hich calculates the correlation of non-affine displacement
t locations separated by mutual distance �r . Here, c ( r ) is
he non-affine displacement D2 

min (γ , �γ ) of the particle at
osition r , and c ( r +�r ) represents D2 

min (γ , �γ ) of particles
ith mutual distances �r to the particle at position r . The
orrelation function C ( �r ) can be a quantitative indicator
or comparing the spatial distribution of granular plastic-
ty of our simulated fault at different macroscopic stages. A
arger C ( �r ), indicating a stronger correlation, means that the
2 
min (γ , �γ ) has more similar values at the prescribed mutual
istance �r . 

.3. Characterization of slip events 
n each loading condition, the simulated granular fault can
roduce slip events with different characteristics. We extract
nd characterize these slip events to depict the macroscopic
roperties of the sheared granular faults. The slip events are
xtracted in the following steps. (i) Identifying slip phases: set
 threshold vthresh = 0.1 m/s; when the plate differential veloc-
ty (the half of the absolute value of the difference between the
op and bottom plate velocity) | �vp | > vthresh , the gouge will
e deemed as in the slip phase at this time stamp; otherwise, it
s in the stick phase. (ii) Defining a slip event: a group of con-
inuous time stamps with slip phases (not being interrupted by
ime stamps with stick phases) can be combined to compose
 slip event; among this time span, we temporarily take the
rst time stamp as the start of this slip event, and the last time
tamp as the end. (iii) Adjusting the time span of a slip event:
ccording to the change of | �vp | at the start or end time of a
lip event, find the time stamp when | �vp | increases from 0 and
hen | �vp | decreases to 0; take these two time stamps as the
ew start and end of the slip event. (iv) Connecting slip events:
fter the start and end time adjustment, some slip events may
ave overlapped time stamps; connect slip events with over-
apped time stamps and form a new slip event; take the start
f the first connected slip event as the start time of the new
vent and the end of the last connected slip event as the end
ime of the new event. 
After extracting each slip event, their seismic moments can

e calculated to reflect their magnitudes. The seismic moment
f a slip event is defined as 

M0 = μDS, (7)

here μ is the shear module of the granular system, which is
efined as the slope of the shear stress versus the shear strain
 �τ/ �γ ) in the linear increase stage of friction coefficient; D
s the accumulated plate differential displacement (the abso-
ute value of the difference between the top and bottom plate
isplacement) during the slip event; and S is the area of the
ault plane. 

. Results 

.1. General characteristics of simulated gouges 
he shear stresses of all simulated granular faults increase
early linearly before “stabilizing” around a certain value.
owever, during the stabilization stage, the faults under dif-

erent loading conditions show distinct characteristics (Fig. 2 ).
irst, we depict the general fault characteristics by the shear
tresses and the plate differential velocity | �vp |. For the models
ith different normal stresses, higher normal stresses result in
 longer linear increasing stage of shear stress; thus, the fault
lates sustain higher shear stresses before slipping relative to
ach other (Fig. 2 a). Additionally, higher normal stresses also
esult in more prominent stick-slip cycles after the linear in-
reasing stage of shear stress (Fig. 2 b). On the contrary, the
ower the normal stresses, the shorter the stick phases and the
ower the | �vp | in slip phases. For the lowest normal stress
sed here (e.g. 1 MPa), the granular fault even shows a stable-
liding state. The shear velocity at the load point also affects
he slip style of the granular faults (Fig. 2 c and d). Higher shear
elocities can result in higher | �vp | and longer duration of slip
hases. In the models with different load stiffnesses, when the
oad stiffness is higher, the plates begin to slip sooner with
maller shear displacements (Fig. 2 e) and are more prone to
table sliding (Fig. 2 f). Conversely, the faults with lower load
tiffness yield more obvious stick-slip cycles (Fig. 2 f). 
Slip events in each loading condition are also extracted and

nalyzed (see Section 2, Methods). The duration of a slip event
s the time difference between the end and start of the slip
vent. We use the maximum | �vp | of an event to denote its
lip velocity. With the increase of normal stress, we notice a
ransition of slip events from relatively slow to fast (Fig. 3 a).
he durations of slip events are longer and the slip velocity
s slower when the fault is subjected to lower normal stress,
nd vice versa. Specifically, higher normal stresses facilitate
he locking of granular gouge and fault plates, making it pos-
ible for longer stick phases and thus storing more elastic en-
rgy and producing more large events (Niemeijer et al. 2010 ;
eeman et al.2016 ; Aubry et al.2018 ). To more quantitatively
easure the magnitude of slip events that consider the shear
odule of the granular system, we draw the complementary
umulative distribution function (CCDF) of the seismic mo-
ents (Fig. 4 a). Faults under larger normal stresses can pro-
uce larger events. 
For the models subjected to small shear velocities (e.g. ≤

.1 m/s), the shear velocity barely influences the duration
nd slip velocity of the slip events (Fig. 3 b). When shear
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Figure 2. General results of the numerically simulated faults. (a) The evolution of shear stress for models subjected to different normal loadings. (b) The 
details of shear stress evolutions from displacements of 3.3 to 3.6 mm for some cases shown in (a). (c) The evolution of shear stress for models 
subjected to different shear velocities. (d) The details of shear stress evolutions from displacements of 3.3 to 3.6 mm for some cases shown in (c). (e) 
The evolution of shear stress for models subjected to different load stiffness. (f) The details of shear stress evolutions from displacements of 3.3 to 3.6 
mm for some cases shown in (e). 
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velocity increases to nearly the same level as the slip veloc-
ity of slip events, it can increase both the slip velocity and the
duration of slip events. The shear velocity has relatively less
influence on the stability of faults (Gao et al. 2020 ). How-
ever, when the shear velocity increases to near the magnitude
of the slip velocity of slip events, the energy input by the
load point during slip phases is considerable; thus, the dura-
tion and slip velocity of slip events increase. Therefore, when
the shear velocities are nearly the same level as slip events,
the increase in shear velocities can result in larger events
(Fig. 4 b). 
Regarding the load stiffness, larger load stiffness results 
in slip events with shorter duration and smaller slip velocity 
(Fig. 3 c). Faults with lower load stiffness can produce larger
slip events (Fig. 4 c). Larger load stiffness forces the top plate to
move at the same pace as the load point; thus, the stick phases
are generally shorter, and the faults tend to slide stably. 

3.2. Evolution of the principal slip zone 

In this section, we show how granular plasticity evolves with 
shearing. Here, the granular plasticity is quantified by the 
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Figure 3. The slip velocity of slip events versus the slip duration. (a) Slip events under different normal stress. Solid lines are fitted by the duration and 
slip velocity under different normal stresses, respectively. (b) Slip events under different shear velocities. Solid lines are fitted by the duration and slip 
velocity under different shear velocities, respectively. (c) Slip events under different load stiffness. The red arrow indicates increasing normal stress in (a) 
and shear velocity in (b). 

Figure 4. The CCDFs of seismic moments of slip events. (a) Slip events under different normal stress. (b) Slip events under different shear velocities. (c) 
Slip events under different load stiffness. The red arrow indicates increasing normal stress in (a), shear velocity in (b) and load stiffness in (c). 
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on-affine displacement (D2 
min (γ , �γ )) , and the distribution

f granular plasticity can reflect the evolution of the PSZ. �γ

or the calculation of non-affine displacement is set as 0.16,
hich is relatively small compared to the whole load displace-
ent but large enough to contain 10–20 stick-slip cycles. The
bsolute value of the displacement difference between the top
nd bottom plates is defined as plate differential displacement
 dp ) to denote the relative position of the two plates during
he shear. 
The granular plasticity of a typical model ( P = 20 MPa,
 = 0.1 m/s, and k = k0 ) at different plate differential dis-
lacements dp is shown in Fig. 5 . Because we focus more on the
omparison of the distribution pattern of granular plasticity
n different stages, the cloud maps (Fig. 5 a–e) show the distri-
ution of normalized non-affine displacement ( D2 

min /〈D2 
min 〉 ,·〉 denotes calculating the average value); the larger the val-

es of D2 
min /〈D2 

min 〉 , the more this particle dislocates with its
eighbors. In Fig. 5 f–j, we use an arithmetic sequence to di-
ide the y -axis into 15 equal layers and calculate the average
2 
min /〈D2 

min 〉 of particles for each layer. To describe the evolu-
ion of PSZ more quantitively, we calculate the estimated y of

SZ ( yPSZ ) by ypsz =
∑ 

yD2 
min /〈D2 

min 〉 ∑ 

D2 
min /〈D2 

min 〉 
(Fig. 6 a), where y is the y co-

rdinate of the centroid of each layer in Fig. 5 f–j, D2 
min /〈D2 

min 〉
s the average normalized non-affine displacement of each
 m  
ayer, and the variances of the average D2 
min /〈D2 

min 〉 of each
ayer at different dp are also calculated (Fig. 6 b). 
First, when the first slip event occurs (Fig. 5 a), the granular

lasticity localizes in the gouge layer near the loading plate
i.e. the top plate). As the shear goes, the localization gradu-
lly spans from the loading plate to the bottom plate (Fig. 5 b–
). Therefore, the breakable grains are crushed layer by layer.
orrespondingly, the yPSZ also shows an overall decreasing
rend with the increase of dp (Fig. 6 a). Second, with the in-
rease of dp , the localization in the granular fault decreases
Fig. 5 f–j). Variances of the average D2 

min /〈D2 
min 〉 of each layer

lso decrease with the increase of dp (Fig. 6 b), which means
 more homogeneous distribution of granular plasticity in the
ranular gouge. This is because, at higher dp , more breakable
rains are crushed; thus, a wider layer of small gouge parti-
les is generated, which can flow easier and transmit less force,
educing the localization. Then, the granular plasticity enters
 stable state and shows random distribution patterns in the
ayers where breakable grains have already been crushed. 
The breakage mechanism for all simulated faults here is the

ame. We conduct quantitative analyses on the granular plas-
icity at dp = 0.5 mm, where the PSZs start evolving but be-
ore entering the stable state (Fig. 7 ). Figure 7 parts a–c show
he probability density of the normalized non-affine displace-
ent under different normal stresses, shear velocities and plate
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Figure 5. Granular plasticity of a typical model ( P = 20 MPa, V = 0.1 m/s, and k = k0 ) at different plate differential displacements. �γ is taken as 0.16 for 
the calculation of non-affine displacement. (a)–(e) Cloud maps of normalized non-affine displacement ( D2 

min /〈D2 
min 〉 , 〈·〉 denotes calculating the average 

value) for the moments when the first slip event occurs, dp = 0.5, dp = 1, dp = 1.5, and dp = 2 mm, respectively. (f)–(j) The corresponding average 
values of normalized 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 D2 

min /〈D2 
min 〉 of particle for each layer. 
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Figure 6. Quantification of the shear localization at different plate differential displacement dp . (a) Estimated y of PSZs at different dp . (b) The variance of 
the average D2 

min /〈D2 
min 〉 of each layer in Fig. 5 f–j. The red line indicates the data, and the dashed black line is the overall trend fitted by the data. 

(a) (b) (c)

(d) (e) (f)

Figure 7. Probability density and spatial correlation of granular plasticity for models under different loading conditions from plate differential displacement 
dp = 0.5 mm to the moment the shear strain increased by �γ = 0.16. (a)–(c) Probably density of normalized non-affine displacement under different 
normal stress, shear velocity, and load stiffness, respectively, and (d)–(f) for the spatial correlations. 
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tiffnesses, respectively, and their distribution collapse into a
imilar pattern. The spatial correlations CD2 

min 
(r ) (see Section

, Methods) of granular plasticity under different load condi-
ions are shown in Fig. 7 d–f; they also display a very similar
attern. This is because the PSZs all initiate from places near
he loading plate and the grains are crushed layer by layer in
he simulated granular gouge here. 

.3. Effects of loading conditions on PSZs 
n this section, we show how the different loading conditions
nfluence the evolution of PSZs. Because the simulated faults
ndergo linear stages with different shear displacements and
he gouge particles are almost locked in the linear stages, we
ompare the granular plasticity at a plate differential displace-
ent dp = 0.5 mm where the PSZ starts evolving but does
ot enter a stable state. The parameters for the calculation of
he non-affine displacement are the same as that in the last
ection. 
The normal stress influences granular plasticity the most,

nd the corresponding granular plasticity distribution is
hown in Fig. 8 . Higher normal stresses can intensify the shear
ocalization (sharper tips of curves in Fig. 8 f–j), and the local-
zation position deviates more from the loading plate. Corre-
pondingly, the yPSZ tends to be lower at higher normal stress
Fig. 9 a), and the variances of the average D2 /〈D2 〉 of
min min 
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Figure 8. Granular plasticity in the granular gouge under different normal stresses at plate differential displacement dp = 0.5 mm. (a)–(e) Cloud maps of 
normalized non-affine displacement ( D2 

min /〈D2 
min 〉 , 〈·〉 denotes calculating the average value) for the model with 1, 10, 20, 30, and 40 MPa normal 

stresses, respectively. (f)–(j) The corresponding average values of normalized 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 D2 

min /〈D2 
min 〉 of particle for each layer. 
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Figure 9. Quantification of the shear localization at different load conditions. (a) Estimated y of PSZs at different normal stresses. (b) Variance of the 
average D2 

min /〈D2 
min 〉 of each layer in Fig. 8 f–j. (c) Estimated y of PSZs at different shear velocities. (d) Variance of the average D2 

min /〈D2 
min 〉 of each layer 

in Fig. 10 f–j. (e) Estimated y of PSZs at different load stiffnesses. (f) Variance of the average D2 
min /〈D2 

min 〉 of each layer in Fig. 11 f–j. The red line indicates 
the data, and the dashed black line is the overall trend fitted by the data. 
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ach layer tend to increase with the increase of normal stress
Fig. 9 b). Tenser shear localization in granular gouges with
igher normal stresses means more particles are locked and
an transmit shear force more efficiently, which increases the
fficiency of the breakage process of grains. Thus, before en-
ering a stable state, localization positions are further from
he top loading plate in granular gouges under higher normal
tresses at the same dp . We also find relatively intact grains
ear the loading plate in faults with higher normal stresses
 Figs S2 and S3 in the Supplementary Material ), which indi-
ates that higher normal stresses tend to initialize PSZs slightly
urther from the plate. Additionally, the faults with higher nor-
al stresses enter a stable state at higher dp , which means the
rushed layers are also thicker in faults with higher normal
tress. 
The shear velocity also affects the evolution of plasticity,

nd corresponding granular plasticity is shown in Fig. 10 .
ranular faults subjected to smaller shear velocities have
hear localization positions further away from the loading
late. Correspondingly, the yPSZ tends to be lower at lower
hear velocity (Fig. 9 c), and the variances of the average
2 
min /〈D2 

min 〉 of each layer do not have an obvious variation
rend with the variation of shear velocity (Fig. 9 d). Combined
ith the situation that the breakable grains are crushed layer

https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
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Figure 10. Granular plasticity in the granular gouge under different shear velocities at plate differential displacement dp = 0.5 mm. (a)–(e) Cloud map of 
normalized non-affine displacement ( D2 

min /〈D2 
min 〉 , 〈·〉 denotes calculating the average value) for the model with 0.01, 0.05, 0.1, 0.5, and 1 m/s shear 

velocity, respectively. (f)–(j) The corresponding average values of normalized 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 D2 

min /〈D2 
min 〉 of particles for each layer. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jge/article/22/3/743/8100484 by guest on 14 M

ay 2025



754 Dai et al.

b  

w  

m  

l  

r  

v  

i  

a  

b  

e  

(  

t  

w  

t  

o  

l  

o  

l  

s  

u  

A  

a  

u  

e  

i  

a  

l  

c

4
4
W  

t  

fi  

s  

g  

r  

f  

g  

A  

g  

i  

t  

u  

d  

v  

c  

i  

n  

a
 

t  

g  

m  

s  

p  

&  

p  

a  

t  

a  

s  

d  

c  

g  

t  

f  

b
 

o  

l  

t  

b  

t  

h  

a  

c  

d  

s  

f  

b

4
T  

t  

h  

g  

p  

i  

i  

c  

T  

t  

F  

r  

c  

e  

t  

e  

t  

i  

m  

g
 

r  

a  

T  

L  

l  

a  

t  

t  

e  

c  

e  

m  

P  

t  

e
 

s  

n  

e  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/jge/article/22/3/743/8100484 by guest on 14 M

ay 2025
y layer, we can infer that, before entering a stable state and
ith the same increase of dp , the shear localization positions
ove further away from the load plate in the model with

ower shear velocities. Therefore, lower shear velocities cor-
espond to a higher grain crush efficiency. However, the shear
elocity barely influences the degree of localization (Fig. 9 d),
nitial position, or the thickness of PSZ at stable states ( Figs S2
nd S3 ). Although load stiffness can influence the macroscopic
ehaviors of granular faults, we cannot find a clear influ-
nce on the evolution of plasticity produced by load stiffness
 Figs S2 and S3 , and Fig. 11 ). In Fig. 9 e–f, both the yPSZ and
he variances of the average D2 

min /〈D2 
min 〉 of each layer have a

eak increasing trend with the increase of load stiffness, but
he trend is weaker than that under different normal stresses
r different shear velocities, and we cannot see an obvious evo-
ution pattern in the cloud map of plasticity (Fig. 11 ) than that
f models under different normal stresses (Fig. 8 ) or shear ve-
ocities (Fig. 10 ). This is probably because the granular faults
ubjected to higher load stiffness tend to slide stably, but gran-
lar faults with lower load stiffness undergo stick-slip cycles.
 stable-sliding fault can maintain the granular gouge at an
ctive stage, thus saving energy that will reaccelerate the gran-
lar gouge compared to the fault with stick-slip cycles. How-
ver, on the other hand, in stable-sliding granular faults, more
nput energy is needed to maintain the granular gouge in an
ctive state compared to stick-slip ones. Therefore, higher or
ower load stiffness has both positive and negative effects on
rushing breakable grains. 

. Discussion 

.1. Explanation of the evolution of PSZs 
e draw a diagram in Fig. 12 to demonstrate why and how

he loading conditions influence the initiation, evolution, and
nal states of PSZs. At the initiation of PSZ, higher normal
tresses increase the confinement of plates on the granular
ouge; thus, more particles near the plate are locked. As a
esult, the PSZs initiate from layers slightly further away
rom the load plate, and the shear localization is also tenser in
ranular faults subjected to higher normal stresses (Fig. 12 a).
haronov & Sparks (2002) simulated a sheared granular
ouge under different normal stresses using DEM; with the
ncrease of normal stress, the flow of the granular gouge
ransits from fluid mode to solid mode, which means that
nder higher normal stresses, a wider layer of particles will be
riven and move with the plates in a similar pace; the average
elocity of particles of each layer manifests a more abrupt
hange. Similarly, under higher normal stresses, in our model
ncorporating breakable grains here, the gouge in the layer
ear the plate is locked and it transmits shear force efficiently
fter some weaker bonds are broken. 
Higher normal stresses can also expand the PSZs further at

he same plate differential displacement ( dp ) due to the locked
ouge in the layer near the plates (Fig. 12 b). Besides the nor-
al stresses, lower shear velocity can also increase the expan-
ion rate (Fig. 12 b) (note here that the expansion rate is com-
ared at the same plate differential displacement). Ferdowsi
 Rubin (2021) found that the rearrangement of particles in
ure elastic granular materials can produce frictional healing
t the hold process in the slide-hold-slide test. Therefore, in
he granular faults with lower shear velocity, the stick phases
re much longer in time than the granular faults with higher
hear velocities, and the faults can heal to a higher strength
ue to more compacted granular particle layers. With the in-
rease of dp , more layers of grains are crushed, leaving the
ranular gouge easier to flow. Thus, with the increase of dp ,
he efficiency of the granular gouge in transmitting the shear
orce decreases, and the shear localization phenomenon also
ecomes less obvious (Fig. 12 b). 
Finally, with the increase of dp and the decrease in efficiency

f the granular gouge to transmit the shear force, the granu-
ar plasticity enters a stable state and shows random distribu-
ion patterns in the layers where breakable grains have already
een crushed (Fig. 12 c). The stable state does not mean that
he grains will stop being broken, but the position with the
ighest granular plasticity is not the layer where the grains
re crushed anymore, and the expansion rate of PSZ has de-
reased a lot. Higher normal stresses also result in wider PSZs
ue to more confinement from plates on the gouge; thus, more
hear force can be transmitted (Fig. 12 c). The PSZ in natural
aults may also undergo a similar evolution process influenced
y the loading conditions. 

.2. Comparison and limitation 

o investigate the intricate evolution of shear structures and
he consequences of grain fragmentation, former researchers
ave incorporated breakable grains within their numerical
ranular gouge models. Specifically, some scholars have em-
loyed large, breakable spherical gouge grains in their numer-
cal simulations. Each of these grains comprises hundreds of
nterconnected gouge particles, held together by bonds that
an break (Abe & Mair 2005 , 2009 ; Mair & Abe 2008 ).
his modeling approach is particularly adept at elucidating
he dynamic changes in grain size during the shearing process.
urthermore, Guo & Morgan (2006) constructed grains with
ounded and triangular morphologies by interconnecting cir-
ular particles with breakable bonds. This endeavor aimed to
xamine the influence of grain shape on the frictional charac-
eristics of granular faults. Their models explain certain sci-
ntific points related to the gouge grain breakage but neglect
he complex shape of the grains. Here, with the aid of gouge
mages, we construct large irregular breakable grains in our
odel whose shapes of the grain are more similar to a real
ouge for further study. 
Typically, gouge materials are relatively fine granular mate-

ials characterized by a self-similar grain size distribution with
 fractal dimension of ∼2.6 (Sammis et al. 1987 ; Billi 2005 ).
he material can contain a significant number of fine particles.
imited by the computational efficiency, here we just construct
arge breakable grains. The diameters of basic particles here
re within 10–15 μm, which is also larger than the fine par-
icles in the real gouge. Therefore, at the same normal stress,
he PSZs are wider than those of the real experiments (Pozzi
t al. 2023 ). However, the results that higher normal stress
auses wider PSZs are consistent in both our model and real
xperiments. Furthermore, with the aid of non-affine displace-
ent, our numerical model shows the detailed expansion of
SZs with the increase of shear displacement. We also change
he shear velocities and load stiffness for a more systematic
xploration. 
It is worth mentioning that in our model, the shear bands

uch as R shear and P shear, which commonly exist in the
atural fault (Bally 1983 ; Collettini et al. 2011 ; Okubo
t al. 2019 ) or the sheared granular gouge in the laboratory
Mair & Marone 1999 ; Yao et al. 2016 ; Scuderi et al. 2017 ;

https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data
https://academic.oup.com/jge/article-lookup/doi/10.1093/jge/gxaf036#supplementary-data


Evolution of principal slip zone in sheared granular faults 755

Figure 11. Granular plasticity under different loading stiffness from plate differential displacement dp = 0.5 mm to the moment the shear strain 
increased by �γ = 0.16. (a)–(e) The cloud maps of normalized non-affine displacement ( D2 

min /〈D2 
min 〉 , 〈·〉 denotes calculating the average value) for the 

model with k0 , 2 k0 , 4 k0 , 20 k0 , and 80 k0 load stiffness, respectively, and (f)–(j) are the corresponding average values of normalized non-affine 
displacement along the y -axis, respectively. We use an arithmetic sequence to divide the y -axis into 15 equal layers and calculate the average 
D2 

min /〈D2 
min 〉 of particles for each layer. 
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Figure 12. Diagrams of how the loading conditions influence the formation of PSZs. (a) Higher normal stress imposes more confinement on the gouge, 
which initializes the PSZ from places further to the plate and makes the shear localization denser where the grains are breaking. Some weaker grains, 
due to the composition of weaker minerals or defects of geometry, will also be crushed in the area above PSZ before they are locked and transmit shear 
force efficiently. (b) Higher normal stress or lower shear velocity can increase the expansion rate of PSZ. Note that the expansion rate is compared under 
the same differential plate displacement, not the time. With the increase of differential plate displacement, the shear localization decreases. (c) Higher 
normal stress makes the PSZ expand to a further location. After the PSZ enters a stable state, more random distribution patterns of granular plasticity 
occur in PSZs. 
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imura et al. 2022 ; Pozzi et al. 2022 ), are not obvious. Owing
o the limitations of the constitutional model of our numerical
imulations, rigid disks cannot break into smaller fragments.
he granular plasticity captures the dislocation between
ouge particles, and most dislocation is accumulated in the
SZs. Therefore, R shear and P shear, which have an angle
ith the shear direction, can barely be reflected by the granu-
ar plasticity. High-resolution numerical models that consider
lasticity in mechanics in the future may show the evolu-
ion of all kinds of shear structures. A more comprehensive
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constituted model that takes the fluid pressure, thermal, and
chemical effects into account should be developed in the
future. 

5. Conclusions 
In this paper, we have performed a series of numerical simu-
lations of sheared granular faults that incorporate breakable
grains to show the evolution of PSZs. With the increase of nor-
mal stress, the faults show more distinct slip modes, and the
slip modes change from stable-slide to stick-slip. This is caused
by higher normal stresses facilitating the interlock of granular
particles, which produces longer stick phases. Although the
increase of shear velocity barely influences the duration and
velocity of slip events when slip velocities are low, when shear
velocity is increased to a value similar to the slip velocity of
slip events, the large shear velocity results in larger slip events.
Higher load stiffnesses impose stronger connections between
the load point or fixed point and the plates; thus, the stick
phases in which the plates have no relative motion are inhib-
ited by higher load stiffness, and the faults tend to be in stable-
sliding states with the increase of load stiffness. Overall, the
general characteristics of the simulated faults are consistent
with those of previous works. 

The granular grains are crushed layer by layer from places
near the loading plate, and the distribution and spatial
correlations are similar in all simulated faults when the
PSZs start to form. The higher granular plasticity local-
izes at layers in which the grains are being crushed. Then,
the shear localization decreases with the increase of plate
differential displacement because finer granular gouges
can rearrange them more easily. Finally, the faults enter a
stable state due to crushed grains in more layers, which
decreases the ability of the granular gouge to transmit shear
force. 

Normal stresses can influence the evolution of PSZs the
most. Higher normal stresses increase the confinement from
plates on the granular gouge, which causes tenser shear
localization in the granular gouge; thus, PSZs initiate from
layers further away from the plates and can expand more
widely before entering a stable state. Higher normal stresses
also result in higher stresses inside the gouge. Therefore, the
PSZs expand faster under higher stresses in the same plate
differential displacement. Shear velocity can also influence
the evolution of PSZs. PSZs in faults subjected to lower shear
velocities expand faster due to lower shear velocities that
provide more time for granular gouges to heal in stick phases.
Although the load stiffness can influence the macroscopic
properties of faults, its influences on the evolution of PSZs are
minor. 

Supplementary data 

Supplementary data is available at Journal of Geophysics and
Engineering online. 
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