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Key Points:
• We simulate the stick-slip dynamics in
weakly wet, polydisperse granular
fault gouge to illuminate underlying
physics using 3-D DEM
• Longer slip recurrence times and
higher stress drops are observed in
wet fault gouge due to cohesive
forces between wet particles
• Presence of liquid stabilizes shearing
by increasing particle coordination
number, enabling the system to make
stronger force networks

Cohesion-Induced Stabilization in Stick-Slip Dynamics
of Weakly Wet, Sheared Granular Fault Gouge
Omid Dorostkar1,2,3
and Jan Carmeliet1,2

, Robert A. Guyer4,5, Paul A. Johnson4

, Chris Marone6

,

1

Chair of Building Physics, Department of Mechanical and Process Engineering, Swiss Federal Institute of Technology
Zurich (ETH Zurich), Zurich, Switzerland, 2Laboratory for Multiscale Studies in Building Physics, Swiss Federal Laboratories
for Materials Science and Technology (Empa), Dübendorf, Switzerland, 3Department of Civil, Environmental and Geomatic
Engineering, Swiss Federal Institute of Technology Zurich (ETH Zurich), Zurich, Switzerland, 4Solid Earth Geophysics Group,
Los Alamos National Laboratory, Los Alamos, NM, USA, 5Department of Physics, University of Nevada at Reno, Reno, NV,
USA, 6Department of Geosciences, Pennsylvania State University, University Park, PA, USA

Abstract We use three-dimensional discrete element calculations to study stick-slip dynamics in a weakly
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wet granular layer designed to simulate fault gouge. The granular gouge is constituted by 8,000 spherical
particles with a polydisperse size distribution. At very low liquid content, liquids impose cohesive and viscous
forces on particles. Our simulations show that by increasing the liquid content, friction increases and granular
layer shows higher recurrence time between slip events. We also observe that slip events exhibit larger
friction drop and layer compaction in wet system compared to dry. We demonstrate that a small volume of
liquid induces cohesive forces between wet particles that are responsible for an increase in coordination
number leading to a more stable arrangement of particles. This stabilization is evidenced with 2 orders of
magnitude lower particle kinetic energy in wet system during stick phase. Similar to previous experimental
studies, we observe enhanced frictional strength for wet granular layers. In experiments, the physicochemical
processes are believed to be the main reason for such behavior; we show, however, that at low conﬁning
stresses, the hydromechanical effects of induced cohesion are sufﬁcient for observed behavior. Our
simulations illuminate the role of particle interactions and demonstrate the conditions under which induced
cohesion plays a signiﬁcant role in fault zone processes, including slip initiation, weakening, and failure.

1. Introduction
Fault gouge, the core of faults, generally contains granular materials created by wear, fragmentation, and
comminution of surrounding wall rock (Collettini et al., 2009; Engelder, 1974; Marone, 1998; Marone et al.,
1990; Shimamoto, 1979). The frictional properties of fault gouge and their evolution with shear govern key
aspects of earthquake failure and the seismic cycle (Scholz, 1998; Scholz et al., 1972). In addition, the role
of ﬂuids is crucial in faulting physics, as shown from ﬁeld work and highlighted in lab studies under a range
of saturation states (De Paola et al., 2011; Mitchell & Faulkner, 2012; Scuderi et al., 2014, 2015; Scuderi &
Collettini, 2016; Sibson, 1996) and numerical simulations (Dorostkar et al., 2017a, 2017b; Dorostkar,
Johnson, et al., 2017).
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Fluids inﬂuence mechanical and chemical aspects of faulting processes. Fluid-assisted mechanisms such as
fault healing, pressure dissolution, and precipitation as well as hydrolytic weakening and fault lubrication
dictate key aspects of fault mechanics. These processes have drastic inﬂuence on frictional properties of granular fault gouge and are able to change the characteristics of slip instabilities (Bos & Spiers, 2002; Niemeijer
et al., 2008, 2010; Niemeijer & Spiers, 2006; Niemeijer et al., 2002; Pluymakers & Niemeijer, 2015; Renard et al.,
2012; Scuderi et al., 2014; Tenthorey & Cox, 2006; Visser et al., 2012; Yasuhara et al., 2003, 2005; Zhang &
Spiers, 2005; Zheng & Elsworth, 2013). Frictional properties are also found to be dependent on relative
humidity and the mineral components in rock and other materials (Dieterich & Conrad, 1984; Frye &
Marone, 2002). Frictional healing is recognized as combination of time-, displacement-, and velocitydependent processes associated with fault restrengthening affecting the evolution of contact area at particle
junctions (Chester, 1994; Dieterich & Kilgore, 1994; Ruina, 1983). For weakly wet granular gouge, Scuderi et al.
(2014) found a systematic increase in maximum friction, frictional healing rate, and stick-slip friction drop by
increasing relative humidity and that the evolution of contact area depends inversely on slip velocity and
directly on relative humidity.
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Numerical modeling is an asset for understanding the underlying physics of granular shear (e.g., Dorostkar &
Mirghasemi, 2016; Dorostkar et al., 2017a, 2017b; Dorostkar, Johnson, et al., 2017; Kothari & Elbanna, 2017;
Lieou et al., 2015; Pál et al., 2016). Moreover, numerical and analytical models provide a means to scale
process-based models and laboratory results to tectonic scale. Numerical tools can provide grain scale information that helps to better understand the underlying physics of granular ﬂow. One of the purposes of this
paper is to explicitly investigate the mechanical rock interactions at the scale of grains within fault gouge. We
compare dry and wet cases under identical conditions and analyze differences in terms of particle scale factors such as contact forces, capillary forces, coordination number, and other microscale parameters, in many
cases building on our recent works (e.g., Dorostkar et al., 2017a, 2017b; Dorostkar, Johnson, et al., 2017).
In this paper, we study the hydromechanical effect of liquids on stick-slip dynamics in granular fault gouge.
To simulate the presence of liquid at low saturation degree (pendular regime), in which isolated capillary
bridges are formed between particles (Bocquet et al., 2002; Khamseh et al., 2015; Mitarai & Nori, 2006;
Richefeu et al., 2007; Wang et al., 2017), we employ the capillary bridge model of Soulié (Soulié, Cherblanc,
et al., 2006; Soulié, El Youssouﬁ, et al., 2006) that has been validated with experimental results (Gabrieli
et al., 2012; Soulié, Cherblanc, et al., 2006; Soulié, El Youssouﬁ, et al., 2006). We also implement in our granular
model viscous forces derived from lubrication theory (Goldman et al., 1967; Nase et al., 2001). We study the
inﬂuence of capillary cohesion on the characteristics of slip instabilities including stick-slip recurrence time,
stress drop, and fault layer compaction. We answer the question of “what are the effects of induced cohesion
in weakly wet granular layer on stick-slip dynamics and how these effects scale with level of conﬁning stress.”
We characterize these effects with particle scale metrics. We study conditions that include large shear displacements to gather sufﬁcient stick-slip cycles for statistical analysis. Finally, we analyze how at grain scale the
presence of liquid at low liquid contents can change the mechanical characteristics of contacts and how this
is manifested in macroscale response. Although our focus in this study is on granular fault gouge, our observations can be inspirational for many geophysical phenomena including landslides and earth surface processes that involve granular physics.

2. Numerical Model
We use discrete element method (DEM) to model a granular layer representing a granular fault gouge. DEM
was ﬁrst introduced by Cundall and Strack to solve problems in rock mechanics (Cundall & Strack, 1979) and
widely used in different ﬁelds in recent decades. The discrete nature of DEM enables grain scale analysis
understanding the underling physics of phenomena especially for problems in geomechanics. In DEM,
particles are tracked, and by considering the force balance, the equation of motion is solved for individual
particles. The translational and angular equations of motion solved in DEM are presented as:


X
d
F pi ¼ mpi
(1)
upi ;
dt


X
d
T pi ¼ Ipi
(2)
ωpi ;
dt
where mpi, Ipi, upi, and ωpi are mass, moment of inertia, and translational and angular velocities of particle i
and Fpi and Tpi are forces and torques on particle i from particle-particle contacts, respectively. The
particle-particle contact in DEM is modeled by combination of several rheological elements, that is, spring,
dashpot, and slider, as is shown in Figure 1. In soft sphere DEM, overlap between particles is allowed and
the normal and tangential contact forces are calculated as follows (Di Renzo & Di Maio, 2004):
F pn ¼ k pn δεpn þ cpn δupn ;

n
o

 t
F pt ¼ min k pt ∫tc;0 δupt dt þ cpt δupt ; μc F pn ;

(3)
(4)

where kpn and kpt are the normal and tangential spring stiffness, cpn and cpt are the normal and tangential
damping coefﬁcients, δεpn is the overlap, δupn and δupt are the relative normal and tangential velocities of
two particles in contact, and μc is the interparticle friction coefﬁcient, respectively. The integral term in equation (4) shows an incremental spring that stores energy based on relative elastic tangential deformation of
particle surface since the time when particles touched each other, tc,0. If the Coulomb criterion is not met,
the damping part in equation (4) is added to the tangential force component.
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Figure 1. A schematic of structure of connected rheological elements representing a typical particle-particle contact model implemented in discrete
element method algorithm. Elastic springs are denoted by kpn and kpt in
normal and tangential directions, respectively. Contact dampers in normal
and tangential directions are shown by dashpots, cpn and cpt, respectively. A
slider denoted by μc controls the frictional limit according to the Coulomb
friction law.

10.1002/2017JB015171

In order to capture particle scale nonlinearity, we use the nonlinear
Hertzian contact law. In this particle-particle contact law, the spring
stiffness and the coefﬁcient of damping are function of particle material
properties and the overlap between particles (Di Renzo & Di Maio, 2004;
Hertz, 1882) and the normal and tangential contact forces are calculated as:
4 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k pn ¼ Y  R δεpn ;
(5)
3
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(6)
k pt ¼ 8 G R δεpn ;
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
rﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5
lnðr Þ
 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  2Y  R δεpn m ;
(7)
cpn ¼ 2
6
ln2 ðr Þ þ π 2
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ﬃ
5
lnðr Þ

 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  8 G R δεpn m ;
cpt ¼ 2
(8)
6
ln2 ðr Þ þ π 2
where r is the restitution coefﬁcient. In equations (5) to (8), Y*, R*, G*, and m*
are the equivalent Young’s modulus, radius, shear modulus, and mass for
the two particles in contact, calculated as:

 

1  υ21
1  υ22
1
¼
þ
;
(9)
Y
Y1
Y2

1
2ð2  ν1 Þð1 þ ν1 Þ 2ð2  ν2 Þð1 þ ν2 Þ
¼
þ
;
G
Y1
Y2
1
1
1
¼ þ ;
R R1 R2
1
1
1
¼
þ
;
m m1 m2

(10)
(11)
(12)

where subscripts 1 and 2 denote the two particles in contact and υ is the poison ratio of particle.
We compare shear of dry granular particles with that of wet particles where a liquid ﬁlm surrounds each
particle and isolated capillary bridges may form between pairs of particles (Figure 2). For unsaturated cases
and at low liquid content, capillary bridges may form between unequal size particles (R1, R2) with neck radius
size of y0 and interparticle distance of s (Figure 2c). The Laplace-Young equation describes the pressure
difference of the capillary bridge (Soulié, El Youssouﬁ, et al., 2006):
0
3=2
Δp 
1 þ y 2 ðx Þ
0
00
1 þ y 2 ðx Þ
 y ðx Þ ¼ 0;
þ
(13)
σ
y ðx Þ
where Δp = Pgas  Pliquid is the pressure difference across the gas-liquid interface, σ is the surface tension of
liquid, and the y coordinate describes the liquid bridge proﬁle across the x axis (Figure 2c).

Figure 2. (a and b) The images show schematics of dry and wet granular particles. A liquid ﬁlm is formed around each particle, and capillary bridges exist in the
pendular state. (c) A capillary bridge with neck radius y0 between two particles of radius R1 and R2 and a separation distance of s.
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Figure 3. The granular fault gouge after the initial shear stage and before start of stick-slip dynamics. The color-coding shows total displacements (resultant of three
components) of particles. The particle diameter ranges between 90 and 150 μm. A vertical load conﬁnes the layer (z direction) and remains constant during
simulation. A displacement control mechanism is employed to shear the sample in x direction with constant velocity of 600 μm/s (image produced with the open
source visualization tool OVITO; Stukowski, 2010).

The resultant force due to presence of liquid bridge consists of contributions from both the surface tension
and the gas-liquid pressure difference and can be calculated at the gorge, for the neck radius of y0 (Soulié, El
Youssouﬁ, et al., 2006):
F ¼ 2πy 0 σ þ πy 0 2 Δp:

(14)

For DEM modeling, the capillary bridge force needs to be expressed explicitly as function of local geometrical
and physical parameters (Soulié, El Youssouﬁ, et al., 2006). The equation describing this force is (Soulié, El
Youssouﬁ, et al., 2006):


pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
S
F ¼ πσ R1 R2 c þ exp a þ
þb ;
(15)
Rmax
where Rmax is the larger radius of two particles in contact (Rmax = max {R1, R2}) and S is the interparticle distance (Figure 2c), respectively. Coefﬁcients a, b, and c are deﬁned as:
 0:53
V
a ¼ 1:1 3
;
(16)
R

b¼

0:148 ln

 

 
V
V
2

0:96
θ
þ 0:48;

0:0082
ln
R3
R3

 
V
c ¼ 0:0018 ln 3 þ 0:078:
R

(17)

(18)

In equations (16) to (18), V is the liquid bridge volume and θ is the contact angle, respectively. The bridge
formation occurs upon contact of liquid ﬁlms, and the rupture distance at which the bridges are broken is
deﬁned as proposed by Lian et al. (1993):
Drupture ¼ ð1 þ 0:5θÞV 1=3 ;

(19)

where the volume of liquid bridge is calculated as V = 0.05(Vi + Vj), in which Vi and Vj are the initial volume of
liquid around each particle. In our simulations, the volume of liquid around each particle is initially deﬁned
and the bridge forms upon contact of two particles. The volume of liquid bridge will be evenly distributed
between two particles after breakage of bridge, and the total volume of liquid in the sample will be
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Table 1
Material and Simulation Properties
Property
Sample size
Particle density
Particle diameter
Particle Poisson ratio
Particle Young’s modulus
Particle friction coefﬁcient
Particle restitution coefﬁcient

Value

Property

Value

11 * 1.5 * 0.8 mm
3
2,900 kg/m
90–150 μm
0.25
65 GPa
0.5
0.87

Conﬁning stress
Shear velocity
Time step
Number of particles
Liquid surface tension
Liquid-grain contact angle
Liquid viscosity

0.3–3 MPa
600 μm/s
9
10 s
8,000
72 mN/s
0
3
10 Pa·s

constant (Soulié, El Youssouﬁ, et al., 2006). This model automatically instantiates a scalar transport equation
that is solved for the surface liquid content of each particle, which is assumed to be small with no effect on
the particle mass, diameter, and density (Kloss et al., 2012).

Figure 4. Representative runs of (a) friction coefﬁcient, (b) kinetic energy, (c) layer thickness, and (d) average coordination number for dry and wet samples of 0.6%
volumetric liquid content and conﬁning stress of 300 kPa. The red squares in (a) show two points selected for contact force analysis in Figure 6.
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Wet particles counter additional viscous forces that are resistant to their
motion. These viscous forces are derived from lubrication theory (details
of derivation can be found in Goldman et al. (1967)). The viscous forces acting on particles are (Nase et al., 2001):

F vt ¼

R
F vn ¼ 6πμR ϑ n ;
S



8
R
ln þ 0:9588 ;
6πμR ϑ t
15
S

(20)
(21)

with
1
1
1
¼ þ ;
R R1 R2

(22)

where F vn and F vt are the normal and tangential viscous forces, ϑ n and ϑ t
are the normal and tangential relative velocities of two particles in contact,
μ is the liquid viscosity, and R* is the equivalent radius, respectively. We use
properties of water, that is, viscosity of 0.001 Pa·s and surface tension of
72 mN/m. The contact angle of water with the grain is assumed to be zero.
The granular layer contains 8,000 spherical particles that constitute the
layer of simulated fault gouge (Figure 3). Periodic boundary conditions in
the x direction allow for large displacements in the stick-slip regime, and
as a result, many stick-slip cycles can be analyzed. As is shown in
Figure 3, before the start of the stick-slip regime, the granular layer has
undergone a large displacement where the entire granular sample is
sheared. Frictionless walls in front and back are used avoiding rigid boundary conditions. Particles are generated randomly with a polydisperse particle size distribution ranging between 90 and 150 μm similar to the
experiment (e.g., Scuderi et al., 2014).
Figure 5. Log-log plot of friction coefﬁcient drop versus granular layer compaction for (a) dry and (b) wet samples for large number of slip events.

The granular sample is conﬁned under a constant conﬁning stress of 0.3 or
3 MPa vertically (z direction in Figure 3) and sheared with a velocity of
0.6 mm/s horizontally (x direction in Figure 3). This loading conﬁguration is chosen based on a phase-space
study ﬁnding conﬁning load and shear velocity range in which the granular layer undergoes stick-slip
dynamics in a similar way to our recent works (Dorostkar et al., 2017a, 2017b).
The sample size is sufﬁciently large, 11 × 1.5 × 0.8 mm3, to have a proper 3-D force conﬁguration (Ferdowsi,
2014; Dorostkar et al., 2017b). It is shown that the shear deformation in granular materials can localize in a
shear band or span over the whole layer (Mühlhaus & Vardoulakis, 1987; Scuderi et al., 2017; Sulem et al.,
2011). In our model, the simulated granular layer is considered as a part of the central shear layer in fault
gouge, where the shear deformation spans over the whole layer thickness (see Figure 3). Granular particles
have a density of 2,900 kg/m3, Poisson’s ratio of 0.25, Young’s modulus of 65 GPa, particle friction coefﬁcient
of 0.5, and restitution coefﬁcient of 0.87. These properties refer to glass beads as are used in the experimental
analysis of Scuderi et al. (2014). Based on loading conﬁguration and particle density, the DEM time step is set
to 109 s leading to stable simulations in the quasi-static regime avoiding inertial effects. We limit the maximum volumetric liquid content to 1.8% to remain in the pendular regime (Mitarai & Nori, 2006). In pendular
regime, the capillary bridges are isolated between pairs of particles. Simulation and material properties are
summarized in Table 1. We use the open source software LIGGGHTS (Kloss et al., 2012) as our DEM solver.

3. Results
We document the evolution of bulk friction coefﬁcient (deﬁned as ratio of shear stress to conﬁning stress),
kinetic energy, and layer thickness for dry or wet samples with a range of volumetric liquid contents
(Figure 4). The volumetric liquid content is deﬁned as the ratio of the volume of liquid present in the sample
to total volume of the sample. The kinetic energy consists of both rotational and translational kinetic energies. We ﬁnd that a small amount of liquid causes higher average frictional strength and larger stick-slip
DOROSTKAR ET AL.
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recurrence times. Figure 4a shows that for a wet granular layer, the
friction coefﬁcient (or shear stress) remains at higher levels for a longer
time compared to dry condition. The values of kinetic energy in Figure 4b
rapidly increase at slip and on average are lower for a wet compared to
a dry sample. The granular layer stores potential energy during stick
phase. The kinetic energy during this period is dominated by rotational
kinetic energy (Dorostkar et al., 2017b). At slip, weakening happens and
a portion of stored energy is converted to kinetic energy. Figure 4c
shows that the granular layer dilates during the stick phase and
compacts at slip. Previous studies have shown that the dilatational
behavior can be attributed to rolling of particles while compaction is
associated with a signiﬁcant rearrangement (displacement) of particles (Dorostkar et al., 2017b). From Figure 4c, with the addition of
liquid, the granular layer dilates more while being sheared, and the
layer thickness is on average larger, which we will discuss in the
following section.

Figure 6. Complementary cumulative distribution function (cCDF) of contact
forces for two points denoted in Figure 4a. In Figure 6, the volumetric liquid
content is 0.6% and the conﬁning stress is set to 300 kPa.

We ﬁnd that particle coordination number evolves systematically as a
function of ﬂuid content and shear (Figure 4). The coordination number is deﬁned as the number of contacts per particle, which for the
wet sample includes also those contacts without particle overlap but
only with capillary bridges. We observe that the coordination number
is almost constant during stick phase. At slip, the coordination
number drops showing overall contact loss due to rearrangement of
particles. The coordination number is on average higher for the wet
sample. The higher coordination number indicates a stabilization of
granular layer (Dorostkar et al., 2017a), as will be shown in more
detail below.

The larger dilation (see Figure 4c) in wet sample is correlated with the
larger macroscopic friction coefﬁcient (Figure 4a), as also reported in
experimental analysis (Scuderi et al., 2014). It is argued in the study of Scuderi et al. that the larger friction
coefﬁcient in wet samples promotes a dilatational behavior as manifested in thickness evolution (Scuderi
et al., 2014). This interpretation will also be discussed below. Overall, our observations in Figure 4 show the
important impact of the presence of a small volume of liquid on the mechanical behavior of the granular fault
gouge changing characteristics of stick-slip dynamics.
Our results show a clear correlation between stick-slip stress drop
and corresponding layer compaction for both dry and wet samples
(Figure 5). Slip instabilities cause particle rearrangement, and larger
slips are accompanied by greater rearrangement of particles, leading
to higher compaction, as reported in previous studies (Dorostkar
et al., 2017b). For two points marked on the time axis of Figure 4a,
we show in Figures 6a and 6b the distribution of contact forces for
dry and wet simulations. The complementary cumulative distribution
(cCDF) in Figure 6 is deﬁned as:
cCDFðY < Y 0 Þ ¼ CDFðY > Y 0 Þ ¼ 1  CDFðY < Y 0 Þ;

Figure 7. Shear stress-strain curves for dry and wet granular layers in a loadingunloading protocol during measurement of the shear modulus. The numbered
blue arrows show loading-unloading steps. The slope of the ﬁrst loading
step is used to determine the shear modulus. The volumetric liquid content is
0.6%, and the conﬁning stress is 300 kPa.

DOROSTKAR ET AL.
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where Y represents the contact forces. We see that distributions of
contact forces in the wet sample start deviating from the dry curve
around probabilities of 0.01. This observation implies that the strongest contacts in sample, with a total portion of around 1%, show
larger contact forces in the wet sample. In the wet sample, the
presence of small capillary/viscous forces between the particles leads
to a more stable arrangement of particles characterized by a higher
coordination number. This stable arrangement enables the granular
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system to make some contacts stronger leading to a stabilization of
the material. This stabilization is also clear from Figure 4b, where the
kinetic energy of particles in wet sample during the stick phase is 2
orders of magnitude lower than in the dry system.
We hypothesize that such stabilization should be manifested also in
an increase of the shear modulus of the granular system. In other
words, when for a given shear strain, the wet granular layer shows
a higher maximum shear stress, it is most likely that the shear modulus will be also higher. To test this hypothesis, we measure the bulk
shear modulus of granular layer in dry and wet conditions. This measurement is performed using a loading/unloading protocol, as is
shown in Figure 7. This ﬁgure shows an example of shear modulus
measurements showing a higher value for the wet sample. To make
sure that this ﬁnding is systematic and consistent for different stickslip cycles, we select ﬁve stick-slip cycles for each system (dry and
wet) and perform shear modulus measurements at different points
during the stick phase. Since the stick-slip cycles have different time
intervals, we normalize the time and divide the stick interval into ﬁve
consecutive periods. The shear modulus measurements are averaged in each of these periods, as is shown in Figure 8. We observe
on average a higher shear stiffness for wet samples, which conﬁrms
our hypothesis.

Figure 8. (a) Schematic stick-slip cycle with concept of normalized time.
(b) Comparison of the shear modulus of dry and wet granular samples averaged
over ﬁve different stick-slip cycles. The error bars indicate the standard deviation.
The volumetric liquid content is 0.6%, and the conﬁning stress is 300 kPa.

We further perform long simulations for three different levels of
liquid content and determine the characteristics of the stick-slip
cycles. To identify slip events, we use a threshold drop in friction larger than 0.03. This threshold is chosen by statistical analysis of long
time series of friction coefﬁcient signals, neglecting those small friction drops which can be attributed to small rearrangements of

Figure 9. Complementary cumulative size distribution function of slip recurrence time and preseismic friction for simulations with conﬁning stress of (a and b)
300 kPa and with conﬁning stress of (c and d) 3 MPa, respectively.
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Figure 10. Complementary cumulative size distribution function of friction coefﬁcient drop and compaction for simulations with conﬁning stress of (a and b) 300 kPa
and with conﬁning stress of (c and d) 3 MPa, respectively.

particles, referred to as microslips (Ferdowsi et al., 2013), and to select only the major slip events. We conduct
simulations for samples with volumetric liquid contents of 0% (dry), 0.6%, and 1.8%. We perform simulations
at two different levels of conﬁning stress, 300 kPa and 3 MPa. In Figure 9, we plot the cCDF of major slip
events. The left column shows the results for 300 kPa conﬁning stress (Figures 9a and 9b), while the right column shows results for 3 MPa (Figures 9c and 9d). Figure 9a shows that the recurrence time increases with
volumetric liquid content. This means that in wet samples, the granular layer is stabilized for longer time
before slip occurs.
In Figure 9b, we observe that the average preseismic friction coefﬁcient (preseismic means immediately
before slip events’ onset) increases with liquid content. This increase in recurrence time and friction coefﬁcient can be attributed to the stabilization of the layer due to the presence of capillary bridges, indicated
by an increase in coordination number and shear modulus. However, we do not see an evident increase
for slip recurrence time and preseismic friction coefﬁcient for simulations with conﬁning stress of 3 MPa
(Figures 9c and 9d). Figures 10a and 10b also show the increase of friction coefﬁcient drop and compaction
(drop in thickness) for increase of liquid content, whereas the increase in characteristics of slip events is less
evident for simulations at a conﬁning stress of 3 MPa, as shown in Figures 10c and 10d. Indeed, at high conﬁning stresses, capillary forces play a less important role to change the arrangement of granular system. The
coordination number at low conﬁning stress (300 kPa) increases on average 25%, while at high conﬁning
stress (3 MPa), it increases only by 15% for wet compared to dry system. Therefore, we observe that at high
conﬁning stress, particle arrangements are not sufﬁciently changed to alter the system’s behavior substantially. In a complementary simulation, we decrease the liquid surface tension by a factor of 10 in order to evaluate the inﬂuence of capillary forces. Figure 11 shows representative runs of friction coefﬁcient and average
coordination number for dry and wet samples of 0.6% volumetric liquid content and conﬁning stress of
300 kPa, where the wet simulation is conducted with a liquid surface tension of 7.2 mN/m. We observe that
such a decrease of the liquid surface tension shows similar results to those applying an increase of the conﬁning stress by the same factor (from 300 kPa to 3 MPa). In spite of a 15% increase in coordination number,
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Figure 11. Representative runs of (a) friction coefﬁcient and (b) average coordination number for dry and wet samples of 0.6% volumetric liquid content and conﬁning stress of 300 kPa. The wet simulation is conducted with a liquid surface tension of 7.2 mN/m.

the evolution of friction coefﬁcient is not signiﬁcantly affected and the maximum friction coefﬁcient is the
same as for the dry sample.
We remark that our observations are consistent with experimental studies (Hornbaker et al., 1997; Louati
et al., 2015; Richefeu et al., 2007; Scuderi et al., 2014). In experiments, Scuderi et al. (2014) observed that
for wet samples, the preseismic friction coefﬁcient and friction coefﬁcient drop are higher compared to the
dry condition. It has to be noted that our observations are achieved in the absence of chemical changes,
alteration of asperities, and consequent change of interparticle friction coefﬁcient in wet sample. The latter
explanation was used in Scuderi et al. (2014) to explain their observations. Here in this paper we show that
at low conﬁning stresses, the presence of capillary bridges between the particles is sufﬁcient to change
the characteristics of stick-slip dynamics. As Hornbaker et al. (1997) mentioned, a small volume of liquid
can dramatically change the properties of granular media, leading to a large increase in the repose angle,
clustering, and correlation in grain motion. Our observations show, in both macro and grain scales, the importance of presence of small volumes of liquid on frictional strength and characteristics of slip instabilities in
sheared granular layers.

4. Summary and Conclusions
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DOROSTKAR ET AL.

We conducted 3-D DEM simulations to model slip instabilities in wet granular fault gouge. The wet particles
are in the pendular regime with isolated capillary bridges imposing cohesive forces. Viscous forces resistant
to particle motion that are derived from lubrication theory are also employed. Our results show that by
increasing liquid content, the recurrence time of stick-slip events, the stress drop, and the average friction
coefﬁcient of slip events increase when applied loads are modest, in the range < 300 kPa. In addition, slip
events involve greater particle rearrangement and greater layer compaction. Our grain scale observations
show a more stable conﬁguration for wet sample compared to dry, evidenced by higher coordination number and shear stiffness, which are consistent with macroscale phenomenological observations in our study as
well as experimental investigations. We showed that the effect of capillarity on stick-slip dynamics disappears
for higher stresses, above a few MPa. Our results show the importance of liquids and capillary forces for granular processes and highlight the versatility of numerical simulations using DEM.
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