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ABSTRACT 
Using the discrete-element method, we study loss of shear strength at 
frictional asperity contacts, induced by flash heating, in a granular fault 
gouge. The magnitude of the reduction in the shear stress and the local 
friction coefficients are computed over a wide range of shear velocities 𝑉𝑉𝑠𝑠. 
For small strain rates, there is negligible difference between the frictional 
stress for packings with and without frictional weakening that arises due to 
flash heating. As strain rate increases, however, the difference between the 
two becomes significant. The results indicate a clear transition in the shear 
stress-shear strain response corresponding to 𝑉𝑉𝑠𝑠 > 0.3 m/s and those with 
𝑉𝑉𝑠𝑠 ≤ 0.3 m/s. Specifically, the stress–strain diagrams at lower 𝑉𝑉𝑠𝑠  exhibit a 
pronounced decreasing strength over small distances, whereas they indicate 
a progressive increase in the shear stress at higher 𝑉𝑉𝑠𝑠, which is reminiscent of 
a transition from ductile behavior at high velocities to brittle response at low 
velocities. Only a small fraction of the contacts experience lower friction, with 
the majority having friction coefficients closer to 0.5, hence suggesting that 
fast slip is accommodated only at a few contacts, with the rest either not 
sliding at all, or sliding very slowly. Moreover, if we define an effective 
macroscopic friction coefficient, µ𝑒𝑒 =  𝜏𝜏/𝑃𝑃 , where 𝜏𝜏 is the shear stress, and 
𝑃𝑃 is the pressure, and the inertial number 𝐼𝐼 by, 𝐼𝐼 =  𝛾𝛾𝛾𝛾�𝜌𝜌/𝑃𝑃 , where 𝛾𝛾 is 
the strain rate, and 𝛾𝛾 is the average size of the particles, we find that the 
weakening packing follows a nonlinear friction law, well approximated by, 
µ𝑒𝑒 ≈  𝐼𝐼3 4⁄ . Thus, the model with flash heating deviates from linear friction 
law even at smaller, albeit not too small, values of 𝐼𝐼, which is intriguing and 
novel. The implications of the results for earthquake physics and the principal 
slip planes in fault 𝑧𝑧 ones are discussed. 
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1. INTRODUCTION 
An important factor that controls earthquake rupture propagation and the ensuing seismic instability is 
the dynamic friction of faults (5, 43). Previous studies attempted to demonstrate reduction of fault 
friction and its strength during earthquakes with high slip rates (23), a process known as slip-rate 
weakening (19, 47). Thus, the general thinking is that strain softening (frictional weakening) triggers the 
seismic instability, leading to earthquakes, and that a fault weakens with increasing slip rates (40, 44), 
which also affects the magnitude of earthquakes (10). 

It has been reported that the weakening phenomenon during fault slip may be activated by thermal 
pressurization of pore fluids and flash heating (5, 11, 24, 26, 32, 45), a microscopic phenomenon in which 
heat is generated at asperity contacts due to high shear slip rates, i.e., fast fault motion. Because the 
thermal conductivity of rock and gouge is low, the heat generated at the contact points or surfaces 
cannot diffuse fast enough, as a result of which heat is accumulated at the contacts, increasing the local 
contact temperature and reducing its frictional shear strength. Rice (40, 41) developed a theory of flash 
heating at frictional asperity contacts to describe the weakening behavior and the dependence of fault 
friction on the slip rate in rocks. Note, however, that flash heating can, in principle, occur not only at 
asperities but also on smooth surfaces. The only requirement is the supply of sufficient heat over a short 
period of time so that the temperature may spike, and then cool down quickly. Thus, with two smooth 
surfaces sheared at high stress and slip rate over a brief period of time, flash heating may occur. 

Experimental studies on rock and gouge friction under high slip rates indicate the presence of frictional 
weakening for slip rates larger than 0.3 m/s, independent of rock or gouge type, which is attributed 
mainly to flash heating (11). For example, an experimental study of quartz rocks (18) revealed that, due 
to rock weakening at sub-seismic slip rates, the friction coefficient decreases by a factor of 3. O’Hara et 
al. (36) demonstrated weakening response of the coal gouge as a result of frictional heating at high slip 
rates, which was approximately 1 m/s. These data indicate the presence of various phenomena during 
slip experiments, including frictional heating, fluid pressurization, thermal decomposition, and silica gel 
formation (40). 

Using a theory of shear-transformation zone (STZ), Elbanna and Carlson (12) proposed a model for flash 
weakening in granular porous media to study their shear behavior under various sliding rates and 
confining pressures. Their model predicted a logarithmic dependence of steady-state shear strength on 
the imposed slip velocity at low slip rates, but strong rate-weakening response at high slip rates. A 
velocity-weakening friction model based on the flash heating concepts was developed by Lucas et al. 
(28) that accurately predicted the friction coefficient of landslides on Earth, and reported a reduction of 
friction coefficient with increasing sliding velocity. In a previous paper (38), we employed molecular 
dynamics (MD) simulations—the first such use, to our knowledge—to study sliding friction between two 
SiO2 (quartz) surfaces (common in sandstones). We computed the temperature profile within the system, 
focusing on the interface between the surfaces, and examined the temperature dependence of thermal 
conductivity in both crystalline and amorphous SiO2. Additionally, we analyzed the effects of slab 
thickness on heat transfer to simulate and understand flash heating. 

Our MD simulations indicated that as the interfacial temperature increases, bonds between the atoms 
begin to break, resulting in molecular-scale fracture that eventually produces the flash heating. 
Increasing the sliding velocity also increases the frequency of flash heating events, which leaves 
increasingly shorter times for the material to relax. As a result, interfacial temperature increases. If the 
sliding slabs are thin, the heat quickly diffuses away from the interface, sharply decreasing the 
temperature immediately after flash heating. But with increasing thickness, as in real rock, the rate of 
heat transfer is reduced significantly, which keeps most of the heat close to the interface and produces 
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weakened material. The weakening behavior was demonstrated by computing the stress–strain 
diagrams, which indicated that, for small strain rates, the frictional stress is essentially independent of 
the materials’ thickness. As the strain rate increases, however, the dependence becomes stronger. 
Specifically, the stress–strain diagrams at lower velocities exhibit a pronounced decreases in the strength 
over small distances, whereas they exhibit progressive increase in the shear stress at higher velocities. 

The present paper represents a continuum-scale version of our previous study.  To gain a deeper 
understanding of frictional weakening, as well as checking whether the results with a continuum-scale 
model agree with those obtained by MD simulations, we have carried out extensive computer simulation 
of slip in granular porous media over a range of slip rates, from 0.05 m/s to 1 m/s, and have assessed 
their shear response to sliding velocity 𝑉𝑉𝑠𝑠 as its magnitude was varied. Variation of the local friction 
coefficient and the dynamic evolution of the frictional strength induced by slip-rate weakening have also 
been investigated. 

We should point out that, since our original MD simulations described above, Mollon et al. (33) and 
Taboada and Renouf (46) reported studies of the same phenomenon in two-dimensional (2D) models. 
Mollon et al. (33) utilized the standard discrete element method (DEM) of Cundall and Strack (6). Taboada 
and Renouf (46) also used the same 2D model, and introduced a temperature-dependent friction 
coefficient through an empirical equation, although the friction coefficient depends on the weakening 
velocity. Their results are in qualitative agreement with ours reported in the present paper for a 3D model 
(see below). 

The rest of this paper is organized as follows. In the next section, the model and the details of computer 
simulation are described. In Section 3 the results are presented, and their implications are discussed. 
The paper is summarized in the last section. 

2. MATERIALS AND METHODS: COMPUTER SIMULATION PROCEDURE 
We used the 3D DEM of Potyondy and Cundall (39), which represents an updated and refined version of 
the original model of Cundall and Strack (6), to carry out computer simulation of the phenomenon in a 
3D packing of spherical particles. 

2.1. The Model  
Over very small time steps, the disturbances caused by an external force propagates from any particle 
to only its immediate neighbors. Thus, in the DEM, only the pair-wise interaction between the 
neighboring particles is considered. Due the high computational cost, the DEM is implemented in a 
parallel scheme using OpenMP (8). The evolution of the packing under shear is simulated by solving 
Newton’s law of motion. We used a modification of the Verlet algorithm (16, 27), the half-step leapfrog 
Verlet algorithm, in which the velocity is first calculated at each half time step, i.e., at (𝑡𝑡 + Δ𝑡𝑡 2⁄ ),  then 
the position 𝑥𝑥(𝑡𝑡 + Δ𝑡𝑡) is computed, and finally the velocity at time (𝑡𝑡 + Δ𝑡𝑡) is calculated, where Δ𝑡𝑡 is 
the size of the time step. The translational and rotational motion of each particle is governed by: 
Equation 1 and Equation 2 where 𝑚𝑚𝑖𝑖, 𝑣𝑣𝑖𝑖, 𝑟𝑟𝑖𝑖, 𝐼𝐼𝑖𝑖, and 𝑤𝑤𝑖𝑖 are, respectively, the mass, linear velocity, radius, 
moment of inertia,  and angular velocity of particle 𝑖𝑖 , while 𝑔𝑔  is the gravitational constant, and 
superscripts 𝑛𝑛 and 𝑡𝑡 refer to the force’s normal and tangential components.  

𝑚𝑚𝑖𝑖
𝑑𝑑𝑣𝑣𝑖𝑖
𝑑𝑑𝑡𝑡

= 𝑚𝑚𝑖𝑖𝑔𝑔 + ��𝐹𝐹𝑖𝑖𝑖𝑖𝑛𝑛 + 𝐹𝐹𝑖𝑖𝑖𝑖𝑡𝑡 �
𝑖𝑖

 
(1) 

𝐼𝐼𝑖𝑖
𝑑𝑑𝑑𝑑𝑖𝑖

𝑑𝑑𝑡𝑡
= �𝑟𝑟𝑖𝑖 × 𝐹𝐹𝑖𝑖𝑖𝑖𝑡𝑡

𝑖𝑖

 
(2) 
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The normal overlap  between two particles for each contact was calculated by Equation 3 where 𝑅𝑅𝑖𝑖 and 
𝑥𝑥𝑖𝑖 are, respectively, the radius of particle 𝑖𝑖, and its position vector.  

𝛿𝛿𝑛𝑛 = 𝑅𝑅𝑖𝑖 + 𝑅𝑅𝑖𝑖 |𝑥𝑥𝑖𝑖 𝑥𝑥𝑖𝑖| (3) 

After detecting the contact overlaps, the normal and tangential contact forces, 𝐹𝐹𝑛𝑛 and 𝐹𝐹𝑡𝑡 , are computed 
using the Hertzian contact model (Equation 4, Equation 5).  

𝐹𝐹𝑛𝑛 = −𝑘𝑘𝑛𝑛𝛿𝛿𝑛𝑛
3 2⁄  (4) 

𝐹𝐹𝑡𝑡 = 𝑘𝑘𝑡𝑡𝛿𝛿𝑡𝑡 (5) 

Here, 𝑘𝑘𝑛𝑛  and 𝑘𝑘𝑡𝑡  are the normal and tangential stiffness, and 𝛿𝛿𝑡𝑡  is the cumulative tangential shear 
displacement. 𝑘𝑘𝑛𝑛 is given by Equation 6 (39): 

𝑘𝑘𝑛𝑛 = 4𝑅𝑅𝑅𝑅 (6) 

with 𝑅𝑅 being the effective Young’s modulus, and 𝑅𝑅 the equivalent radius of the contacting particles, 
which, for contacting particles 𝑖𝑖 and 𝑗𝑗, are given by Equation 7 and Equation 8:  

𝑅𝑅 = �
1
𝑅𝑅𝑖𝑖

+
1
𝑅𝑅𝑖𝑖
�
−1

 
(7) 

𝑅𝑅 = �
1 𝑣𝑣𝑖𝑖2

𝑅𝑅𝑖𝑖
+

1 𝑣𝑣𝑖𝑖2

𝑅𝑅𝑖𝑖
�
−1

 
(8) 

with 𝜈𝜈 being the Poisson’s ratio. Using Equation 9, 𝛿𝛿𝑡𝑡  is calculated incrementally by integrating the 
tangential component of the relative velocity at the contact point:  

𝛿𝛿𝑡𝑡 = �𝑣𝑣𝑡𝑡𝑑𝑑𝑡𝑡 
(9) 

where 𝑣𝑣𝑡𝑡 is the tangential contact velocity, defined by Equation 10.    

𝑣𝑣𝑡𝑡 = (𝑣𝑣𝑖𝑖 𝑣𝑣𝑖𝑖)𝑡𝑡 + 𝑑𝑑𝑖𝑖𝑅𝑅𝑖𝑖 + 𝑑𝑑𝑖𝑖𝑅𝑅𝑖𝑖 (10) 

Here, 𝑡𝑡 is the tangential component of the unit vector connecting the contacting particles’ centers, and 
𝑑𝑑𝑖𝑖 is the angular velocity of particle 𝑖𝑖. According to Coulomb’s law of friction, 𝐹𝐹𝑡𝑡 ≤ 𝜇𝜇𝑠𝑠|𝐹𝐹𝑛𝑛|, where 𝜇𝜇𝑠𝑠 is 
the static friction coefficient. Sliding occurs at the contact points when the tangential force exceeds the 
static friction. The time step ∆𝑡𝑡  must be small enough to maintain the assumption of constant 
translational and rotationl accelerations, and to carry out numerically stable simulation. The number of 
time steps 𝑁𝑁 is estimated by (13), 𝑁𝑁~√𝑅𝑅 (𝜌𝜌𝑅𝑅�)� , where 𝑅𝑅� denotes the average radius of the particles, 
with 𝜌𝜌 being their density. 

2.2. Friction Model of Weakening due to Flash Heating 
Suppose that 𝑇𝑇𝑎𝑎 is the average temperature of the fault surface. As sliding occurs and asperity contact 
forms, flash heating causes temperature at the asperity contact to increase for a high-speed sliding. 
Then, as the contact slides, its temperature rises during its brief lifetime, 𝜃𝜃 = 𝛾𝛾𝑎𝑎 𝑉𝑉𝑠𝑠⁄ , where 𝛾𝛾𝑎𝑎 = 2𝑅𝑅 is 
the contact diameter, and 𝑉𝑉𝑠𝑠 is the shear velocity or slip rate. The temperature increase is essentially due 
to the generated heat localized at the asperity contact at a rate of 𝜏𝜏𝑐𝑐𝑉𝑉𝑠𝑠, where 𝜏𝜏𝑐𝑐 is the frictional strength 
of the asperity contact, which we assume to be nearly constant. But, when 𝑇𝑇𝑎𝑎 > 𝑇𝑇𝑤𝑤 , where 𝑇𝑇𝑤𝑤 is the 
weakening temperature, the frictional strength of the asperity contact decreases to a weakened value 
𝜏𝜏𝑤𝑤 ≪ 𝜏𝜏𝑐𝑐. For a large 𝑉𝑉𝑠𝑠, the generated heat at the asperity interface does not have sufficient time to 
propagate quickly, and the contact point attains the weakened temperature 𝑇𝑇𝑤𝑤  over a time 𝜃𝜃𝑤𝑤 < 𝜃𝜃. 
Following Rice (40, 41), we assume 1D heat conduction at the asperity contact, so that from the solution 
of the governing heat conduction equation, 𝜃𝜃𝑤𝑤 is obtained using Equation 11: 

𝜃𝜃𝑤𝑤 =
𝜋𝜋𝜋𝜋
𝑉𝑉𝑠𝑠2

�
𝜌𝜌𝜌𝜌(𝑇𝑇𝑤𝑤 𝑇𝑇)

𝜏𝜏𝑐𝑐
�
2

 
(11) 
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where 𝜋𝜋  is the thermal diffusivity, and 𝜌𝜌𝑐𝑐  is the total heat 
capacity (per volume). Thus, the critical weakening velocity 𝑉𝑉𝑤𝑤 =
𝛾𝛾𝑎𝑎 𝜃𝜃𝑤𝑤⁄  is given by Equation 12:  

𝑉𝑉𝑤𝑤 =
𝜋𝜋𝜋𝜋
𝛾𝛾𝑎𝑎

�
𝜌𝜌𝜌𝜌(𝑇𝑇𝑤𝑤 𝑇𝑇)

𝜏𝜏𝑐𝑐
�
2

 
(12) 

Note that we assumed that the contact diameter is 𝛾𝛾𝑎𝑎 = 2𝑅𝑅. 
One can show that 𝛾𝛾𝑎𝑎 ∝ 𝑅𝑅1 3⁄ < 𝑅𝑅. Despite this, substituting 
for the various parameters in Equation 12, we obtain 𝑉𝑉𝑤𝑤 ≈
0.3 𝑚𝑚/𝑠𝑠, consistent with the theoretical estimate of Rice (40, 41) 
and experimental data of Beeler et al. (2), so that the assumption 
is reasonably accurate, and, at the same time, there is nothing 
in Equation 12 that prevents one from using a smaller contact 
diameter. Thus, for velocities greater than 𝑉𝑉𝑤𝑤 , the weakening 
occurs at the asperity contacts, whereas for those smaller than 𝑉𝑉𝑤𝑤, there is no weakening, implying that 
for 𝑉𝑉𝑠𝑠 < 𝑉𝑉𝑤𝑤, the contacts are strong enough during their entire lifetime. But, when 𝑉𝑉𝑠𝑠 > 𝑉𝑉𝑤𝑤, i.e., when 
𝜃𝜃𝑤𝑤 < 𝜃𝜃, the contacts spend a fraction 𝑉𝑉𝑤𝑤 𝑉𝑉𝑠𝑠⁄  of their lifetime with high strength, while the remaining 
fraction is in the weakened state. By ignoring the statistical distribution of contact diameters 𝛾𝛾𝑎𝑎 (whose 
effect is of second order), the weakened friction coefficient 𝜇𝜇𝑤𝑤 of the fault is given by (28, 40) (Eq. 13): 

𝜇𝜇𝑤𝑤 = �
𝜇𝜇𝑠𝑠 𝑉𝑉𝑠𝑠 ≤ 𝑉𝑉𝑤𝑤
𝜇𝜇𝑠𝑠

1 + 𝑉𝑉𝑠𝑠 𝑉𝑉𝑤𝑤⁄ 𝑉𝑉𝑠𝑠 > 𝑉𝑉𝑤𝑤
 

(13) 

For typical values of the thermal diffusivity α in crustal rocks, one expects (40) the increase in the 
temperature to be localized at the asperity contacts. More precisely, over the contact lifetime 𝑡𝑡𝑐𝑐, the heat 
diffuses a distance of approximately (𝜋𝜋𝑡𝑡𝑐𝑐)1 2⁄ . For a contact size of few microns, and 𝑉𝑉𝑠𝑠 = 1 𝑚𝑚/𝑠𝑠, the 
contact time is approximately 10−5 s. Thus, with 𝜋𝜋 ≈ 5 × 10−7 𝑚𝑚2 𝑠𝑠⁄ , the distance over which the heat 
diffuses would be around 10−6𝑚𝑚 , which is very small compared with the particles’ diameter. It is 
therefore justified to assume that all the heat remains localized in the contact plane, and that the 

resulting shear heating has an 
instantaneous effect on the local 
friction coefficient. Thus, we 
incorporated the flash 
weakening theory, Equations 11 
to 13, in the shear simulations.  

The granular packing was 
generated using the method 
described previously (1). After 
some preliminary simulations for 
identifying a suitable size of the 
packing, a large packing with 
several thousand particles was 
constructed. As the preshear 
process, the packing was 
compressed by applying a 
normal stress 𝜎𝜎𝑛𝑛  to its top 
dynamic boundary, after which 
the shear test was implemented 
by moving the top layer of the 
particles at a constant horizontal 

Table 1: Micromechanical and geometrical properties of the 
packing. 
Parameter Value Units 
Number of Particles 3000  
Particle Radius 𝑹𝑹 3 mm 
Domain Dimensions 86 × 86 × 85 mm3 
Particle Density 𝝆𝝆 2.650 gr.cm3 
Normal Stiffness 𝒌𝒌𝒏𝒏 3.247 × 103 N.mm–1 
Tangential Stiffness 𝒌𝒌𝒕𝒕 3.247 × 103 N.mm–1 
Poisson’s Ratio 𝒗𝒗 0.26  
Young’s Modulus 𝒀𝒀 0.69 GPa 
Shear Modulus 𝒀𝒀𝒔𝒔 0.273 GPa 

Static Friction Coefficient 𝝁𝝁𝒔𝒔 0.5  
Normal Stress 𝝈𝝈𝒏𝒏 10 MPa 
Time Step ∆𝒕𝒕 0.005 𝜇𝜇𝑠𝑠 
Thermal Diffusivity 𝜶𝜶 0.5 Mm2.s–1 
Volumetric Heat Capacity 𝝆𝝆𝝆𝝆 2.7 MPa/°C 

Weakening Temperature 𝑻𝑻𝒘𝒘 1000 °C 
Average Temperature 𝑻𝑻𝒂𝒂 400 °C 
Frictional Strength 𝝉𝝉𝝆𝝆 45 MPa 

 

 

Figure 1: Schematic of the system 
studied. 
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velocity 𝑉𝑉𝑠𝑠, as shown in Figure 1, while the lower boundary was held fixed. To keep the packing normally 
compressed, the upper stress boundary condition must be satisfied during the shearing simulations. 
Shear simulations were carried out at a confining stress of 10 MPa, with periodic boundary conditions 
utilized in the 𝑥𝑥 and 𝑦𝑦 directions. 

Two cases were simulated. (i) The no-weakening packing in which the local friction coefficient between 
the particles was constant, 𝜇𝜇𝑠𝑠 = 0.5. (ii) The weakening packing in which the local friction coefficient was 
varied according to Equation 13. The frictional strength of the asperity contact 𝜏𝜏𝑐𝑐 was taken to be 1/6 
of the shear modulus 𝑅𝑅𝑠𝑠 . The results of the simulations were analyzed over the time scale that spanned 
from 𝑡𝑡 =  0 until steady state was reached.  

The input parameters for the simulation, taken from Rice (40), are listed in Table 1. We simulated the 
system for shear velocities 𝑉𝑉𝑠𝑠 = 0.05, 0.08, 0.1, 0.2, 0.5 and 1 m/s. We note that the size of the particle is 
larger than those of a fault gouge, which is typically on the order of 1-10 µm (42). While this might 
seemingly imply that the assumption that the heat generated at the contacts can only diffuse a small 
distance relative to the size of the grain, is questionable, the very low conductivity of rock materials, 
which we computed by our MD simulations, indicates that the assumption is valid. 

In addition, the question of the effect of the size of the particles can be addressed by assuming a 
distribution of local friction coefficients, rather than a single value. However, past experience in many 
contexts has indicated that, so long as the distribution is not pathological and has no unusual features 
(such as, for example, divergent higher moments), an average value of the distribution should be 
adequate. 

 

Figure 2: Probability distribution function of the weakened friction coefficient 𝜇𝜇𝑤𝑤 for various shear velocities (𝑉𝑉𝑠𝑠) 
at times (all in 𝜇𝜇𝑠𝑠) (a) 2.5; (b) 500; (c) 1000; and (d) 2150. 
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To guarantee the stability and accuracy of the results in the absence of damping, one must determine 
the size of the time that emerges from the translational and rotational degrees of freedom and the sonic 
wave velocity (37). The time step given in Table 1 was selected based on such considerations.  

3. RESULTS 
The histograms of the weakened local friction coefficient 𝜇𝜇𝑤𝑤 are shown in Figure 2, representing their 
distributions over the shear test time. Figure 2a indicates that, within the initial microseconds and for all 
the sliding rates 𝑉𝑉𝑠𝑠, a small percentage of the particles experience weakening as 𝜇𝜇𝑤𝑤 is mostly between 
0.3 and 0.5. For higher 𝑉𝑉𝑠𝑠, the decrease in 𝜇𝜇𝑤𝑤 is even higher. At longer times, the distribution of 𝜇𝜇𝑤𝑤 has 
a longer tail of smaller values, indicating that over such times the weakening state is more widely spread, 
penetrating more deeply into the packing. Figure 2 also indicates that since only a small fraction of the 
contacts experience lower friction, with most of them having a 𝜇𝜇𝑤𝑤  closer to 0.5, fast slip is 
accommodated only at a few contacts, while most of the other contacts are either not sliding at all, or 
sliding slowly. This is consistent, at least qualitatively, with the aforementioned STZ theory (14, 15, 29, 
30) that suggests that non-affine deformation is localized in a small number of spots that are 
continuously created and annihilated. 

Figure 3 presents the velocity profiles in the weakening packing. Each point represents an average over 
the 𝑥𝑥𝑦𝑦 plane. At high 𝑉𝑉𝑠𝑠 the velocity profiles are smooth. This may be explained by considering Equation 
13. A relatively large 𝑉𝑉𝑠𝑠 corresponds to a low friction coefficient 𝜇𝜇𝑤𝑤. For low 𝑉𝑉𝑠𝑠, the friction coefficients 
for some of the particles increase, while it remains the same for others, hence giving rise to fluctuations 
in the local velocities of the particles. 

Our simulations indicate that small sliding velocities lead to lower overall friction but larger stress drops, 
whereas for high velocities frictional strengthening takes place in which the value of friction depends on 
the shearing velocity. It may appear that such a frictional strengthening is surprising, but experiments by 

 

Figure 3: The velocity profiles and their dependence on the depth, measured from the bottom of the packing, with 
the average taken over the 𝑥𝑥𝑦𝑦 plane (see Fig. 1). 
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Ikari et al. (20) actually support this. Studying natural fault gouge samples from the Waikukupa Thrust in 
southern New Zealand, Ikari et al. (20) showed that in the early stages of loading following a slip event, 
there is a period of increased stability, which gradually disappears as slip accumulates. Thus, in terms of 
rate- and state-dependent friction laws, the frictional strengthening and temporary stable phase of the 
system exist as long as slip is less than a critical slip distance and time is less than the value of the state 
variable at steady state.  

Figure 4 summarizes these findings. Figure 4a presents the shear stress-shear strain diagram associated 
with 𝑉𝑉𝑠𝑠 = 1 m/s, indicating that there is negligible difference between the frictional stresses of the two 
packings for small strains. As strain increases, however, the difference between the two becomes more 
significant, until they reach the steady state and their differences remain almost unchanged. The steady 
shear stress for the non-weakening packing is around 0.22 GPa, whereas for the weakening case, it is 
approximately 0.15 GPa, which is a decrease of circa 32% with thermal weakening. 

The results for 𝑉𝑉𝑠𝑠  = 0.5 m/s are depicted in Figure 4b. With flash heating, the steady shear stress 
decreases from 0.11 GPa to 0.09 GPa, an 18% decline. For 𝑉𝑉𝑠𝑠 = 0.2 m/s, the difference between steady 
shear stress of the two packings reduces (see Fig. 4c). The results for a smaller 𝑉𝑉𝑠𝑠, as shown in Figure 
4d,e and f, indicate that the shear responses of the weakening and non-weakening packings are 
essentially identical, and that the steady-state shear strength remains almost unchanged, even when 
there is flash heating. Thus, for 𝑉𝑉𝑠𝑠 > 0.3 m/s, the weakening effect is significant, which is in line with the 
previous studies (11) and, therefore, the effect of thermal weakening at macroscale is more prominent. 
It is also clear that as the sliding velocity decreases, the shear stress attains the steady-state limit faster. 

Figure 4 also indicates a clear transition in the shear stress-shear strain response between the results for 
𝑉𝑉𝑠𝑠 > 0.3 m/s and those for 𝑉𝑉𝑠𝑠 ≤ 0.3 m/s. More specifically, the strain-dependence of the stress at lower 
𝑉𝑉𝑠𝑠 exhibits a pronounced strength drop over small strains, whereas the results at higher 𝑉𝑉𝑠𝑠 exhibit a 
progressive increase in the shear stress as a function of the slip. This is reminiscent of the transition 
between ductile behavior at high velocities to brittle response at low speeds (3,  31, 48). The transition 
may be a function of the thickness of the deforming medium, which will then bridge the strong rate- 
weakening effects in bare rock surfaces to diminished rate-weakening effects in gouges in the absence 

 

Figure 4: Shear stress-shear strain rate diagrams for constant (no weakening) and variable (weakening) friction 
coefficients and various shear velocities. 
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of localized deformation, i.e., thick gouge layers where the slip rate is distributed across the thickness 
and is not necessarily localized in a plane as in rock surfaces. 

The reduction in the shear stress, when the thermal weakening of local friction coefficient is accounted 
for, is consistent with the predictions of the flash heating theory that the reduction is higher for larger 
𝑉𝑉𝑠𝑠. Note that although thermal weakening is incorporated in the calculation of the shear stress with 𝑉𝑉𝑠𝑠 = 
1 m/s, it is still higher than the shear stress with 𝑉𝑉𝑠𝑠 = 0.5 m/s. The expectation is that, with the strong 
rate-weakening mechanism, the packing becomes weaker as 𝑉𝑉𝑠𝑠 increases. Although this is strictly true 
for sliding on bare rock surfaces, our results indicate that it does not hold for gouges. The reason may 
be that granular porous media or gouge exhibit intrinsic rate-strengthening response at high velocities, 
i.e., the macroscopic shear increases with velocity when its value is high, which competes with the thermal 
mechanism that favors rate weakening. The competition may be a function of the thickness of the gouge 
layer. Thermally induced weakening may be more pronounced in thinner layers, or where there is 
localized deformation similar to sliding on bare rock surfaces. Thicker layers with distributed deformation 
are governed by rate-strengthening effects. 

One may argue that Figure 4 simply shows the known results for the transient behavior of an elastic 
response for small shear rates to a plastic response, and that the decrease in the stress is the same as 
what is usually regarded as a yielding process. That is, if the particles are soft, which may be thought of 
as corresponding to small shear rates, the elastic response will consist of two parts, namely, the linear 
response akin to Hookean systems, and a nonlinear response. What Figure 4 presents goes, however, 
beyond such results, because it demonstrates that the steady-state shear stress decreases in the case in 
which we account for the reduction in the strength of local frictional contacts. In other words, in our 
simulations, the contact friction evolves dynamically, so that weakening/strengthening is dynamic, not 
prescribed. Previous works, which considered various values of constant local friction coefficient, had 
suggested that macroscopic friction is in all cases identical, except for the case of frictionless particles. 
Our simulations highlight the importance of considering the dynamic evolution of the local 𝜇𝜇𝑤𝑤, and the 
fact that such an unsteady process may lead to feedback mechanisms that influence the macroscopic 
response differently. Figure 4 also indicates that the simulations have not reached the hard core limit in 
which the shear rate-dependence disappears. Thus, the results in Figure 4 may carry a signature from 
the finite compliance of the particles. It also suggests, however, an inertial effect that seems to initiate 
sooner in granular porous media with thermal weakening. 

Let us define the inertial number 𝐼𝐼 by, 𝐼𝐼 = 𝛾𝛾𝛾𝛾�𝜌𝜌 𝑃𝑃⁄ , where 𝛾𝛾 is the strain rate, 𝑃𝑃 is the pressure, and 𝛾𝛾 

is the average size of the particles.  One may write, 𝐼𝐼 = 𝑡𝑡𝑐𝑐 𝑡𝑡𝑠𝑠⁄ , where 𝑡𝑡𝑐𝑐 = 𝑑𝑑�𝜌𝜌 𝑝𝑝⁄  is the inertial or 
confinement time scale, and 𝑡𝑡𝑑𝑑 = 1 𝛾𝛾⁄  is the shear deformation time scale, both at the grain level. A 
small 𝐼𝐼 represents the quasistatic critical state regime, whereas a large 𝐼𝐼 corresponds to the collisional 
regime, which is usually described by the kinetic theory. As we discuss below, the macroscopic inertial 
number in our simulations is on the order of 10−4, although it is presumably higher locally at the grain 
scale. Note, however, that even in the hard-core limit at a high 𝐼𝐼, the rate-dependence persists, a feature 
that has been documented extensively in the literature (7). If, however, we were to probe much lower 
values of 𝐼𝐼, then, the rate-dependence would disappear and would be visible only if we represent the 
horizontal axis by a logarithmic scale (25). 

The existence of a peak in Figure 4 is generally associated with the variation of the volume fraction of 
the sample, i.e., dilatancy. Indeed, Figure 5 presents the dilatancy, defined as ∆ℎ ℎ0⁄ , where ∆ℎ is the 
change in the weakened packing’s height, and ℎ0 is its initial height. There is significant dilatancy with 
increasing strain rate 𝛾𝛾 ≤ 0.5%, beyond which the dilatancy does not increase any more. Note that 
according to Figure 4, for the packings with 𝑉𝑉𝑠𝑠 = 0.05 and 0.08 m/s, a shear strain of about 0.5% is the 
point at which the shear stress becomes independent of the shear strain. 

The dependence of the steady shear stress on 𝑉𝑉𝑠𝑠 is an important characteristic of the packings that we 
study. Our simulations indicate that, at low 𝑉𝑉𝑠𝑠, there is no difference between the two packings, but once 
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𝑉𝑉𝑠𝑠 > 0.2 m/s, the effect of thermal weakening becomes pronounced, and the increase in the shear stress 
slows down, since the local friction coefficient decreases at such velocities. To demonstrate this, we 
define an effective friction coefficient 𝜇𝜇𝑒𝑒 by (17, 31), 𝜇𝜇𝑒𝑒 = 𝜏𝜏 𝑃𝑃⁄ , where 𝜏𝜏 is the shear stress. Figure 6 
presents the computed dependence of 𝜇𝜇𝑒𝑒 on the inertial number 𝐼𝐼, which is usually referred to as the 
friction law (17). For the non-weakening packing, the friction law is linear and is represented by, 𝜇𝜇𝑒𝑒 ≈
0.2 + 1.92 × 104𝐼𝐼, which has been reported by others as well (4, 9, 17, 34). But, the weakening packing 
follows a nonlinear friction law, which is well approximated by, 𝜇𝜇𝑒𝑒 ≈ 𝐼𝐼3 4⁄ . That our model with flash 
heating deviates from linear friction law even at smaller, albeit not too small, values of 𝐼𝐼 is intriguing and 
novel. In addition, the nonlinear response manifested by Figure 6 presumably indicates that with flash 
heating the local inertial numbers are higher in the weakening packing, because the contact weakening 
may promote higher local slip rates and, hence, fluidize the packing locally, thus allowing for a softening 
response. In principle, a nonlinear friction law is such that as 𝐼𝐼  becomes large, 𝜇𝜇𝑒𝑒 → 𝜇𝜇∞ , which 
experimental and simulation studies (17, 21, 22) have indicated, but because our simulations do not 
include large 𝐼𝐼, such a saturation regime has not emerged yet.  

Thus, Figure 6 suggests that granular porous 
media with flash heating behave completely 
differently from those without it, and that the 
possibility that the nonlinear friction law could 
be due to the specifics of the packing’s 
preparation, or that the packing may not have 
been equilibrated, is ruled out because in that 
case one should have obtained the same 
behavior even without flash heating. Figure 6 
also suggests that flash heating may not be as 
effective in granular porous media as it is in 
sliding on bare rock surfaces. This is due to the 
competition between the dilatant rate-
strengthening characteristics of inertial 
granular flow, on the one hand, and rate-
weakening due to local shear heating, on the 
other hand. For thicknesses that we have 
considered in this study, the steady-state shear 

 

Figure 6: Dependence of dilatancy ∆ℎ ℎ0⁄  of the weakening packing on shear strain rate. 

 

 

Figure 5: Comparison of the dependence of the effective 
friction coefficient 𝜇𝜇𝑒𝑒  on the inertial number 𝐼𝐼 for the 
weakening and no-weakening packings. 
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strength increases with increasing slip rate in the absence of localization, although at a lower slope than 
the cases in which there is no flash heating. 

A long standing question in earthquake physics has been why principal slip planes in fault zones are so 
thin (35). It has been suggested that the thinness may be due to the fact that seismic velocities are high. 
Figure 1 provides evidence for this hypothesis. It indicates that the deformation is localized at the top 
of the granular packing for the velocity of 1 m/s. At lower velocities, however, the deformation is 
distributed over somewhat larger depths (1). Thus, we may conclude that at higher velocities the 
deformation is more localized, hence contributing to addressing the dilemma. 

4. SUMMARY 
Inspired by flash weakening process during earthquakes, we utilized the discrete-element model to study 
shearing of a granular gouge. The theory of flash heating was incorporated into the DEM simulations in 
order to study the variations of the local friction coefficient between the particles, as well the evolution 
of frictional strength, induced by slip-rate weakening. We showed that at relatively high velocities the 
effect of frictional weakening on the frictional strength of the medium is nontrivial. As strain increases, 
the difference between the two becomes more significant however, and a clear transition in the shear 
stress-shear strain diagram emerges when 𝑉𝑉𝑠𝑠 > 0.3  m/s to those at ≤ 0.1  m/s. The stress-strain 
diagrams at lower slip rates exhibit a pronounced strength decrease over small distances, but at higher 
velocities they exhibit a progressive increase in the shear stress as a function of slip. The simulations also 
indicate that only a small fraction of the contacts experience lower friction, with most of them having 
friction coefficients closer to 0.5, hence suggesting that fast slip is accommodated only at few contacts, 
while most of the other contacts are either not sliding at all, or sliding slowly. 

As Figure 6 suggests, flash heating may not be as effective in thick granular materials as it is in sliding 
on bare rock surfaces, because the competition between the dilatant rate-strengthening of inertial 
granular flow, and rate-weakening caused by local shear heating makes flash heating less effective in 
the granular packings that we studied. If there is no localization and the thickness of a granular packing 
is on the order of what we considered in this study, the steady-state shear strength increases with 
increasing slip rate, albeit at a lower slope than when there is no flash heating. Our results also suggest 
that flash heating alone may not promote strong coherent localization in sheared granular materials and, 
therefore, other mechanisms, such as thermal pressurization of pore fluids and/or grain interlocking, 
should also contribute. Thus, the results provide new insights into dynamic weakening mechanisms in 
fault gouge and the role of flash heating in such systems. 
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