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In the study supported by this grant, we explored the friction dynamics and rate- and state-
dependent friction behavior of a sheared fault gouge and its relevance for fault mechanics and 
rupture dynamics. The initial proposal included performing numerical simulations, friction 
experiments at Pennsylvania State University, and theoretical developments. We have only 
managed to realize the first part of the study in the proposed timeline; the experimental part of the 
study was not realized within the relatively short period of time that Ferdowsi spent in the 
Department of Earth and Environmental Science at the University of Pennsylvania. However, 
postdoc Ferdowsi is continuing to work on the granular physics of rate- and state-dependent 
frictional behavior of fault rocks at the Department of Geosciences, Princeton University, using 
the computational framework that was developed and funded by this research grant.  
 
Simulations 
The simulation plan was comprised of discrete element method modeling of granular fault gouge 
and exploring different dynamical regimes of the system. We explored the dynamical and frictional 
behavior of a granular fault gouge layer with a finite spring stiffness (Figure 1B) and compared 
the behavior to that of a system with an infinite stiffness spring, which essentially results in moving 
the top plate at a constant velocity in a rigid manner (Figure 1C). We found that a finite spring 
stiffness is a necessary condition for exploring the dynamical phase space of the friction behavior, 
from steady-sliding to stick-slip and amorphous creep, and for adding a granular physics 
perspective to the solid-on-solid friction dynamics phase space discussed below.  
 
It is known that granular materials (forming the interface between two pieces of sheared fault rock) 
would go through shear-jamming to unjamming transition during the stick-slip cycles as they are 
sheared. The shear elastic modulus of the granular materials vanishes on they approach the shear- 
jamming transition, implying that the energy cost of any shear deformation vanishes at that state 
(O'Hern et al., 2003; Wyart, 2005). At the transition, this response further extends in the entire 
system, making it extremely susceptible and fragile to perturbations. However, the influence of 
this evolution in the frictional behavior of the fault gouge is not yet understood.  Using modeling 
and experiments as well as theory from friction dynamics and granular mechanics, we explored 
these influences first as the dynamical regime of granular fault gouge and then as the response of 
the gouge to external static and dynamic perturbations. The drive velocity spanned from 10 
micron/s to 1 cm/sec. The range of confining pressure explored here was from 0.5 to 20 MPa. 
 
 
 
 



 
Figure 1. (A) The confining stage of the numerical experiment.  (B) The model with a spring coupled to the 
top plate with a given stiffness. The other end of the spring moves at a constant velocity, transmitting shear 
forces to the top plate and from there to the granular gouge. (C) The numerical model for the infinite 
stiffness of driving spring. This is the case where the top plate moves at a constant imposed velocity. (D) 
Schematic for the measurement of local shear and normal stresses in the granular system.  
 
Friction dynamics and granular mechanics 
Figure 2A shows the dynamical phase space observed by Baumberger et al. (1994) for the frictional 
behavior of bristol board, consisting of a creep-dominated to inertia-dominated regime at the low 
range of driving spring stiffness, as the driving spring velocity increases. The dynamics at a high 
stiffness of the drive spring transitions to steady-sliding (Baumberger, 1996). The bifurcation 
curve that separates creep- and inertial-dominated dynamics from the steady-sliding regime have 
been calculated with the assumption that the granular gouge stiffness is constant in time, such that 
one can write 

 
where Vo is a velocity scale, k is the drive spring stiffness and Pn is the confining force. We 
explored this phase space and its relation to fault mechanics, particularly the transition from creep 
to inertia behavior.  These aspects have important implications for different modes of fault failure, 
from slow earthquakes (tremor, slow-slip) to earthquakes (stick-slip), by varying the drive spring 
stiffness, confining pressure and driving velocity. The line that separates creep-dominated from 
inertial-dominated behavior in solid-solid friction can be defined based on the creep time scale, 
tcreep = Do/V, where Do is the creep memory length, versus the inertial time-scale, tinertial = 
2*pi*sqrt(Pn/k). On the other hand, there has been recent progress in the granular mechanics of 
inertial- and creep-dominated motion. It is now possible to classify the regime of behavior of 
granular gouge using a non-dimensional inertial number (Jop et al., 2006), defined as 
 

 
where �̇� is the granular shear rate, d is the average grain diameter, 𝜎n is the confining stress and 
𝜌	is the material density. It is observed that the inertial number, I < ~10-6, and corresponds to creep 
dynamics (Crassous et al. 2006), however the range of inertial dynamics is more wide spread and 
spans from quasi-static motion (10-6< I <10-3) to collisional behavior (I~10-1). We worked on first 
determining the fault gouge creep time-scale by back calculating the shear rate that at a given 
confining pressure results in creep motion and then comparing this to the granular simulation 
results and the original friction dynamics hypothesis proposed by Baumberger et al (1994) for 
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solid-on-solid friction. This effort elucidated and constrained the granular controls of different 
modes of slip. In addition, there appears to be a positive feedback between the variation of the 
stiffness of the granular gouge and drive stiffness as the shearing continues. The change in the 
gouge stiffness has not been considered in the current frictional dynamics phase space, and may 
in fact result in a mode-shifting of the fault behavior, similar to what has been described by Ikari 
et al. (2015).  Ikari et al. observed that sheared samples from the Tohoku-oki earthquake fault zone 
exhibit the full spectrum of fault-slip behaviors, from fast unstable slip to slow steady creep, 
explaining the wide range of slip styles observed in the Japan Trench.  
 
After completing the first part of the study, the next step was adding a velocity-step perturbation 
or boundary vibrations to the system (in a numerical model as well as in experiments) to observe 
how the fragility of the system and its distance from the jamming transition contributes to the 
triggering of slow-slip and fast stick-slip events. This part of the study was not realized during the 
too-short stay of the postdoc Ferdowsi at the University of Pennsylvania, but is currently being 
studied by him at Princeton University. 
 

Figure 2. (a) Dynamical phase space for creep- versus inertial-dominated regime in addition to steady-
sliding dynamics as proposed for Bristol board solid-solid friction by Baumberger et. al (Nature, 1994). 
(b) The dynamical behavior observed in our study suggests the same type of transition albeit with more 
degrees of complexity. The transition from creep to stick-slip in a single numerical run, which we 
hypothesize to be related to the distance to jamming/unjamming in the granular gouge, is also shown here.  
 
It is noteworthy that the creep observations herein will correspond to elastic creep resulting from 
slow rearrangement and non-affine deformation in granular systems that is also applicable to fault 
gouge. This is a mechanistic process that is commonly observed in granular systems, however, 
plastic contact-scale creep co-exists with this behavior in real fault gouge. The influence of time-
dependent plastic deformation at the contact-scale was not part of the planned study. 
 
Local friction vs. local shear velocity 
We have measured the variation of local shear stress versus local slip velocity in a granular gouge 
layer for different regimes of frictional behavior (creep, stick-slip, and steady-sliding). This result 
in shown in Fig. 3B. The findings presented in this figure suggest that creep and slow-slip, and 
transient stick-slip behaviors, are all governed by the same physical mechanisms (granular 
rheology) at the scale of fault gouge, and that they might be described by a unified frictional 
dynamics phase space. This finding is in agreement with recent experimental observations from 



Leeman et al (Nat. Commun, 2016) and Scuderi et al (Nat. Geo., 2016), and is currently being 
further investigated  by postdoc Ferdowsi at Princeton University. 
 

 
Figure 3. (A) The evolution of frictional behavior of gouge from stick-slip, to transitional stick-
slip and steady-sliding as shearing velocity is increased. These friction signals belong to a system 
with an infinite spring stiffness (Fig. 1C). (B) measurements of local friction coefficient, and local 
sliding speed, for different regime of frictional behavior. Panels (C) and (D) show the variation of 
local friction coefficient versus local inertial number defined in an earlier part of this report, for 
different regimes of frictional behavior, in semi-log and log-log axes, respectively. This 
observation suggests that different frictional regimes at the scale of fault gouge all can be 
described by the rheological behavior of granular materials.  
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