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Experimental Investigation of Multi-Scale Flash Weakening 
 

Introduction 
Dynamic weakening processes such as flash-weakening, thermal pore-fluid pressurization, 

and melt lubrication are significant to the mechanics of seismic slip. Although weakening 
processes are generally understood, there remains considerable uncertainty about incorporating 
these processes into numerical models of earthquake rupture. Weakening of faults by flash 
heating is one of the important processes governing fault friction behavior, particularly during 
the onset of high-velocity slip and the early phases of earthquake rupture development (e.g., 
Rice, 2006; Beeler et al., 2008; Goldsby & Tullis, 2011; Sleep, 2019). Although experimental 
studies have documented weakening at high slip-rates that is well-characterized by the steady-
state, velocity-weakening relation based on flash heating at micrometer-scale asperity contacts 
(e.g., Rice, 2006; Sleep, 2019), the evolution of contact geometries is not well-defined. 
Accordingly, it is difficult to develop a velocity-dependent constitutive relation that describes 
transient friction during the accelerating and decelerating phases of earthquake slip that arises 
from the combined effects of flash heating at micrometer scale contacts and the change in 
surface temperature at larger length scales (Beeler et al., 2008; Proctor et al., 2015). Faults and 
slip surfaces display anisotropic roughness over a range of length scales (e.g., Scholz & Aviles, 
1986; Power & Tullis, 1991; Sagy et al., 2007), and thus properties such as local normal stress, 
localization of slip, dilatancy, and permeability are inhomogeneous and vary with scale and time. 
Inhomogeneous conditions at length-scales less than the magnitude of slip during an earthquake 
are particularly important when defining constitutive relations for faults. The structure and 
properties of faults are identified in one of the five basic questions of earthquake science in the 
SCEC5 science plan, specifically, Q3 How do the evolving structure, composition and physical 
properties of fault zones and surrounding rock affect shear resistance to seismic and aseismic 
slip? 

This project continued our study of multiscale friction behavior, particularly those associated 
with frictional heating and flash weakening during seismic slip on fault slip-surfaces that are 
rough. Much like the case of rate- and state-variable friction constitutive relations that are based 
loosely on adhesion theory of friction, the steady-state, flash-weakening friction-relations 
generally assume that macroscopic friction behavior arises from the strength of asperity contacts 
with dimensions of micrometers (e.g., Rice 2006; Sleep, 2019). This assumption is consistent 
with the size of particles in ultracataclasite (e.g., Chester et al., 2005), and the size of contacts 
observed directly in quasi-static experiments that apply normal loads to flat, ground surfaces of 
rock and plastic (Dieterich & Kilgore, 1994, 1996). Overall, the results of our on-going study of 
multiscale friction is consistent with the adhesion theory of friction, but also demonstrates 
convincingly that contact junctions along rough sliding surfaces also form at the mm and larger 
scales, which leads to inhomogeneous surface temperatures producing a greater magnitude of 
weakening (Barbery et al., submitted to JGR, 2020). Moreover, multiscale friction behavior may 
be characterized by a fading-memory constitutive behavior (e.g., Rice and Ruina, 1983) 
associated with flash heating and cooling at different contact-length and -time scales. The focus 
of research for this contract period was to 1) further develop numerical modeling for analysis of 
flash-weakening in our experiments, 2) continue experimentation to contribute mechanical and 
temperature data for our parametric study of the effects of sliding velocity, deceleration path, and 
normal stress, on friction, and 3) conduct observational studies to determine the factors leading 
to self-organization of mm-scale contacts during sliding that support high stress and heat-
generation rates. Overall, our effort is to employ numerical models of our high-speed friction 
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experiments to document and understand the multiscale nature of rock friction on rough fault 
surfaces.   

Research Methods and Results  
We conducted double-direct shear friction experiments on Westerly granite blocks employing 

velocity-steps from quasi-static to seismic sliding-rates (~ 0.3, 0.6 and 0.9 m/s) followed by 
sliding at constant velocity for up to 3.5 cm of slip, but also with some shorter durations of high 
speed sliding followed by varied deceleration to lower speeds of sliding. Flash weakening 
behavior is demonstrated by the mechanical data, elevated temperature in IR thermographs of the 
sliding surfaces, and nearly instantaneous reduction of friction by approximately 50% during 
step up to high velocity. During sliding, and as a result of a mm-scale grooved surface pattern on 
opposing block surfaces (Fig. 1), points on the sliding surfaces come into contact and remain in 
contact for 8.3 mm of slip (the Life Time of contact, LT), and then break contact for a specific 
distance (the Rest-Time of no contact, RT) before contact is renewed and the cycle is repeated. 
For the experiments conducted during this contract period, we used two sample geometries 
characterized by different RTs but the same LT. The normal load on the side blocks is set to an 
apparent macroscopic normal stress (σn) on the sliding interfaces of 9 MPa (Barbery et al., 2017; 
Chester et al., 2018). The IR thermographs of the sliding surface are captured at 300 Hz with a 
resolution of 50 µm/pixel, and the sequential images from a single-experiment records the flash-
temperature over an area of 17 mm in width and 35 mm in length (the total slip magnitude; Fig. 
1).  
 

  

Fig. 1. Starting contact condition of the 
macroscopic sliding surface on the moving block 
with the IR imaged area identified by the blue box, 
and a minimum model area outlined with a black 
dashed line. The model area comprises 544 discrete 
1 mm2 elements, with each element having a 
different phase and total number of cycles. The LT-
RT cycle histories for selected elements are 
indicated to the right of the enlarged model area, 
with the first to last stage of the sequence labeled 
left-to-right. Note that the imaged area for each 
experiment contains approximately two complete 
model areas. The gray shading represents the 
grooves in the moving block, the light-red shading 
represents the grooves in the stationary block, and 
the view of the interface is looking through the 
stationary block towards the moving block. 

 

A principal accomplishment of the project over the contract period was developing a data set 
complementary to our original data set that explored a single velocity (~1 m/s), a σn of 9 MPa, 
and a single RT=LT surface geometry, which were reported in past contract reports and our 
paper currently under review (Barbery et al., submitted to JGR, 2020). The new experiments 
feature both RT=LT and RT=0.5•LT surface geometries, and a variety of sliding velocity paths 
at different constant velocity, different sliding distance, and both high and low deceleration to 
low velocity and arrest (Figs. 2 and 3).  The new matrix of experiments is designed to provide 
additional constraints on normal stress distributions and mechanical response, including 
hysteresis in friction versus velocity (Fig. 3), so that we may better constrain the underlying 
physics of flash-weakening.  

Another principal accomplishment over the contract period was modeling the flash 
temperature distribution recorded in the thermograph data set from the new experiments to 
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determine the local, mm-scale normal stress (σl) distribution. We do this following the approach 
presented in Barbery et al. (submitted to JGR, 2020) that defined a minimum model area that was 
discretized to model the behavior of the entire surface (Fig. 1). We use a 1-D heat conduction 
model for flash heating (Archard, 1959) that incorporates the thermal properties of Westerly 
granite, and a heat generation rate constrained by the measured values of the sliding velocity and 
apparent macroscopic σn of experiments. For each unique discrete element (area) of the 
minimum model area, we calculate the heat generation rate during LT and the cooling during RT 
to determine the surface temperature history for a number of possible σl values ranging from 0.5-
24 times σn. We then compare the observed local temperature to each model result, element by 
element, to determine the σl on each element, and to determine the σl distribution. The 
calculation for each discrete element depends on the local value of sliding friction, µl, which is 
unknown but can be determined from a flash-weakening relation in which friction is a function 
of surface temperature (Barbery et al., submitted to JGR, 2020).  
 

 
Fig. 2. Example of friction behavior for a step to high velocity for samples with two different surface geometries (RT=LT and 
RT=0.5LT) with various peak-velocity and post-peak deceleration, and with different magnitudes of slip at peak velocity. For 
all the experiments the flash-temperature of the sliding surface, upon emerging from the base of the double-direct shear sample 
assembly, is imaged using the high-speed IR camera as described in Barbery et al. (submitted to JGR, 2020). The data from this 
multi-variable parametric study of flash-weakening friction is being used to better quantify the fundamental microscopic asperity 
contact properties of diameter, breakdown temperature, and shear strength. 

 

To incorporate temperature dependent friction into our model, we calculate local friction, µl, 
during each time step according to the flash weakening relation (Rice, 2006): 

 𝜇" = (𝜇% − 𝜇')
𝑉'
𝑉 + 𝜇'  (1) 

where µ0 is the quasi-static friction coefficient, equal to 0.72 averaged from all mechanical 
results, and µw is the fully weakened friction coefficient, equal to 0.215 and fitted to the observed 
weakening in our experiments. Vw is the weakening velocity above which flash weakening will 
occur, defined by: 

 𝑉' = 𝐶(𝑇' − 𝑇-./01
2
 (2) 

where C is a single constant representing all material properties, equal to 2.58 x10-7 m.s-1.°C-2 
from Rice (2006), and Tw is the breakdown temperature of 900 °C from Rice (2006), and 𝑇-./0 is 
the local surface temperature (at the mm-scale). Variable C contains microscopic material 
properties such as contact diameter and shear strength. 
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We followed the procedure for determining the local normal stress, σl, distribution described 
above, and reported by Barbery et al. (submitted to JGR, 2020), to analyze the new suite of 
experiments. We found that the σl distributions were similar for all experiments regardless of 
sliding velocity history and RT duration, and that the new experiments provided additional 
constraints on σl distributions, particularly at smaller sliding displacements. The new data are 
particularly informative because of (a) the higher temperatures achieved in the RT=0.5LT 
experiments; (b) the greater number of images per experiment we obtained at the lower sliding 
rates; (c) the increase from three to four temperature-ranges captured in our images during the 
new experiments that now include 10-90˚C. Using these new constraints, we improved the 
characterization of the distribution of the σl at low slip as shown by the comparison of the known 
macroscopic normal load to that predicted from the model determinations of the σl distribution as 
a function of slip (Fig. 4). 

Currently, we are developing a forward modeling approach that uses the slip velocity history, 
the RT and LT for the sample surfaces, and the local normal stress distribution, to search for the 
values of the microscopic material properties (contact diameter, breakdown temperature, and 
shear strength) that best fit the observed mechanical behavior of friction versus slip and friction 
versus velocity, the temperature distribution, and the macroscopic normal stress across the suite 
of experiments.  
 

 

 
 

 
Fig. 3. Example of friction behavior for a step to high 
velocity of 700 mm/s with a gradual deceleration to arrest 
followed by a subsequent stick-slip event. Experiments for 
the two surface geometries with different mm-scale contact 
rest-times are shown: a surface with RT= LT is represented 
by the curves in red, and a surface with RT= 0.5RT is 
represented by the curves in blue. At the same velocity and 
macroscopic normal stress, surface roughness with smaller 
contact RT attain higher surface temperature overall and 
display lower coefficient of sliding friction (see plots in the 
left frame). The plot of friction versus velocity shows 
hysteresis in friction that we hypothesize arises from different 
cooling rates for flash-heated contacts at the micrometer and 
millimeter scales. 

 
 

Discussion  
Our prior work demonstrated a procedure to determine the local (mm-scale) normal stress 

distribution for granite sliding surfaces from the flash temperature distributions produced during 
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high-speed sliding. The determination is based on the steady-state flash-weakening model with 
some reasonable assumptions of the characteristics of micrometer-scale asperity contacts. The 
present results are based on a number of experiments conducted at the same macroscopic normal 
stress as in the prior work, but that employ a variety of sliding velocities and two different 
roughness geometries. The new results suggest that the local normal stress distributions are 
similar for all experiments at the same macroscopic normal stress, at least to first order. This 
finding also supports the use of the flash-weakening model and our assumptions of contact 
junction characteristics. As such, we hypothesize that the non-steady-state, macroscopic 
behaviors shown in the experiments, particularly the hysteresis in friction with velocity (e.g., Fig. 
3), can be explained by the inhomogeneous, multi-scale nature of flash heating using the flash 
heating model in which both micrometer-scale contact junction heating and local surface 
temperature from mm-scale flash heating are properly treated. Currently, we are testing this 
hypothesis by checking that not only the macroscopic normal stress constraint is met (as in Fig. 
4), but that also the shear strength (friction) constraint is met for individual experiments using the 
same flash-weakening relation for the determination of normal stress. Our next step will be to use 
forward modeling techniques to determine best-fitting constitutive parameters for the suite of 
experiments, and determine whether all macroscopic behaviors associated with velocity history 
and surface roughness can be adequately described. 

Work delayed by COVID-19-pandemic laboratory-accessibility restrictions at TAMU 
includes 1) determining the factors leading to self-organization of mm-scale contacts during 
sliding that support high stress and heat-generation rates using profilometry, and 2) electron 
microscopy to characterize mineral distributions and phase alterations produced during sliding 
under different conditions. We will complete the observational aspects of our work during the 
contract extension as soon as access to the necessary microscopy facilities is permitted.  

Summary of Research Results  
 

• A suite of high-speed friction experiments on rough 
granite surfaces employing several different peak 
sliding-velocity and subsequent deceleration histories 
were conducted. 
• IR thermography of rock surfaces during high-
velocity frictional sliding document inhomogeneous 
flash-heating and flash-T distributions at the mm-
scale. 
• The local normal stress, σl, distributions determined 
from surface T and sliding contact history using T-
dependent flash-weakening friction relations are 
similar for all experiments and consistent with 
previous experiments reported in Barbery et al. 
(submitted to JGR, 2020), and have improved our 
characterization of σl distributions at low slip. 
• Current work involves testing the efficacy of the 
flash-weakening model based on micrometer-scale 
asperity contact junctions and local (mm-sale) surface 
temperature, and investigation of the factors leading to 
self-organization of mm-scale contacts during sliding. 

 

Fig. 4. Comparison of macroscopic normal stress 
calculated from the model determination of the σl 
distributions and the normal stress measured directly 
during the experiments. The model prediction from the 
original analysis by Barbery et al. (submitted to JGR, 
2020) is shown in blue, and the new model prediction 
from the combined data set is shown in orange. 
Additional refinement is expected by current modeling 
described in the text.  
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