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OVERVIEW 

Theoretical models suggest that earthquake rupture is a complex process with non-trivial evolution of 
kinematic and dynamic properties (e.g., Tinti et al. 2005). Numerical modeling of the rupture commonly 
uses constitutive relations that were determined in low-velocity, short-distance friction experiments. 
However, recent experiments that reproduced the velocity history of actual earthquakes showed that such 
constitutive relations do not necessarily hold for variable, high slip-velocity of natural earthquakes. The 
present objective is to simulate the earthquake rupture process by loading experimental faults similarly to 
earthquake loading, and to derive the constitutive relation at these conditions.  

The classical experimental approach to explore earthquake rupture is to conduct friction experiments 
under constant- or stepping- slip-velocity. The experimental results are used to derive a constitutive law, 
such as the well-known rate- and state- friction (RSF) (Dieterich, 1979, Scholz, 1998). This approach does 
not necessarily capture the full complexity of earthquake rupture.  Sone and Shimamoto (2009) sheared an 
experimental fault by loading it with velocity history that was determined by seismic inversion of the 1999 
Chi-Chi earthquake. They commented that “Specific evolution laws developed from frictional experiments 
at low slip rates (~ micrometres per second) do not seem to simultaneously explain the weakening and 
healing observed in our experiments. … The change in friction is also much greater than typically 
observed at low slip rates … Therefore, modifications to known rate-and-state formulations, 
incorporating physical processes activated at high velocities…. are probably needed to describe the 
frictional behaviour at seismic slip rates.” 

We departed from the classical approach of constant/stepping velocity experiments, and conducted 
friction experiments at loading modes that are likely to operate during large earthquakes. In our recent 
experiments (Chang et al., 2012) we applied a finite amount of energy was supplied to the experimental 
fault by impacting it with a spinning flywheel. In this work, we experimentally simulate fault behavior 
when subjected to earthquake-like loading, and use the simulation results as input for numerical modeling 
of earthquake dynamic rupture. Based on these results, we think that such experimental procedure would 
link the dynamic weakening to specific mechanisms that operate at earthquake conditions.   

BACKGROUND 

The evolution of rupture and slip along a fault patch reflects the patch dynamic properties and its 
loading by the earthquake propagating front. This evolution controls many of the earthquake 
characteristics like magnitude, seismic radiation and strong ground motion. Major experimental and 
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analytical efforts were devoted to determine this evolution, and to improve seismic hazard evaluation. We 
outline below the common views of a fault patch behavior during earthquakes, and the experimental 
approach to simulate this behavior.  

FAULT-PATCH RUPTURE DURING AN EARTHQUAKE  

Seismic analyses of displacement and velocity distribution during an earthquake is determined by 
inversion of strong ground motion data (e.g., Day et al., 1998). Then, the displacement map on the fault 
surface is implemented in a mechanical code to constrain the earthquake rupture history, and can be used 
to determine the constitutive weakening of homogeneous and non-homogeneous faults (Ide and Takeo, 
1997; Piatanesi et al., 2004; Tinti et al., 2005). A range of idealized configurations of slip-velocity 
evolution during rupture propagation have been considered (Fig.  1) (Heaton, 1990; Nielsen and 
Madariaga, 2003; Piatanesi et al., 2004; Tinti et al., 2005). This range may include a delta function that 
implies non-realistic, infinitely large acceleration and deceleration, gaussian  rise and fall of the velocity, 
and the now classical Yoffe and Kostrove functions.  Tinti et al. (2005) pointed out the importance of 
selecting a realistic slip-velocity function for the successful 
inversion procedure of the slip and slip-velocity, as well as for 
prediction of strong ground motion.  They selected the 
regularized Yoffe function (Fig. 1B) that was initially proposed 
for a propagating mode I fracture, and was later adopted mode 
II fault propagation.  

 Piatanesi et al. (2004) examined four different time-
functions for their calculations. The simplest one, assumes 
symmetric velocity rise and velocity drop (Gaussian), and the 
other three assume fast rise time with non-linear velocity drop. 
These time-functions affect the inferred constitutive parameters, 
and the calculated friction-slip relations and dC. These analyses 
are restricted to the breakdown and the re-strengthening 
energies, which can be evaluated from seismic data, but the 
large component of frictional heat is selected arbitrarily as it 
cannot be determined from seismic observations (Kanamori and 
Brodsky, 2004; Tinti et al., 2005). 

 Heaton (1990) presented the slip-pulse mode, which is 
supported by slip inversion of large earthquakes, as an 
alternative to the classical expanding crack mode. The slip-
pulse mode requires that earthquake rupture includes both 
dynamic weakening and self-healing (re-strengthening), as 
analyzed by Nielsen & Madariaga (2003) following the Yoffe 
fracture model. The re-strengthening could reflect, for example, 
by the slowing down of the slip (Dieterich, 1981), or dynamic 
strengthening associated with elevated temperature (Reches and Lockner, 
2010; Sammis et al., 2011). 

 
Fig. 1. A. Slip-velocity (left) and slip-distance (right) histories of slip 

along a fault patch during an earthquake for delta, box-care, gaussian, 
truncated Kostrov, and Yoffe distributions. B. (below) The regularized 
Yoffe that leads to a finite peak velocity and peak acceleration (Tinti et al., 
2005). 
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WHAT IS THE FAULT BEHAVIOR DURING ‘EARTHQUAKE-LIKE LOADING’ ? 

Stick-slip events are tiny earthquakes in which the slip distances are 5-6 orders of magnitudes smaller 
than those of large earthquakes. Thus, rock weakening mechanisms that are activated during seismic slip 
conditions of high-velocity/large-slip may not be observed in stick-slip experiments. Several recent 
experimental studies attempted to remove this limitation of stick-slip design by subjecting the 
experimental faults to ‘earthquake-like-loading’ (ELL) history; examples of ELL are described below.   

We recognized two general groups of ELL. In the first group, the samples were subjected to variable 
slip-velocity history with acceleration and deceleration stages (Sone and Shimamoto, 2009; Fukuyama and 
Mizoguchi, 2010; Goldsby and Tullis, 2011; Niemeijer et al., 2011; Tisato et al., 2012). In the second 
group, the samples were impacted by an impactor with finite amount of energy and the sample responded 
spontaneously to this energy shot (Prakash, 1995; Yuan and Prakash, 2008;; Chang et al., 2012).  

Variable velocity experiments  
Sone and Shimamoto (2009) simulated the mechanical behavior of a patch along the Chelungpu fault 

during the 1999 Chi-Chi earthquake, Taiwan. They used natural gouge collected from the fault, and 
subjected it to velocity history determined by inversion of 
the seismic data. This history includes acceleration to 
~1.9 m/s in ~6 s and deceleration over ~ 4 s (Fig. 2). The 
strength history is complex: an initial friction coefficient 
increase by ~ 0.3 up to velocity of ~ 0.5 m/s, then, the 
fault quickly weakened to µ ~ 0.2 when the velocity 
reached 1.9 m/s, and strengthened to almost initial 
friction during the deceleration (Fig. 2). As mentioned 
above, the authors concluded that “.... modifications to 
known rate-and-state formulations, incorporating 
physical processes activated at high velocities…. are 
probably needed to describe the frictional behaviour at 
seismic slip rates.”  

 
Fig. 2. The solid lines are the frictional coefficient plotted against time and the dashed lines are the 

slip rate plotted against time. The bold black dashed line represents the model velocity history taken from 
a kinematic inversion solution of 1999 Chi-Chi earthquake. 

 
In the experiments of Fukuyama and Mizoguchi (2010), they applied on a granite sample the slip-

velocity histories of the regularized Yoffe function (Fig. 1B), and the velocity history measured at the 
PS10 seismic station during the 2002 Denali, Alaska, earthquake. The experiments yielded a rich range of 
stress histories. For example, the experiments with short duration Yoffe function revealed very fast 
weakening (dC < 0.1 m) that was followed by a monotonic strengthening. Fukuyama and Mizoguchi noted  
that the initial acceleration affected the dynamic weakening, yet the relations were not obvious. They 
suggested that frictional heating accelerated the formation of gouge by thermal fracturing. Fukuyama and 
Mizoguchi (2010) concluded “..that a single parameter cannot define the friction behavior during high 
slip velocity sliding. Instead, we should say that “slip-history” (or slip velocity-history) controls the 
behavior of friction.” 

Another interesting case was reported by Niemeijer et al (2011). In their run s049 (Fig. 5 in their work) 
they loaded a gabbro sample at σn = 20 MPa, and accelerated it to slip velocity of 3.0 m/s. The first 0.1 s 
of this experiment shows an acceleration spike with peak acceleration of ~ 50 m/s2. The frictional strength 
evolution was complex with an early weakening stage in which the friction coefficient dropped to µ ~ 0.1 
during the first 0.025 s (dC ~ 5 mm). This stage is followed by three cycles of strengthening-weakening 
until the steady-state stage is established at about 0.5 s. Niemeijer et al (15) explained this strengthening-
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weakening oscillations as partly “….induced by the energy input from the motor (in some experiments, the 
sample accelerates from 0 to 3000 rpm in 0.1 s, which is almost like hammering the sample)…” We think 
that this description may fit the ‘hammering’ by an experiment rupture front.  

Impact experiments  
We recently completed a series of experiments (Chang et al., 2012) in which a finite amount of 

potential energy was abruptly provided to experimental faults. Here, the time evolution of frictional 
strength and slip-velocity were determined by the sample response. We used a rotary shear apparatus 
(Appendix), in which a ring-shaped fault slips at velocities of up to 1 m/s, at normal stresses of up to 30 
MPa. We conducted 66 experiments on Sierra White granite (SWG) and Kasota dolomite (KD) samples. 
Each experiment starts by spinning a 225-kg disk-shaped flywheel to a prescribed angular velocity; during 
this stage, the sample remains stationary. Then, a fast-acting clutch engages the rotating part of the 
sample, forcing it to rotate until kinetic energy of the flywheel was dissipated. We refer to this experiment 
as an “earthquake-like slip event”.  

Results of four typical experiments are plotted in Fig. 4. In the granite run #733 (Fig. 4A), the sample  
was subjected to normal stress σn = 6.8 MPa, the experimental fault accelerated to a peak velocity of Vp = 
0.70 m/s in ~0.1 s and slipped for 0.86 m during 2.50 s. The initial ring-shaped fault strength was µs = 
0.66, it briefly increased to µ = 0.69, and then dropped to a minimum value of µmin = 0.35. Finally, the 
patch strength recovered to µ = 0.81 as the patch decelerated (Fig. 4A). Similar patterns of strength 
evolution were observed for almost all experiments. Chang et al. (2012) use the experimental slip 
distances to suggest that slip during their runs is equivalent to fault patch slip during an earthquake of 
magnitude range of MM=4-8. 

 
Fig. 4. The evolution of 

frictional strength and slip velocity 
in four experiments (Chang et al., 
2012). A, Two runs with SWG 
loaded with Coulomb energy 
density of EC = 0.007 m (#754) and 
EC = 0.43 m (#733). B. Two runs 
with KD loaded with EC = 0.09 m 
(#1037) and EC = 1.20 m (#1059). 

Constitutive relations of ELL experiments  
 We outlined above a few cases of earthquake-like loading in which the experimental faults were 

subjected to slip-velocity history that is expected for earthquake rupture or that was observed in recent 
earthquakes. Probably the most important result of these experiments is that constitutive relations which 
are determined in constant/stepping low velocity experiments are not necessarily valid at ELL, as 
observed by Sone and Shimammoto (2009) (above). This point was also recognized by Chang et al. 
(2012) who compared the friction-velocity relations of the same granite loaded either in constant/stepping 
velocity or in flywheel impacting (Fig. 5). In Chang et al. experiments (Fig. 5B), the frictional strength is 
0.6 to 0.8 for velocity V < 0.1 m/s, and it drops sharply to as low as µ ≅ 0.2 for V  >0.1 m/s. In contrast, 
the constant/stepping velocity experiments of Reches and Lockner (2010) exhibit strikingly different 
friction-velocity relations (Fig. 5A). As both sets of experiments were conducted on the same rock 
samples, the dissimilarity is attributed solely to the different loading mode, as already suggested by Sone 
and Shimamoto (2009). 
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Further, Chang et al. found that the slip-weakening distance, dC, in their experiments has mean value of 
2.7 cm for the granite runs. This value of dC is similar to the Fukuyama and Mizoguchi (2010) result 
(above) but differs from the few meters range in other rotary 
shear experiments (Niemeijer et al., 2011; Reches and 
Lockner, 2010) and seismic analyses (Tinti et al., 2005). 
Chang et al. attributes these low dC values to the intense 
acceleration imposed by impact loading of a fast spinning 
flywheel (see also Fukuyama and Mizoguchi, 2010).  

Thus, the above cases indicate that ELL in general, and 
impact loading in particular differ in friction-velocity 
relations and the magnitude of dC from constant/stepping 
low-velocity experiments. 

 
Fig.5.Friction-velocity relations of Sierra White granite. 

A. (Top) Frictional strength as function of slip velocity in 
constant- stepping- velocity experiments (Reches and 
Lockner, 2010). B. (bottom) Frictional strength as function 
of slip velocity in flywheel impact loading (Chang et al., 
2012); note fast weakening at V >0.1 m/s with friction drop 
of 0.1-0.3 per 0.1 m/s. Data for both plots were determined 
for with the same samples. 

PRESENT ANALYSIS 

RESEARCH MOTIVATION: CONSTITUTIVE LAW FOR EARTHQUAKE-LIKE LOADING STYLE 

The above observations of fast and/or intense dynamic weakening under earthquake-like loading are 
not unique, and similar weakening-acceleration associations were reported in stick-slip experiments 
(Ohnaka and Yamashita 1989) (Fig. 1B), rotary shear (Goldsby and Tullis, 2011) and impact shear 
experiments (Yuan and Prakash, 2008). These studies greatly differ from each other in slip distance, 
normal stress, acceleration, and slip-velocities with the outstanding commonality of impact loading and 
intense acceleration.  Impact loading induces extreme strain-rates of ~104 s-1 that significantly increase 
rock brittleness and rheology, and by doing so would activate weakening mechanisms that do no operate 
at classical loading experiments (see Chang et al., 2012).  

We think that the earthquake-like loading experiments (Sone and Shimamoto, 2009; Fukuyama and 
Mizoguchi, 2010; Goldsby and Tullis, 2011; Niemeijer et al., 2011; Tisato et al., 2012; Prakash, 1995; 
Yuan and Prakash, 2008; Chang et al., 2012) capture the character of earthquake rupture models (Fig. 1). 
Apparently, there is a need for a constitutive law that fits the observations of earthquake-like loading 
experiments, and such law is essential for realistic modeling of earthquake rupture.  

APPROACH 

As outlined above, a fault patch is at rest before the earthquake rupture front arrives, and then it 
accelerates, weakens, deforms, and eventually heals and locks. This complex deformation history during a 
few seconds raises some central questions that we attempted to address:  

(1) Do the constitutive relations of fault strength depend on the loading style? 
(2) What are the effects of the loading style on dynamic weakening? 
(3) What is (are) the experimental loading procedure to simulate(s) earthquake rupture during large 

earthquakes? 
(4) What are the effects of successful experimental simulations on our understanding/modeling of 

dynamic rupture during large earthquakes?  
(5) What is the constitutive law(s) for earthquake rupture? 
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The main experimental challenge here is to simulate the loading of a fault patch by the propagating 
earthquake rupture front. Our Apparatus offers a range of loading methods: 

1. Slip-velocity control that allows for any shape of velocity history. This flexibility relies on the  
controlling option of the motor  (VS1GV AC Closed Vector Control) that can provides full torque 
even at 0 RPM.  

2. Finite energy control. A integrated 225 kg flywheel that can be used for loading the experimental 
fault with a finite amount of kinetic energy. For a typical sample size in our system (surface area of 
0.002 m2), the flywheel can provide up to ~10 MJ/m2, which is on the order of energy density of 
large earthquakes. The unique capability is available only in our apparatus. Chang et al. (2012) 
used this flywheel option for significant improvements of earthquake rupturing processes (above). 

3. Power-density control. We recently developed a new, unique loading procedure that could bring 
us closer to earthquake simulation. In this procedure, the sample loading is controlled by power-
density history specified by the operator, where the power-density (PD) is the rate of energy 
dissipation per unit area of the fault (units of MW/m2), and it is calculated by PD = Power-density 
= [slip velocity] * [shear stress]. At PD loading, the evolution of both slip velocity and frictional 
strength is determined by the experimental fault without operator intervention. To the best of our 
knowledge, power control capability has never been employed in rock friction experiments. 

The power-density control is probably the closest simulation of the loading of a fault patch during an 
earthquake. The fault patch slips by dissipation of part of the elastic energy stored in the rocks around it 
and the energy provided by the propagating earthquake front. Both these energy sources do not dictate the 
slip-velocity or the friction resistance, and the patch’s properties control the rates of energy dissipation.  

RESULTS 

Friction sensitivity to loading mode 
We tested the effect on loading style on the friction-velocity relation by running 19 experiments on 

samples of Radiant Red granite (RRG) (commercial name). Three modes of velocity histories were 
employed (left, Fig. 6): steady-state (constant velocity, 15 runs), ‘quake-like’ of fast velocity rise and slow 
velocity decrease (2 runs), and ‘ramp-like’ of slow acceleration and deceleration (2 runs). The friction-
velocity relations of these experiments are plotted in Fig. 6 (right); the constant velocity are shown by 
mean friction coefficient during steady-state, and the variable velocity experiments are shown by the 
continuous friction-velocity relation during the entire run.  

These experimental results show, for this granite: 
(1) At constant velocity loading (yellow band in Fig. 6), the friction coefficient  drops as slip 

velocity increases up to slip velocity of ~ 0.03 m/s; further increase of the velocity lead to 
friction increase. These results are in agreement with Reches and Lockner (2010) for Sierra 
White granite (top of Fig. 5). 

(2) Runs loaded by ‘quake-like’ velocity history (black and red in Fig. 6 right) display friction-
velocity relations similar to the flywheel experiments of Chang et al. (2012) (bottom Fig. 5). 

(3) Runs loaded by ‘ramp-like’ velocity history (light, dark green in Fig. 6 right) display friction-
velocity relations similar to ‘quake like’ up to slip-velocity of ~0.5 m/s, but display significant 
strengthening for velocities of 0.5-1.0 m/s. This strengthening at high velocity is due to the 
intense frictional heating of the fault gouge (Reches and Lockner, 2010; Sammis et al., 2011). 
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Fig. 6. Friction-velocity relations of granite. Left: the three modes of velocity histories. Right: the 

observed friction-velocity relations; large symbols with error bars on yellow background are mean 
friction coefficients during steady-state; corves marked by multiple small color dots are the temporal 
relations for the four variable velocity experiments, with black and red for the quake loading and the two 
green for the ramp loading.  

Power-density control 
Utilization of the new power-density (PD) control system is an important component of the present 

analysis. PD is the rate of energy dissipated by the experimental fault, and it is the product [shear stress] · 
[slip velocity]. Our apparatus has a 100 HP AC Baldor motor with a flexible controller of either torque or 
velocity. The operation and data acquisition is controlled with a dedicated LabView program in which we 
programmed a ‘proportional–integral–derivative’ (PID) controller for the PD controlled experiments (Fig. 
7).  The actual PD is calculated continuously during the experiment, and it is compared to the requested 
PD history. The PD control procedure works like a typical PID controller and requires fine-tuning of the 
P, I, and D constants. The most important feature of this procedure is that the operator only selects the 
requested PD history and both the frictional resistant (including dynamic changes) and the slip 
velocity are controlled by the experimental fault. 

Power-density control results 
We conducted a series of runs with PD control, and the results of experiment 2600 are shown in Fig. 7. 

This was a granite sample (same lithology as in 
Fig. 6) with ring-shaped sliding surface with 
60.4 mm and 85.8 mm as inner and outer 
diameters, respectively, and the normal stress 
was 2.3 MPa.  

The sample was first subjected to low PD = 
0.0025 MW/m2 for a period of 40 s (green cure 
in stage A, Fig. 7). This low PD was sufficient 
to raise the shear stress to ~1.2 MPa, but was 
too low to initiate slip (no velocity for the first 
40 s, Fig. 7). At 40 s, the requested PD was 
raised to 0.01 MW/m2 for a period of 300 s 
(stage B). The sample slipped by brief  

Fig. 7. Results of power-density control experiment (text).  
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acceleration when the shear stress reached 1.58 MPa. To match PD=0.01, the slip velocity quickly 
dropped to ~0.005 m/s. The observed PD (black curve) was slightly below the requested (green curve). 
As the friction coefficient dropped from ~0.68 at 40 s to ~0.3 at 150 s, the slip velocity increased (by the 
peed-back system) to accurately match the requested PD. Future experiments will be run at higher normal 
stresses and larger power densities.  

Application of experimental observations  
We recently applied the frictional strength properties which were observed by Chang et al. (2012) (Fig. 

5) to earthquake rupture modeling (Liao and Reches, 2013). We simulated the dynamic shear rupture 
along a 2D anti-plane vertical fault in an elastic half-space by using the spectral element code of Ampuero 
(http://web.gps.caltech.edu/~ampuero/software.html). The spectral element scheme calculates the rupture 
along a fault, and allows for simulation of spontaneous propagation of slip. We converted the observed 
friction-distance relations of the experimental results for Sierra White granite (with the flywheel, above) 
into an empirical slip-friction model (Fig. 8). In the calculations, we kept all parameters (crust properties 
and stresses) the same as 2-D model of Version 3 of the Southern California Earthquake Center (SCEC) 
benchmark problem (Harris et al., 
2004), and modified only the fault 
strength function of the experimental 
results. This approach allows the direct 
comparison between the new 
earthquake-like friction and the 
benchmark results with fault linear slip-
weakening model of Rojas et al (2008) 
(Fig. 8).  

The experimentally based model 
(flywheel, earthquake-like loading) 
appears to naturally generates a slip-
pulse propagation and an arresting slip 
of the earthquake (Fig.8) (Liao and 
Reches, 2013).  

Fig. 8. The velocities, stress and slip-
distance calculated with the two friction 
models for the same crust properties at 
a point on 6 km away from the slip nucleation. Center right: friction strength of slip-weakening (black) 
and earthquake-like (red) as function of slip distance. Upper left: Results for the slip-weakening model. 
Lower left: results for the earthquake-like model. Lower right: summary of the earthquake-like model 
changes with respect to the slip-weakening model. 

CONCLUDING REMARKS 

The experimental investigation described here are expected to simulate the behavior of a fault patch 
during the rupture by the propagating earthquake front. By its intrinsic nature, the slip along a patch is a 
transient phenomenon with intense acceleration, deceleration, weakening and healing during a period up 
to a few seconds. We thus think that the fault constitutive relations described above provide good proxy 
for the transient nature of earthquake slip.  
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APPENDIX: EXPERIMENTAL SETTING 

Loading system 
The apparatus frame is 1.8 m tall with two decks that are connected to each other by four internally 

enforced legs. The sample is placed between the two decks, and it is loaded by the rotary power train from 
below and by the normal stress from above. The power system includes:  

(1) A 100 HP three-phase electric motor and controller that provides constant torque of up to 3,000 Nm 
from 0 RPM to 3300 RPM. The shaft is powered by the motor with 1:6 velocity reduction sprockets. 

(2) A 225 kg flywheel to boost the motor torque for short rise time during high-speed tests.  
(3) An electro-magnetic large clutch (Ogura) that is capable of full engagement in 30 ms.  
(4) A hydraulic piston system (Enerpac) with axial load up to 9,500 N.  

Control and monitoring system 
National Instruments control and monitoring system with a SCXI-1100 with modules 1124 (analog 

control) 1161 (relay control), 1520 (load cell/strain gage), and 1600 (data acquisition and multiplexer), as 
well as a USB-6210 (encoder measurements). A dedicated LabView controls the system. Digital sampling 
rate is up to 10 kHz. Load-cells for axial load and torque (Honeywell), gouge dilation/compaction is 
measured with four eddy-current sensors (Lion Precision) (1-micron accuracy), temperature measurement 
is with thermo-couples (Omega), and sample radial velocity encoder (Sick-Stegmann).  

We used solid blocks of Sierra White granite, and Kasota dolomite. Each sample includes two 
cylindrical blocks, diameter=101.6 mm, height=50.8 mm. For ~uniform velocity, the upper block has a 
raised ring with ID=63.2 mm and OD=82.3 mm; the blocks are pressed across this raised ring. 
Thermocouples are cemented into holes drilled 3 mm and 6 mm away from the sliding surfaces.   
 
 

PUBLICATIONS OF THE PRESENT PROJECT 

Liao Z, J. Chang, and Z. Reches, 2013, Dynamic rupture simulation with an experimentally-determined 
friction law leads to slip-pulse propagation. AGU, Fall meeting, 2013 

Liao, Z. and Reches, Z., 2013 Shear Rupture Along a Fault with an Experimentally-determined Frictional 
Strength. 2013 SSA Annual meeting  
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