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BACKGROUND 

Introduction 
Since this is a new project with no previous reports, we give a longer than usual background 
section on the project in this report. Zones of ‘pulverized rock’ have been observed in surface 
outcrops adjacent to the fault cores of the San Andreas and other major faults in Southern 
California.  These pulverized rocks crumble in one’s hand, yet do not appear to have experienced 
significant strains, judging by the original grain textures present in the rocks.  The origin of these 
pulverized rocks is not clear.  An understanding of their origin might allow inferences to be 
drawn about the nature of dynamic slip on these faults, perhaps including inferences concerning 
the coseismic resistance to slip.  Brune [2001] has proposed that pulverization occurs at depth 
and results from normal vibrations on the fault surface during slip that involve reductions in 
normal stress and hence reductions in shear resistance.  This research seeks to understand the 
origin of the pulverization by conducting experiments aimed at producing pulverized rocks in the 
laboratory under well-controlled conditions.  Considerable attention has been paid recently to the 
origin and significance of pulverized rocks, including a SCEC workshop  [Evans et al., 2006] 
and associated field trip at the 2006 SCEC annual meeting [Dor, 2006].  There is a vigorous 
current debate concerning both the description and the origin of these rocks as is briefly outlined 
below. 
 
Description of Pulverized Rocks 
The principal feature exhibited by pulverized rocks along the San Andreas fault is that they 
appear to be essentially shattered in place but have experienced very little strain.  The rock now 
consists of highly fractured fragments that still fit together and essentially preserve the original 
rock texture.  The protolith for the pulverized rock can be of several types, and field studies are 
determining what correlations exist between rock type and the degree of pulverization.  Field 
studies reveal that pulverization is well developed in crystalline rock such as granite, and is also 
seen in some sandstones.  In the case of granite, outcrops of pulverized granite are often 
characterized by Badlands-type erosion surfaces, indicating that the rock is relatively soft.  If an 
outcrop surface is scraped smooth and blown clean of debris, the original igneous texture of the 
granite is evident, but an apparently intact piece often can be disaggregated with bare hands 
down to silt-sized (or smaller) particles.  Wilson et al. [2005] report that the particle size 
distribution of pulverized rocks from Tejon Pass includes particles as small as tens of nm. 
However, other workers [Sisk et al., 2006] suggest that the apparent particle size distribution 
reported by Wilson et al. results from a combination of particle settling in their laser particle size 
analyzer and use of an incorrect algorithm for converting the laser scattering data to a particle 
size distribution. Sisk et al. [2006], using more conventional Stokes settling techniques on 
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pulverized rocks from Tejon Pass, find that the particle size distribution is dominated by particles 
in the 31-135 mm range.  
 
Regardless of the details of the actual particle size distributions, the pulverized rock adjacent to 
some exposures of the San Andreas, San Jacinto, and Garlock faults is enigmatic in origin.  Such 
material is typically referred to as fault gouge and the common assumption is that it results from 
distributed shear in a brittle setting, i.e., from cataclastic flow.  The apparent lack of strain in this 
material makes it clear that this is not the case.  In fact, Brune  [2001] emphasizes that when 
minor mesoscopic faults are seen in the pulverized rock zone, they are oriented at approximately 
45 degrees to the plane of the major fault and do not represent shearing parallel to the major 
fault. 
 
Possible Origin of Pulverized Rocks 
The enigmatic character of the pulverized rocks raises several intriguing questions.  What is the 
origin of the pulverized rocks and can they be used to infer anything about the nature of slip on 
the fault during earthquakes? If pulverization is due to deformation rather than weathering, a 
conclusion supported by the lack of clay-mineral weathering products in the pulverized rocks 
(Brune, personal communication), are dynamic stresses required or can it be produced by 
quasistatic deformation? Can pulverization occur at the Earth’s surface or only at high normal 
stresses at depth?  As outlined in the recent SCEC workshop and field trip, many possibilities 
have been suggested for the origin of the pulverization, some of which are discussed below. 
 
One possible explanation for pulverization is that it results from small strains in the material 
adjacent to a slipping fault required to accommodate continued slip on a rough principal fault 
surface [Power et al., 1988; Power and Tullis, 1989; Power and Tullis, 1995; Yund et al., 1990]. 
In this case, the material might repeatedly experience a variety of strain orientations, but might 
be characterized primarily by extensions and compressions perpendicular to the main fault 
surface.  Since mature fault surfaces have relative small amplitude-to-wavelength ratios [Power 
et al., 1988; Power and Tullis, 1991] the strain required to accommodate the roughness is 
relatively small.  The need to accommodate roughness would be repeated many times during 
continued slip on a major fault and pulverized rock might form in response to this repeated cyclic 
loading.  In this model, pulverization is simply due to the geometry of the fault surface, and 
would not depend on whether slip was quasistatic due to fault creep or dynamic due to 
earthquakes.  Yund et al. [1990] inferred that this might be the origin of the extreme and evolving 
damage seen in the wear products (“gouge”) adjacent to slip surfaces in laboratory experiments 
in which slip was quasistatic.  In these experiments, the damage was so extreme, and the 
resultant particle sizes so small, that much of the material was amorphous to electron diffraction. 
The proportion of amorphous material increased with slip, as expected if it were due to 
increasing amounts of cyclic loading.  Based on these experiments it seems clear that it is 
possible to produce extremely finely comminuted rock quasi-statically with increasing amounts 
of damage caused by cyclic quasistatic loading.  However, it remains to be demonstrated that 
such damage can be produced with only small strain; the strain in these experiments is unknown 
because of the nature of the starting material. 
 
Another possibility is that the pulverized rocks represent damage from stress waves associated 
with the stress concentration at the tip of a passing dynamic rupture.  This damage may occur 
even in the case of an ideally planar fault, and would occur many times over as ruptures from 
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successive earthquakes passed by.  Thus, in this case, pulverization can be thought of as being 
due to cyclic or perhaps a single dynamic loading event, in contrast to the case of the cyclic 
quasistatic loading described above.  The orientation of the dynamic stresses at a given point 
varies during the passage of the rupture tip.  The largest stresses occur immediately ahead of the 
tip and in the process zone immediately behind it.  The dimension of the process zone would be 
30 m if the slip weakening distance is on the order of 50 mm [Templeton and Rice, 2006], so 
with a rupture velocity on the order of the shear wave velocity, the time that a material point 
experiences these changing stresses is ~30 m divided by 3 km/s or about 0.01 s.  The magnitude 
of the stress involved in this situation is expected to be on the order of the Coulomb failure 
stress, but the amplitude of the permanent strain involved in this situation is expected to be small, 
on the order of 0.5% [Templeton and Rice, 2006].  
 
In contrast to the above scenario, the stress history during each event in Brune’s dynamic normal 
vibration model [Brune et al., 1993] is envisioned to be much more complex.  This difference 
lies in the fact that fault roughness is intrinsically a part of Brune’s model, unlike the idealized 
planar fault in the above model. Thus, a given point along a fault experiences not only a 
complex, rapidly evolving stress state as the rupture tip passes, but continues to experience 
significant stress changes as long as slip is occurring.  This model shares similarities with the 
quasi-static case discussed two paragraphs above, but now the stresses arise from dynamic 
interactions of irregularities on the rough surface.  These dynamic interactions last longer than in 
the dynamic model of a planar fault, namely over the entire “rise time” of the event during which 
slip continues at any given point.  These times may range from 0.3 to 5 s, depending on the 
magnitude of the earthquake [Heaton, 1990].  The frequencies of the cyclic loading due to 
interacting fault roughness extend over a wider range than for the planar fault, but the frequency 
with significant stress amplitudes might be no higher than the 100 Hz inferred for the previous 
dynamic case. This can be estimated from the measured roughness of faults [Power et al., 1988] 
and the fact that coseismic slip velocities are about 1 m/s. 

 

PROGRESS TO DATE 
This project is still in its beginning stages.  So far we have obtained sample material of Westerly 
granite for our experiments at both CWRU and Brown University. The division of work is that at 
CWRU we will do dynamic experiments, attempting to produce pulverized rock, whereas at 
Brown University we will do quasistatic experiments with the same goal. 
 
The quasi-static experiments at Brown will use cyclic multiaxial loading involving combined 
cyclic loading in torsion and in compression/extension. The machine is capable of such 
experiments, but they have not previously been done and they require reprogramming the 
reference signals to the rotary and axial actuators. This is a fair amount of work because the 
reference voltages to the rotary and axial servos are presently provided directly by transducers 
and their signal conditioners. Thus, we are in the process of redoing the control programs to 
produce these voltages via A/D converters controlled by the computer.  Consequently we have 
not yet done any experiments at Brown. 
 
At CWRU we have conducted a series of preliminary dynamic compression experiments to 
understand deformation and failure processes in Westerly granite under well-controlled stress 
wave loading conditions. These experiments are conducting using a Split Hopkinson pressure bar 
(SPHB), shown schematically in Figure 1.  The facility comprises a striker bar, an incident bar 



 
 

 -  - 4
 

and a transmitter bar, all made from 19.05 mm diameter high-strength maraging steel having a 
nominal yield strength of 2500 MPa.  Striker bars with lengths of 200 mm and 100 mm were 
used in the present study.  The incident and transmitter bars were approximately 1.6 m and 0.8 m 
in length, respectively. The striker bar was accelerated using an air operated gas gun. A pair of 
semiconductor strain gages are strategically attached on the incident and transmitter bars and are 
used in combination with a 
Wheatstone bridge circuit 
connected with a 
differential amplifier and a 
digital oscilloscope to 
monitor the strain pulses 
during the test.  To better 
understand the deformation 
and fragmentation process 
in Westerly granite, a high 
speed camera, Hadland IMACON 200, with a maximum framing rate capability of 200 million 
frames per second was used to image the failure process. A copper pulse shaper was used to 
shape (increase the rise time) the incident 
stress pulse so as to reduce the likelihood of 
premature failure of the granite specimens. 

 
Typical experimental results are shown in 
Figures 2. In these experiments the impact 
velocity was varied from 2.6 m/s to 11 m/s.  
Two different pulse widths were used – 140 
µs and 200 µs.  In all experiments the strain 
rate in the specimen was ~ 450 s-1. From the 
stress versus true strain curves we can see that 
peak strength of Westerly granite is ~ 210 
MPa. The corresponding peak strain is 0.7%. 
The peak stress is independent of the impact 
velocity, i.e. the amplitude of the input stress 
pulse.   
 
Figure 3 shows post-test (impacted) specimens showing the extent of fragmentation at the 
various impact velocities used in the tests.    Above a striker bar velocity of 4 m/s the Westerly 
granite is observed to pulverize. However, below 4 m/s the specimen remains intact or are 
partially fragmented. The striker bar lengths (pulse 
duration) had very little effect on either the peak 
strength or the mode of failure of the granite 
specimens. Once we complete this series of 
experiments we plan to ship the post-test impacted 
specimens to Brown University where Ory Dor 
will help us determine the size distribution of the 
fragmented specimens. We also plan to conduct 
additional series of these SHPB experiments on 
Westerly granite with the granite specimens under 
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various levels of lateral confinement. These experiments will help us better understand how the 
peak stress and fragmentation in Westerly granite varies with depth under controlled stress-wave 
loading conditions. We plan to conduct experiments with specimens at confining pressures of 50, 
100 and 200 MPa. The results of these experiments will be presented in the upcoming SCEC 
2008 and AGU meetings.       
 
Of particular significance to this project is to get Dr. Ory Dor to join or research group and come 
to Brown as a postdoctoral research associate for two years to lend his experience with 
pulverized rock to our experimental project.  With his help wrote a successful NSF proposal to 
support him to work on this at Brown as well as at CWRU. Since Terry Tullis is not supported 
under that NSF grant, his efforts to train and support Ory in his first exploration of experimental 
work is supported by this SCEC grant. The energy and expertise of Ory will be invaluable in our 
continued efforts in experimental studies of pulverized rock. 
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