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ABSTRACT 
 

In order to determine where best to deploy limited resources for mitigating earthquake loss 
in the US, we need to understand when and where earthquakes may occur and how intense their 
accelerations can be.  Every time an earthquake occurs, we gain more understanding of the 
earthquake problem through measurements of ground motion and modeling of seismic sources.  
In addition to information derived from earthquakes, we also benefit from improved 
understanding of the seismic source through laboratory measurements and modeling, to 
anticipate phenomena that may occur in future earthquakes.  One of the great gaps in our 
understanding of source processes is how shear resistance varies on a fault during rapid 
coseismic slip and what this implies about the magnitudes of stress drops and near-fault 
accelerations. We will help fill that gap through our proposed laboratory experiments.   

During recent years we have conducted research to understand two potential dynamic fault-
weakening mechanisms: flash heating and thermal pore-fluid pressurization. This year we have 
continued these efforts, but have focused exclusively on thermal pore-fluid pressurization. This 
focus was directed by the USGS review panel and it makes sense because we are in a unique 
position to study this process. This unique opportunity derives from the fact that our high-
pressure rotary-shear apparatus is the only apparatus in existence that combines arbitrarily large 
slip displacement with independent control of both confining pressure and pore pressure. In other 
words, ours is the first study in which this mechanism is isolated and characterized under 
controlled conditions on confined samples (e.g., with fully saturated rocks of controlled fluid 
pressure and proscribed permeabilities of the rocks).  

During the past year we have 1) developed a successful protocol for thermally cracking our 
initially low permeability Frederick diabase samples (<10-23 m2) and measuring the resulting 
permeabilities in the range 10-23 m2 to 10-19 m2 range, 2) conducted a suite of bare-surface and 
gouge experiments with samples of several different permeabilities, including one so low that 3 
weeks was required to saturate the sample, 3) discovered that dilatancy in many situations tends 
to reduce the pore pressure enough that thermal pressurization does not overcome it, and 4) 
observed some weakening which appears to due to thermal pressurization. In addition, we have 
done extensive thermal modeling via a FEM model that demonstrates that the temperature rise in 
our experiments is sufficiently low that only modest thermal pressurization effects are expected. 
This understanding places us in an excellent position to conduct more definitive experiments 
going forward. In particular, by sliding at up to 16 mm/s at a confining pressure of 100 MPa, our 
modeling suggests that the temperature rise should be up to 600 oC, rather than the ~25 oC rise 
estimated for our current results.  To minimize the fluid-pressurization-limiting effects of 
dilation, we believe that new experiments will prove to be useful in which 1) enough sliding is 
accrued that a trend of compaction is established, 2) the sliding velocity is then set to zero, 3) 
then enough time is allowed for the pore pressure to return to its externally applied value, and 4) 
then sliding is commenced at high velocity. 

Constitutive equations for thermal pore-fluid pressurization are being employed in dynamic-
rupture models, so it is imperative that we better understand the underlying physics of this 
mechanism. At present there are literally no other experimental data that bear conclusively on 
this mechanism.  Through our continuing study of thermal pressurization of pore fluids, we seek 
to understand how the shear resistance on faults varies during earthquakes and what the observed 
behavior implies for earthquake rupture and strong ground motion.  
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INTRODUCTION 

During the past years, we have been investigating the frictional properties of rocks at seismic slip 
rates. Our experiments to date reveal that two distinct weakening mechanisms occur at sliding 
velocities above ~1 mm/s. First, a previously unknown mechanism, silica-gel weakening, 
operates above velocities of ~1 mm/s and requires hundreds of mm of slip to be activated [Di 
Toro et al., 2004; Goldsby and Tullis, 2002].  Second, flash weakening of asperity contacts 
operates above ~0.1 m/s (for many crustal silicate rocks) and requires only fractions of a mm of 
slip to be effective [Beeler et al., 2008; Goldsby and Tullis, 2011; Kohli et al., 2011; Rice, 2006].  

Although further research investigating the details of these mechanisms and their applicability to 
earthquakes is warranted, we have turned our attention to the widely discussed mechanism of 
weakening due to thermal pressurization of pore fluids. In site of the fact that there are many 
theoretical and numerical studies of this weakening mechanism [Andrews, 2002; Lachenbruch, 
1980; Lee and Delaney, 1987; Mase and Smith, 1985, 1987; Noda, 2008; Noda and Shimamoto, 
2005; Rempel and Rice, 2006; Rice, 2006; Rice and Cocco, 2007; Sibson, 1973] and it is 
increasingly used in dynamic rupture and earthquake nucleation models [Bizzarri and Cocco, 
2006a, b; Lapusta and Rice, 2004a, b; Noda and Lapusta, 2010; Noda et al., 2009; Rice et al., 
2010; Schmitt and Segall, 2009; Segall and Rice, 2006], there are no experimental studies that 
conclusively demonstrate the operation of this process.  Consequently it is important to 
determine if its occurrence can be demonstrated and its relevance for earthquakes can be 
evaluated. Below we describe our progress in conducting experiments on this difficult-to-study 
weakening mechanism.  

The experiments are being conducted on fine-grained Fredrick diabase that we collected from its 
type location in Maryland [Adams and Gibson, 1929]. Diabase is used because it does not 
undergo gel weakening at large slip displacements and high slip rates as do other silicate rocks of 
higher silica content [Roig Silva et al., 2004a, b], and does not weaken due to flash heating at the 
modest (sub-0.1 m/s) slip rates of our experiments [Goldsby and Tullis, 2011]. Thus any 
observed weakening due to thermal pore-fluid pressurization will not be convolved with that due 
to other known mechanisms. This expectation has been borne out by our experiments to date as 
detailed below. A further advantage of this rock is that in its original state its permeability is so 
low (less than 10-23 m/s2 according to our measurements) that it impractical to saturate it in 
reasonable laboratory times. However, by subjecting the diabase to a thermal treatment to a 
variety of peak temperatures it is possible to create higher permeabilities, and in this way we 
have been able to control the permeability over the range from 10-23 to 10-18 m2. Because the 
permeability is a critical parameter for thermal pressurization, this allows us to compare the 
experimental results with the theoretical predictions for the rate of weakening with slip as a 
function of both slip velocity and permeability. 

Dynamic weakening due to thermal pressurization of pore fluids 

Within the past year, we have made important progress in our investigation of the dynamic fault 
weakening mechanism termed thermal pore-fluid pressurization.  A critical component of our 
experiments is the protocol we developed for systematically varying the permeability of 
Frederick diabase samples, one of the most critical parameters that determines whether pore 
fluids become pressurized during coseismic frictional heating.  As we have detailed previously, 
we chose Frederick diabase for our thermal-pressurization experiments for two reasons – 1) 
because it does not weaken due to the development of a silica (or silicate) gel on the sliding 
surface, and 2) because thermal-cracking experiments have been previously conducted on this 
material by other workers, suggesting a means for varying the permeability of the samples via 



 -     -  4 

heat treatment. Below we demonstrate how we varied the permeability of the samples via 
thermal cracking, and then detail our new high-speed friction experiments on these samples to 
investigate thermal pressurization. 
 
Permeability variation with the degree of thermal cracking – Following previous experimental 
studies of thermal cracking of Frederick diabase [Fredrich and Wong, 1986], we introduced 
microcracks into a suite of diabase samples by subjecting them to a known temperature 
excursion prior to epoxying them (at room temperature) in our steel sample grips in preparation 
for testing.  The samples become cracked during heating due to mismatches in the thermal 
expansion coefficient between neighboring grains (each grain is anisotropic in its thermal 
expansion coefficient), which can generate high-enough grain-scale stresses to fracture the 
samples along grain boundaries.  If these grain boundary cracks are interconnected, they result in 
an increase in the permeability of the rock.   

 
 
We introduced cracks into our samples 
by heating them to temperatures of 500, 
700, 800 and 1000 oC.  After the samples 
were subsequently epoxied into the 
sample grips in preparation for testing, 
we then pressurized the samples in our 
high-pressure rotary-shear apparatus 
with our flow-through pore-pressure 
tubing installed in the sample assembly.  
By applying a constant pressure head to 

the lower sample ring, with the downstream pore-pressure port (in the upper sample grip) at 
atmospheric pressure, we were able to fully saturate even low-permeability samples (i.e., <10-19 
m2).  By measuring the volumetric flow rate through the sample and from the known cross-
sectional area of the sample rings, we were able to determine the permeability of each sample 
(see below).  A sample was deemed ‘saturated’ when bubble-free flow of water was observed 
through the pore pressure tubing connected to the upper sample grip.  For the lower permeability 
samples, this saturation step took 1 to 3 weeks.   
 
From the volumetric flow rate through the sample Q and the applied pressure gradient !!

!!
, it is 

straightforward to calculate the permeability K of the samples via Darcy’s law: 
 

𝐾 =
𝑄
𝐴 𝜇

Δ𝐿
Δ𝑃 

 
where A  is the cross-sectional area of the sample ring, and µ is the viscosity of water.  In Figure 
1, we plot the permeabilities calculated from the volumetric flow rate and the pressure gradient 
applied to each sample.  As shown in Figure 1, the permeability varies systematically from a low 

Figure  1  – Permeability of Frederick 
diabase samples as a function of 
maximum temperature of heat 
treatment.  Data suggest a threshold 
for thermal cracking of ~600 oC.  



 -     -  5 

of 5×10-23 m2 for the sample heated to 500 oC to 1×10-18 m2 for the sample subjected to the 1000-
oC treatment.  Based on theoretical predictions of thermal-pressurization behavior [e.g., Mase 
and Smith, 1987, see their Fig. 6], such permeabilities were expected to give rise to dramatic 
thermal pressurization effects even at the comparatively low sliding speeds and normal stresses 
of our experiments.   
 
High-speed friction experiments on saturated samples – After saturating the samples as described 
above and measuring the permeability of the samples, the specimens were removed from the 
high-pressure apparatus and the lower flow-through pore-pressure tubing, which is incompatible 
with rotating the lower sample grip to the large sliding displacements required to observe thermal 
pressurization, was removed.  The pore-pressure port in the lower sample grip was then plugged, 
and the sample was repressurized in the gas apparatus in preparation for testing, and fluid 
pressure was applied via pore-pressure tubing connected to the top stationary sample grip.  In 
this manner, we could control (or at least attempt to control, see below) the pore pressure during 
large-displacement, high-speed frictional sliding.  
 
Gouge experiments – All of the experiments but one were conducted on initially bare surfaces of 
Frederick diabase.  One experiment, however (309pfp), was conducted on Frederick diabase 
gouge.  This simulated gouge was prepared by mechanically crushing a sample of Frederick 
diabase in a ball mill, then using all powders that passed a 75-micron sieve as the specimen.  The 
1-mm thick gouge specimen was sandwiched between very permeable Fontainebleau sandstone 
forcing blocks during the experiment.  The sample was saturated in its precompacted 
(unpressurized) state using a gravity feed of water on the laboratory bench.  No attempt was 
made to measure the permeability of the sample during saturation. Once saturated, the pore-
pressure port in the lower sample grip was plugged, and the sample was pressurized in the gas 
apparatus in preparation for sliding.  During the experiment, fluid pressure was controlled (or an 
attempt was made to control fluid pressure) by applying constant pressure through the pore-
pressure tubing connected to the upper sample grip. 
 
Experimental results – Five experiments have been conducted on both room-dry and water-
saturated samples with initially bare sliding surfaces with the permeabilities shown in Figure 1, 
and one experiment was conducted on saturated gouge.  Figure 2 shows a summary plot of the 
experimental data from these six friction experiments.  All of the summary plots except the one 
for Experiment 297fd show four experimental variables plotted against the sliding displacement 
– 1) shear stress, 2) fault-normal displacement (measured with an LVDT inside the pressure 
vessel, close to the sliding surface), 3) the position of the piston in the pore-fluid volumometer 
(which, plotted against time, gives the volumetric flow rate through the sample during the 
saturation step, and during sliding gives the change in position required to maintain a constant 
applied fluid pressure), and 4) the sliding velocity.   
 
Three key observations from the experiments are that 1) dilation (a negative slope of fault-
normal displacement with slip) was observed initially in the bare surface experiments to a 
remarkably consistent slip of ~0.5 m, followed by 2) compaction for the remainder of each test; 
3) the friction coefficient, which is the measured shear stress divided by the assumed effective 
normal stress (equal to the normal stress minus the pore pressure applied at the top of the top 
sample), is much higher in some cases than the nominal friction coefficient of 0.8 (see upper left 
figure without pore fluid), indicating that the actual pore pressure in those tests is less than the 
applied fluid pressure. This discrepancy highlights the influence of dilation and low permeability 
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on the pore pressure on the fault surface, and the difficulty of externally controlling fluid 
pressure for low-permeability samples.  In the 311pfp plot, note the exponential-like decay in 
friction over a sliding displacement of ~0.5 m that occurs at sliding displacements of ~3 and ~7 
m (see below for more details).   
 
As shown in Figure 2, the friction coefficient in the dry case and the saturated, drained case 
(297fd and 304pfp, respectively) obtains values of 0.81 to 0.84.  This level of friction is assumed 
to be the ‘normal’ friction coefficient for diabase in wet and dry (i.e., in an “as-is” state of 
dryness) conditions.  For Experiments 308pfp, 310pfp, and 311pfp, however, the apparent 

Figure  2  – Summary plots of the data from 5 runs on initially bare surfaces of Frederick diabase and 
data from one test on simulated gouge (309pfp).  Several of the experiments were terminated by a leak 
of the confining pressure to the sample (resulting data are not shown; in 309pfp, two leaks to confining 
pressure were observed at each of the two steps to V=4.8 mm/s, however, atypically, those leaks healed 
and allowed the experiment to be completed.  Note the dilation trends (negative slope of fault normal 
displacement with slip) in all but the gouge experiment over the first ~0.5 m of slip, followed by a 
compaction trend (positive slope of fault normal displacement vs. slip) in each case.  Note very high 
friction in 308pfp, 310pfp and 311pfp, due to actual pore pressures being lower than those applied (see 
text for details).   
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friction coefficient is ~1, 1.3, and 1.1, respectively, indicating that the pore pressure of the 
samples was less than the applied fluid pressure.  These high values of friction were likely 
caused by dilation of the fault zone (see below), which lowered the fluid pressure. Because the 
rocks have such low permeabilities, and the constant applied fluid pressure can only 
communicate with the fault zone through the low-permeability sample rings, the fluid pressure 
within the fault zone takes a long time to equilibrate with the applied fluid pressure (much longer 
than the timescale of the sliding experiments).  Thus, even small amounts of dilation can 
significantly decrease the fluid pressure, which cannot equilibrate with the applied pressure over 
the relatively short timescale of the experiment.   
 
To estimate the real fluid pressure on the fault in each experiment, we assumed that the ‘real’ 
friction coefficient for Frederick diabase is 0.8, that the effective pressure law holds for our 
experiments, and that the fluid pressure could then be estimated by determining what the fluid 
pressure would have to be to yield a value of the friction coefficient of 0.8 given the observed 
shear stress and the applied normal stress.  The results of this calculation are shown in Table 1: 
 
Table 1 – Normal stress, applied fluid pressure, real fluid pressure in fault zone, difference between 
applied and real fluid pressures, and permeability for six thermal-pressurization experiments.   
Experiment 
number 

Normal 
stress, 
MPa 

Applied 
fluid 
pressure, 
MPa 

Real fluid pressure, MPa Applied P 
– 
real P 

Permeability, 
m2  

297fd 25 0 0 0 ≤5.0 × 10-23 
304pfp 42 17 15.4 1.6 1.2 × 10-18 
308pfp 45 19 12.5 6.5 1.4 × 10-19 
309pfp 
(gouge) 45 19 24.0 -5.0 unknown 

310pfp 45 19 4.4 14.6 5.0 × 10-23 
311pfp 23 10 2.6 7.4 4.2 × 10-20 

 
As shown in Table 1, the applied pore pressure 
minus the real pore pressure appears to scale 
inversely with permeability. In the semi-log plot 
of Figure 3, we plot the difference between the 
applied fluid pressure and the estimate of the real 
fluid pressure vs. the permeability.  As shown in 
the figure, there is a strong inverse correlation 
between the permeability of the various rocks and 
the difference between the applied and real pore 
pressures.  The data indicate that the reduction in 
pore pressure due to dilatancy (and perhaps 
microcracking) is larger for samples of lower 
permeability, due to the difficulty of equilibrating 
the applied pore pressure with the pore pressure on 
the fault, since the applied pore pressure must 
communicate with the fault zone through the low 
permeability rock.      
 

Figure  3  – Plot of permeability on a log 
scale vs. the difference between the 
applied and ‘real’ pore pressures. 



 -     -  8 

The role of dilatancy in fluid pressurization – Our experiments suggest that fault-normal dilation 
and compaction play a critical role in determining whether or not fluid pressurization effects are 
observed.  In the bare-surface experiments, slow and then rapid sliding at the beginning of the 
experiments, over a remarkably consistent sliding displacement of ~0.5 m, led to a marked 
dilation of the fault zone.  In Experiment 310pfp, on the lowest permeability sample (5×10-23 
m2), the dramatic influence of dilation, causing marked dilation hardening, is readily observable.  
After initial sliding at the very beginning of that experiment, sliding was stopped until pore fluid 
flowed into the sample and the friction at a resumed sliding rate of 1 µm/s was exactly the value 
expected (~0.8) for the nominal effective normal stress, i.e. the normal stress on the fault (45 
MPa) minus the fluid pressure (19 MPa).  However, as the sliding rate was increased above 1 
µm/s, a huge increase in the apparent friction coefficient, up to 1.3, was observed, as shown in 
Figure 4.  This may be attributed to the observed dilation and the resulting decrease in fluid 
pressure.  Because this sample has such a low permeability, once the dilation occurs, it is 
difficult to fill the dilated fault zone with additional fluid, since the externally applied pressure 
must communicate with the fault zone through the impermeable rock.  The fluid pressure 
therefore remains low and the friction coefficient therefore high due to dilatancy hardening. 
Dilatancy continues to at least 0.5 m of slip.  Though dilation (and compaction) clearly must 
have modifying effects on thermal pressurization, fault-normal displacements are not generally 
accounted for in most theoretical treatments of thermal pressurization (e.g., [Andrews, 2002; 

Mase and Smith, 1985, 1987]). Note that although dilatancy is discussed by [Rice, 2006], he 
generally assumes that dilation causes an initial reduction of pore pressure over a small amount 
of slip; pore pressure reductions and dilatancy occurring for slip distances of 0.5 m or more have 
not been reported and are not treated in these theoretical analyses. 
  
To further illustrate the strong influence of dilatancy on the fluid pressure of the experimental 
fault zones, we calculated the fluid pressure that would be required throughout Experiment 
311pfp to yield a real friction coefficient of 0.8 (as observed in Experiments 297fd and 304tp1, 
for dry and saturated (drained) samples, respectively) given the applied normal stress and the 
observed values of friction.  We then plotted the observed shear stresses, the calculated fluid 
pressures, and the fault-normal displacement vs. slip, as shown in Figure 5.  As shown in the 

Figure  4  – Friction data at the 
very beginning of this test on 
our lowest permeability sample 
indicated that the pore fluid 
pressure was less than the 
applied fluid pressure.  After a 
longer hold, friction decreased 
to 0.8 as expected based on the 
applied effective normal stress, 
i.e., the pore pressure reached 
the applied value. However, 
subsequent sliding caused 
enough dilatancy that the 
sample became strong and 
thermal pressurization never 
overcame the dilatancy.  
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Figure, at the beginning of the test, the calculated pore pressure (blue trace) is nearly 10 MPa, so 
it is equivalent to the applied fluid pressure of 10 MPa.  With the initiation of slip, however, over 
the first 0.5 m of slip, the sample is observed to dilate by 15-20 µm.  That dilation appears to 
correspond very well, in duration and in form, with the calculated pore pressure required to 
satisfy the observed shear stress.  That dilation likely causes a decrease in fluid pressure, to ~4 
MPa, and a corresponding increase in shear stress, due to an increase in the effective normal 
stress.  As the sample begins to compact at ~0.6 m of slip, the pore pressure likely increases, 
causing a decrease in effective normal stress and a corresponding decrease in friction.  One 
might anticipate that once enough compaction occurred to bring the fault-normal displacement 
value back to the value observed before the initial dilation, that the pore pressure would increase 
again.  However, sliding to many meters of slip causes spallation and the development of crush 
zones along the inner and outer edges of the slip surfaces, and likely cracking on the fault 
surface, which increase the available pore space, requiring fluid replenishment from the external 
fluid reservoir, a very slow process for low-permeability samples.  The long-term observed 
overall compaction trend may cause or contribute to the inferred trend of increasing fluid 
pressure, causing a corresponding decrease in the observed shear stress.   
 
The results of our experiments suggest that to minimize the fluid-pressurization-limiting effects 
of dilation in future experiments, we will conduct experiments in the following manner 1) allow 
the samples to undergo enough sliding so that a trend of compaction is established, 2) set the  
sliding velocity to zero, 3) allow enough time for the pore pressure to return to its externally 
applied value, and 4) commence sliding at high velocity.   
 

Figure 5 – Observed shear stress (red trace), associated (calculated) pore-fluid pressure (blue trace) required to 
obtain a friction coefficient of 0.8, and observed fault-normal displacement (green trace) for Experiment 
311pfp.  Spikes in observed shear stress and calculated pore pressure occur during long duration (> 12 hr) 
holds at a slip rate of V=0.  Oscillations with amplitude of about 5 µm in the green curve have a wavelength of 
one revolution (155 mm) of the sample and are due to lack of perfect perpendicularity of the sample surfaces to 
the rotation axis.  
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Observations of thermal pore-fluid 
pressurization? - Finally, we call 
attention to the possibility that 
pore-fluid pressurization appears to 
have occurred in Experiment 
311pfp.  In that experiment, as 
shown in Figure 5, the sample was 
slid initially at a sliding velocity of 
3.2 mm/s for ~3.8 m of slip.  At 
that point, the sliding velocity was 
set to zero and the sample sat 
stationary overnight.  During that 
time, the fault zone initially 
compacted (not shown on the scale 
of Figure 5), then dilated due to 
fluid infiltration into the fault zone as 
the pore fluid pressure in the fault 
zone was equilibrating with the 
external pressure, as shown in Figure 
6.  The dilation continued but slowed 
dramatically, presumably as the fluid 
pressure got closer and closer to the 
applied value.  At the step back to the high slip rate (3.2 mm/s) the sample dilates and the friction 
increases, presumably due to an increase in effective normal stress.  This increase in friction is 
also convolved, however, with the increase in state at zero sliding velocity that accompanies any 
hold, and with the direct effect due to the step from V=0 to 3.2 mm/s.  However, and most 
interestingly, over the next ~0.5 m of slip (see Figure 5), friction is observed to follow an 
exponential-like decreasing trend, at which point the friction levels off to a steady value.  After 
sliding at 3.2 mm/s, the sample was again held stationary at V=0 and the fault was allowed to 
equilibrate again with the external pressure, yielding compaction data nearly identical to those in 
Figure 6.  On stepping from V=0 to V=4.8 mm/s (see Figure 5), friction again increased sharply, 
due to the increase in state during the hold, the dilation that occurs at the velocity change (i.e., 
dilation hardening) and the friction direct effect.  These exponential-like decays in friction are 
reminiscent of the decays shown in Figure 3 of Rice’s thermal pressurization theory paper [Rice, 
2006] although they do not have the multi-scale character that persists with displacement in that 
theoretical treatment.   
 
To understand why we observe only this small amount of thermal pressurization weakening, 
while the theoretical predications of [Mase and Smith, 1985, 1987] and of [Rice, 2006] are of 
more dramatic and longer-lived weakening, we have analyzed the thermal histories in our 
samples and compared them with the expectations based on a fault in an infinite medium. The 
results of these calculations are shown in Figures 7 and 8 which contain both FEM computations 
as well as calculations based on the simple equations of [Carslaw and Jaeger, 1959].  
 
As the lower-most curve in Figure 7 shows, the maximum temperature expected from the 3.2 
mm/s sliding interval that begain at about 3.7 m of slip in experiment 311pfp is only about 45 
°C. The temperature distribution after the 2.69 m of slip lasting 850 sec is shown in Figure 8a 
and 8b.  These calculations suggest that the temperatures in our experiments thus far may be too 

Figure  6  – Plot of shear stress (in red), fault normal 
displacement (in green), and pore volume (cm3, in blue) for 
hold at 3.8 m of slip in Figure 5.  Note the initial 
compaction, then dilation, as the fluid infiltrates the fault 
zone.  The diminishing dilation and the decreasing rate of 
pore volume increase indicate that the fault zone is 
equilibrating with the externally applied fluid pressure. 
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low to observe thermal pressurization behavior.  In subsequent tests, the fault surface 
temperatures will be increased by conducting experiments at much higher normal stresses. 

Looking Ahead 

Our experimental results, and what we have learned about the procedures needed to 
understand both dilatancy and thermal pressurization, places us in an excellent position to 
conduct more definitive experiments in experiments to be conducted in the coming year.   In 
particular, by sliding at up to 16 mm/s at a confining pressure of 100 MPa, our modeling 
suggests that the temperature rise should be up to 600 oC, rather than the ~25 oC rise estimated 

Figure  8  – Finite element models of the temperature distribution in our sample assembly after slip of 
2.69 m at 3.2mm/s with the observed shear stress in Experiment 311pfp of 13.5 MPa. The assembly 
has axial symmetry with the axis at zero radius. The top of the drawing is a symmetry plane with the 
material above it imposing rotary shear on the illustrated region. Parts (a) and (b) are for our actual 
sample assembly that includes the rock sample, outlined with a black box, and steel, outlined with a 
white box in (a). Part (b) is a detail of the sample area from (a). Parts (c) and (d) show the effect of 
replacing all the rock and steel with rock and applying sliding with the same shear stress over the 
entire top of the sample. In (c) and (d) the bottom at an axial position of 0.0 has a boundary condition 
of 23 °C, and in (c) this temperature is also imposed at the outer radius of 3.81 cm. The effect of these 
boundary conditions is to limit the maximum temperature that can be attained as can be seen by 
comparison with the infinite medium plot in green in Fig. 7. 

a. b. c. d. 

Figure  7 –  Plots of temperature calculated 
on the fault surface for Run 311pfp for the 
2.69 m of slip at 3.2 mm/s for 850 seconds at 
the observed shear strength of ~13.5 MPa 
(see the data from 311pfp between 3.7 and 
5.4 m of slip in Figure 5). The red curves are 
calculated with a FEM whereas the green 
curve is an analytical solution. The blue 
curve shows the temperatures that are 
predicted to occur if in the future we slide at 
larger normal stresses and higher velocities. 
As is also shown in the FEM temperature 
maps of Fig. 8, the expected temperatures for 
a fault in an infinite medium cannot be 
attained in a sample assembly of finite size. 
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for our current results.  To minimize the fluid-pressurization-limiting effects of dilation, we 
believe that new experiments will prove to be useful in which 1) enough sliding is accrued that a 
trend of compaction is established, 2) the sliding velocity is then set to zero, 3) enough time is 
allowed for the pore pressure to return to its externally applied value, and 4) then sliding is 
commenced at high velocity.  In these tests, we will look not only for changes in shear stress 
associated with thermal pressurization, but also changes in the previously established compaction 
trend. This procedure, in concert with thermal modeling and direct measurements of temperature 
very close to the sliding surface, should allow a conclusion to be reached concerning the 
operation of thermal pressurization in our experiments and in nature.  In particular, we will 
determine the role that dilatancy may have in certain situations to diminish or eliminate thermal 
pressurization. 

Geophysical implications 

All of the weakening mechanisms we are studying have profound implications for the magnitude 
of stress drops during earthquakes and consequently for the magnitude of strong ground shaking. 
The manner in which fault strength varies with displacement and slip velocity, as well as the rate 
at which healing occurs as slip velocity decreases behind the rupture tip, can control the mode of 
rupture propagation, i.e., as a crack or as a self-healing slip pulse. Furthermore, these data can be 
important for resolving questions concerning stress levels in the crust. If coseismic friction is 
low, and the magnitudes of dynamic stress drops are constrained to modest values by seismic 
data, then the tectonic stress acting on faults must also be modest. We may have a strong crust 
that is nevertheless able to deform by faulting under modest tectonic stresses if the strength is 
overcome at earthquake nucleation sites by local stress concentrations and at other places along 
the fault by dynamic stress concentrations at the rupture front. Thus, understanding high-speed 
friction is important not only for practical matters related to predicting strong ground motions 
and resulting damage, but also for answering major scientific questions receiving considerable 
attention and funding, e.g., the strength of the San Andreas Fault / the Heat-Flow Paradox, the 
question that ultimately was responsible for the SAFOD project. 
 

PUBLICATIONS RESULTING FROM THIS WORK 
Goldsby, D. L., and T. E. Tullis (2011), Flash heating leads to low strength of crustal rocks at 

earthquake slip rates, Science, 334, 216-218, DOI: 210.1126/science.1207902. 
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