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Project Report on  
“Experimental Study of Thermal Pressurization and the Role of Fault Roughness” 

INTRODUCTION 
We have been studying the widely discussed dynamic weakening mechanism termed thermal pore-fluid 
pressurization. There are many theoretical and numerical studies of thermal pressurization [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 et al., 2009; Noda and Lapusta, 2010; Rice et al., 2010; Schmitt and 
Segall, 2009; Segall and Rice, 2006]. Our experiment studies of thermal pressurization are the most 
definitive ones yet obtained. 

This project is a continuation of the work funded in our current proposal of the same title. With SCEC 2019 
funding we continued experiments to further investigate fault-weakening via thermal pore-fluid 
pressurization. Consequently, this first overview portion of this proposal repeats some of what we have 
written in previous years so that reviewers who did not read previous versions will be adequately informed 
of the necessary background.  

Part of our emphasis has been on trying to understand the role that fault-roughness-induced dilatancy may 
play in defeating this weakening mechanism on natural faults. We have heretofore demonstrated that 
thermal pressurization weakening occurs in our experiments on flat, but slightly roughened faults. However, 
both the theoretical and experimental results apply to flat surfaces, whereas natural faults have a self-affine,  
approximately self-similar roughness, which is characterized by an amplitude-to-wavelength ratio of 10-3 
to 10-2 in the slip direction [Power and Tullis, 1991; 1995; Power et al., 1987; Power et al., 1988; Sagy et 
al., 2007; Candela et al., 2012; Thom et al., 2017; Brodsky et al., 2011, 2016]. Furthermore natural faults 
with this roughness are mated together across these surfaces [Power and Tullis, 1992]. This means that 
when faults slip, the roughness either becomes unmated or is accommodated by elastic and inelastic 
deformation. Accommodation, either by opening of the surfaces as would occur if the wall rocks were rigid, 
or by inelastic brittle deformation, or both, will result in dilatancy. Depending on the relative magnitude of 
the pore-volume increase and the volume increase of the thermally expanding pore fluid, the net effect on 
the pore pressure may either be a increase in pore pressure smaller than in the absence of dilatancy, or a 
reduction in pore pressure. In the latter case dilatancy hardening [Lockner and Byerlee, 1994] would occur 
rather than thermal pressurization weakening. All of the theoretical work on thermal pressurization 
weakening, as well as our continued experimental study of this process, will have no applicability to slip 
during earthquakes if a factor not included in those studies completely obliterates the weakening. 

It is important to note that due to the approximately self-similar character of fault roughness, the dilatancy 
it produces will continue to become progressively larger as slip continues. This is because as more slip 
occurs the longer wavelength bumps that become unmated have higher amplitudes. Thus, this dilatancy is 
unlike a transient dilatancy due to a change in slip velocity that also occurs [Beeler and Tullis, 1997; 
Lockner and Byerlee, 1994; Marone et al., 1990]. This transient dilatancy occurs at the onset of more rapid 
slip and is taken into account by the analysis of [Rice, 2006; Segall and Rice, 1995; 2006]. However, 
although Rice [2006] considers some effects that inelastic dilatancy may have on the properties of the near-
fault material, none of the many theoretical and numerical studies of thermal pressurization weakening 
address the important issue of progressive dilatancy with continued slip.  

The greatest dilatancy produced by sliding on initially mated rough surfaces of course occurs if all the 
accommodation occurs by normal opening as would be the case if the rocks were rigid. However, 
considerable dilatancy also occurs as a result of brittle failure and cataclastic flow. The particles produced 
by these processes do not fit together nearly as well as they did before the deformation occurred. Even 
though small particles can fit between larger ones, considerable void space is created between the fragments 
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and this will produce suction on the pore fluid. How much dilatancy results from this process is unclear and 
remains to be determined by experiment.  

As described in last year’s proposal, we had been frustrated to find that thermal pressurization weakening 
occurred in some experiments but not in others. This made us think that some uncontrolled variable was 
responsible for the inconsistent results and suspected that leaks were occurring along the epoxy at the rock-
steel interface. During the initial part of this past year’s research we have verified that this is the case, and 
have found a better epoxy and have found thermal pressurization weakening in every experiment on smooth 
surfaces. The results in Figs. 1, 2, and 3 below document this weakening and the correlation of its character 
with the measured permeability of the samples and summarize portions of a paper now in press in JGR 
[Badt et al., 2020]. Following that are new results on an initially mated rough surface, similar to the 
experiment we reported on two years ago, except that the new experiment has a much wider range of 
wavelengths in its roughness. 

RESULTS 
Permeability of Fredrick Diabase. Plots of permeability versus effective confining pressure are illustrated 
for selected samples in Fig. 1. The permeability was estimated primarily using constant pressure-difference, 
flow-through experiments (samples 340, 346, and 352); permeability for sample 340 was also estimated by 
the pore pressure oscillation method at effective confining pressures 7 and 20 MPa. Samples 340 and 344 
underwent the same heat treatment at 630℃, while sample 346 was heat treated to 530℃. Accordingly, the 
permeability of sample 346 was ~1 order of magnitude lower than the other two samples. Sample 352 
exhibited a higher permeability than sample 340, even though they were heat treated to the same 

temperature, but for different durations – 340 for 1 hour at peak 
temperature; 352 for 4 hours at peak temperature. The difference in 
permeability for samples 340 and 352 may be attributed to time-
dependent sub-critical crack growth at elevated temperatures 
[Fredrich and Wong, 1986; Martin, 1992]. 

Dry Friction. The dry (sample prepared at room humidity of 35%) frictional response is illustrated in Fig.2 
for velocity step-ups from a reference velocity 𝑣!=3.162 μm/s to 𝑣=2.5 mm/s (a) and 𝑣=5 mm/s (b) and 
then back down to the reference velocity. These data show velocity-strengthening behavior, with an 
increase in friction at the step-up, after which friction remains elevated relative to friction at the reference 
velocity, without an obvious evolution effect Namely, the frictional behavior can be fit by a logarithmic 
law involving only the “direct effect” in rate-and -state friction.  

Friction of water-saturated, low permeability samples. The evolution of friction for water-saturated, low 
permeability faults is illustrated for three different samples in Fig. 3 for velocity steps from 𝑣!	to 𝑣=2.5 
mm/s, then back to 𝑣!. These data differ significantly from the dry (Fig. 2) case. At the velocity step-up, 

Figure 1. Permeability results compilation for heat-treated samples. The data are 
fitted by a power law in the form of 𝒌 = 𝒂𝑷𝒄𝒃 + 𝒄, where 𝑷𝒄 is the effective 
confining pressure and 𝒂, 𝒃, and 𝒄 are constants. Sample 340 and 352 were heat 
treated to 𝟔𝟑𝟎℃ for 1 and 4 hours, respectively, while sample 346 was heat treated 
to 𝟓𝟑𝟎℃ for 1 hour. Diamonds depict flow-through estimates, squares (available 
only for 340) depict pore pressure oscillation estimate. 

Figure 2. Dry frictional evolution and fault 
normal displacement (negative=dilation; 
positive=compaction) during a velocity step, 
from reference velocity 𝒗𝟎=3.162 μm 
(unshaded areas) to high velocity 𝒗 (shaded 
areas); (a) 𝒗=2.5 mm/s, (b) 𝒗=5 mm/s. Fault 
normal displacement accounts for < 𝟏	𝝁𝒎 
during a velocity step with little change in the 
step up (𝒗𝟎 → 𝒗) or the step down (𝒗 → 𝒗𝟎). 
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friction increases as in the dry experiment, however, this increase 
is followed by weakening, where the friction drops from the peak 
value by 12%, 43% and 52%, for samples 352, 340 and 346, 
respectively (Fig. 3). The maximum rate of weakening scales 
with the magnitude of weakening in these experiments; 
weakening rates of 1.4 MPa/mm, 14 MPa/mm and 27 MPa/mm 
are calculated for samples 352, 340 and 346, respectively. 
Dynamic weakening is not maintained throughout the entire 
course of the high velocity interval; friction increases gradually 
after the initial stage of weakening. Sample 346 (Fig 3c) exhibits 
a faster transition from weakening to strengthening, compared to 
samples 352 and 340, and a subsequent weakening event during 
the final stages of the velocity step that is also observed in sample 
352. Note that the duration of fast-slip is shorter for sample 340 
(12 seconds – 30 mm) compared to samples 346 and 352 (20 
seconds – 50 mm). Samples 340 and 346 were subjected to an 
effective normal stress of 𝜎"

#$$=25 MPa, effective confining 
pressure of 𝑃%

#$$=25 MPa, while for sample 352 these were 
𝜎"
#$$=50 MPa and 𝑃%

#$$=49 MPa. As noted above, these samples 
underwent different heat treatment and thus their permeabilities 
(𝑘) were different, with 𝑘&'( > 𝑘&)! > 𝑘&)* (Fig.1). The fault 
normal displacement at water-saturated conditions also differs 
significantly from that observed at dry conditions (Fig 2). All of 
the water-saturated samples display transient dilation after the 
change in velocity and the onset of frictional weakening, 
although their behavior differs from one another (Fig. 3).  

New results on an initially mated rough surface. We have 
generated a second pair of mated samples with the same 
amplitude to wavelength ratios of 0.0014 as we used two years 
ago, but with 9 self-similar wavelengths rather than only 2. As 
before, these surfaces were generated with our CNC milling 
machine and subsequently sandblasted to produce additional 
finer-scale roughness. The experimental results from this sample 
pair are quite interesting although they raise questions that we 
can only answer by further experiments that will be undertaken 
during our 2020 grant. 

The results are shown in Fig. 4 which is complicated enough that 
it requires careful examination. Some of what is seen is expected, 
whereas some is puzzling. A variety of parameters are plotted 

versus slip distance for one revolution of our rotary shear sample which is 154.6 mm. In solid green we 
show what the dilatancy would be if the samples were rigid and move apart while remaining coaxial. Given 
that the stresses are significant we would expect less dilatancy because some of the roughness should be 
destroyed by cataclastic deformation. Indeed, we found this to be the case in our 2-wavelength sample two 
years ago. Rigid sample behavior then predicted 0.53 mm of opening and we observed only 0.11 mm. As 
the solid green curve in Fig. 4 shows, for our 9-wavelength sample, rigid behavior predicts 0.65 mm of 
opening. In contrast we observe 0.19 mm (dark blue curve labeled 1st revolution). The expected and 
observed variation in dilatancy with slip are similar in shape but not in amplitude, if the observed curve is 
not perturbed by time-dependent compaction. This is shown by comparing the labeled light blue curve of 
observed dilatancy for the 2nd revolution done at constant velocity (down-shifted to start at zero dilatancy) 

Figure 3. Friction and fault normal 
displacement during a velocity step from 
reference velocity 𝒗𝟎 = 𝟑.𝟏𝟔𝟐	𝝁𝒎/𝒔 to 𝒗 =
𝟐.𝟓	𝒎𝒎/𝒔, for samples 352 (a), 340 (b) and 
346 (c). A transient increase in friction is 
observed during the step up, followed by 
weakening. Dilatancy is observed at the 
velocity step up and during weakening. 
Strengthening of the fault follows the 
weakening phase, which is associated with 
both dilation (352 and 346) and compaction 
(340). Total displacement at the time of the 
velocity step-up is given under the sample ID. 
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with the dashed green curve which is the predicted dilatancy divided by 7. In both experiments there is 
some permanent dilatancy after one sample revolution which presumably results from cataclastic debris 
filling in some of the space and consequently prevents the samples from being able to mate after one 
revolution. The amplitude of this permanent dilation is 0.09 mm in our first sample and 0.11 mm in the one 
shown in Fig. 4. Given this measured dilatancy, both the permanent part and the part that varies with 
displacement, our initial expectations that thermal pressurization might be prevented from occurring would 
seem likely. However, our observations are ambiguous with respect to this as is now discussed.  

Fig. 4 shows four intervals, marked with magenta arrows, where we stepped the speed up from 3.2 µm/s to 
2.5 mm/s. As Figure 3b shows for a flat sample with the same permeability, this velocity step under the 
same conditions of confining pressure, normal stress, and initial pore pressure would show a rapid shear 
stress decrease of about 40 percent. What we see in Figure 4 is similar to what we saw in our first sample 
two years ago, namely a larger stress decrease of about 70 percent during the first high-speed step and then 
smaller decreases after the others. This weakening may be due to thermal pressurization, although, as we 
now discuss, the evidence is contradictory. 

The interpretation that thermal pressurization may have caused the large weakening during the first high 
speed sliding is supported by the behavior of the actuator that controls the pore pressure at the outer end of 
the sample. Even with a permeability of about 10-20 m2 for this sample as for sample 340 (Fig. 1), the 
increases or decreases in pressure on the fault surface result in fluid either flowing out of or into the sample, 
respectively, because our servo system keeps the pressure on the outer end of the sample constant. As the 
fault dilates both before and during the first high velocity interval the fluid flows into the sample as indicated 
by the increase in the “pore volume” going into the sample (Fig. 4, orange curve). This can only occur if 
the pore pressure on the fault is decreasing and so more fluid is needed to try to keep the fault’s pore 
pressure constant. Perhaps the even larger decrease in shear stress seen in this experiment than in sample 
340 shown in Fig. 3b could be due to a larger volume of water to be heated along the fault in this rough 
surface, given that about 50 mm3 of water was drawn in during the dilatancy that occurred while the sample 
slipped from about 5 to 11 mm prior to the first high speed step. 

 The subsequent pore volume data suggest that the pore pressure increased during the last half of that first 
high-speed sliding interval, presumably due to thermal pressurization. The relevant intriguing observation 
is that during the interval of slow sliding between the first and second fast sliding intervals the pore volume 
curve shows that fluid is flowing out of the sample, indicating that the pore pressure on the fault is higher 

Figure 4. Results of an 
experiment on rough 
mated surfaces with 9 
wavelengths, each 
having an amplitude to 
wavelength ratio of 
0.0014. The sample 
has the same 
permeability and the 
conditions of the 
experiment were the 
same as for 
experiment 340. See 
text for discussion of 
the various curves and 
the implications of the 
results. 
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than the controlled value at the outer end of the sample. Furthermore, the fluid is flowing out even though 
the sample is continuing to dilate, which by itself would cause fluid to flow in. 

However, there is a good argument against thermal pressurization causing the reduction in shear stress from 
23 to 12 MPa during the first high-speed step. If that were the case, once the pore pressure on the fault 
returned to the initial value being maintained on the outer end of the sample, the strength should have 
returned to its initial value, but it never did, whereas it does for thermal pressurization on our flat samples 
[Badt et al., 2020]. Even after the sample sat overnight for about 16 hours (see change in time at 86 mm on 
the slip axis) it never re-strengthened although it is evident that the pore pressure had come to equilibrium 
because flow had stopped. This suggests that the large permanent decrease in shear stress may be due to 
some mechanism related to the mated roughness of the sample or to some experimental artifact and have 
nothing to do with fluid pressure. For example, if the Teflon rings that separate the O-rings from the sample 
were too large in the axial direction, then they could possibly be carrying some of the normal stress that we 
assume is borne by the sample. We tried to make them extra short to eliminate that possibility. The fact that 
they were not in contact at the beginning of the experiment and that a net dilation occurs argues that the 
Teflon cannot be the problem, but we need to verify the situation. One way to determine whether fluid is 
playing any role is to use similarly rough mated dry samples and discover if the large permanent weakening 
still occurs. 

One other puzzling feature of the shear stress record in Fig. 4 is that there are larger than expected increases 
in shear stress when the velocity increases, whether within the µm/s range or during the increase to 2.5 
mm/s. They are much larger than one would expect for the direct effect in rate and state friction as can be 
seen by comparison with that response in Figures 2 and 3. It is possible that it is all due to dilatant hardening, 
the increase in the effective normal stress when pore pressure drops, although the lack of a dilatant signal 
when the shear stress increases occur, e.g. at 55, 94 and 130 mm of slip, argues against this. Again, it would 
be interesting to see if this large velocity effect exists in dry mated rough samples. 

DISCUSSION  
Our experimental results show that thermal pressurization does occur. However, as discussed in last year’s 
report, and illustrated in Figure 3, an unexpected strengthening sometimes occurs following the initial 
weakening. As discussed in last year’s report, this suggests that existing theoretical treatments of thermal 
pressurization [e.g. Rice, 2006] may neglect some important factors that can alter the results from those 
expected. In particular our results suggest that the expected increase in fluid pressure during thermal 
pressurization will increase the pore fluid diffusivity and, at least for our experimental geometry, may cause 
structural damage due to development of tensile stresses in the fault. Our calculations show that these 
structural and hydraulic changes may be responsible for inhibiting further weakening and may even reduce 
the fluid pressure and thereby promote frictional strengthening as observed in our experimental faults. 

Furthermore, as our experiments on surfaces with initially realistic roughness characteristics show, the 
behavior differs from that seen for initially flat surfaces. It is too early in our study of these rough surfaces 
to be able to characterize their behavior. Our initial expectation is that thermal pressurization weakening 
will be decreased, but the results of the two initial experiments show unexpected weakening which may or 
may not be due to thermal pressurization. We hope that the series of experiments we have recently been 
funded to do as a continuation of this project will allow us to understand the role that fault roughness may 
play on thermal pressurization weakening and consequently make it more clear whether this weakening 
mechanism is a viable one to use in understanding dynamic weakening during earthquakes. 
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