
  

Laboratory Experiments on Fault Shear Resistance  
Relevant to Coseismic Earthquake Slip 

Report for SCEC Award #15031 
Submitted March 8, 2016 

 
Investigator: Terry E. Tullis, Brown University 

 

I.	 Project Overview .................................................................................................................................... i	
A.	 Abstract ............................................................................................................................................. i	
B.	 SCEC Annual Science Highlights ..................................................................................................... i	
C.	Exemplary Figure .............................................................................................................................. i	
D.	SCEC Science Priorities ................................................................................................................... i	
E.	 Intellectual Merit ............................................................................................................................... ii	
F.	 Broader Impacts ............................................................................................................................... ii	
G.	Project Publications ......................................................................................................................... ii	

II.	 Technical Report ................................................................................................................................... 1	
A.	 SUMMARY ...................................................................................................................................... 1	
B.	 REPORT ......................................................................................................................................... 1	

1.	 Theoretical background on dynamic weakening by thermal fluid pressurization ..................... 2	
2.	 Thermal pressurization weakening results ............................................................................... 2	
3.	 Results on material properties .................................................................................................. 4	

C.	 Intellectual Merit .............................................................................................................................. 5	
D.	Broader Impacts .............................................................................................................................. 5	
E.	 Bibliography of all publications and presentations .......................................................................... 5	
F.	 REFERENCES CITED .................................................................................................................... 6	



  

 i 

I. Project Overview 

A. Abstract 
In the box below, describe the project objectives, methodology, and results obtained and their signifi-
cance. If this work is a continuation of a multi-year SCEC-funded project, please include major research 
findings for all previous years in the abstract. (Maximum 250 words.) 
 

After focusing our attention for several years on silica-gel weakening and flash weakening we turned our 
attention to the widely discussed dynamic weakening mechanism termed thermal pore-fluid pressuriza-
tion. There are many theoretical and numerical studies of thermal pressurization and it is increasingly 
used in dynamic rupture and earthquake nucleation models. However, experimental data suggesting the 
operation of this mechanism is limited, a shortcoming we are working to resolve. The only machine in 
existence capable of doing the required experiments is our unique high-pressure rotary shear friction 
machine that combines arbitrarily large slip displacement with independent control of both confining 
pressure and flow-through pore pressure capability. Ours is the first study in which the thermal pressuri-
zation mechanism has been isolated and is beginning to be characterized under controlled conditions on 
confined samples (e.g., with fully saturated rocks of controlled fluid pressure and proscribed permeabili-
ties of the rock samples). We have conducted experiments on water-saturated rocks with a range of 
permeabilities and find that varying amounts of weakening occurs. We have developed a successful pro-
tocol for thermally cracking our initially low permeability Frederick diabase samples (<10-23 m2) and 
measuring the resulting permeabilities in the 10-23 m2 to 10-18 m2 range. We have conducted finite ele-
ment model (FEM) calculations of the temperatures achieved in our experiments. We have been suc-
cessful in activating thermal pressurization in our experiments as comparison of our mechanical and 
thermal results with the theoretical predictions of Rice [2006, equations 23a and 23b] make clear. 
 

B. SCEC Annual Science Highlights 
Each year, the Science Planning Committee reviews and summarizes SCEC research accomplishments, 
and presents the results to the SCEC community and funding agencies. Rank (in order of preference) the 
sections in which you would like your project results to appear. Choose up to 3 working groups from be-
low and re-order them according to your preference ranking. 
 

Fault and Rupture Mechanics (FARM) 
Seismology 
Earthquake Simulators 

C. Exemplary Figure 
Select one figure from your project report that best exemplifies the significance of the results. The figure 
may be used in the SCEC Annual Science Highlights and chosen for the cover of the Annual Meeting 
Proceedings Volume. In the box below, enter the figure number from the project report, figure caption and 
figure credits. 
 

Figure 1. Fits of decay in shear stress τ(δ) to obtain Rice’s [2006] L* (see our equation (1)), fol-
lowing step increases in velocity V for experiment 319pfp at 3 different velocities. A single set of 
material parameters fits all three data sets strongly indicating that the weakening is due to ther-
mal pressurization. Fits in red by John Platt. 

 D. SCEC Science Priorities 
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See 
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a, 6b, 6c 
 
3a, 3c, 3e 
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E. Intellectual Merit 
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the 
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC 
research objectives? To what extent has the activity developed creative and original concepts?  
 

The research contributes to our understanding of the earthquake energy budget, strong ground motions, 
and accelerations associated with earthquake faulting, by providing fundamental knowledge of the co-
seismic shear resistance of faults. 

 
F. Broader Impacts 
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has 
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If 
your project included a SCEC intern, what was his/her contribution? How has your project broadened the 
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for 
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some 
possible benefits of the activity to society? 
 

Results of our experiments are incorporated in coursework at Brown.  The experiments have provided 
new sample fixtures and other enhancements to existing equipment that enhance the infrastructure for 
research and education.  Society benefits from an acquisition of scientific knowledge and in improved 
understanding of earthquakes and how to mitigate their damage. 

 
G. Project Publications 
All publications and presentations of the work funded must be entered in the SCEC Publications data-
base. Log in at http://www.scec.org/user/login and select the Publications button to enter the SCEC Pubi-
cations System. Please either (a) update a publication record you previously submitted or (b) add new 
publication record(s) as needed. If you have any problems, please email web@scec.org for assistance. 
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II. Technical Report 

A. SUMMARY 

After focusing our attention for several years on silica-gel weakening [Di Toro et al., 2004; Goldsby and 
Tullis, 2002] and flash weakening [Beeler et al., 2008; Goldsby and Tullis, 2011; Kohli et al., 2011; Rice, 
2006] we turned our attention to the widely discussed dynamic weakening mechanism termed thermal 
pore-fluid pressurization, hereafter abbreviated as TP. There are many theoretical and numerical studies 
of TP [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]. However, experimental data suggesting the op-
eration of this mechanism is limited, a shortcoming we are working to resolve via this and related re-
search.  

From 2003 to 2013 this laboratory friction work was funded by SCEC via a grant to Brown in which Terry 
Tullis and David Goldsby were the PIs. After the July 2014 departure of David Goldsby to the University 
of Pennsylvania, Terry Tullis and an outstanding postdoc, Keishi Okazaki, are continuing this work at 
Brown. The only machine in existence capable of doing the required experiments is our unique high-
pressure rotary shear friction machine that combines arbitrarily large slip displacement with independent 
control of both confining pressure and flow-through pore pressure capability. Ours is the first study in 
which the thermal pressurization mechanism has been isolated and is beginning to be characterized un-
der controlled conditions on confined samples (e.g., with fully saturated rocks of controlled fluid pressure 
and proscribed permeabilities of the rock samples). Note that this work has been partly funded by the 
USGS NEHRP external program, so it is the combination of the USGS and SCEC support that allows this 
work to be done. 

We have developed a successful protocol for thermally cracking our initially low permeability Frederick 
diabase samples (<10-23 m2) and measuring the resulting permeabilities in the 10-23 m2 to 10-18 m2 range. 
This is a rock that does not undergo weakening due to silica gel formation or other dynamic weakening 
mechanisms at the relatively high slip rates and meters of slip of our experiments. We have conducted 
finite element model (FEM) calculations of the temperatures achieved in our experiments. To verify the 
FEM calculations and calibrate the values of thermal conductivities used, we have made direct measure-
ments of temperature by placing a thermocouple in a hole drilled to within a fraction of a mm of the sliding 
surface. These measurements entail a tedious procedure of running tiny thermocouple wires through our 
capillary pore pressure tubing and out through a pressure seal in the pore pressure system. We have 
been successful in activating thermal pressurization in our experiments as comparison of our mechanical 
and thermal results with theoretical predictions make clear.  

B. REPORT 
In previous year’s reports we presented some results of our FEM calculations and a comparison 
of the mechanical weakening with theoretical predictions for thermal pressurization by [Rice, 
2006]. In this report we focus on experimental data collected during the past year that show addi-
tional data similar to our previous results as well as the complication that the permeability de-
pends on the effective pressure. 
 
Experiments were conducted on samples fully saturated before frictional sliding. Because of the 
low permeability of the diabase rings, a relatively high pore pressure must be applied to the sam-
ples to saturate them in a practical amount of time.  Saturation thus had to be accomplished with 
the samples subjected to relatively large pore pressures while confined in the high-pressure appa-
ratus.  The following procedure was therefore employed: 1) samples were pressurized in the gas 
apparatus, 2) a constant pore pressure was applied to the lower sample grip, 3) pore pressure was 
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held constant until water could be seen exiting the sample assembly from the pore-pressure tub-
ing connected to the upper sample ring, 4) the sample was depressurized and the pore-pressure 
port on the bottom sample grip was plugged (the flow-through tubing used during saturation is 
incompatible with the large sliding displacements, meters of slip, of our thermal pressurization 
tests), 5) the sample was repressurized to the testing confining pressure and the desired pore 
pressure of the run conditions was applied, and 6) sliding was commenced after the externally 
applied pore pressure was equilibrated throughout the sample (i.e., after no movement of the 
pore pressure piston into the pore pressure cylinder was observed).  
 
1. Theoretical background on dynamic weakening by thermal fluid pressurization 

Although there are many theoretical studies of the thermal pressurization weakening mechanism, as cited 
in the introduction, we will focus our discussion on the most recent and comprehensive one, that of Rice 
[2006]. Rice presents solutions for many situations, but the one relevant to our experiments is his slip-on-
a-plane solution for fault slip on the boundary of a half-space. His equations 23a and B19 show that at 
constant slip velocity V, the shear stress τ decays with slip distance δ as follows: 

  , (1) 

where µ is the coefficient of friction, σn is the normal stress, p is the current pore pressure, po 

is the initial pore pressure, and L* is a decay distance given by Rice [2006, equation 23b] as 

  , (2) 

where ρc is the density times the heat capacity, Λ is his undrained pressurization factor, and αhy and αth 
are the hydraulic and thermal diffusivities, respectively. Below we will show how the observed decay of 
shear stress in our experiments follow a decay of the form given by (1) with a decay distance L* that var-
ies between experiments in a way that is consistent with equation (2). 
 

2. Thermal pressurization weakening results  
New results for friction experiments are shown in Figures 1-2.  For experiment, 319pfp, Figure 1 shows 
similar decays and fits to equation (1) as we showed in our 2013 report (for experiment 312pfp), here with 
values of L* of 4800 mm for v=1.2 mm/s, 2400 mm for V=2.4 mm/s, and 1200 mm for V=4.8 mm/s. Note 
that the drop in shear stress is 5% at 1.2 mm/s, 10% at 2.4 mm/s and 20% at 4.8 mm/s. This sample was 
more permeable than 312pfp with a value of 1.3*10-18 m2. 
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Figure 2 shows data and a fit to equation (1) for experiment 329pfp at a slip rate of 2.5 mm/s. Note the 
much more significant decrease in the shear stress when the velocity was stepped from 1 µm/s to 2.5 
mm/s, a drop of 80%,. This sample had a permeability of 1.6 *10-20 mm2 so it was considerably less per-
meable than the other samples, 38 times lower than those for 312pfp and 81 times smaller than for 
319pfp. This presumably explains the large stress reduction. Figure 2b shows that the form of the decay 
does not fit the form of equation (1) as well as do the decays in experiment 319pfp. The value of L* for the 
fit shown by the red line is 2.5 mm. Although the shear stress drop of 21.5 MPa shown in Figure 3a sug-
gests that the pore pressure rose almost to the confining pressure of 25 MPa (the friction coefficient is in 
the 0.85 to 0.9 range), the drop does not seem to result from a jacket leak because the confining pressure 
was not changed at this time and its servoed pumping system did not turn on. 
 
Several lines of evidence strongly indicate that the weakening shown in Figures 1-2, especially that 
shown in Figure 1, is due to thermal pressurization. One of these is that the form of the decay nicely 
matches the theoretical expectations from Rice’s [2006] analysis presented here as equation (1). We do 
not understand the reason for the poorer quality of the fit for experiment 329pfp although it may be a re-
sult of the hydraulic properties changing as a function of the effective pressure as we discuss in a section 
below. Note that this sample is the one for which the effective pressure within the sample changed the 
most, so it would be expected to have the greatest change in parameter values.  
 
An important point arguing that the weakening shown in Figure 1 is due to thermal weakening is that the 
three values of L* follow the theoretical dependence of L* on 1/V as given in equation (2). In other words, 
a single set of the material properties in (2) can be used to fit all three velocities in experiment 319pfp. 
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Figure 1. Fits of decay in shear stress τ(δ) 
to obtain Rice’s [2006] L* (see our equa-
tion (1)), following step increases in veloci-
ty V for experiment 319pfp at 3 different 
velocities. A single set of material parame-
ters fits all three data sets strongly indicat-
ing that the weakening is due to thermal 
pressurization. Fits in red by John Platt. 
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Also note that the decay to a constant level, as shown by the position of the dashed lines in Figure 1, de-
pends on time, not slip, a feature of the thermal diffusion distance to the steel in our sample assembly. 
Another observation that suggests the weakening is due to thermal pressurization comes from comparing 
L* for experiment 312pfp (shown in our 2013 report) with L* for 319pfp.   L* is larger for 319pfp, although 
both slid with V=4.8 mm/s, and 319pfp has the higher hydraulic diffusivity. This is what is predicted by 
equation (2) if the hydraulic diffusivity is much larger than the thermal diffusivity, which is plausibly the 
case.  
 

3. Results on material properties 
Clearly from the above discussion a more quantitative evaluation of the thermal pressurization weakening 
in our experiments could be obtained if we knew the values of all the material properties in equations (1) 
and (2). We have been working on this, but to date we have not been able to come up with a set of values 
that are compatible with standard tabulated values as well as with equations (1) and (2) and with our ob-
servations. We do not regard this as evidence that the weakening is due to some process other than 
thermal pressurization for the reasons discussed just above. It appears that the difficulties may be due to 
the dependence of the material properties on the temperature and effective pressure, which change dur-
ing an experiment. Our FEM program, to date, assumes fixed values of all the material properties, but we 
have evidence that this is not the case. It is well known that thermal conductivity depends on temperature, 
a dependence we have not yet taken into account in the FEM model. We have recently collected data 
that shows that the permeability and the storage capacity depend on the effective pressure and thus so 
does the hydraulic diffusivity. Figure 3 shows this data. 
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to 2.5 mm/s. Red curve is best fit to equation (1) found by John Platt with L* = 2.5 mm. 
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C. Intellectual Merit 

The research contributes to our un-
derstanding of the earthquake energy 
budget, strong ground motions, and 
accelerations associated with earth-
quake faulting, by providing funda-
mental knowledge of the coseismic 
shear resistance of faults. 

 

D. Broader Impacts 

Results of our experiments are incor-
porated in coursework at Brown.  The 
experiments have provided new sam-
ple fixtures and other enhancements 
to existing equipment that enhance 
the infrastructure for research and 
education.  Society benefits from an 
acquisition of scientific knowledge and 
in improved understanding of earth-
quakes and how to mitigate their 
damage. 

 
 
 
 
 
 
 
 
 
 
 

E. Bibliography of all publications 
and presentations  
To date the only publications of these 
results are abstracts at SCEC and 
AGU meetings. A paper for Nature is 
in preparation describing our results. 
 

Goldsby, D. L., T. E. Tullis, K. Okazaka, J. D. Platt, and T. M. Mitchell,  Experimental studies of dynamic 
fault weakening due to thermal pore-fluid pressurization, Proceedings and Abstracts 2014 SCEC An-
nual Meeting, 24, 144, 2014. 

Goldsby, D. L., T. E. Tullis, K. Okazaka, J. D. Platt, and T. M. Mitchell (2014), Experimental studies of 
dynamic fault weakening due to thermal pore-fluid pressurization, AGU Fall Meeting Abstracts, 
S11C4357G. 

 
 

Figure 3. Variation of material properties with effective 
pressure as measured during this study. The variation of 
the values is enough that the pore pressure changes 
during the experiments will be important for details of the 
behavior. The temperatures that go with the symbols in 
this figure are those for the heat-treatment prior to the 
experimental measurements. 
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