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]. Although more study is needed, our experiment studies of thermal
pressurization are the most definitive ones yet obtained.

With SCEC 2018 funding we continued experiments funded in previous years to further investigate fault-
weakening via thermal pore-fluid pressurization. This report presents new results obtained in the last year.
One of our goals has been to understand the role that fault-roughness-induced dilatancy may play in
defeating this weakening mechanism on natural faults. In a previous grant period we conducted one
complicated experiment with an initially mated fault surface with high roughness and considerable
dilatancy that, as expected, showed no weakening. However, in some other experiments where thermal
pressurization weakening was expected it did not occur. Before continuing to investigate the role of
roughness we need to ensure reproducibility, i.e. that weakening always occurs when conditions predict
that it should. The fact that this has not always been the case suggested that there was some uncontrolled
variable that we could not identify. During the past few months we believe we have discovered the
problem. We have found that for some samples the fluid in the fault zone has been able to escape via a
high permeability path along the margins of the samples. The epoxy that secures the samples to the steel
sample grips also is supposed to create a fluid-tight seal. In some cases this was not the case, as we
showed (after the experiment) by being able to blow air along this epoxied boundary. The data supporting
this are not included in this report for space reasons. We did no experiments using rough initially mated
surfaces this year since we first needed to identify our uncontrolled variable. Rather, we show the contrast
between dry samples and those that are fluid saturated with a known uniform initial pore fluid pressure of
water for samples with different permeabilities. We also report on possible explanations for some
difference between our observed weakening and theoretical predictions.

RESULTS

In the following section we present results from permeability measurements and velocity step
experiments. First, we report the pressure-dependent permeability of Frederick diabase for select samples
(Figure 1). The tendency for pore fluids to become pressurized during shear heating is directly dependent
on the permeability of the host rock. Next, we show results on the evolution of friction during velocity
step experiments at: (1) Dry conditions (Figure 2), and (2) Undrained water-saturated conditions with
known initial pore pressure (Figure 3). With dry conditions in the fault zone, friction increases with
velocity — indicating velocity-strengthening behavior at the tested conditions. However, under undrained
wet conditions, significant dynamic weakening occurs, indicating thermo-hydraulic coupling, even at sub-
seismic slip rates of millimeters per second. All experiments were conducted with an effective normal
stress 0 = 25 MPa, effective confining pressure P = 20 MPa, and pore pressure of B, = 25 MPa, unless
stated otherwise. Finally, we present results of an analysis of the stress state in our samples that suggests
tensile cracks may form and could act as a reservoir and increase hydraulic diffusivity, both of which
would reduce the fluid pressure.

Permeability of Frederick diabase

Plots of permeability versus effective confining pressure are illustrated for selected samples in Figure 1.
The permeability was estimated using a Darcy flow-through experiment for sample 346 and a pore



pressure oscillation experiment [e.g., Fischer, 1992] for sample 340. Sample 340 underwent heat
treatment at 630°C, while sample 346 was heat treated to 530°C. Accordingly, the permeability of sample
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346 was ~1 order of magnitude lower than the
other sample.

Dry friction

The dry (at room humidity of 35%) frictional
response is illustrated in Figure 2 for velocity step-
ups from a reference velocity vy = 3.162 um/s to
v =25mm/s (a) and v = 5mm/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, without an obvious
evolution to steady-state. The frictional behavior
can be fit by a logarithmic law following the
“direct effect” in rate-and -state friction:
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Figure 2. Dry frictional evolution and fault normal displacement (negative=dilation, positive=compaction)
during a velocity step, from base velocity vy = 3.162 um/s (unshaded areas) to high velocity v (shaded areas);
(A) v =2.5mm/s, (B) v = 5mm/s. Note the slow stick-slip events before the velocity step in the inset in B.
Fault-normal displacement is < 1 um during a velocity step with little change in either the step up (v, = v) or
the step down (v = v,).

p= o +alog(V/Vy), (1)

where u is the coefficient of friction, V is the sliding velocity and a is a scaling factor. The subscript 0
denotes the parameter at the initial steady-state (here, during sliding at the reference velocity). The factor
a is estimated here to be in the range 0.011-0.017. In accordance with (4), after the velocity is stepped
back down to the reference velocity, friction decreases.

Wet friction under undrained conditions

The evolution of friction with undrained conditions is illustrated for two different samples in Figure 3 for
velocity steps from vy to v = 2.5 mm/s, then back to vy. The total displacement accumulated on these
samples before the velocity steps was relatively small; 10 mm and 26 mm for samples 340 (Figure 3a)
and 346 (Figure 3b), respectively. These data differ significantly from the dry (Figure 2) case. At the
velocity step-up, friction increases as in the previous cases, but this increase is followed by dramatic
weakening during which the friction drops by 43% and 52% (Figure 3a and Figure 3b, respectively).
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Figure 3. Friction and fault normal displacement during a velocity step from base velocity v, = 3.162 um/s to

v = 2.5 mm/s, for samples 340 (a) and 346 (b). A transient increase in friction is observed during the step up,
followed by dramatic weakening. Afterward the fault regains some of its original strength. Note the big
difference in the amount of dilation between these samples, with about 10 times more dilation in sample 346 (a)
than sample 340 (b).

However, this weakening is not maintained throughout the entire course of the high velocity interval,
namely friction increases after the initial stage of weakening. For sample 340 (Figure 3a), the increase is
gradual. Sample 346 (Figure 3b) exhibits a faster transition from weakening to strengthening, and it
weakens again in the final stages of the velocity step. Note however that both samples underwent
strengthening to high-speed displacements of 30 mm (12 seconds). Whether the final weakening in
sample 346 would have occurred for sample 340 if more high-speed displacement were imposed on
sample 340 is unknown. The most notable difference between the two samples is the shorter displacement
over which the initial high-speed weakening occurred in the less permeable sample 346.

The fault normal displacements during the high speed sliding differ from one another and from those
observed during the dry experiments (Figure 2). Both undrained samples dilate significantly after the
velocity increase, unlike the dry samples. Then the more permeable sample 340 (Figure 3a) stops dilating
after the initial weakening stage and the fault normal displacement remains relatively constant at around
1.5 pm, and then compacts slightly in the final stages of the high velocity interval, coincident with the
observed strengthening. In contrast the less permeable sample 346 (Figure 3b) continues to dilate in
pulses for the entire duration of the high velocity interval, up to a total dilation of 12 pm. Both samples
exhibit a small compaction once the velocity is stepped down to base value, but this behavior is not
significantly different from the dry samples.

DISCUSSION

Although weakening attributable to thermal pressurization occurs in the water-saturated low permeability
samples as we have shown in the past, the subsequent transition from dynamic weakening to
strengthening (Figure 3) suggest that elevated fluid pressures are not sustained in the fault zone during
rapid slip. Three factors may complicate the nominally undrained conditions present in the fault zone: (1)
fault dilation; (2) changes in fault drainage due to cracking; and (3) intrinsic changes in the fault zone
properties.

It is unclear whether the nominally flat geometry of the tested faults in this study would invoke enough
dilation to restrict thermal pressurization. The faults instantaneously dilate by 1-5 pm during the first
millimeter of slip after the velocity step, which corresponds to an extremely small fluid volume of < 4.0
mm’ right at the fault surface. How large a pressure change this volume change would correspond to



depends on the communicating volume occupied by fluid near the fault surface, which is unknown. In any
case the pressure change with such a small volume change is highly susceptible to any local changes in
the fault zone structure and the drainage system. Note that this dilation occurs under constant applied
normal stress imposed on the fault, using our internal force gage as the servo feedback source.

Analysis of the stress orientations and magnitudes in our experiments during slip indicate that the
minimum principal stress becomes tensile during a test as pore fluid pressure increases due to thermal
pressurization (Figure 4), and thus microcracking near the fault surface might occur. The minimum
principal stress (g3) is calculated to be:

o, + P, an—P2
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where o, is the normal stress, P, is the confining pressure, p is the pore fluid pressure and u is the
coefficient of friction. Figure 4 shows that at the initial experimental conditions (P£~0.56, u = 0.9) the
c
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minimum principal stress is close to zero. As pore
pressure increases the minimum principal stress
becomes more tensile (Figure 4), which would
: : accommodate opening of microcracks in the vicinity of
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Normalized pore pressure and increase the fluid diffusivity, as discussed next.

Minimum principal stress [MPa]

The compressibility will be higher in the presence of microcracks. The change in compressibility is
expected [Brantut and Mitchell, 2018] to affect both the pressurization factor (A) and the storage
capacity (S), as defined by Rice [2006]:

p=T T (3)
lgf + ﬁn '
S=n(Br +Bn), (4)

where A¢ and A, are the thermal expansivities of the fluid and pores, respectively, ¢ is the compressibility
of the fluid and n is the porosity. Brantut and Mitchell [2018] point out that an increase in 8,, would have
two competing effects: A would decrease and S would increase. The change in S would prompt a decrease
in the hydraulic diffusivity

Opy = k/nS (5)

where 7 is the fluid viscosity and k is the permeability. The decrease in hydraulic diffusivity would favor
thermal pressurization, opposed to a decrease in the pressurization factor A which slows thermal
pressurization. Their analysis suggests that the latter effect is the more dominant and thus the overall
behavior supports slower pressurization rates in more hydraulically compliant fault zones. Moreover, f3;,,
n and k are all functions of fluid pressure, which makes the expected behavior during thermal
pressurization more complex and difficult to predict. Rice’s [2006] solution is given for constant



hydraulic parameters and does not consider changes in ay,, and A. In order to resolve this uncertainty, it is
necessary to generalize the model to include the effect of changes of fluid pressure on A and ay,, during
thermal pressurization. Taking into account the fluid pressure dependence of permeability (Figure 4):

k =k + a(P. —p)?, (6)
porosity [K. Okazaki, personal communication]:
n=c(k—p)*, (7
and the relation between pore compressibility (8, ) and porosity [Rice, 2006]:

(ﬁd - Bs)(ﬁd + rﬁs)
n(1+r)B,

where kg, a, b, ¢, d are constants, P, is the confining pressure, p is the pore pressure, B4 is the drained
compressibility of the rock, [ is the compressibility of the solid skeleton and r is a function of the
drained Poisson’s ratio of the rock. Figure 5 presents the results of this analysis; as pore pressure
increases both the pressurization factor A and the hydraulic diffusivity ap, increase. However, A
increases by less than a factor of 1.5 while ay, increases by a factor of ~ 11. While this simplistic
approach assumes constant 1, 5, S5 and r, it demonstrates that the rheology of a fault during thermal
pressurization can be affected by fluid-pressure-induced changes in the properties of the adjacent elastic
layer.

ﬁn = - ﬁs ’ (8)
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faults showed dynamic weakening, the weakening rate
and magnitude is much lower than that illustrated in
Figure 3. We believe this is due to the presence of a
wider fault zone with more wear material due to the
larger total displacement. This wear material material
would be expected to have a higher compressibility
than the intact rock and therefore a higher hydraulic
diffusivity as shown in Figure 5. This could explain the lower rate and magnitude of dynamic weakening
for the large total-displacement faults.

Normalized pore pressure
Figure 2. Variations of pressurization factor
A and hydraulic diffusivity ap, with pore
fluid pressure. A and ap, are normalized by
their initial value, pore pressure is
normalized by the confining pressure.

Our experimental results suggest 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.
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