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Constitutive relationships and physical basis of fault strength
due to flash heating
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[1] We develop a model of fault strength loss resulting from phase change at asperity
contacts due to flash heating that considers a distribution of contact sizes and nonsteady
state evolution of fault strength with displacement. Laboratory faulting experiments
conducted at high sliding velocities, which show dramatic strength reduction below the
threshold for bulk melting, are well fit by the model. The predicted slip speed for the onset

of weakening is in the range of 0.05 to 2 m/s, qualitatively consistent with the limited
published observations. For this model, earthquake stress drops and effective shear
fracture energy should be linearly pressure-dependent, whereas the onset speed may be
pressure-independent or weakly pressure-dependent. On the basis of the theory, flash
weakening is expected to produce large dynamic stress drops, small effective shear
fracture energy, and undershoot. Estimates of the threshold slip speed, stress drop, and
fracture energy are uncertain due to poor knowledge of the average contact dimension,
shear zone thickness and gouge particle size at seismogenic depths.
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1. Introduction

[2] Fault slip produces heat per unit area Q equal to the
product of shear resistance 7 and the total slip d; thus heat
production is proportional to the slip rate V as

dQ = V. (1)

If fault surfaces are rough, then the normal stress is
supported by areas of asperity contact rather than over the
entire fault surface area. In this case, the average area of an
asperity contact 4. is much smaller than the fault area 4 >
A, and the average contact shear resistance or stress,

T, = TA/nA., (2)

is proportionally larger than the macroscopic shear
resistance; here n is the number of contacts. Therefore
thermal effects such as melting, dehydration or other phase
changes resulting from shear heating that may dramatically
alter fault strength during rapid slip occur initially at
asperity contacts due to the high shear stress 7. > 7. Rice
[1999, 2006] considered the implications of shear induced
flash weakening at asperity contacts for fault strength at
high sliding velocity. The Rice model, discussed in detail
below, assumes a single representative contact dimension
(Figure 1), and no shear strength of the product phase.
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These assumptions produce abrupt and dramatic weakening
and a strongly negative rate-dependent fault strength.

[3] Natural faults have fractal surface roughness [Power
and Tullis, 1992] and laboratory faults have a distribution of
contact asperity sizes [e.g., Brown and Scholz, 1985;
Dieterich and Kilgore, 1996], rather than a single contact
dimension as assumed in Rice’s model. Rice’s model also
does not consider nonsteady state evolution of fault strength
that may occur during accelerating (weakening) and decel-
erating (strengthening) slip. In this paper we extend the Rice
model to consider faults with lab-like contact size distribu-
tions and the evolution of strength with displacement
expected from a shear-induced phase change at asperity
contacts. We assess the importance of these additional
factors and produce a semiempirical constitutive equation
suitable for modeling fault strength during dynamic rupture.
The model is compared to published lab data and implica-
tions for the onset slip speed, melt viscosity, melt thickness,
asperity contact dimension, stress drop, slip weakening
distance, shear fracture energy, and overshoot for lab and
natural faulting are explored.

2. Shear Heating and Friction: Rice’s Model

[4] Frictional strength during sliding at constant slip rates
less than 100 pm/s and low normal stress in lab experiments
is to first-order constant with displacement and with sliding
velocity [e.g., Ruina, 1983], suggesting that the real area of
asperity contact across the fault is neither displacement nor
time-dependent. We therefore assume throughout this study
that contact area is independent of displacement and time;
this is equivalent to assuming that the size distribution of
asperity contacts is stationary in time. For example, consider
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Figure 1. (a) Square contact of dimension d, slid into
perfect registry at constant rate V. Plot shows the spatial
distribution of time of contact (age) with reference to the
lower contacting asperity [after Tullis et al., 1993]. For this
case the critical age for weakening 6, exceeds the maximum
contact age 0. (b) Same as in Figure 1a but for 6y < 0,,.«.

sliding between an array of aligned, identical square asper-
ities at a constant rate /' in a direction perpendicular to the
asperity edge (Figure 2). A unit cell area of fault surface
consists of 2 sets of contacts (4 asperities), one set that is
initially in perfect registry and a second set that is initially
not in contact (Figure 2). Over displacement equal to the
contact edge dimension d, the first set of contacts is
incrementally replaced by the second set while the average
contact age remains constant. While contact age varies
spatially and temporally within an individual contact and
differs between contacts, the collective age and the steady
state behavior can be represented by a single contact in
exact registry (Figure 1a). The maximum contact age at the
representative contact is 6,,,x = d/V while the average age is
half the maximum, 6 = d/2V.
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[5] To consider thermal weakening at asperity contacts,
assume the starting contact strength as given by the classical
theory of friction [e.g., Bowden and Tabor, 1950]. Friction
theory stipulates that asperity contacts yield plastically and
the applied contact normal stress o, is the material yield
strength 0. = o,, as is consistent with recent contact-scale
studies of rock friction [Dieterich and Kilgore, 1996].
Under these circumstances, as the macroscopic normal
stress increases, the real area of contact increases according
to A. = Ao/no.. If the shear resistance of contact junctions is
also a material property 7. = S, the coefficient of friction f,
the ratio of macroscopic shear resistance to normal stress,
is the ratio of the junction shear resistance to the yield
strength

3)

g

T S
f=—==.
oy

A friction coefficient approximately independent of normal
stress is consistent with experimental data from a wide
range of rock types [e.g., Summers and Byerlee, 1977;
Byerlee, 1978].

[6] Large changes in strength induced by shear heating
can arise if a low-temperature phase with frictional contact
shear strength 7. = § at temperature 7is replaced by a high-
temperature phase of different shear strength 7,,. In partic-
ular we assume that the transformation occurs instanta-
neously at a threshold weakening temperature 7). Under
these conditions the critical duration of heating 6, required
to weaken an asperity contact, equivalent to the critical
contact lifetime, can be derived from a heat balance [Rice,
1999]. Rice assumes one-dimensional heat conduction and
that the shear-generated heat (1) SV#,, over the critical
duration 6, is balanced by the product of the change in
thermal energy pc (T, — 7)) and the width of the affected

4d
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Figure 2. Unit cell of a one-dimensional array of square
contacts shown in cross section. The vertical dashed lines
are the boundaries of the unit cell. The array is assumed to
be repeated to the left and to the right about the array
boundaries an infinite number of times. The array has
displacement independent contact area. If slid at constant
rate, the array has time-independent contact age.
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Figure 3. Steady state behavior of the modified Rice
model for flash weakening (equation (5)) with f, = 0.8, f,, =
0.2, Vo = 0.68 m/s [after Rice, 1999].

region v/maby, where « is thermal diffusivity, and pc is the
volumetric heat capacity. The critical duration,

o

_ma {pﬁ(Tb - T/')r’ (42)

N7 S

is the time necessary to weaken at a fixed slip speed.
Heating at the asperity contact is further limited by the total
slip which has a maximum of the contact dimension d. So,
to consider the threshold velocity for weakening ¥, change
the Vin (4a) to V, and substitute into ¥y = d/f,, resulting in

2
_ ma[pe(Ty — Ty)
Vo = 7 { 5 . (4b)
[Rice, 1999]. Alternatively, the critical contact dimension
for weakening at a fixed sliding velocity is dy = 0,V

do

_ma {P@(Th - Tf)r_ (4c)

vV N

[7] To determine an approximate steady state solution for
fault strength, for simplicity we first use the geometry of
identical square contacts, with reference to Figure 1. If the
critical age (4a) is greater than the maximum age then no
portion of the contact is weakened and the frictional shear
resistance is

f :ﬁh 90 > gmax(V < VO) (Sa)

(Figure la). However, if the critical age is less than the
maximum age, then a portion of the contact is weakened.
Rice [1999] originally assumed that the weakened portion of
the contact has no strength, but this may be too restrictive.
Consistent with (3), define a weakened resistance f,, = 7,,/
o,. For a weakened contact, the average steady state shear
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resistance is the weighted sum of the weakened f£,, (d — dy)/
d and strong f, dy/d portions, or

f :%(ﬁ) —fw) + oy 00 < Onmax (V> Vo) (5b)

(Figure 1b). The spatial age construction (Figure 1b)
illustrates the identities d = Vb, and dy = VB, which
require

0

f= %(7{0 _fw) +hvy b < HmaX(V > V0)~

(5¢)
This can be expressed in terms of velocity using the identity
V = d/0.x and (4a) for O, as

T, —T;

ma [pe( ) g Vo
f = (ﬁ) _fw)W [T} +ﬁv = (ﬁ) _fw)7 +.ﬁv7

00 < HmaX(V > Vo) (Sd)
We refer to (5) as the modified Rice model. If the
asperity has effectively no strength in its weakened state,
fw = 0, the solution to equation (5d), f = f,Vo/V, is that
given by Rice [1999] as a steady state solution for flash
weakening. For any low value of f,, flash processes
should produce the very strong negative rate dependence
of fault strength (5d) [Rice, 1999]. An example of this
steady state behavior is shown in Figure 3. Laboratory
observations possibly resulting from flash heating are data
on gabbro from Tsutsumi and Shimamoto [1997]
(Figure 4a) and for novaculite by D. L. Goldsby and
T. E. Tullis (unpublished data, 2003) (Figure 4b). These
data indicate ¥, in the range of 0.1 to 0.2 m/s (Figure 4)
and some comparison between observations and expecta-
tions from the model (5d) is included in section 6.1. The
fit to the data suggests that the residual strength is non
zero, though additional data are necessary to confirm the
behavior at higher slip speeds. It is also possible that the
onset of weakening for gabbro is more gradual than a
simple threshold; this is expected if the contact popula-
tion is not well represented by a single dimension and
more gradual onsets should be the norm for natural fault
surfaces.

3. Contact Populations

[8] Natural fault surfaces are rough over many orders
of magnitude [e.g., Power and Tullis, 1992] and as noted
by Rice [1999], for earthquake modeling it is probably
not sufficient to represent the contacting asperities across
a fault with a single contact dimension. In the case of
natural joint surfaces roughness and asperity contact
populations are fairly well known [e.g., Brown and
Scholz, 1985] and can be described by Gaussian or
similar distributions. Here we expand the modified Rice
model to include the effects of a contact population on
the steady state shear resistance.

[9] Consider a fault surface sliding at constant sliding
velocity with a distribution of asperity contact sizes char-
acterized by a probability density P(d) (Figure 5a). The
distribution of asperity contact sizes is presumed to be
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Figure 4. Laboratory fault strength data from high-speed
sliding. (a) Gabbro at 1.5 MPa normal stress [ Tsutsumi and
Shimamoto, 1997] showing a least squares fit using the
modified Rice model (solid line), equation (5) with fo =
0.835, f,, = 0.32, and V) = 0.226 m/s. Also shown is a fit
with the empirical equation (7) with fo = 0.84, f,, = 0.436,
and V= 0.2 m/s (dashed). (b) Novaculite at 5 MPa normal
stress (D. L. Goldsby and T. E. Tullis, unpublished data,
2003). Fit with the modified Rice model (solid line) with
fo = 0.626, f,, = 0.155, and Vy = 0.117 m/s. Fit with the
empirical relation (7) with f = 0.631, f,, = 0.065, and V; =
0.23 m/s (dashed line).

stationary in time yielding a steady state frictional resistance
fis(P). That is, the fault surface roughness and asperity
population are not altered by wear and the formation of
gouge with continued slip. Although such processes do
occur and may be important [e.g., Power et al., 1988;
Di Toro et al., 2006], they are ignored to simplify the
analysis. The contact size distribution is proportional to the
age distribution P(0,.x) since d = V0.« (Figure 5b). If
the contacts are square, aligned, and sliding perpendicular to
their edges, individual contact strength varies with size and
sliding velocity according to (5d) if d > d, where d, is
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defined by (4c). Contact strength is rate-independent (5a)
when d < dy. The total strength then is

[ L5

Differences between the predictions of (6), which allows for
an arbitrary distribution of contact sizes, and those of (5)
depend on the specific shape and breath of the distribution;
an example of the steady state strength resulting from
a lognormal distribution of contact sizes is shown in
Figure Sc. This case was calculated numerically. The onset
of weakening occurs at lower sliding velocity than in the
Rice model because there are contacts larger than the mean;
these weaken at lower sliding velocity. The weakening is
gradual because there are only a few large contacts. At
higher velocity, the fault is not as weak as in the Rice model
because there are contacts much smaller than the mean; at
high sliding rates, these maintain a higher strength than the
mean and larger size contacts. As the breadth of the
distribution decreases, equation (6) approaches the Rice
model.

[10] The distributions of asperity contact sizes of natural
seismic faults are not well known and they may vary
substantially with normal stress [Scholz, 1988]. Even for
laboratory fault surfaces, the contact size distribution
depends on surface preparation and may vary with shear
strain particularly in high-speed, large displacement, high
normal stress experiments [e.g., Goldsby and Tullis, 2002].
Present knowledge does not allow extrapolation of labora-
tory surface roughness data to natural seismic faults. Fur-
thermore, even if contact size distributions were well
known, the integral equation (6) is not well suited for use
in dynamic calculations of fault slip or in dynamic rupture
modeling. Therefore we propose an empirical expression for
flash processes which is bounded by the theoretical expect-
ations of the Rice model and our extension of it, and can be
used to represent the behavior expected with a distribution
of asperity contact sizes (Figure 5c):

do

fis = (,/ d)dd +

[11] The empirical expression (7) may fit the onset of
weakening in lab faulting experiments better than the
simple model (5) in some cases (Figure 4), however the
differences are slight and given the scatter using (7)
rather than (5) is probably not warranted for laboratory
surfaces (see discussion). For (7) at high velocity and f,, = 0,
f= Vy/Vas required by (5) and by the numerical solutions to
(6). Furthermore, at low velocity, friction is constant at /= f,,
again consistent with (5) and (6). As (7) is continuous
and differentiable, rather than piecewise, it can be more
easily incorporated in dynamic models and combined with
constitutive equations for low-speed friction. Additional

4 of 12



B01401 BEELER ET AL.

flexibility can be introduced by allowing the characteristic
velocity in the exponential to be different from V5,

4. Nonsteady State Behavior and the Evolution of
Contact Age With Slip

[12] Equations (5), (6) and (7) are models of steady state
fault strength based on the steady state age of the contact
population; however for flash heating and other contact-
scale phenomenon, including rate and state friction [Ruina,
1983; Linker and Dieterich, 1992], the average contact age
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does not change instantaneously with slip velocity. For
example, consider the representative square contact sliding
initially at a constant initial rate /; (Figure 1). Contact age
increases linearly from zero to d/V; over the contact. If the
sliding velocity is instantaneously changed, the spatial
distribution of age over the contact changes systematically
with slip & [Tullis et al., 1993] (Figure 6). This change
is reflected in the displacement-dependent change in the
average contact age 0,

. 8[61 d—6[6 d—¢6
= = <
0 d{m% y [V2+2V1}, 0<6<d (8a)
A d
0="" &§>d 8b
w07 (8b)

For flash processes, as for lower speed friction, under some
circumstances the nonsteady state change in age such as (8)
should be included. The distribution of age over an arbitrary
contact shape and the displacement dependence of this age
can be considered by dividing the contact into chord lengths
in the sliding direction [Dieterich and Kilgore, 1996].
Somewhat different behavior results for different contact
shapes or if the sliding direction is oblique to the contact
edge [Tullis et al., 1993]. At least for simple contact shapes
these differences are slight and we do not discuss these
further in the present paper.

[13] Significant differences in the evolution behavior
result if, instead of a single contact, there is a wide
distribution of contact sizes. In general, the displacement-
dependent average age for a distribution of aligned square
contacts sliding perpendicular to their edges is

0(6) = / P(d)0(6)dd. (9)

Figure 5. Effect of a distribution of contact sizes on fault
strength during steady state sliding. (a) Lognormal distribu-
tion of contact sizes, P(d) = (1/od\/2m)exp [—(In d — p)*/
20%] with p = 1.44, o = 0.58. Contacts are square and
sliding normal to the contact edge. The average contact
dimension is 5 pum, and the standard deviation of the
distribution is 10 um. (b) Distribution of contact ages for the
case shown in Figure 5a with "= 0.2 m/s. Using o = 1 X
107° m%s, pe = 4 x 10° J/m® °K, T, = 750°C, T, = 200°C,
7. =3 x 10° Pa, the critical age is 4.2 x 107> s (vertical
line). (c) Steady state fault strength (gray) for the contact
distribution shown in Figure 5a for a range of sliding
velocities with the same parameters as in Figure 5b and
assuming f,, = 0. Shown for comparison is a corresponding
Rice model (equation (5)) with fo = 0.8, f,, = 0.0, and V, =
0.338 m/s (black). Using the constants listed above in the
Rice model corresponds to d = 5 um. Also shown is a fit
(dashed) to the fault strength from a distribution of contact
sizes using the empirical relation equation (7) with f, = 0.8,
fw=10.0 (both fixed) and V,, = 0.678.

50f 12



B01401

Using the same lognormal distribution (Figure 5), even for a
fairly narrow range of contact asperity dimensions, step
changes in sliding velocity lead to a more exponential
change of age with displacement and a longer evolution

a) evolution of contact age with displacement
velocity increase V., <V
d/V, — 1o
[}]
o
1]
|-, displacement ., .
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position d
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distance (Figure 7) than for a single contact model. In
laboratory experiments were the distribution of contact sizes
known, the evolution of age might be estimated directly
from (9). To reiterate, rarely is this the case, and even more
poorly constrained is the distribution of contact asperity
sizes for natural faults.

5. Semiempirical Relationship for Modeling Flash
Processes

[14] Conveniently, an existing differential equation for
the displacement and time dependence of contact age
reproduces the behavior of (9) well under many circum-
stances. Our requirements for a relationship are average
contact age 0 = d/2V and a gradual change of age with
displacement associated with changes in sliding velocity.
These properties are associated with the aging relationship

of Ruina [1983]
a_(,_1o
dr d.)’

where 0 is sometimes referred to as the slowness state
variable in the context of rate and state friction. While (10)
is empirical, to represent contact age for flash weakening, its
use can be justified as follows. First, for flash processes the
relationship between contact age and strength (5) has some
theoretical basis due to Rice [1999] (e.g., equation (4)).
Second, the solution of (10) at constant slip speed is
exponential which, at least in our example (Figure 7),
reproduces the expected evolution of the age of a contact
population nearly exactly. In general, for laboratory contact
size distributions, numerical tests suggest (10) well
represents the evolution of contact age.

[15] Using the steady state equivalence 6, = d./V and
equation (7) we expect that steady and nonsteady state fault
strength should follow

(10)

fo—ty |
de 1 —exp|— de ’
v, R

Equations (10) and (11) can be combined to model flash
processes during dynamic rupture.

f=ht

(11)
1+

6. Discussion

[16] An obvious application of these models of strength
change are to contact-scale melting [Rice, 1999] but these

Figure 6. Spatial distribution of contact age with dis-
placement for right lateral slip at constant rate for the single
representative square contact model with reference to the
lower asperity contact. (a) Velocity increase. Heavy lines
represent the initial and eventual steady state age. Dashed
lines are the spatial age distribution at nine intermediate
displacements. (b) Same as Figure 6a, for a velocity
decrease. (c) Changes of average age with displacement for
cases shown in Figures 6a and 6b, a step increase (shaded,
left-hand axis) and a step decrease (black, right-hand axis).

6 of 12



B01401 BEELER ET AL.

mEEEEEEEEEEEEEEE
- s

TLTT single contact
= contact population
—— slowness equation

average contact age

d
displacement

Figure 7. Changes of average age of a lognormal
distribution of square contacts (heavy black line) with
displacement for step increases and decreases. In this
calculation the lognormal distribution (see Figure 5 caption)
has 1 = 1.44, o = 0.58. Contacts are sliding normal to their
edges. The average contact dimension d is 5 um, and the
standard deviation of the distribution is 10 pm. Shown for
comparison is the single square contact solution ford =35 pym
(dashed), and the solution to the slowness evolution equation
of Ruina [1983] for d. = 2.3 pum (shaded).

equations are equally applicable to other phase transforma-
tions and reactions which produce strength change, includ-
ing increases in strength. Nonmelting breakdown reactions
occur due to shear heating, and in the case of dehydration
may contribute to the susceptibility to melting during rapid
slip. For reference, values of material constants at ambient

Table 1. Material Constants and Calculated Thermal Parameters®
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conditions (25C, 1 atm) for use in equation (5) for some
example minerals are listed in Table 1.

6.1. Estimates of the Slip Velocity Threshold for
Weakening

[17] The onset of flash weakening inferred from lab
measurements (Figure 4) can be compared with the model
predictions of ¥V, (4b) which require known breakdown
temperature, thermal properties, yield strength and asperity
contact dimension. This would be easiest for monomineralic
rocks because only a single set of material constants are
needed. Average asperity contact size and contact shear
strength are reasonably well known or can be estimated
[e.g., Brown and Scholz, 1985; Dieterich and Kilgore,
1996], and mineral thermal properties are very well known.
Unfortunately, there only limited (unpublished) data for
flash weakening of a single phase rock. Predictions of
weakening become much more complicated for rocks with
multiple constituent minerals.

[18] For application to melting, studies of pseudotachy-
lyte composition [Spray, 1993, and references therein]
suggest that the onset is controlled by phases with low
breakdown temperature, typically amphiboles and sheet
silicates. Breakdown of these hydrous phases releases water
that generally lowers the melting point of the solid products
and of adjacent phases. As a consequence the matrix of
frictionally generated melts is water-rich, enriched in metal
oxides and depleted in quartz and feldspar relative to the
host rock composition, due to the preferential incorporation
of hydrous minerals into the melt. Similar arguments may
apply for flash melting in some cases; however, generally,
the onset of weakening will be limited by the available
number of contacts of the phase with the lowest V, as
estimated from equation (4b). The strongest weakening
should coincide with ¥V, associated with the most abundant

A, P, W, C,, Vins oy, G, pC,

Mineral 7,,°C W/m°K glem® gmol f, J/mol °K cm’/mol GPa GPa x 10°J/m’>°K  a, m%s a,, m?/s
Quartz 1730 4.3 2.65 60.09 0.58 44.6 22.69 10.87 44.3 1.97 219 x 107° 1.94 x 107°
Orthoclase/ 1150 1.35 2.57 27833 202.4 108.72  7.62 28.1 1.86 725 x 1077 478 x 1077

microcline
Albite 1100 1.35 2,62 26223 0.6 205.1 100.07 7.62 28.6 2.05 6.59 x 1077 481 x 1077
Anothosite 1550 0.85 276 78.21 2114 100.79  7.62 399 2.10 405 x 1077 623 x 1077
Fosterite 1890 2.96 327 140.69 0.74 117.9 43.79 10 81.1 2.69 110 x 10°% 159 x 107
Fayalite 1205 437 203.78 1329 4639 10 50.7 2.86
Actinolite 750 1.22 3.15 6.24
Tremolite 850 2.78 3.15 81237 0.6 655.63 27292 6.24 2.40 1.16 x 107% 1.02 x 10°°
Hornblende 750 1.6 32 6.24 46.15
Paragasite 1000 3.25 6.24
Clinopyroxene-diopside 1400 2.75 3.1 216.55 0.72  166.52 66.09 6.24  61.95 2.52 1.09 x 107¢ 2.04 x 10~¢
/augite
Orthopyroxene-enstatite 1425 2.63 3.4 100.39 82.09 3147 691 757 2.61 1.01 x 107 1.71 x 10°°
/hypersphene
Muscovite 650 1.3 2.82 39831 0.38 326.1 140.71 0.8 35.3 2.32 561 x 1077 4.00 x 10°°

“Definitions, references, notes: T}, breakdown temperature, Spray [1992] and Robie et al. [1979]; A, thermal conductivity, Clauser and Huenges [1995]

and Horai [1971]; p, density, Hurlbut and Klein [1977]; W,,, molecular weight, Robie et al. [1979]; fo, friction, friction data for individual rock or mineral
types are quite variable, values listed here are representative for the particular study cited: quartzite [Ruina, 1980], albite [Scruggs and Tullis, 1998], olivine
(dunite) (D. L. Goldsby, unpublished data, 2003), amphibole no data used Byerlee’s law, pyroxene (gabbro) [Marone and Cox, 1994], muscovite [Scruggs
and Tullis, 1998]; C,, heat capacity, Robie et al. [1979]; V,,, molar volume, Robie et al. [1979]; o,, indentation hardness, estimated from Mohs hardness
[Hurlbut and Klein, 1977] (while the yield stress for mineral asperity contacts has not been widely measured in indentation, an empirical relation between
Mohs hardness H,, and microindentation hardnessAay follows from recent experiments of Broz et al. [2006]; their tabulated data are fit by o, = 0.123 H,,,Zf
(see Figure Al); G, shear modulus, Bass [1995]; pC, volumetric heat capacity, calculated from pC = C,/V,,; o, thermal diffusivity, calculated from o = MpC;
a,, effective thermal diffusivity for flash heating, calculated from o, = Vod = ma[pC (T) — T,)/S]2 (equation (4b)), with T,= 25°C; S, initial contact shear
strength, calculated from S = foo,.
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minerals. Following Spray’s [1993] argument that bulk
melting is controlled by lithology, some preliminary idea
of material control on flash weakening can be gained by
considering the effective thermal diffusivity dVy. Some
estimated values are included in Table 1 (also see Table 1
notes). Complications may arise at two phase contacts, such
as eutectic melting at temperatures below 7}, of either phase
[e.g., Semenov, 1995]. However, because frictional melting
is nonequilibrium [Spray, 1992, 1993; Shimamoto and Lin,
1994; Lin and Shimamoto, 1998] eutectic melting probably
is not significant. A model of weakening for localized slip
between multiphase rock surfaces might be constructed
from the expected contact composition distributions, but is
outside the scope of this paper.

[19] An additional consideration is that rather than an
abrupt solid to liquid transition at a threshold melting
temperature, melting generally initiates below the melting
temperature at free surfaces and grain boundaries where
bonding is weakest, crystal structure is disordered or has
higher energy [e.g., Dash, 2002]. Thus this premelting is
expected at asperity contacts and the melting temperatures
appropriate for the bulk (e.g., Table 1) likely overestimate
the onset of contact melting. However, given the approxi-
mate nature of our model and scarce data on premelting for
rock forming minerals, we have neglected all aspects of
premelting.

[20] For simplicity, here we ignore possible two phase
effects, the influence of ambient and dehydration pro-
duced water, and premelting at asperity contacts and
estimate V, for flash weakening of gabbro [Tsutsumi
and Shimamoto, 1997] using the material properties of
the principal constituents pyroxene, feldspar, amphibole at
ambient conditions. We do not account for the effect of
contact stress on the breakdown temperature which in
most cases should increase the melting temperature,
perhaps significantly. Taking d = 1 x 107 to 10 x
107® m we expect the onset of weakening in the range of
0.05 to 2 m/s based on constants in Table 1. Fits to
Tsutsumi and Shimamoto’s [1997] high-speed data are
consistent with this estimated threshold (Figure 4a).

[21] Results from high-speed slip of novaculite, a nearly
pure fine grained quartz rock, are expected to be better
constrained. Again taking d =1 x 107®to 10 x 107° m,
(5) predicts the onset of weakening in the range 0f 0.2 to 2 m/s
based on constants in Table 1. The observed threshold is at
slightly lower velocity (Figure 4b) indicating that the aver-
age contact size is somewhat larger than estimated, that
estimates of the thermal parameters are off or that other
factors we have ignored (premelting) are important.

6.2. Contact-Scale Implications for Shear Melting

[22] While constitutive equations (5), (7), and (10) seem
to capture many of the features of weakening attributed to
flash heating in lab experiments, published data are limited.
In the absence of extensive lab tests we explore implications
for contact-scale physics given available data on melt
viscosity and asperity contact stress in the context of Rice’s
original model. If shear heating produces melt at asperity
contacts the flash weakening relationship (5d) can be recast
using the melt viscosity to define an effective melt thickness
by equating the contact shear resistance 7. = fo, to shear
resistance due to the presence of a thin melt layer with
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viscosity 1 and thickness w, 7. = nV/w. Replacing fwith (5d)
leads to a relationship for the effective melt thickness

w =

nv?
A (12a)

At the onset of melting the slip rate is V' =V}, defining a
threshold melt thickness

_n
oyfo

wWo

(12b)

The physical interpretation of (12b) is that any melt
thickness exceeding w, will have a shear resistance that is
less than the shear yield strength of the solid asperity
contacts. To estimate w available viscosity from bulk
frictional melting of gabbro (n = 120 Pa s) [Hirose and
Shimamoto, 2005] must be corrected to account for
differences in the normal stress in those tests (1.5 MPa)
and the expected contact normal stresses leading to flash
melting (~5 GPa). An appropriate viscosity at contacts
can be estimated by assuming an Arrhenius pressure
dependence

PAV,
RT

7 = 1]y €Xp (13)

where 7, is the viscosity at zero pressure, R is the gas
constant, T is temperature in °K and AV, is the activation
volume for melting [e.g., Tinker et al., 2004]. For the
limited available data for silicate melts AV, is in the
range of —12 to —5 x 10¢ m*/mol [Tinker et al., 2004].
Taking AV, = —89 m’/mol, and using the case of
gabbro for illustration (V, = 0.34, f, = 0.6, 0, = 5 X 10°
Pa) this pressure dependence leads to n = 0.98 Pa s at 5
GPa. A consequence of the very low viscosity is that the
predicted layer thicknesses are very low. The range of
expected thicknesses (12a) for gabbro at slip rates up to a
few meters per second is no more than a few nanometers;
the threshold thickness (12b) is 0.1 nm. These are not
plausible because molecular dimensions for pyroxene,
feldspar and amphibole are in the range of 5 to 12 X
107" m. The minimum melt thickness must be several
unit cells, say 2 to 5 nm, as required for shear of a
continuous melt layer.

[23] In addition, melt at unconfined asperity contacts will
tend to flow out of the contact due to the pressure gradient
from the center to the edge of the contact. Taking the
contact pressure to be the average contact normal stress,
the expected instantaneous velocity of melt extrusion from a
contact might be simply estimated as V,, = o,w/n. This
extrusion rate is of the same order as the shear velocity in
(12), implying a thinner melt film than predicted by (12a)
and (12b). These issues and definitive measurements of
flash melting would be best addressed by careful optical and
electron microscopy of asperity contacts recovered from
flash heating experiments coupled with determinations of
the viscosity and pressure dependence of bulk melts of
equivalent composition.

[24] That a viscosity higher than estimated here is
required to produce reasonable melt thicknesses suggests
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either (1) that flash melting does not result in melts of the
same composition as bulk melting, (2) that the viscosity of
thin melt films is higher than bulk melts, or (3) that there are
additional resistances in the contact region that we have not
accounted for. With regard to suggestion 2, higher viscosity
is expected for thin melt films because of increased order
and bonding within the liquid within a few molecular
distances of the solid interface [e.g., Oxotoby, 1990; Dash,
2002]. As for resistance in the contact region, our simple
model of a stationary contact distribution without wear
ignores damage, distributed deformation and comminution,
known to accompany frictional slip between bare rock
surfaces even at low normal stress such as in unconfined
tests in the experimental geometry of Tsutsumi and
Shimamoto [1997] [see Di Toro et al., 2006, supplemental
material].

6.3. Depth Dependence of Onset Slip Speed

[25] While the standard expectation is that shear heating
increases with depth in the earth because the shear
resistance increases with overburden, 7 = fo, the contact-
scale shear resistance that leads to flash heating does not
because the contact shear resistance is fixed 7. = § = fo,
by the contact yield stress. Instead, depth dependence of
the onset speed arises from two effects: (1) the geothermal
gradient increasing 7 in (5d) with depth and (2) from the
transient nature of asperity contacts. For the former the
onset slip speed will decrease linearly with depth. For

the latter, contact has a limited lifetime 0=dnv (Figure 1)
with heat production O = SVO= Sd/2. Whether or not there
is depth dependence to the propensity for flash heating
beyond the explicit dependence of T, on depth depends on
whether there are depth-dependent changes in average
contact dimension.

[26] Theories of how the characteristic contact dimension
changes with overburden are speculative; Scholz [1988]
suggests dramatic decrease of the characteristic length with
increasing depth, based on elastic analysis of contact
between surfaces with fractal roughness. In contrast, the
friction theory that underlies the present model suggests a
weak increase in contact heat production with overburden,
as follows. An increase in normal stress with depth produ-
ces an increase in either number of contacts or the average
area of contact according to o = no,4./4 and for the square
contact A4, = d*. So for fixed fault area and number of
contacts, the heat produced then varies with the square root

of normal stress,
P
o=svp==2 |12,
2 noy,

as opposed to linearly as for bulk melting, Q = foVAt.
However, the direct measurement of the normal stress
dependence of average contact dimension and the number
of contacts on laboratory fault surfaces suggest that the
increase of area of individual contacts is nearly exactly
counterbalanced by an increase in the number of contacts
such that the average contact dimension is essentially
independent of normal stress [Dieterich and Kilgore, 1996].
This independence of contact dimension on normal stress

(14)
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can occur when the changes to existing contact dimensions
are small and the new contacts are small relative to the
mean. This is expected for laboratory samples which
are rough at small scale but flat at long wavelengths
[Greenwood and Williamson, 1966]. Unfortunately, extra-
polation of this result to seismic faulting is complicated by
large differences in the character of surface roughness
between natural and lab surfaces.

[27] Whether or not flash heating effects are important
during seismic faulting depends significantly on the average
contact dimension. At present the expected size of the
characteristic sliding distance for seismic faulting and the
average contact dimension for seismic faults are first-order
unknowns in source physics. So, we must conclude, based
on the theory, that we do not know over what range of
seismic slip and source depth flash heating determines fault
strength during earthquake faulting.

6.4. Implications for Earthquake Source Properties

[28] Some clues as to whether flash weakening is impor-
tant might be apparent from comparing the implied earth-
quake source properties to seismological observations. In
the following we consider the dynamic strength determined
solely by flash weakening, acknowledging that for large
earthquakes other processes (bulk melting, pore fluid pres-
surization) might also play important roles, especially at the
largest displacements [e.g., Di Toro et al., 2006; Rice,
2006].

6.4.1. Dynamic Stress Drop

[20] While the onset slip speed may be independent or
weakly dependent on fault normal stress, the stress drop
should increase linearly with normal stress because of the
expected increase in the failure strength [e.g., Byerlee,
1978]. Estimate the dynamic stress drop implied by flash
weakening by equating it with the strength loss A7, =
o, (fo — H =0, (fo — f,) (1 — Vo/V) of (5). To consider a
representative range of shear stresses in the seismogenic
crust, without consideration of tectonic setting, we simply
equate fault normal stress with overburden, that is, an
effective normal stress gradient of 18 MPa/km. Using V =
1 m/s, as appropriate for earthquakes, a depth range of 5 to
15 km, and values of fy, f,, and V, from Tsutsumi and
Shimamoto [1997] (0.8, 0.2, 0.34 m/s) produces a range of
dynamic stress drop 40—120 MPa. Although some esti-
mates of local dynamic stress drops are this high [Bouchon,
1997], generally, dynamic stress drops are 1 to 20 MPa
[e.g., Kanamori, 1994]. On the basis of these estimates
flash weakening is either not the dominant mechanism
controlling earthquake dynamic stress drop, or effective
normal stress in the crust is lower than estimated here.
6.4.2. Slip Weakening Distance and Effective Shear
Fracture Energy

[30] Assume that the dominant asperity contact size for
earthquakes is the same for laboratory faults, noting that
caveats about the asperity contact size expressed in section
6.3 also apply to estimates of the slip weakening distance.
Allowing for a distribution of contact sizes (Figure 7)
suggests d.. in strength evolution relations (10) and (11) is
approximately 1/2 the average asperity contact size. From
this we estimate the slip weakening distance very approx-
imately as 4d.. For lab observations this yields slip weak-
ening distances of 4 to 40 pm.
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[31] The effective shear fracture energy is defined as
energy per unit area dissipated during strength loss in excess
of the minimum strength

dx

G, = / Tdb — T(d*)d*
0

(15)

[Rice, 1980]. A lower bound on G, for flash weakening is
estimated by assuming an instantaneous change in slip
speed from Vj to the maximum speed, here taken to be
1 m/s. Note that the evolution equation (10) is exponential
at constant slip speed. While this makes the slip
weakening distance somewhat poorly defined, in this
particular case the minimum strength, maximum slip and
integration limit can be replaced by values associated with
oo rather than d*. The fracture energy is

[s¢)

by -6
G, = / Tdé — 7(00)do = —ATydeexp—| = ATyd,.

., (16)

0

The above estimates of A1, and corresponding range of d,.
(1 to 10 pm) result in G, = 160—4830 J/m”. This is a
lower bound due to assumption of instantaneous slip speed
increase; inertia requires slip speed to increase more
gradually with displacement. Better estimates require fully
elastodynamic simulations [e.g., Bizzarri and Cocco,
2003]. Still, these are very low fracture energies when
compared to estimates for large earthquakes and for
hazardous earthquakes flash weakening would produce an
unusually large proportion of radiated to fracture energy
unless the slip weakening distance is much larger than
estimated here.

[32] The slip weakening distance in the experiments of
Goldsby and Tullis [unpublished] (Figure 4b) is consistent
with being controlled by asperity dimensions as in the flash
weakening models, though it is not well resolved. Unfortu-
nately, there are problems in interpreting the slip weakening
distance in the experiments of Tsutsumi and Shimamoto
[1997] (Figure 4a) as being related to the asperity contact
size. Weakening prior to bulk melting in gabbro experi-
ments conducted at the same conditions as Tsutsumi and
Shimamoto’s [1997] occurs over slip of between one and
one half meter [see Hirose and Shimamoto, 2005,
Figure 2b]. Here the sample circumference (157 mm), the
fault length in the direction of sliding, is about 1/3 to 1/6 of
the slip weakening distance. Thus the slip weakening
distance in these tests is more likely related to the wear
necessary to achieve a stable asperity population or to bulk
heating of the whole fault surface than it is to the asperity
contact size during flash weakening of a stationary contact
distribution, as in Rice’s flash weakening model.

6.4.3. Static Stress Drop

[33] Static stress drop AT, cannot be reliably estimated
from laboratory observations without fully elastodynamic
simulations. Fortunately, some work with a constitutive
relation with inverse rate dependence, similar to (10) and
(11), has been done by Zheng and Rice [1998]. These
simulations show a strong tendency to produce self-healing
slip pulses. Such self-healing is generally expected from (5),
(7) or (10) and (11). The self-healing results from the very
strong negative rate dependence; decreasing slip speed
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behind the rupture front produces a dramatic increase in
strength such that the fault becomes stronger than the stress
available to drive slip [Heaton, 1990]. This mode of rupture
propagation will result in undershoot, and A7, < A7,. Thus,
while flash weakening may produce very large dynamic
stress drops, the corresponding static stress drops may be
considerably smaller. Simulations to date have not consid-
ered rupture arrest rigorously, so it is not possible to
quantitatively estimate implied static stress drop at present.

6.5. Problem of Shear Zone Thickness

[34] A significant unknown in our considerations of
weakening is the shear zone thickness. In the above anal-
ysis, shear deformation presumes a fully localized fault slip
surface. If instead fault displacement is accommodated
within a shear zone of finite thickness wy, the slip velocity
at a representative contact asperity is V. = VD/wywhere D is
the average grain diameter. Given natural observations of
Chester et al. [2005] showing relatively thick principal
shear zones (>1 mm) and relatively small mean particle
sizes (72% < 10 pm) the contact slip speed could be many
times or even orders of magnitude smaller than for the fully
localized laboratory fault, in which case flash melting may
be suppressed. Some more sophisticated ideas about the
degree of localization during shear heating are considered
by Rice [2006] and Rempel [2006].

7. Conclusions

[35] Previous laboratory faulting experiments conducted
at high sliding velocities, below the threshold for bulk
melting, show dramatic strength reduction consistent with
a shear-induced phase change at asperity contacts. Natural
faults are expected to have a wide range of asperity contact
sizes and a numerical model of flash weakening that allows
for arbitrary contact size distributions predicts a gradual
onset of weakening. A relatively simple closed-form con-
stitutive equation for flash processes can be used to approx-
imate asperity contact distributions; this semiempirical
expression also fits the lab observations well. The lab data
for gabbro and for novaculite are consistent with a nonzero
limiting strength for flash weakening however this
conclusion is not definitive.

[36] At laboratory conditions the expected threshold
velocity for weakening is between 0.05 and 2 m/s for
gabbro, in qualitative agreement with experimental observa-
tions. The model predicted threshold for novaculite is 0.2 to
2 m/s, slightly larger than observed in lab tests. Extrapolation
of this model to natural conditions suggests that flash
weakening will produce large dynamic stress drop, small
effective shear fracture energy and undershoot. These
extrapolations and estimates of the natural threshold slip
speed are tentative due to poor knowledge of the average
contact dimension, shear zone thickness, and fault gouge
particle size at seismogenic depths.

Appendix A: Material Properties for Flash
Weakening Calculations

[37] The predicted onset of flash weakening from models
such as (4) requires breakdown temperature, thermal prop-
erties, and yield strength. Published values for select min-
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indentation hardness (GPa)
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Figure Al. Broz et al.’s [2006] data for microindentation
hardness o, and Mohs hardness H,,. These are well fit by
the power law relationship o, = Ch,,", and the curve shown
as a least squares fit with C = 0.123 GPa and n = 2.3.

erals are listed in Table 1, following Spray’s [1993] com-
pilation of material properties for bulk melting. Yield
strength is estimated from Mohs hardness using an empir-
ical relationship inferred from the recent data of Broz et al.
[2006] (Figure Al).
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