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with absolute temperature?
Sylvain Barbota,1 ID

Edited by Norman Sleep, Stanford University, Stanford, CA; received March 11, 2024; accepted August 12, 2024

Constitutive models of fault friction form the basis of physics-based simulations of
seismic activity. A generally accepted framework for the slip-rate and state dependence
of friction involves a thermally activated process, whereby the probability of slip along
microasperities adheres to an Arrhenius law. This model, which has become widely
adopted among experimentalists and theoreticians, predicts a continuous increase
of the direct effect with absolute temperature, but is it observed experimentally?
Leveraging comprehensive laboratory data across diverse hydrothermal, barometric,
and lithological conditions, we demonstrate that, contrary to the classical view,
the direct effect for a given deformation mechanism remains largely temperature-
independent. Instead, the incremental shifts in the direct effect often coincide with
the brittle to semi-brittle transition, across which distinct deformation mechanisms
operate. These considerations challenge the validity of the classical model. Realistic
constitutive laws for rock failure within the lithosphere must incorporate the
contributions of multiple deformation mechanisms within active fault zones.

friction | fault mechanics

The mechanics of earthquakes and faulting within the lithosphere are controlled by the
constitutive behavior of rocks (1–4). Early experimental and theoretical studies (5–8)
have motivated the formulation of the slip-rate and state-dependent friction law

� = �0 + a ln
V
V0

+ b ln
�V0

L
, [1]

where V and V0 are the slip-rate and a reference value, respectively, � is the state
variable representing the age of contact, which is subject to an evolution law, with
the characteristic age L/V0, and a and b control the slip-rate and state dependence,
respectively. The empirical formulation explains many interconnected aspects of fault
dynamics during the seismic cycle, including the propagation of earthquakes (9–14), the
emergence of slow-slip events and low-frequency earthquakes (15–21), and the correlative
variability in rupture style and recurrence patterns (22–24).

The empirical formulation of Eq. 1 finds a physical basis in the thermal activation of
slip at microasperities that form the real area of contact (25–39), predicting a continuous
rise of the direct effect parameter with absolute temperature

a =
RT
Ω�n

, [2]

where R is the universal gas constant, Ω is the molar activation volume, and �n is the
indentation hardness. Recent efforts to incorporate the evolution of the constitutive
parameters with surrounding physical conditions often base their formulation on the
same starting assumptions with additional considerations (40–49). Despite its significant
relevance for earthquake science, the predictive capabilities of Eq. 2 have not been
thoroughly assessed, with great implications for the body of work built upon it.

In this study, we use laboratory measurements from velocity-step experiments to
test the validity of Eq. 2 and its underlying assumptions. First, we describe in detail
the theory behind Eq. 1. We then present a large number of laboratory data that
document the temperature dependence of the direct effect parameter a from room
temperature up to 600 ◦C in experiments where a single deformation mechanism is
in effect. In most cases, we can reject the hypothesis that a increases continuously
with absolute temperature following Eq. 2, which calls for a thorough reassessment of
common assumptions invoked in physical models of rock friction. We then describe how
considering multiple deformation mechanisms operating at different slip-rate, pressure,
and temperature regimes can explain the behavior of rocks in various laboratory settings.

Significance

Establishing a constitutive law
governing fault friction is a
stepping stone for advancing
physics-based predictions of the
seismic cycle and associated
hazards. A commonly accepted
explanation for the slip-rate and
state dependency of friction is
rooted in the thermal activation
of slip at microasperities that
form the actual area of contact.
The model predicts a continuous
increase of the parameter
regulating the direct influence of
velocity on the frictional
resistance. However, this
perspective conflicts with
numerous laboratory
observations portraying a
different behavior. Specifically,
the direct effect parameter
is relatively unaffected by
temperature up to the brittle to
semi-brittle transition. Addressing
these disparities and capturing
realistic rock behavior within
constitutive laws requires
considering the contribution of
multiple deformation
mechanisms.
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Reference Model

We describe the physical assumptions that form the basis of Eq. 1
following previous work (34, 38, 50), which we refer to as the
reference model. Due to the roughness of natural surfaces, a
frictional interface is supported by a lattice of microasperities (33,
51–53). The frictional resistance results from the strength of a
microasperity and the contact density

� = �(V )A(�) , [3]

where the plowing hardness � is a function of slip-rate and the
real area of contact density A is a function of the age of contact.
Based on laboratory observations and theory (31, 51, 52, 54), the
real area of contact density ages as follows

A =
�
�n

(
1 + m ln

�V0

L

)
, [4]

where � is the effective normal stress, �n is the indentation
hardness, and m � 1 is a constitutive parameter. Microasperity
creep is thermally activated (25, 26) with a potential energy
barrier modified by the influence of shear stress and random
thermal fluctuations, leading to (ref. 29)

V = V0 exp
[
−

E − �Ω
RT

]
, [5]

where E and Ω are the energy and volume of activation for a
mole of constituent. Connecting Eqs. 3–5, we get the slip-rate
and state-dependent friction law

� =
�
�

=
1
�n

(E
Ω

+
RT
Ω

ln
V
V0

)(
1 + m ln

�V0

L

)
. [6]

Neglecting the squares of logarithms that play a negligible role, we
get Eqs. 1 and 2 with �0 = E/Ω�n and b = m�0. The evolution
of the frictional resistance during seismic cycles is based on an
evolution law for the age of contact (8), often given by the aging
law in isobaric, isothermal conditions

�̇ = 1−
V �
L

, [7]

or the slip law,

�̇ = −
V �
L

ln
V �
L

, [8]

which, despite producing different evolutionary effects, converge
to the same steady-state solution (55–59). With this formulation,
the choice of the evolution law has no bearing on the direct effect,
which occurs at constant state.

The use of logarithms in Eq. 1 produces an unbounded
negative friction coefficient for sufficiently low velocities that
forbids stationary contact. This problem is typically addressed by
considering the exponentially decaying probability of backward
motion at low shear stress and a state-dependent activation
energy, leading to a modified friction law (29, 30) (SI
Appendix, section 3)

� = a sinh−1
[

V
2V0

exp
(�0 + b ln �V0

L
a

)]
. [9]

The above formulation is widely used in numerical simulations of
the seismic cycle (10–12, 15, 50, 60–63). However, the validity
of Eq. 9 hinges on the applicability of the physical assumptions
described above. The reference model makes predictions that
can be tested with laboratory observations, such as a monotonic
increase of the direct effect parameter with absolute temperature.
Is it confirmed experimentally?

Verification

We inspect laboratory observations from velocity-step exper-
iments encompassing triaxial, rotary shear, and direct shear
apparatuses that place strong constraints on the constitutive
behavior of rocks in various tectonic contexts. In many cases,
laboratory constraints show some scatter, typically due to the
dependence of the direct effect parameter on total strain,
undocumented fluctuations in pore-fluid and confining pressure
and temperature, and trade-offs with other variables during
parameter estimation, among other factors. For each experiment,
we test the null hypothesis that the direct effect increases
monotonically with absolute temperature, as predicted by Eq.2 in
the reference model, against the alternative hypothesis where the
direct effect parameter is a constant independent of temperature.
We conduct an F-test that compares the residuals between the
laboratory measurements and the prediction of Eq. 2 after best-
fitting the product Ω�n using least-squares associated with the
null hypothesis and the residuals after removing the mean value
corresponding to the alternative hypothesis. In all cases, we check
that the residuals between laboratory observations and model
predictions can be well represented by a normal distribution.
Using an Anderson-Darling goodness-of-fit test, this hypothesis
cannot be rejected at the 5% significance level.

In deformation experiments on augite gouge (Fig. 1A), the
velocity steps conducted at an effective normal stress of 97 MPa
reveal a direct effect parameter between 6% and 12% with
a weakly decreasing tendency from 100 ◦C to 600 ◦C (64).
Assuming a monotonically increasing or constant value reduces
the data by 80.4% and 94.1%, respectively, corresponding to
reduced chi-squares of 4.2 and 1.3 when taking measurement
uncertainties of 0.2%. By visual inspection, the reference model
produces systematic residuals. Based on the F-test, we can reject
the null hypothesis with 89% confidence. Experiments at similar
barometric conditions on hornblende (Fig. 1B), show oscillations
of the direct effect parameter between 7% and 9% from 100 ◦C
to 500 ◦C (65). The reference model does not capture the overall
trend of the observations. Based on the F-test, we can reject the
null hypothesis at 95.3% confidence.

Experiments on dry Westerly granite gouge at 5 MPa normal
stress in direct shear (66) show a fairly constant parameter
for the direct effect of velocity between 1% and 9% from
room temperature to 500 ◦C (Fig. 1C ). Similar measurements
are obtained at 30 MPa normal stress (66). The reference
and alternative models reduce the data by 89.7% and 97.4%,
respectively, with reduced chi-squares of 1.2 and 0.2. We can
reject the null hypothesis at 92.4% confidence. Experiments on
Sichuan shale gouge conducted at effective confining pressure
of 30 MPa and 55 MPa (67) also reveal fairly uniform values
oscillating between 10% and 16% from room temperature to
300 ◦C (Fig. 1 D and E). At each pressure, the variance reduction
of the alternative model is superior. We can reject the null
hypothesis at 98.6% and 95.9% confidence for the cases of
30 MPa and 55 MPa, respectively. Studies on natural gouge
from a velocity-weakening segment of the Longitudinal Valley
Fault in Taiwan (68) also reveal a fairly constant direct effect
parameter from room temperature to 170 ◦C (Fig. 1F ). Based
on these observations, we can reject the null hypothesis at the
81.6% confidence level. Measurements from other sections of
the Longitudinal Valley Fault in similar physical conditions show
comparable results (68).

Gouge extracted from the upper principal slip zone (PSZ-1)
of the Alpine Fault Deep Fault Drilling Project (Fig. 1G)
exhibits a direct effect parameter decaying from 11% to 4%
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Fig. 1. Evolution of the direct effect parameter as a function of temperature for predominantly a single deformation mechanism for (A) augite (64) and (B)
hornblende (65) in triaxial shear at ∼100 MPa normal stress, (C) dry Westerly granite in single direct shear at 5 MPa (66), (D and E) Sichuan Basin shale at 30 MPa
and 55 MPa, respectively, in a triaxial setting (67); followed by natural gouge from (F ) the Longitudinal Valley Fault in Taiwan (sample LVF34) (68), the Alpine Fault
in New Zealand at (G) a constant effective normal stress of 80 MPa (69) and (H) varying normal stress (70); from the Shimanto belt in Japan at (I) low and (J) high
pore-fluid pressure; followed by (K ) natural samples from the San Andreas Fault Observatory at Depth (71). The variance reduction (VR = 1− rk rk/dkdk , where
rk rk and dkdk indicate the sum of the squares of the residuals and laboratory measurements, respectively) of the reference and alternative models with a
constant direct effect parameter is written in black and red text, respectively. The model predictions for the reference model and of the alternative model with
a single deformation mechanism are shown with the red and black lines, respectively. (L) Histogram of residuals with the reference model (red) and histogram
of residuals with the alternative model that assumes a constant value (solid black line).

from room temperature to 350 ◦C at a constant effective normal
stress of 80 MPa, including the effect of a 40 MPa pore-fluid
pressure (69), firmly invalidating the reference model, which
predicts an increase. Based on the F-test, the null hypothesis can
be rejected with 90.0% confidence. Measurements conducted at
various temperatures and confining pressures on Alpine Fault
samples to mimic the effect of a geothermal gradient (70) show
more scatter (Fig. 1H ). In this case, the null hypothesis can only
be rejected with only 54.8% confidence.

Gouge formed from natural samples of the Shimanto belt
at low and high pore-fluid pressure (72) show much variability
(Fig. 1 I and J ). In both cases, however, the alternative model
reduces the data more effectively. Based on the F-test, we can
reject the null hypothesis with a 58.1% and 61.2% confidence
level, respectively. Finally, we consider measurements from
natural gouge extracted from the San Andreas Fault Observatory
at Depth (71), which show a decreasing trend of the direct effect
from room temperature to 250 ◦C (Fig. 1K ). We can reject the
null hypothesis for these data with 77.3% confidence.

Overall, the data presented in Fig. 1 are better explained
assuming a direct effect independent of temperature. Assuming a
monotonically increasing direct effect produces more systematic
residuals (Fig. 1L). Based on an F-test with the residuals of
all samples, we can reject the null hypothesis with 93.3%
confidence. These findings call for the abandonment of the

reference model and prompt the reconsideration of its underlying
physical assumptions.

Alternative Model

While numerous laboratory observations suggest a limited tem-
perature dependence of the direct effect, as depicted in Fig. 1,
it is acknowledged that several other experiments demonstrate a
significant increase in the direct effect with absolute temperature,
as illustrated in Fig. 2. However, the increase is typically step-wise,
suggesting the activation of distinct deformation mechanisms in
specific temperature ranges. Recognizing this range of possible
behaviors, we require an alternative model that affords different
outcomes upon various parametric configurations.

We describe a physical framework for rock friction based
on the contribution of multiple deformation mechanisms
(54, 73–75) presented as a possible alternative to the reference
model. The frictional resistance of natural surfaces is controlled
by the real area of contact Ar , which is significantly smaller than
the nominal area of contact A0. The real area of contact density
A = Ar/A0 can be written (54, 73–75)

A =
�
�n

(
d
d0

)� ( �
�0

)−�
, [10]
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Fig. 2. Evolution of the direct effect parameter in experimental conditions where multiple mechanisms operate at different temperatures. Cases of (A) dry albite
gouge (35), (B and C) plagioclase and pyroxene gouge with various proportions of quartz (Qz) and pyroxene (Px) (77), (D) dry olivine gouge (78), (E) metapelite (79),
(F ) wet Westerly granite gouge under 400 MPa of effective normal stress (2, 80), (G) basalt gouge under 50 MPa effective normal stress (81), and (H) wet olivine
gouge with an effective normal stress of 150 MPa (82). (I, J, and K ) Evolution of the direct effect parameter on phyllosilicates with varying temperature and
pressure for an effective normal stress of 100 MPa, 200 MPa, and 300 MPa, respectively, involving fluids pressurized at 30 MPa (83). The predictions of the
reference model (red) and the alternative model with multiple deformation mechanisms (black) are shown in each case with the corresponding variance
reduction.

where the size of contact d is a state variable subject to an
evolution law and d0 = 1 µm is a fixed reference size, � and
�0 = 10 MPa are the effective normal stress and a fixed reference
value, respectively, and � � 1 and � � 1 are power exponents.
At the macroscopic level, the yield strength emerges from the
strength of microasperities and the real area of contact density,

�y = A� , [11]

where, in contrast to the reference model, � is assumed
independent of velocity. Combining Eqs. 10 and 11, only the
ratio �/�n intervenes, which cancels any common dependence
of temperature and velocity of material hardness. A slip-rate-,
state-, normal-stress-, and temperature-dependent friction law
can be obtained by assuming a thermally activated constitutive
law for frictional sliding,

V
V0

=
( �
�y

)n1
exp

[
−

Q1

R

( 1
T
−

1
T̄1

)]
, [12]

where V is the amplitude of the slip-rate vector and � is
the amplitude of the shear traction vector, both nonnegative
quantities. The direction of slip is coeval with the direction of
the traction vector and the absence of traction implies stationary
contact without further regularization. The thermodynamic pa-
rameters Q1 and T̄1 are the energy and temperature of activation,
respectively. The power-law exponent n1 � 1 depends on the

rock type and texture at the interface. However, deformation may
be accommodated by various mechanisms of deformation, such as
granular flow, cataclasis, Riedel fractures, and localized plasticity
within the active shear zone. To capture the evolution of the direct
effect parameter associated with different creep mechanisms, we
may consider the sum of the individual strain-rates,

V
V0

=
M∑
k=1

( �
�y

)nk
exp

[
−

Qk

R

( 1
T
−

1
T̄k

)]

+
M+P∑

k=M+1

( �
�0

)nk
exp

[
−

Qk

R

( 1
T
−

1
T̄k

)]
,

[13]

combining M brittle and P semi-brittle or ductile mechanisms of
deformation, where �0 is a reference stress for plastic deformation.
The semi-brittle and ductile mechanisms are not associated
with a state variable and are characterized by a rate-dependent
strength.

The constitutive behavior is completed by an evolution
law that captures the flattening of contact junctions and the
compaction of the gouge layer possibly by pressure-solution
creep, viscoelastic collapse, and subcritical crack growth (73). The
evolution law for the size of contact can be given by a formulation
compatible with the aging law but augmented to incorporate the
effects of temperature and normal stress (33, 40, 41) onN healing
mechanisms (73–76)
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ḋ
d

=
N∑
k=1

Gk

pkdpk

( �
�0

)qk
exp

[
−

Hk

R

( 1
T
−

1
Tk

)]
−

�V
2h

[14]

or another formulation compatible with the slip law

ḋ
d

=
�V
2h

ln
{

2h
�V

N∑
k=1

Gk

pkdpk

( �
�0

)qk
exp

[
−

Hk

R

( 1
T
−

1
Tk

)]}
,

[15]

where Gk = (1µm)pk /s is a reference rate of growth with the
asperity-size and normal-stress power exponents pk and qk, Hk
is the activation energy for healing, 1/� is a characteristic strain
controlling the weakening distance, and V /2h is the average
strain-rate within the shear zone. Using Eqs. 14 or 15 does not
impact the direct effect of velocity, which occurs at constant state,
pressure, and temperature.

As all deformation mechanisms are thermally activated, one
is likely to predominate in a specific temperature, normal stress,
and slip-rate regime. In any condition, however, an effective
power-law exponent can be defined as

n =
∂ lnV
∂ ln �

. [16]

Even though the direct effect parameter is not explicitly included
in Eq. 13, it can readily be obtained through

a =
∂�

∂ lnV
=

�
n
, [17]

where the friction coefficient is defined as� = ∂�/∂�, potentially
a function of normal stress (75). A single deformation mechanism
(e.g., using M = 1 and P = 0 in Eq. 13) accounts for
all the experimental data shown in Fig. 1, as shown in prior
work (54, 73). The thermodynamic parameters encompass stress
power exponents n1 = 35 to 150 and activation energies
Q1 = 6 to 60 kJ/mol (SI Appendix, Table S1), predicting a nearly
uniform direct effect across the range of experimental conditions
for the majority of samples. Consequently, the alternative model
outperforms the reference model in all cases.

We now consider laboratory data that exhibit significant
variations in the direct effect parameter (Fig. 2), requiring 2
or 3 deformation mechanisms with power-law exponents in
the range n = 7 to 110 and activation energies for the direct
effect of temperature between 30 kJ/mol and 450 kJ/mol (SI
Appendix, Table S2). All the constitutive parameters can be
inferred within uncertainties and possible tradeoffs from the
evolution of frictional strength during velocity-steps conducted
at various temperatures, except for the width of the shear zone
h, which results from the experimental design. The mechanical
data for albite from a double-direct shear apparatus under a
constant normal stress of 20 MPa in dry conditions from room
temperature to 800 ◦C can be explained using three deformation
mechanisms, perfectly capturing the step-wise transition from a
= 1% between 100 ◦C and 500 ◦C to a = 2.6% at 800 ◦C. Simi-
larly, three deformation mechanisms capture the evolution of the
direct effect parameter for basalt under effective normal stress of
50 MPa with 100 MPa pore-fluid pressure with temperature from
100 ◦C to 600 ◦C (81), and for olivine under effective normal
stress of 250 MPa with a pore-fluid pressure of 100 MPa (82).

In contrast, using two deformation mechanisms (e.g., using
M = 1 and P = 1 in Eq. 13) is sufficient to explain the
direct effect parameter for mixtures of plagioclase and pyroxene

with 3% and 5% quartz under an effective normal stress of
200 MPa from 100 ◦C to 600 ◦C (77), for dry olivine in a triaxial
setting with a confining pressure of 100 MPa from 400 ◦C to
1,000 ◦C (78), for metapelite in rotary shear experiments under
170 MPa confining pressure and 100 MPa pore-fluid pressure
and temperatures of 150 ◦C to 500 ◦C (79), for Westerly granite
under 400 MPa of effective normal stress accounting for 100 MPa
of pore-fluid pressure from room temperature to 600 ◦C (2, 80),
and for phyllosilicates under 100 MPa, 200 MPa, and 300 MPa
confining pressure with 30 MPa pore-fluid pressure up to
600 ◦C (83). The alternative model systematically outperforms
the reference model, often offering perfect fit to the data.

Discussion

Constitutive friction laws serve as the foundational framework
for physics-based seismic cycle simulations and seismic hazard
analysis based on stress interactions. Given their extensive
applications in earthquake science, there is a critical need for a
quantitative understanding of rock failure with predictive power.
Our analysis demonstrates the inadequacy of the reference model
in elucidating many experimental findings across a spectrum of
lithology representative of various tectonic and physiographic
contexts of interest for induced and natural seismicity. A refined
reference model with evolving activation volume and/or indenta-
tion hardness as a function of temperature and velocity in Eq. 2
may satisfy the constraints shown in Figs. 1 and 2. However,
the functional form of the reference model is inadequate to
explain the mechanical response to temperature perturbations
(Fig. 3). Temperature-step experiments on dry quartz gouge
under 20 MPa confining pressure at low slip-rate showcase a
direct effect followed by a transient relaxation (41). The reference
model predicts only a direct effect through Eq. 2 and it is generally
not possible to explain velocity steps and temperature steps with
a single set of constitutive parameters. The velocity step on dry
quartz gouge at 82 ◦C constrains the direct effect parameter a =
0.0042, immediately providing Ω�n = 700 kJ/mol, an unlikely
large activation energy. The formulation of the reference model

A

B

C

Fig. 3. Constraints on velocity and temperature steps on the thermody-
namic properties of gouge friction. (A) Laboratory observations for dry quartz
gouge (41) (black line) and best-fitting predictions based on the reference
model (red line). The reference model only produces a direct effect upon
temperature change, but no transient evolution. (B) Laboratory observations
(black line) and predictions of the alternative model with Eq. 15 using a single
deformation mechanism (red line), capturing the direct and transient effects
upon velocity and temperature steps. (C) Imposed velocity and temperature.
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A

B

C

Fig. 4. Mechanical response to velocity steps involving different deformation mechanisms. (A) Deformation of wet olivine gouge reveals a slip-rate and state-
dependent response at 200 ◦C and a rate-dependent response at 300 ◦C (82). (B) Dry olivine gouge shows a similar shift in deformation mechanism between
600 ◦C and 1,000 ◦C (78). (C) Basalt gouge exhibits a similar shift in behavior between 150 ◦C and 500 ◦C (89). The experimental data are shown in black, and
the predictions using Eqs. 13 and 15 with the parameters in SI Appendix, Tables S4–S6 are shown in red (74, 82).

is generally ill-posed because arbitrarily large changes of temper-
ature inflict no variation of friction when V = V0. In contrast,
the alternative model captures the mechanical response upon
the velocity and temperature steps consistently assuming a single
deformation mechanism with n1 = 144 and Q1 = 55 kJ/mol
(SI Appendix, Table S3).

Given the weight of evidence, we can discard the specific
physical assumptions that underlie the reference model as well as
the friction laws of Eqs. 1 and 9. In general, the empirical law
of Eq. 1 derives from the Taylor series expansion of a currently
unknown function in terms of the logarithm of the dynamic
variables, which may encompass slip-rate, state, normal stress,
and other variables (SI Appendix, section 4). As a result, Eq. 1 is
only valid at constant coefficients for restricted barometric and
hydrothermal conditions and for a limited range of slip-rates. A
candidate function that explains more, but not all, conditions is
given by Eq. 13.

Consideration of the available mechanical data strongly sug-
gests the involvement of multiple mechanisms of deformation
within gouge layers, each characterized by different effective
power-law exponents and thermodynamic parameters (47, 84).
Typical mechanisms involved in cataclasis encompass granular
flow, fracturing, and plastic flow in various proportions acting
on different rock-forming minerals (80, 85, 86). The rise of the
direct effect parameter is most dramatic across the transition
from brittle to semi-brittle deformation, which is facilitated by
temperature, but also by confining pressure and the presence
of pressurized fluids. The transition from brittle to semi-brittle
deformation is recognized in velocity-step experiments by a

shift from a rate- and state-dependent response to an only
rate-dependent response (Fig. 4). The mechanical response to
velocity steps of dry olivine at 600 ◦C and 1,000 ◦C can be
explained using two mechanisms of deformation with n1 = 80
and n2 = 31. Another transition from semi-brittle to ductile
deformation at higher temperatures is apparent in the wet olivine
experiments shown in Fig. 2H, which can be explained using
three mechanisms of deformation with n1 = 110, n2 = 19,
and n3 = 5. Attaining the ductile conditions where pressure-
solution, dislocation creep, dislocation-accommodated grain-
boundary sliding, and diffusion creep dominate with power-
law exponents n < 10 is otherwise rare in the experimental
conditions typically explored for frictional studies. Even halite,
which can deform in the brittle, semi-brittle, and ductile regimes
at room temperature, requires large power-law exponents for the
shear stress dependence (87, 88).

The combined role of confining pressure and temperature on
inducing the brittle-to-flow transition is perhaps most apparent
in the velocity-step experiments conducted on phyllosilicates
(Fig. 2 I–K ). At effective normal stress of 100 MPa, the direct
effect parameter varies virtually independently of temperature,
corresponding to the predominance of a single deformation
mechanism. At 200 MPa and 300 MPa, a shift of mechanism
occurs around 350 ◦C that drastically increases the direct effect
parameter, with relatively uniform values outside of the transi-
tion. A similar activation of semi-brittle deformation under high
normal stress, wet conditions is seen for Westerly granite at high
temperature, with a quasi-uniform direct effect parameter for
dry granite at 5 MPa normal stress (Fig. 1C ) and a transition
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to semi-brittle deformation above 350 ◦C for wet granite under
400 MPa effective normal stress (Fig. 2F ). These observations
clearly demonstrate the progressive influence of semi-brittle
deformation at high temperature as confining pressure rises.
While the reference model seems inadequate to explain these
observations, considering multiple mechanisms of deformation
provides at least a qualitative interpretation.

Conclusions

The specific physical assumptions that underlie a classic model of
the slip-rate and state dependency of rock friction are undermined
by laboratory observations. This realization forces a reassessment
of the friction laws commonly employed in stress transfer analysis
and seismic cycle simulations. A more realistic model should
include the contributions of multiple mechanisms of deformation
at frictional interfaces, encompassing the brittle to semi-brittle
and the semi-brittle to ductile transitions. With the exception
of granular flow, all deformation mechanisms associated with
cataclasis are thermally activated, although not in the manner
implied by Eq. 5. While there is an evolving understanding of

the impacts of temperature, slip-rate, and effective normal stress
on rock friction, further research is necessary to elucidate the
additional controls of pore-fluid pressure and lithology. This is
crucial to construct a comprehensive constitutive framework for
fault mechanics.

Methods

Thenumerical procedureto simulatevelocity andtemperature stepsexperiments
is described in SI Appendix, sections 1 and 2, respectively. Two separate
derivations of the reference friction law are described in SI Appendix, section 3.
The emergence of Eq. 1 and other empirical friction laws as a truncated Taylor
series expansion of the alternative model is described in SI Appendix, section 4.

Data, Materials, and Software Availability. Data (tables and Matlab scripts)
have been deposited in Zenodo (90).
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