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Summary

The reduction of effective normal stress during earthquake slip due to thermal pressurization of
fault pore fluids is a significant fault weakening mechanism. Explicit incorporation of this process
into frictional fault models involves solving the diffusion equations for fluid pressure and
temperature outside the fault at each time step, which significantly increases the computational
complexity. Here, we propose a proxy for thermal pressurization implemented through a
modification of the rate-and-state friction law. This approach is designed to emulate the fault
weakening and the relationship between fracture energy and slip resulting from thermal
pressurization and is appropriate for fully-dynamic simulations of multiple earthquake cycles. It
preserves the computational efficiency of conventional rate-and-state friction models, which in
turn can enable systematic studies to advance our understanding of the effects of fault weakening
on earthquake mechanics. In 2.5D simulations of pulse-like ruptures on faults with finite
seismogenic depth, we find that the spatial distribution of slip velocity near the rupture front is
consistent with the conventional square-root singularity, despite continued slip-weakening within
the pulse, once the rupture has propagated a distance larger than the rupture width. An
unconventional singularity appears only at shorter rupture distances. We further derive and
validate numerically a theoretical estimate of the fracture energy dissipated by thermal
pressurization in earthquake cycles. These results support the use of fracture mechanics theory

to understand the propagation and arrest of very large earthquakes.

Keywords

Subduction zone processes; Friction; Earthquake dynamics; Numerical modelling.

1 Introduction

Understanding how faults lose their strength during rapid earthquake slip is important for

constraining the minimum level of stress a fault requires to rupture catastrophically, which can
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help improve earthquake hazard assessment and prediction (Viesca and Garagash, 2015; Noda
and Lapusta, 2013; Tinti et al., 2005; Abercrombie and Rice, 2005; Perry et al., 2020).
Earthquake models with enhanced dynamic weakening have been successful in reproducing fault
operation at low apparent strength (low average ratio of shear stress to normal stress) and low
heat production, as supported by several observations (Thomas et al., 2014; Viesca and
Garagash, 2015; Perry et al., 2020; Lambert and Lapusta, 2023). Two important mechanisms for
dramatic fault weakening incorporated in such models are the reduction of the friction coefficient
due to flash heating of micro-contacts of rough fault surfaces or gouge (Viesca and Garagash,
2015; Goldsby and Tullis, 2011; Mase and Smith, 1987; Noda et al., 2011) and the reduction of
the effective normal stress by the thermal pressurization (TP) of fault zone pore fluids (Viesca
and Garagash, 2015; Garagash, 2012; Noda and Lapusta, 2013; Perry et al., 2020; Rempel and
Rice, 2006).

TP occurs when frictional heating on a principal slip zone causes the pore fluid in the
surrounding gouge to tend to thermally expand, leading to increase in fluid pressure, reduction in
effective normal stress and thus reduction in fault strength (Viesca and Garagash, 2015;
Garagash, 2012; Noda and Lapusta, 2013; Perry et al., 2020; Rempel and Rice, 2006). As shown
by Viesca and Garagash (2015), TP can account for important aspects of the scaling of fracture
energy with slip inferred from seismological observations over seven orders of fault slip
magnitude, spanning small to large earthquakes. This suggests that TP is a widespread and
prominent process for fault weakening.

Models with enhanced dynamic weakening due to TP can explain both the increasing trend in
breakdown energy with increasing event size and the near magnitude-invariance of stress drops
(Viesca and Garagash, 2015; Perry et al., 2020). As shown in Figure 1, the widely used
rate-and-state (Dieterich, 1978, 1979; Ruina, 1983) and linear slip-weakening (Andrews, 1976;
Ida, 1972) friction models have a distinct residual strength and produce a fracture energy G, that
does not depend on slip D. In contrast, models that account for thermal pressurization on the
fault feature continued slip-weakening, leading to G, o< D?/3 in the diffusion-dominated regime at

large slip and G, oc D? in the undrained-adiabatic regime at small slip << 0.1 m (Viesca and
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Garagash, 2015).

a b C

T Classical rate-and-state T Linear slip-weakening T Thermal pressurization
Gc#F(D) Gc =F(D) Gc=F(D) « D213
Gc G
Gc }AT [AT ¢ AT
—k +
r D 1 r D 1
D
Slip Slip Slip

Figure 1: Slip-weakening curves and fracture energy G. for a) classical rate-and-state friction, b)
linear slip weakening friction, and c¢) thermal pressurization weakening in the diffusion-dominated
regime. Stars indicate the initial and final states of an earthquake. Final slip D and stress drop
AT are indicated.

The behavior of rate-and-state faults with enhanced weakening has been widely studied through
numerical simulation of sequences of earthquake cycles (Perry et al., 2020; Noda and Lapusta,
2013; Noda et al., 2011; Thomas et al., 2014). Implementing flash-heating in an earthquake
simulator only requires modifying the friction law. In contrast, incorporating thermal
pressurization requires solving the diffusion equations for fluid pressure and temperature within
the fault zone (in the direction normal to the fault surface) coupled to fault slip (Noda and
Lapusta, 2013; Perry et al., 2020; Mavrommatis et al., 2017). This implies a higher
computational cost and complexity, which limits the capacity to conduct large sets of
simulations, especially with realistically large values of the ratio between fault size and the
along-fault length scales arising from friction and TP.

Therefore, in Section 2 we propose a TP proxy implementation through a modification of the
rate-and-state friction law, amenable for convenient computational implementation, having low
computational cost, and designed to mimic the fault weakening and scaling between fracture
energy and slip that emerge from TP. We incorporate the thermal weakening effect via the
friction coefficient and keep the effective normal stress constant in time. The proposed proxy
implementation has similar complexity and computational cost as conventional rate-and-state

friction.
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In Section 3, we present examples of results of earthquake cycle simulations with the TP proxy
and flash heating implemented in a fully-dynamic 2.5D earthquake cycle simulator, which
accounts for the effect of a finite seismogenic width W. We show that the asymptotic behavior of
slip rate, as a function of distance behind the rupture front, supports the applicability of fracture
mechanics theory to very large earthquakes with rupture lengths > W despite continued
weakening by TP. To enable such fracture mechanics analyses, in Section 4 we derive and
validate theoretical estimates of the fracture energy produced by the TP proxy in earthquake

cycle simulations.

2 Thermal pressurization proxy

2.1 Rate-and-state friction law

We take as starting point the formulation of rate-and-state friction (Dieterich, 1978, 1979; Rice
and Ruina, 1983; Ruina, 1983) with flash heating used by (Harris et al., 2018; Noda et al., 2011;
Thomas et al., 2014). That formulation is summarized in this section.

The shear stress 7 on the fault satisfies
T = Uf(‘/a \Ij) (1>

where o is the effective normal stress on the fault and f the friction coefficient. The latter

depends on slip velocity V' and a fault state variable ¥ as

v
f(V,¥) = a arcsinh (2—“//0 exp E) (2)

where a is a rate-and-state parameter and Vj, a reference velocity. This is a regularized version of

the classical rate-and-state law, designed to prevent a singularity at zero velocity (Ben-Zion and
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Rice, 1997; Lapusta et al., 2000). We consider the slip-law for the state evolution:

- Vv
R L V) 3
where
Vo
U (V) = fo+blog v (4)
L is a characteristic slip distance, f, a reference friction coefficient and b a rate-and-state

parameter. Equations 1-4 completely define the frictional fault strength.

The state variable U is a re-formulation of the classical rate-and-state state variable 6. They are

related by
Vo0
\If:fo—l—blog% (5)
This re-formulation is computational advantageous: it improves the stability of the numerical

friction solver.

At steady state, when ¥ = 0, the state variable W is equal to W, (V) and the friction coefficient is

fss(V) = a arsinh (2—“//0 exp \IJSST(V)> (6)

The corresponding classical state variable at steady state is 0, = L/V.

2.2 Rate-and-state friction law with flash heating

The abrupt velocity-dependent reduction of the friction coefficient due to flash heating is

introduced by re-defining the steady-state friction as

ssv_ w
:f( )Vf +fwa (7)

f(V)
1+ £

where f,, is the residual friction coefficient and V,, the threshold velocity for the activation of

flash heating. The steady-state values of friction and state variable including flash heating are
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related by an equation analogous to Eq. 6:

\I/FH

. (V V)
FH _ SS
+ (V) = a arsinh (2% exp —— ) (8)

Equating Eqgs. 7 and 8, we obtain an expression for WEH (V) which we then use in the state

evolution law as

b= (v W (V) (9)

The frictional fault strength including flash heating is completely defined by Equations 1, 2 and

7-9.
2.3 Rate-and-state friction law with TP proxy
To implement a thermal pressurization proxy, we introduce a new friction coefficient under

steady-state conditions, denoted as fLF. To maintain simplicity, we implement the concept of
strong weakening by modifying the friction coefficient rather than by modifying the effective
normal stress o. This approach facilitates the derivation of a scaling relationship between G. and
slip, following the approach outlined by Viesca and Garagash (2015). Our objective is not to
fully replicate the intricate physics of thermal pressurization, but rather to satisfy the scaling
relationship.

Here, we define a new state variable ¢ that approximates the slip only in the co-seismic phase.
Following the procedure shown in Beeler et al. (2008), we design the evolution of ¢ to meet two

physical constraints. During earthquakes, ¢ should increase with co-seismic slip, thus

During inter-seismic phases, ¢ should reset to zero, thus

o~ —¢/T" (11)
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where T™ is a characteristic time scale for the state variable to return to zero after the co-seismic
phase. We set that value at 0.1 s, shorter than the typical rise time of large earthquakes. We

define the ¢ evolution equation as a weighted sum of both expressions:

q‘b:rv—u—r)ﬂ (12)
T*
The weight I'(V') applies smoothly a velocity threshold Vj;, that separates inter-seismic and
co-seismic effects:
1
INQD (13)

1+ exp (—40 (% — >)

We are interested here in modeling large earthquake that have large slip > 0.1 m. Following
Viesca and Garagash (2015), the relevant TP regime at large slip is the diffusion-dominated
regime, in which the fracture energy G, scales with co-seismic slip 6 as G, o< 6%/3. As G, results
from the integral of the fault shear stress 7 (Figurelc), then 7 should be reduced by a factor
o 0~ /3. In our proxy implementation, ¢ tends to ¢ during earthquakes, we keep o constant and

modify the steady-state friction as:

ey, gy = A=) (14)

1/3°
(1+2)

where L* is a characteristic slip distance for thermal pressurization (Rice, 2006; Rempel and

Rice, 2006):
e (200 (VO + vawm)® (15)
=(7a v ,
with pec the specific heat, ay, the hydraulic diffusivity, oy, the thermal diffusivity, f the friction

coefficient prior the thermal pressurization, V, a characteristic elastodynamic slip rate ~ focg/pu,
with ¢, as the shear wave speed; and A the thermal pressurization coefficient relating increments
of pore fluid pressure to increments in temperature.

Note that in Eq. 14, the state variable ¢ is not necessarily at steady state. Nonetheless, for

historical reason and simplicity, we keep the terminology fLF. The steady-state friction and state
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variables including thermal pressurization are related by an equation analogous to Eq. 6:

TP(V,¢) = a arsinh (% exp W) (16)

0 a
Equating Eq. 14 with Eq. 16, we obtain an expression for W7 (V, ¢), which we use in the state
evolution law as
1%

b= (V- WIF(V,9)) (1)

To include flash heating, we replace in Eq. 14 f, by fss' 2 as:

ss (1 N i)l/i%
L*
We equate that with
FH+TP . 4 Wi
fas = q arsinh I exp —= — (19)

to obtain WIHTTP which we then use in the state evolution law:

. V
V= - (V- QLR (20)
The computational cost of the combined flash-heating and thermal pressurization model is

comparable to that of a classical rate-and-state fault model.

3 Sample simulation results

We implemented the TP proxy and flash heating in the fully-dynamic 2.5D earthquake cycle
simulation software SEM2DPACK based on the spectral element method (Ampuero, 2002;
Kaneko et al., 2008, 2011; Liang et al., 2022). The 2.5D formulation is an approximation of the
3D problem accounting for the finite seismogenic width W (Weng and Ampuero, 2019, 2020;
Liang et al., 2022). In Appendix 1 we calibrate the value of a geometric coefficient involved in the

2.5D model so that it produces results consistent with 3D dip-slip earthquake cycle simulations.
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An example of the fault response in a 2.5D seismic cycle simulation is shown in Figure 2. Results
are plotted during 5 cycles, starting at the second cycle to avoid effects of initial conditions. The
simulation produces “characteristic earthquake” behavior: events spanning the whole fault occur
regularly, with similar slip distribution and evolution along the fault (Figure 2a). The
dependence of shear stress on slip follows the desired scaling 7 ~ §~/3 for each event (Figure 2b).
The shear stress prior to each event is well below the peak friction coefficient, 7/ ~ 0.3 near the
center of the fault (Figure 2¢). As designed, the state variable ¢ mimics well the co-seismic slip
of each event and resets to zero rapidly after each event (Figure 2d).

In Figure 3, we compare the dynamic response of a 2.5D fault with and without flash heating in
addition to TP. We set equivalent initial conditions (Figure 3a) to compare the shear stress
evolution as a function of slip (Figure 3b). For reference, we also show a model with only
flash-heating (no TP) and a model with classical rate-and-state friction. For the latter, we had to
set up a higher value of 7y to achieve a runaway rupture. As observed, only the models that
account for TP exhibit a 6~/? decay of shear stress with slip. Although flash heating
significantly reduces the shear strength (green curve in Figure 3b), it does not produce continued
slip-weakening. When combining both mechanisms (magenta curve in Figure 3b), weakening at
short slip is dominated by flash-heating first, while at large slip it is dominated by TP and leads
to weakening oc 61/3.

We further verify that our models of large earthquakes with TP are compatible with fracture
mechanics theory. Large ruptures with rupture length > W are pulse-like due to the 2.5D effect
of the finite seismogenic width W (Figure 4a). When the rupture has propagated over distances
significantly larger than W, the slip rate decays with distance behind the rupture front as

v o< 7% (red curve in Figure 4b), as expected from conventional singular pulse models. This
result supports the use of fracture mechanics theory to understand the propagation and arrest of
very large earthquakes, despite the continued weakening induced by TP. Only at propagation

—0-25 (blue curve in

distances comparable to or shorter than W, the slip rate decays as v oc x
Figure 4b) which is the expected “unconventional singularity” for TP (Viesca and Garagash,

2015; Brener and Bouchbinder, 2021). At further distance in the tail of the pulse, the slip rate



This is a non-peer reviewed preprint submitted to EarthArXiv and under review in Geophysical

g \\\NN %30'
LA |

Figure 2: Results of a 2.5D earthquake cycle simulation on a homogeneous dip-slip shallow fault.
Model parameters are W = 20 km, ¢ = 50 MPa, L = 0.0075 m, L* = 0.1 m, ayy = 0.01 and
byw = 0.015. a) Slip evolution along the whole fault plotted every 0.5 s during seismic events
(blue curves) and every 5 years in between earthquakes (red curves). At a representative point
near the middle of the fault: b) shear-stress evolution as a function of slip, ¢) friction coefficient
as a function of time, and d) temporal evolution of slip and TP state variable ¢.

193 decays exponentially (Figure 4c), which is the expected behavior induced by the finite rupture
194 width W in 2.5D models.
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Figure 3: Dynamic response of a homogeneous dip-slip buried fault for cases with only rate-and-
state friction (R-S), only thermal pressurization (TP), only flash heating (FH) and including both
(FH4TP). Model parameters are ¢ = 50 MPa, fo, = 0.6, a = 0.0125, b = 0.0172, L = 0.015 m,
L*=1m, f, = 0.2 and W = 10 km. a) Initial shear stress. The nucleation patch is located at
the center of the fault. b) Shear stress as a function of slip at a point located at 10 km from the
nucleation patch.
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Figure 4: Spatial distribution of slip rate at two different times, when the rupture front has
propagated up to positions z = W and x = 4W. a) Slip rate as a function of distance, showing
a pulse-like shape. The reference position (x = 0) is the location of the peak slip rate. b) Spatial
decay of slip rate, with a focus on short distances from the rupture front. Unconventional v oc 27925
and conventional v oc 7% asymptotic behaviors appear at small (x = W) and large (z = 4W)
propagation distances, respectively. c¢) Exponential decay of slip rate at larger distances behind
the rupture front, log(v) o< —zx.



This is a non-peer reviewed preprint submitted to EarthArXiv and under review in Geophysical
J.Int.

195 4 Fracture energy of the TP proxy

196 Our approach is designed to emulate the fault weakening and the relationship between fracture
197 energy (G.) and slip (9) resulting from TP, focusing on large earthquakes with slips larger than 1
198 m. A different decay regime at short slip, G. o 6% (Viesca and Garagash, 2015), could be

199 similarly introduced in the model by modifying Eq. 14.

—— Simulation

f10'

(%)1/3

f10
5 y1/3
1+2

Dmax

Figure 5: Fracture energy G, prediction on rate-and-state faults with thermal pressurization proxy

200 To estimate GG, we consider an earthquake with level of stress right before the nucleation, 7, and
201 residual stress when the slip stops, 7. As we include a slip dependence on the steady state

202 friction, the shear stress during an earthquake is a function of slip ¢ (Figure 5):

fio

7(0) =~ 1+ %)1/3

(21)

203 where o is the effective normal stress on the fault, and f; a reduced reference friction coefficient
204 that accounts for the early dependence of 7 on velocity. Numerical results show that for fy = 0.6

205 and typical co-seismic velocities in the range of 1-20 m/s, f; =~ 0.51 — 0.53. The logarithmic
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dependence on velocity does not produce a significant reduction of the steady-state friction.

When including flash heating, f; =~ f,,. Then, for maximum slip D:

f1€7
(14 £)1/3

Tr =~

Following the definition of fracture energy:

Solving the integral we get:

G, ~ {1.5L*

This expression gives an accurate estimation of the fracture energy G..

For large slips, D/L* > 1, we approximate 7(0) as:

f1<7
(1)1/3

L*

7(0) =

D\?*? D
(08" -

(22)

(23)

(24)

(25)

As shown in Figure 5, this gives an accurate approximation of the shear stress evolution. Then,

using Eqgs. 23 and 25 we obtain a simpler expression for the fracture energy:

G, = 05L"3D*3 fio

This highlights the scaling G, oc D?/3, similar to that in Viesca and Garagash (2015).

(26)

To evaluate the performance of both expressions (Eqs. 26 and 24) we plot in Figure 6 different

values of GG, calculated from 2.5D dynamic simulations, both estimates and the estimate

G, ~ (12m)~/3 f,0 D*3L*1/3 by Viesca and Garagash (2015). As observed in Figure 6, Eq. 26

predicts accurately G, for slips larger than 1 m. Comparing Figures 6a and 6b shows that the

approximation improves at shorter values of L*.
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Figure 6: G. prediction on 2.5D models for a) L* = 0.1 m b) L*= 0.01 m
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5 Discussion and Conclusions

We have introduced a proxy for thermal pressurization implemented through a modified
rate-and-state friction law. This approach is designed to emulate the fault weakening and the
relationship between fracture energy and slip resulting from thermal pressurization. Compared to
the classical rate-and-state model, an additional state variable is introduced and one additional
state evolution equation is solved, whose calculation time is negligible. Therefore, the additional
complexity and computational cost are negligible, unlike complete implementations of thermal
pressurization that require solving fluid pressure and thermal diffusion equations.

Although here we demonstrate the concept in a 2.5D earthquake simulator based on the spectral
element method, the thermal pressurization proxy only involves modifications of the friction
solver, thus it can be readily implemented in 1D, 2D and 3D, and in simulators based on other
numerical methods such as the finite element method and the boundary element method.
Moreover, it is possible to reproduce different decay laws of shear stress with slip, such as the
undrained-adiabatic regime of thermal pressurization that could be dominant at shorter slip
(Viesca and Garagash, 2015), by modifying Eq. 14.

Our proxy encapsulates the effects of thermal pressurization in a single parameter, the length
scale L* defined in equation 15. It depends on the fault zone physical parameters involved in the
thermal and hydraulic diffusion equations. Varying L*, earthquake models can be tuned between
strong and weak thermal pressurization effects, or account for both cases on the same fault
through spatial variations of L* (Noda and Lapusta, 2013).

Carrying 2.5D simulations of large earthquakes, we find that, despite the continued
slip-weakening behind the rupture front produced by thermal pressurization, the asymptotic
behavior of slip rate is consistent with the conventional singularity of fracture mechanics theory,
as soon as the rupture has propagated a distance larger than the rupture width. This result
supports the applicability of fracture mechanics theory to understand the propagation and arrest
of large earthquakes. We derive and validate theoretical predictors of fracture energy G, (Eq. 26)

in earthquake cycle models, which can be used to evaluate the rupture potential of fault
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segments (Weng and Ampuero, 2019, 2020). These results can have important implications for

understanding earthquake mechanics.
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Appendices
A Calibration of the 2.5D model

The slip in 2.5D models corresponds to the peak slip across the seismogenic depth of a 3D model.
The slip on a deeply buried fault with uniform stress drop can be crudely approximated as one
half of a cosine of wavelength 2W. Similarly, in a shallow fault on a half-space, the slip is
maximal at the surface and zero at the bottom of the rupture, and the depth profile can be
approximated as one quarter of a cosine of wavelength 4 (Weng and Ampuero, 2019).
However, as these approximations are crude, the W5 5p used in the 2.5D code might differ from
an equivalent W3p. Here we determine the relation between Wy 5p and Wsp.

For the 3D model, a theoretical relation between stress drop A7 and slip is (Kanamori and

Anderson, 1975):

1| <
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For a shallow infinitely long dip-slip fault, L = W (width) and:

AN+ )
(A +2p)

where A is the Lamé constant (Aki, 1966; Starr, 1928). Then, we obtain:

4(Ap)
g _ oz M (A3)
J Wisp ‘

From Figure 1 of Kanamori and Anderson (1975), noting that average slip 6 and peak slip Dqz

in a crack are related by 5= I Dimaa:

(A+u)
AT _ Oz M (A4)
Dmaz WSD .
Replacing A = 12_”—21 we get:
D 2(1 —v)ATW;p (A5)
1
For the 2.5D model without free-surface effect:
A
D TWasp (A.6)
T

As D in the 2.5D model corresponds to D,,., in a 3D equivalent model with similar A7, equating
Egs. A.5 and A.6 gives:
W2,5D B 27T(1 - I/)WgD (A?)

For v = 1/4, we must set Wy 5p = 4.71 W3p to obtain an equivalent model for a shallow fault.
For a buried fault, following a similar procedure we obtain W5 5p = 2.36 W3p. Both values were
validated numerically (see Figure A.1.) by comparing 3D simulations with 2.5D simulations

using the quasi-dynamic boundary element method simulator QDYN (Luo et al., 2017).
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Figure A.1: Quasi-dynamic W calibration for 2.5D and 3D models. a) Shallow fault. b) Slightly
buried fault. ¢) Deeply buried fault.
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372 B Tables
Parameter Symbol Value
Shear modulus 1 32 GPa
Shear wave speed Vs 3464 m/s
Reference friction coefficient fj 0.6
Reference slip rate Vo 1075 m/s
Loading plate velocity Vpr 107 m/s

Table B.1: Parameters used in this study



