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Earthquake Cycle Simulations with Power-law Viscoelasticity, 
Thermomechanical Coupling, and Fluid Pressure Evolution

Kali L. Allison, Weiqiang Zhu, and Eric M. Dunham
Stanford University

Cycle simulations can incorporate proposed rheologies/processes – allowing us to validate models 
and test hypotheses using many different data (post- and interseismic crustal deformation, heat flow, 
coseismic rupture depth, seismicity, geology, etc.) and to predict of future system behavior.
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Context for our work

Earthquake cycle simulations 
(Mavko, ~1983, unpublished; Tse
and Rice, 1986; Rice, 1993; Lapusta
et al., 2000; Barbot et al., 2012; etc.) 
with rate-and-state friction and 
elastic off-fault rheology

(Mavko, ~1983, unpublished)

velocity-
weakening

velocity-
strengthening

Crustal stress calculations 
(Goetze and Evans, 1979;Brace 
and Kohlstedt, 1980; Sibson, 
1982; etc.) combining lab-based 
frictional strength with lab-
based power-law flow stress

Post- and interseismic 
deformation predictions (Savage 
and Prescott, 1978; Thatcher 
and Rundle, 1979; Hearn et al., 
2002; Freed and Burgmann, 
2004; etc.) utilizing viscoelastic 
models to match deformation 
data over earthquake cycle

(Kohlstedt et al., 1995)

(Freed and Burgmann, 2004)



Context for our work
Rate-and-state cycle simulations with 
elastic layer on viscoelastic half-space 
(Kato, 2002; Lambert and Barbot, 2016) 
and Cycle simulations with transition 
from rate-and-state to localized viscous 
shear zones at depth (Shimamoto and 
Noda, 2014; Beeler et al., 2018)

(Beeler et al., 2018)

Thermomechanical simulations (Takeuchi and Fialko, 
2012) with (imposed) earthquakes in temperature-
dependent power-law viscoelastic solid, accounting also 
for evolving temperature from viscous shear heating

thermal anomaly from 
viscous shear heating



2D Antiplane Shear Strike-Slip Fault Model

Temperature either fixed to 1D geotherm 
(above, “without shear heating” models) 
or allowed to evolve by solving energy 
equation (”thermomechanical” models)

• Rate-and-state friction fault with VW-VS transition at fixed depth (~16 km)
• Temperature-dependent power-law dislocation creep flow law everywhere, 

though low T near surface à effectively elastic upper crust
• Transition between localized fault slip and distributed viscous flow 

determined as part of solution, not specified a priori



Governing equations and thermomechanical coupling

A (MPa-n s-1) B (K) n source
crust: feldspar 1.58 x 103 4.15 x 104 3 Rybacki et al. (2006)

mantle: olivine 3.6 x 103 5.77 x 104 3.5 Hirth and Kohlstedt (2003)
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Parameter space study, varying three parameters:
1. LAB depth (where T is held fixed at about 
1200 °C): shallower LAB à hotter geotherm

2. fluid pressure ratio (l = pore pressure / 
lithostatic pressure): smaller là higher 
effective stress and more shear heating

3. width w of fault shear zone 
(width of Gaussian-shaped 
inelastic shear strain rate, only 
used for frictional shear heating 
source term in energy equation): 
controls maximum coseismic 
temperature rise, but otherwise 
plays little role in results

pore pressure held fixed in 
these simulations, but in later 
ones we’ll allow it to vary in 
response to along-fault flow

2w

w = 0.1 – 10 m

shear strain rate

hydrostatic



Representative simulations
red = 1 s
blue = 10 yr

LAB 50 km, l = 0.37, w = 1 m



Representative simulations
red = 1 s
blue = 10 yr

change in recurrence interval and 
slip/event indicates change in how 
seismogenic zone is loaded, though 
EQ nucleation depth and rupture 
depth is identical to elastic case

LAB 50 km, l = 0.37, w = 1 m



Representative simulations
red = 1 s
blue = 10 yr

change in recurrence interval and 
slip/event indicates change in how 
seismogenic zone is loaded, though 
EQ nucleation depth and rupture 
depth is identical to elastic case

heating and weakening of lower 
crust effectively eliminates deep 
aseismic fault creep, raising BDT 
so that it limits rupture depth

LAB 50 km, l = 0.37, w = 1 m



Shear heating creates thermal anomaly

LAB 50 km, l = 0.37, w = 1 m

thermal anomaly (DT relative 
to 1D ambient geotherm) 
created by
• frictional shear heating
• viscous shear heating

frictional shear zone width controls 
maximum temperature rise, but 
otherwise has little effect on results 



Shear heating reduces effective viscosity in lower crust

LAB 50 km, l = 0.37, w = 10 m

changes in effective viscosity over cycle most 

pronounced in upper mantle, as found by 

Freed and Burgmann (2004)—but this is 

caused by stress nonlinearity of dislocation 

creep, not by thermomechanical effects

thermomechanical weakening 

most pronounced in lower crust

extreme viscosity reductions 

from coseismic frictional heating 

(short-lived and very localized)

every 5 yr



Is it really necessary to resolve short-lived and small-scale (<1 m) 
thermal boundary layers in co- and postseismic periods?

NO! (except for maximum coseismic DT) 
This is because negligible viscous flow 
occurs over short time scales for which 
effective viscosity is highly reduced. 

However, it is essential to account 
for thermal anomaly DT from 
shear heating—but this can be 
done quite accurately using DT 
from a steady state calculation.



Steady state thermomechanical simulations

0

Solve for slip velocity, viscous strain rates, 
and temperature—which are all assumed 
to be independent of time. Elastic strain 
rates are zero. Steady state rate-and-state 
friction is used (no state evolution).

But transition between frictional 
sliding and viscous flow is still 
determined as part of solution, 
not specified a priori.

Most important output of steady state simulation is thermal 
anomaly. We can then use this temperature, fixed in time, in 
a purely mechanical viscoelastic cycle simulation.

steady state cycle simulation

etc.



Frictional and viscous flow contributions to shear heating are 
approximately equal, but concentrated at different depths

LAB 60 km, l = 0.37

decomposition possible due to linearity of heat equation



Frictional and viscous flow contributions to shear heating are 
approximately equal, but concentrated at different depths

Of course, if we had dynamic weakening (i.e., low coseismic frictional resistance), 
then frictional heating contribution would be much smaller. LAB 60 km, l = 0.37



Heat flow predictions
red dots = Parkfield data, compiled in Fulton et al. [2004]

increasing pore pressure reduces thermal anomaly and near-fault heat flow 

direct comparison probably not possible without accounting for additional 
geodynamic processes (migration of triple junction and opening of slab window)



Controls on rupture depth and brittle-ductile transition

nucleation depth

rupture depth
VW-VS transition

(20-80% of tectonic displacement 
accommodated by viscous flow)

• nucleation always occurs with 
VW friction, above BDT

• rupture depth can be limited by 
either VW-VS transition or BDT

• steady state simulation provides 
accurate estimate of BDT



Controls on rupture depth and brittle-ductile transition

nucleation depth

rupture 
depth

VW-VS transition

• BDT depth much shallower in 
thermomechanical simulations

• rupture depth can be shallower in 
thermomechanical simulations, 
when BDT above VW-VS transition

comparison between 
different types of models



Controls on rupture depth and brittle-ductile transition
increasing pore pressure reduces thermal anomaly and deepens BDT



Evolution of stress on fault and its deep extension

(rupture depth controlled by VW-VS transition)

LAB 50 km, l = 0.37

(rupture depth controlled by BDT)



If thermomechanical effects (e.g., viscosity reduction 
from shear heating) are indeed important, then it is 
essential to constrain fault pore pressure!

à rheology model must be paired with hydrology model



Cycle simulations accounting for fault-zone 
pore pressure evolution 

Fluid mass balance + Darcy’s law à pore pressure diffusion:

where rf=fluid density, n=porosity, b=compressibility, 
h=fluid viscosity, k=permeability, g=gravity.

With goal of studying fault valving behavior 
(Sibson, 1990) we introduce an idealized, 
linear permeability evolution law:

coseismic perm. 
increase over slip L

interseismic healing 
reduces perm. over 
time scale T

Add along-fault fluid transport to cycle simulations.



Reference simulation (fixed pore pressure)

simulations are in elastic solid 
(for now) with no viscous flow 
or thermomechanical effects

reference case with fixed pore 
pressure (1.1 x hydrostatic)

red = 1 s, blue = 20 yr
fields averaged over 
seismogenic depth (20 km)



Fluid flows upward along fault, creating fluid overpressure

red = 1 s, blue = 20 yr
fields averaged over 
seismogenic depth (20 km)

lines every 5 yr:
• red: overpressure is (partially) lost during 

discharge phase ~30 yr after earthquake
• blue: after healing reduces permeability, 

overpressure gradually builds

cyclic fluid pressure simulation
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Fluid flows upward, creating and then releasing fluid overpressure

note that simulation time step varies over many orders of magnitude (adaptive time-stepping), 
so most of what is shown above is coseismic phase

steady fluid input 
from depth

intermittent upward 
flow from valving of 
seismogenic zoneupward migration of 

locked-creeping 
transition follows 
fluid overpressure



Relevance to CRM – and recommendations
Cycle simulations, of the type shown here, will take CRM as input and output
• earthquake histories (recurrence intervals, rupture depth, stress drop, 

maybe even ground motion if 3D with inertia)
• extent of microseismicity (either explicitly or approximately)
• post- and interseismic crustal deformation
• heat flow and thermal structure
• width and strain within viscous fault roots

But in addition to rheology, we must also devote attention to fluid pressure 
and other factors controlling lithospheric stress (e.g., dynamic weakening).
There are many necessary extensions to these models:
• diffusion creep, grain size evolution, transient rheologies
• fabric development
• process-based permeability evolution laws, and dependence of k on p
• viscous creep around fluid-filled pores, so p à lithostatic at depth

All of which will benefit from SCEC’s multidisciplinary collaborations!


