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Progress: 
 
One thrust of our research was to explore how two thermal weakening processes, flash heating of 
asperity contacts and thermal pressurization of pore fluid, influence rupture dynamics on mature 
faults. Over the past three years, we have successfully developed a numerical methodology for 
the simultaneous solution of the elastodynamic and fluid and thermal energy transport equations. 
This was done within the context of the spectral boundary integral equation method (BIEM), and 
was reported in a recently submitted manuscript [Noda, Dunham, and Rice, 2009]. While the 
BIEM has excellent numerical properties (e.g., computational efficiency, minimal numerical 
dispersion), as demonstrated by its performance in the SCEC code validation exercises [Harris et 
al., 2009], it is limited to planar faults in linear elastic whole-spaces. 
 
Part of our effort over the past year has thus been devoted to development of a numerical method 
that offers more flexibility in terms of incorporating other bulk rheologies (including plasticity) 
and geometrical complexity of faults. The latter is also motivated by our interest in how fault 
roughness (i.e., nonplanarity) affects ruptures; we discuss this in more detail later in this report. 
We have developed a block-structured finite difference code that is capable of handling curved 
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boundaries/faults. Irregular geometries in the physical domain are mapped onto a rectangular 
computational domain via a coordinate transformation (Fig. 1); the governing equations are 
solved in the computational domain. 
 

 

Fig. 1: Irregular geometries (including nonplanar faults, dipping faults, and surface topography) are 
handled using a coordinate transformation technique within our newly developed finite difference code. 

 
We use fifth-order upwind finite differences to approximate spatial derivatives together with a 
third-order low-memory Runge–Kutta time stepping method. The method is highly accurate and 
extremely effective at suppressing spurious oscillations that are frequently encountered in 
rupture dynamics due to large gradients in fields around rupture fronts. In a large part, this is due 
to the use of upwind differentiation (a technique that is widely used in computational fluid 
dynamics for discretizing advection terms).  
 
Velocity and stress fields are first decomposed into a set of waves propagating along the 
coordinate axes (e.g., the quantity ! xz " µ cs( )vz  is transported by shear waves propagating at 
speed cs  in the +x  direction). Each wave has a unique wave speed and propagation direction, 
and spatial derivatives are approximated with a stencil that includes more points in the upwind 
direction (opposite the propagation direction). This respects the natural flow of information in 
the medium, and its numerical effect is to introduce a small amount of dissipation (which 
vanishes with mesh refinement) that damps out the shortest wavelength waves (with wavelengths 
slightly larger than the grid spacing), which suffer from numerical dispersion and would 
otherwise contaminate the solution. We have taken this even a step further by using adaptive 
finite difference stencil selection in some of our simulations. Specifically, we use the WENO 
(weighted essentially non-oscillatory) method [Jiang and Shu, 1996] to ensure that spatial 
derivatives are not approximated using stencils that cross discontinuities or extreme gradients in 
the fields. The WENO method has been highly successful in fluid dynamics problems for 
resolving flows that develop shocks without introducing spurious oscillations. 
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The decomposition of fields into waves propagating into and out of boundaries also offers an 
extremely simple method to enforce boundary conditions (e.g., traction-free conditions at the 
surface) as well as velocity-dependent friction laws on faults. We have implemented rate-and-
state friction laws in our code, including forms that feature the strong rate-weakening of friction 
predicted by models of flash heating of asperity contacts [Rice, 2006; Noda, Dunham, and Rice, 
2009]: 
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In the model, strong rate-weakening sets in when the slip velocity V  exceeds a weakening 
velocity Vw  that has been experimentally measured as ~0.1 m/s. Such laws give rise to slip 
pulses when background stress levels on faults are sufficiently low [Zheng and Rice, 1998; 
Noda, Dunham, and Rice, 2009]. 
 
We have conducted several simulations exploring how ruptures, governed by the friction law 
described above, propagate along rough faults [Belanger and Dunham, 2008]. Measurements 
indicate that natural fault surfaces are rough at all scales; more specifically, deviations from 
planarity are evident at all wavelengths with an amplitude-to-wavelength ratio, ! , that is scale-
independent (i.e., fault surfaces are self-similar fractals). For our simulations, we synthetically 
generate band-limited self-similar fault profiles (Fig. 2); the maximum roughness wavelength 
corresponds to the fault length; the minimum is taken to be about ~10 times larger than the grid 
spacing to ensure proper numerical resolution of all modeled roughness wavelengths. Fig. 2 also 
shows the location of a station at which we will calculate synthetic seismograms; rupture is 
nucleated in the center of the domain. 
 
 
 

 

 
Fig. 2: Nonplanar fault model used to explore 
influence of fault roughness on rupture 
propagation and production of high frequency 
ground motion. Shown for amplitude-to-
wavelength ratio in the direction of slip of 
! = 10

"2 ; this is characteristic of immature 

faults; mature faults typically have ! = 10
"3 . 
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Fig. 3 shows that increasing ! , while keeping all other parameters (initial stresses, friction law 
parameters, etc.) fixed, ultimately inhibits rupture propagation by creating extremely large stress 
perturbations (that are, for sufficiently short roughness wavelengths, capable of completely 
relieving normal stress over small portions of the fault, at least when assuming linear elastic 
material response as we have done in these simulations). 
 

 

Fig. 3: Stress and slip velocity on the fault at same time following nucleation for ruptures on faults with 
various levels of roughness, ! ; at ! = 10

"2 , ruptures are not capable of self-sustaining propagation. 
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In addition to influencing rupture propagation, roughness alters the characteristics of radiated 
ground motion. This is most easily illustrated for faults with a single Fourier mode of roughness 
at wavelength !  (Fig. 4). One might speculate that faults with a single Fourier mode of 
roughness will only excite waves at a single frequency; these would appear as a single peak in 
ground motion spectra. However, this is not the case. Instead, the frequency of waves also 
depends upon the speed of the rupture relative to the station. That is, the excited waves exhibit a 
Doppler shift; if the rupture is receding from the station, then the frequency decreases as a 
function of time, as illustrated in Fig. 4. Hence, there is no single, distinct peak in the Fourier 
spectrum. 
 

 

Fig. 4: Ground acceleration and its Fourier transform for ruptures on sinusoidal faults having various 
levels of roughness, ! , at a single wavelength ! . Note how the period of the high frequency oscillations 
in the seismograms increases with time. This is the Doppler shift caused by the rupture propagating away 
from the station. 
 
The rough fault simulations discussed above were conducted for faults in a linear elastic 
medium. The predicted stress perturbations induced by slip on the rough faults are sufficiently 
large that one expects the off-fault material to experience irreversible inelastic deformation. A 
similar issue was raised in our studies of rupture dynamics under the combined weakening 
mechanisms of flash heating and thermal pressurization [Noda, Dunham, and Rice, 2009]. Those 
simulations, again conducted in a linear elastic medium, revealed slip velocities at the rupture 
front reaching values of ~300 m/s. Such high slip rates imply strains of ~0.1, far beyond the level 
required to activate inelastic deformation. To address these issues, we have incorporated several 
inelastic rheologies into our finite difference code. These are based on a Drucker–Prager 
plasticity model, both in its rate-independent form, which is described in our progress report on 
“Strain Localization during Earthquake Rupture with Inelastic Off-Fault Response” as well as 
in a viscoplastic framework. The latter resolves issues regarding well-posedness of the 
mathematical model, and introduces a finite limit to the width of shear localization features that 
develop under certain conditions [Templeton and Rice, 2008]. 
 
We have also developed a self-consistent model for treating pore pressure on the fault when both 
the fault zone and off-fault material responds in an inelastic manner. This builds on earlier work 
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by Viesca, Templeton, and Rice [2008] that considered rupture in a saturated poro-elastic-plastic 
medium, but neglected changes of pore pressure on the slip surface. This also builds on the work 
of Rudnicki and Rice [2006] and Dunham and Rice [2008] who considered such pore pressure 
changes for steady and accelerating rupture propagation in a linear elastic medium. In their work, 
the pore pressure p in a thin region about the fault was found to satisfy a diffusion equation  
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where p ! pu  is the difference in actual pore pressure from that under undrained (no pore fluid 

mass flux) conditions pu ,  and !hy
el  is the poroelastic diffusivity determined by the permeating 

fluid viscosity η and poromechanical properties (permeability k, and 1-D poroelastic storage 
!el ) of the near slip surface material (within ~mm–cm distance). During inelastic deformation 
about the fault, we have shown [Viesca and Rice, 2009] that the pore pressure may satisfy the 
same diffusion equation, except with an elastic-plastic diffusivity !hy

pl
(t) = k(t) /"# pl (t) , where 

now the permeability and undrained pore pressure depend on the history of inelastic 
deformation, and the storage coefficient increases with plastic increases in compliance (Fig. 5).  
 

 
 
We have implemented solutions of this near slip surface diffusion equation in finite-element 
dynamic rupture simulations with linear slip weakening friction. We consider contrasts in initial 
hydraulic properties, which lead to a preferred directivity, and for validation, we’ve compared 
finite element solutions to the boundary integral equation method of Dunham and Rice [2006] 
(Fig 6a) with close agreement. We have also examined slip surface pore pressure changes 
resulting from inelastic deformation with approximate solutions of the diffusion equation during 
plastic deformation (Fig. 6b).   
 

Fig. 5: Plot of the ratio of “elastic” and “plastic” 
storage coefficients for a typical set of elastic-
plastic material parameters, and a variable stress 
state described by φ, When considering that 
!hy = k /"# , this plot shows that an order of 

magnitude change in permeability k brought on by 
plastic yielding can be counteracted by as much as 
a factor of 3 change in compressibility ! . [Given 
the deviatoric stress state sij = ! ij "#ij! kk / 3 , φ  is 

defined such that if szz = 0,  sxx = !syy = " cos#  

and sxy = ! sin"  (here, ! " sij sij / 2 ).] 
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Fig. 6: Snapshots of changes in pore pressure at the fault slip surface where the one side of the fault is ten 
times more permeable than the other. a) Snapshots of pore pressure changes for rupture in a poroelastic 
medium (as determined by boundary integral and finite element methods). b) Snapshots of changes for 
finite element solutions of rupture in a poroelastoplastic medium showing slower rupture propagation 
(directivity preserved) with pore pressure changes augmented by a mix of dilatancy-induced suction and 
normal stress changes due to the asymmetry of plastic deformation. 


