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Summary 
Our last year studies under this project focused on four problems attempting to 

incorporate realistic aspects of fault zone structure and laboratory-based rheology in 
earthquake models. The first problem is concerned with dynamic in-plane rupture on a 
material interface with spontaneous generation of plastic strain in the bulk. The second 
problem involves a systematic parameter-space study of properties of rupture along a 
material interface governed by slip-weakening friction. The third is associated with a 
systematic parameter-space study of migration patterns of ruptures in a model consisting 
of two half spaces separated by a low velocity layer, with multiple possible rupture 
planes two of which are the material interfaces on the opposite sides of a low velocity 
layer. The forth involves long deformation histories on a fault governed by rate- and 
state-dependent friction with a heterogeneous distribution of the critical slip distance. The 
main results from each direction are summarized briefly below.  

 
Dynamic rupture on a material interface with spontaneous generation of plastic 

strain in the bulk 
Ben-Zion, Y. and ZQ. Shi 

Earth Planet. Sci. Lett., 236, 486-496, DOI: 10.1016/j.epsl.2005.03.025, 2005. 
 
Abstract: We discuss 2D simulations of in-plane ruptures on a fault between different 
solids in a model that includes dynamic generation of plastic strain off the fault. The fault 
is governed by a regularized friction with a gradual response to abrupt changes of normal 
stress, while plastic strain in the bulk is governed by a Coulomb yielding criterion. The 
occurrence of off-fault damage stabilizes the slip velocity on the fault. Stable self-
sustaining ruptures propagate on the material interface as narrow unidirectional pulses in 
the direction of slip on the more compliant side of the fault. Plastic strain is generated 
only on the stiffer side of the fault (the tensional quadrant in the direction of rupture 
propagation) in a strip of approximately constant width that is correlated with the slip 
velocity on the fault. Simulations for various values of confining normal stress, material 
contrast and cohesion in the bulk suggest that significant generation of off-fault damage 
is limited to conditions that correspond to the top few km of the crust. The results are 
compatible with field observations of shallow asymmetric damage patterns in the 
structure of several large faults. Example results are shown in Figure 1. 
 

Dynamic rupture on a bimaterial interface governed by slip-weakening friction 
Shi, ZQ. and Y. Ben-Zion 

Geophys. J. Int., in press, 2005 
 

Summary: We perform 2D finite-difference calculations of mode II rupture along a 
bimaterial interface governed by slip-weakening friction, with the goal of clarifying 
rupture properties and the conditions leading to the development of unilateral wrinkle-
like pulses. The simulations begin with an imposed bilateral rupture in a limited source 
region. Rupture properties outside the imposed source are examined for ranges of values 
of the degree of material contrast γ across the fault, the difference between static fs and 
dynamic fd coefficients of friction, and the difference between static friction and initial 
shear stress. The results show that mode II rupture evolves with propagation distance 



along a bimaterial interface, for broad ranges of realistic conditions, to a unilateral 
wrinkle-like pulse in the direction of slip on the compliant side of the fault. These 
conditions span in our calculations the ranges fs − fd < 0.4 and γ > 2-5%. When the 
difference between the static friction and initial shear stress is smaller, the evolution to 
unilateral wrinkle-like pulses occurs for smaller values of γ. The amount of slip increases 
with propagation distance, due to the incorporation of slip-weakening friction, in contrast 
to earlier results based on Coulomb and Prakash-Clifton friction laws with slip-
independent coefficient. In all cases leading to wrinkle-like pulses, the rupture velocity in 
the preferred (+) propagation direction is rV + ≈ CGR, where CGR is the generalized 
Rayleigh wave speed. Simulations with imposed rupture speed in the source region close 
to the slower P wave speed P−  can excite, in addition to the primary wrinkle-like pulse in 
the preferred direction with rV + ≈ CGR, a weak pulse in the opposite (−) direction with rV −  
≈ P−. In some cases leading to bilateral crack-like propagation (e.g., fs − fd = 0.7), the 
rupture velocities in the opposite directions are rV + ≈ P+ (the faster P wave speed) and rV −  
≈ P−, with the initial supershear crack front in the + direction followed by a pulse with 

rV + ≈ CGR. Example results are shown in Figure 2. 
 

Examining tendencies of in-plane rupture to migrate to material interfaces 
Brietzke, G. B. and Y. Ben-Zion 

submitted to Geophys. J. Int., 2005 
 
Summary: We perform a numerical parameter-space study of two-dimensional in-plane 
ruptures in a model consisting of two different half spaces separated by a low velocity 
layer and possible simultaneous slip along multiple faults. Ruptures are nucleated by a 
bilateral expanding stress drop in a limited source region, and may continue to propagate 
spontaneously (or not) along one or several faults. Most calculations are done for purely 
elastic media and faults governed by Coulomb friction, but some simulations employ 
Prakash-Clifton friction and Kelvin-Voigt viscosity. The faults, two of which are material 
interfaces, are situated equidistant and parallel to each other. Using different nucleation 
locations, different initial stress, different velocity contrasts, different frictional fault 
separations, different widths of a low velocity zone, and different number of faults, we 
examine the range of conditions for which ruptures migrate to other faults and continue to 
propagate in a self-sustaining manner. The model produces diverse migration and 
propagation phenomena represented by several phase diagrams. However, a general 
result of the study is that ruptures tend to migrate to the material interfaces and become 
self-sustained wrinkle-like pulses for wide ranges of conditions. The wrinkle-like pulses 
propagate along each material interface unilaterally in the direction of motion on the 
more compliant side of the interface (referred to as the "positive" direction). The 
existence of a large number of faults produces, like viscosity, distributed deformation that 
reduces the divergent behavior of the wrinkle-like pulses. In many cases, ruptures migrate 
to the interface with the stronger contrast and propagate unilaterally in the positive 
direction associated with that interface and the overall contrast across the fault zone. In 
smaller number of cases, ruptures migrate to the interface with the weaker contrast and 
propagate unilaterally in the opposite positive direction associated with that interface. For 
various parameter combinations, self-sustained unilateral pulses travel simultaneously, in 



the two opposite positive directions, along the interfaces on the opposite sides of the low 
velocity layer. A low resolution imaging of these ruptures would lead to an inference on 
bilateral propagation. The M6, September 2004, Parkfield California earthquake may 
provide a natural example of such a case.  
 

Seismicity on a fault controlled by rate- and state dependent friction with spatial 
variations of the critical slip distance 
Hillers, G., Y. Ben-Zion and P.M. Mai 

J. Geophys. Res., in press, 2005 
 
We perform systematic simulations of slip using a quasi-dynamic continuum model of a 
2-D strike-slip fault governed by rate-and state-dependent friction. The depth dependence 
of the a−b and L frictional parameters are treated in an innovative way that is consistent 
with available laboratory data and multi-disciplinary field observations. Various 
realizations of heterogeneous L distributions are used to study effects of structural 
variations of fault zones on spatio-temporal evolution of slip. We demonstrate that such 
realizations can produce within the continuum class of models realistic features of 
seismicity and slip distributions on a fault. We explore effects of three types of variable L 
distributions: (1) A depth dependent L profile accounting for the variable width of fault 
zones with depth. (2) Uncorrelated 2-D random distributions of L with different degrees 
of heterogeneity. (3) A hybrid distribution combining the depth dependent L profile with 
the 2-D random L distributions. The first type of L distribution, with relatively small L 
over the depth range corresponding to the seismogenic zone and larger L elsewhere, 
generates stick-slip events in the seismogenic zone and ongoing creep above and below 
that region. The 2-D heterogeneous parameterizations generate frequency-size statistics 
with event sizes spanning four orders of magnitude. Our results indicate that different 
degrees of heterogeneity of L distributions control (1) the number of simulated events and 
(2) the overall stress level and fluctuations. Other observable trends are (3) the 
dependency of hypocenter location on L and (4) different nucleation phases for small and 
large events in heterogeneous distributions. 
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Figure 1. (Left) Plastic strain (color scale) generated by crack-like rupture on a fault at y = 0 in a 
homogeneous solid. The rupture propagates as a symmetric bilateral crack and damage is 
produced in the two tensional quadrants in self-similar triangular zones with width proportional to 
rupture length. Many such ruptures (with different hypocenter locations) are predicted to produce 
symmetric damage across the fault. Right: Plastic strain generated by a wrinkle-like rupture pulse 
along a material interface with 20% contrast of shear wave velocity. Off-fault damage is generated 
only on the stiffer side of the fault (the tensional quadrant in the direction of rupture propagation) 
in a strip of approximately constant width that is correlated with the slip velocity on the fault. Many 
such ruptures are predicted to produce strongly asymmetric damage across the fault. From Ben-
Zion and Shi (2005).
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Figure 2 left: (Top) Profiles of slip and slip rate on the fault at different times for a homogeneous case, 
showing symmetric bilateral crack. (Middle) profiles of slip and slip rate on the fault for 5% material 
contrast. The results show evolution to unilateral rupture. (Bottom) Profiles of slip along the fault at 
different times for 10% and 20% contrasts. The results show evolution to unilateral rupture. 
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Figure 2 right:  
(Top) Rupture 
potencies in the 
positive (red) and 
negative (blue) 
directions. The 
potency ratios in 
the opposite 
directions (inset) 
are used to 
construct phase  
diagram for the 
symmetry 
properties of the 
rupture (Bottom). 
The limit values of 
0 (dark blue) and 2 
(dark red) 
represent, 
respectively, 
symmetric 
bilateral and fully 
asymmetric 
unilateral 
ruptures. 




