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Summary 
Studies under this project focused on understanding the behavior of dynamic ruptures 

in geologically-relevant settings, clarifying properties of off-fault yielding for different 
fault and bulk rheologies, and improving the ability of inferring from field observations 
on persistent behavior of earthquake ruptures associated with individual fault sections. 
Toward these goals we worked on the following two research directions. (1) Detailed 
parameter-space study of properties of generated off-fault yielding (e.g., locations, extent, 
intensity, symmetry properties, microcrack orientations, decay with distance) for various 
conditions (e.g., different friction and bulk rheology parameters, different orientations of 
maximum compressive stress relative to the fault, different values of seismic S ratio and 
conditions representing various depth sections, velocity contrast across the fault). The 
results help developing correlations and scaling among different manifestations of off-
fault yielding, and improve the understanding of generation of synthetic and antithetic 
faults (or R1-R2 Riedel shears) around the main fault ruptures, along with susceptibility 
of propagation along fault branches and bends at different angles. (2) Analysis of 
volumetric deformation structures near ends of fault segments, with a focus on small-
scale features with opposite polarity to the expected larger-scale classical structures that 
may reflect arrest phases of ruptures. The results on topic (1) provide improved 
guidelines for interpreting various observed properties of rock damage near faults in 
terms of the generating mechanisms and regional/local stress fields. The results on topic 
(2) increase the type of field signals that can be used to infer likely propagation direction 
of large ruptures on a given fault section.  

The study supported a PhD student and led to two papers and several related meeting 
abstracts. The results help developing improved connections between fault zone 
mechanics and observations. This, in turn, may be used to develop improved region-
specific estimates of seismic hazard. Below we summarize the main results from our last 
year investigations in this project.  

 
Numerical and theoretical analyses of in-plane dynamic rupture on a frictional 

interface and off-fault yielding patterns at different scales 
Shiqing Xu andYehuda Ben-Zion  

(Geophys. J. Int., 2013) 
 

Abstract 
We perform numerical simulations of in-plane ruptures with spontaneous Mohr-

Coulomb yielding in the bulk and analyze properties of the ruptures and yielding zones at 
different scales. Using a polar coordinate system, we show that the overall shapes and 
patterns of the simulated yielding zones can be well explained by combining the slip-
induced Coulomb stress change and the background stress. While there is no apparent 
mechanism for preferring synthetic vs. antithetic shearing at a scale much smaller than 
the yielding zone size, this is not the case at larger scales. For shallow angles   between 
the maximum background compressive stress and the fault, representing thrust faulting, 
large-scale off-fault synthetic fractures are dominant but there are two conjugate sets of 
fractures with a typical size comparable to the yielding zone thickness. For smooth 
rupture propagation with moderate-to-high   values representing large strike-slip faults, 
most of the off-fault fractures that grow across the entire yielding zone are of the 



 

synthetic type. The less preferred antithetic set may become more pronounced for rupture 
propagation encountering fault heterogeneities. In particular, a strong fault barrier 
promotes antithetic fractures with a comparable size to those of the synthetic type around 
the barrier, where very high permanent strain is also observed. A consideration of non-
local properties of the stress field in space or time can explain the above differences. Our 
results provide an alternative way of understanding Riedel shear structures and the 
potentially preferred synthetic shear fractures suggested in previous studies. The 
examined dynamic processes may be distinguished from quasi-static patterns by the 
timing, location, and inclination angle of characteristic fracture elements. In agreement 
with other studies, we propose that backward or orthogonally inclined antithetic shear 
fractures on strike-slip faults and very high permanent strain could be used as signals that 
reflect abrupt rupture deceleration. On the other hand, relative lack of off-fault yielding at 
given locations may indicate abrupt rupture acceleration. 

 
Reversed-polarity secondary deformation structures near fault stepovers 

Yehuda Ben-Zion, Thomas K. Rockwell, Zheqiang Shi and Shiqing Xu 
(Journal of Applied Mechanics, 2012) 

 
 
Abstract 

We study volumetric deformation structures in stepover regions using numerical 
simulations and field observations, with a focus on small-scale features near the ends of 
rupture segments that have opposite-polarity from the larger-scale structures that 
characterize the overall stepover region. The reversed-polarity small-scale structures are 
interpreted to be generated by arrest phases that start at the barriers and propagate some 
distance back into the rupture segment. Dynamic rupture propagating as a symmetric 
bilateral crack produces similar (anti-symmetric) structures at both rupture ends. In 
contrast, rupture in the form of a predominantly unidirectional pulse produces 
pronounced reversed-polarity structures only at the fault end in the dominant propagation 
direction. Several observational examples at different scales from strike-slip faults of the 
San Andreas system in southern California illustrate the existence of reversed-polarity 
secondary deformation structures. In the examples shown, relatively-small pressure-
ridges are seen only on one side of relatively-large extensional stepovers. This suggests 
frequent predominantly unidirectional ruptures in at least some of those cases, although 
multi-signal observations are needed to distinguish between different possible 
mechanisms. The results contribute to the ability of inferring from field observations on 
persistent behavior of earthquake ruptures associated with individual fault sections. 
 
Publications Supported by this grant 
Ben-Zion, Y., T. Rockwell, Z. Shi and S. Xu, 2012. Reversed-polarity secondary 

deformation structures near fault stepovers, J. of Appl. Mech., 79, 031025, 
doi:10.1115/1.4006154. 

Xu, S. and Y. Ben-Zion, 2013. Numerical and theoretical analyses of in-plane dynamic 
rupture on a frictional interface and off-fault yielding patterns at different scales, 
Geophys. J. Int., doi: 10.1093/gji/ggs105. 



Reversed-polarity secondary deformation structures near fault stepovers
Yehuda Ben-Zion, Tom Rockwell, Zheqiang Shi and Shiqing Xu

(J. of Appl. Mech., 2012)

The classical deformation features near segment ends 
(right) are generally understood.  We focus on reversedreversed--
polarity secondary deformation structurespolarity secondary deformation structures (see below) 
that may result from arrest phases of ruptures.
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Volumetric structures generated by unilateral 
pulse-like rupture. Note the revered-polarity  
small compressive feature (red) to the left of 
the segment end

The pressure ridges suggest in conjunction with 
our model results common NW to SE ruptures. 
This is consistent with expectation for 
bimaterial ruptures associated with the local 
velocity structure (Tape et al., 09; Allam & Ben-
Zion, 12), and observed along-strike asymmetry 
of aftershocks (Zaliapin & Ben-Zion, 11).
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Numerical and theoretical analyses of in-plane dynamic rupture on a frictional 
interface and off-fault yielding patterns at different scales

Shiqing Xu and Yehuda Ben-Zion
(Geophys. J. Int., in press, 2013)

Example of simulated off-fault yielding with prominent synthetic and antithetic branching
structures beyond a strong barrier on the main fault 
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Transient off-fault yielding lobes for (a) reverse fault and (b) strike-slip fault generated by 
dynamic rupture on a frictional fault.  A theoretical basis for the results is illustrated below.

A polar coordinate representation of background stress (outer circles) and rupture-induced 
stress (inner lobes) for (a) reverse fault and (b) strike-slip fault.  
Significant off-fault yielding occur in angular ranges with same color (positive superposition)

Figure 3


