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Abstract
The spontaneous generation of brittle rock damage near and behind the tip of a propagating
rupture can produce dynamic feedback mechanisms that modify significantly the rupture
properties, seismic radiation and generated fault zone structure. In this project we study such
feedback mechanisms for single rupture events and their consequences for earthquake physics
and various possible observations. This is done through numerical simulations of in-plane
dynamic ruptures on a frictional fault with bulk behavior governed by a brittle damage rheology
that incorporates reduction of elastic moduli in off-fault yielding regions. The model simulations
produce several features that modify key properties of the ruptures, local wave propagation and
fault zone damage. These include (1) dynamic generation of near-fault regions with lower elastic
properties, (2) dynamic changes of normal stress on the fault, (3) rupture transition from cracklike to a detached pulse, (4) emergence of a rupture mode consisting of a train of pulses, (5)
quasi-periodic modulation of slip rate on the fault, and (6) asymmetric near-fault ground motion
with higher amplitude and longer duration on the side with reduced elastic moduli. The results
can have significant implications to multiple topics ranging from rupture directivity and nearfault seismic motion to tremor-like signals.
1. Introduction
The high stress concentration at the front of dynamic earthquake ruptures is expected to
produce brittle rock damage (reduction of elastic moduli) in the material surrounding the fault.
The damage generation and associated energy absorption can reduce the amplitude of ground
motion. However, the brittle damage process can contribute to the radiated wavefield (Ben-Zion
& Ampuero 2009) and the generated damage zone with reduced elastic moduli may behave as a
waveguide that can amplify near-fault motion. Waves reflected from the boundaries of the
generated damage zone may influence the subsequent rupture properties as previously shown in
simulations with a pre-existing low velocity fault zone (e.g. Ben-Zion & Huang 2002; Huang &
Ampuero 2011). Moreover, if the damage zone is asymmetrically distributed around the fault,
the spontaneously generated bimaterial interface can lead to coupling between slip and dynamic
change of normal stress that can change significantly the mode (pulse vs. crack) and other
properties of ruptures (e.g. Weertman 1980; Andrews & Ben-Zion 1997; Ampuero & Ben-Zion
2008).
There has been considerable research in recent years on simulations of dynamic ruptures that
incorporate off-fault plastic yielding (e.g. Andrews 2005; Ben-Zion & Shi 2005; Duan & Day
2008; Templeton & Rice 2008; Ma & Andrews 2010; Dunham et al. 2011; Kaneko & Fialko
2011; Xu & Ben-Zion 2013; Gabriel et al. 2013). These studies provided insights on various
connections between deformation processes on and off the main faults. However, models with
off-fault plasticity keep the elastic moduli in the yielding region unchanged, so they do not
account for potentially important feedback mechanisms between generation of brittle rock
damage and properties of dynamic ruptures and ground motion. Laboratory experiments (e.g.
Lockner & Byerlee 1980; Stanchits et al. 2006) and seismological observations (e.g. Peng &
Ben-Zion 2006; Wu et al. 2009) show that brittle failures are accompanied by significant
temporal changes of elastic moduli. To study the consequences of dynamic reduction of elastic
moduli near propagating ruptures, we incorporate in this work brittle off-fault damage in
simulations of dynamic in-plane ruptures. Healing effects and damage evolution over multiple
earthquake cycles (e.g. Ben-Zion et al. 1999; Lyakhovsky & Ben-Zion 2009; Finzi et al. 2009)
are not considered in this work.
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The simulations employ a continuum visco-elastic damage model with co-evolution of
inelastic strain and elastic moduli in off-fault regions where the stress reaches the elastic limit
(e.g. Lyakhovsky et al. 1997, 2011; Lyakhovsky & Ben-Zion 2009, 2012). The elastic moduli
(Lame parameters, and a third one that is nonzero only with damage) are assumed to have a
negative dependence on a scalar damage variable, which can be interpreted as a non-dimensional
measure of microcracking in a macroscopically representative volume (Lyakhovsky et al. 1997).
The criterion for the onset of damage accumulation in intact rocks coincides with that for
plasticity, but gradually deviates from the latter by accounting for the dynamic changes of elastic
moduli as functions of cumulative damage. The increment of inelastic strain is assumed to be
coupled with that of damage, and is also contributed by another term that comes from the viscous
behavior of rocks whose mechanical state is close to macroscopic failure. More details of the
model can be found in Xu et al. (2014). The simulation domain is shown in Fig. 1, where a rightlateral rupture is nucleated by a time-weakening approach (Xu et al. 2012a), and then is allowed
to propagate spontaneously under a slip-weakening friction law. The evolution of damage in the
surrounding bulk depends on the initial stress state characterized by the angle  , and the
rupture-induced stress change. The results illustrate the richness of new dynamical features that
can arise from the interaction between ruptures on pre-existing frictional faults and dynamically
evolving elastic moduli in the yielding damage zones.

Figure 1. Model configuration for
dynamic ruptures along a frictional
interface (black line at the center)
with possible generation of brittle
damage in the surrounding bulk.
The rupture is nucleated rightlaterally with a prescribed speed
over a small patch (red portion)
until
it
can
propagate
spontaneously. The angle 
characterizes the relative orientation
of the background maximum
compressive stress to the fault.
Symbols “C” and “T” denote the
compressional and extensional quadrants, respectively, in relation to the first motion of P-waves
radiated from the nucleation zone.

2. Results
2.1 Reproducing the known effect of material contrast on the dynamic change of normal stress
We start a benchmark test against the known bimaterial effect (Ben-Zion 2001) by
investigating the relation between on-fault normal stress change and the distribution of off-fault
damage (compliant) zone. Figures 2a and b show, at a selected time, the spatial distributions of
the effective shear wave speed (calculated from the dynamic value of shear modulus) for cases
with background stress orientations   14 and 56, respectively. The low and high  values
are chosen as representative of thrust and large strike-slip faults, respectively. The  values
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were shown to be important for determining the location of dynamically generated off-fault
yielding (e.g. Templeton & Rice 2008; Ampuero et al. 2008; Xu et al. 2012a, 2012b). The insert
grey plots in Fig. 2 show the prediction of regions near the rupture tip that are currently
experiencing failure, which can be well explained by the approach in Xu and Ben-Zion (2013).
As seen by the curves in Fig. 2, there is a tensile normal stress change right behind the rupture
front for   14 with reduced shear wave speed mainly on the compressional side, and a
compressive normal stress change in the corresponding location for   56 with reduced shear
wave speed on the extensional side. These normal stress changes and their dependence on the
location of off-fault damage (compliant) zone are generally consistent with results associated
with a pre-existing material contrast across the fault (e.g. Andrews & Ben-Zion 1997; Shi &
Ben-Zion 2006).

Figure 2. Snapshot
distribution
of
the
mapped shear wave
speed (based on the
damage distribution) for
cases with (a)   14
and (b)   56 , where
R0 is the static size of
process zone. Normal
stress
change

(normalized by the
initial value |  0 |) along
the fault is imposed in
each plot, with a
reference scale bar on
the right. Positive and
negative values indicate
tensile and compressive
change, respectively. The inset grey plots show the current failure zone at the time.
2.2 Effect on rupture mode and ground motion
Here we show the result that the dynamic generation of off-fault damage can significantly
change the rupture mode from crack-like to the one with a detached pulse front, and to influence
the symmetry property of ground motion. Figure 3 shows the zoom-in views of the mapped
effective shear wave speed, the associated fault-normal particle velocity u y and normal stress

change  yy near the rupture front for a studied case with   30 . As clearly illustrated by the
slip rate (imposed black curve) in Fig. 3, the crack-like rupture mode as usually produced with a
slip-weakening friction, has now developed a detached pulse front. According to the result in
Fig. 2b with extensional-side off-fault damage, there is a compressive normal stress change
behind the rupture front. If this is the only feedback mechanism produced by off-fault brittle
damage, the dynamic strength drop would be reduced and the propagating rupture would be
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somewhat suppressed compared to cases with zero or tensile normal stress change. In other
words, this is the most unfavorable direction for rupture propagation in a bimaterial interface.
Moreover, the rupture (if sustained) would generally remain crack-like with the adopted
nucleation approach and friction law (Duan 2008). Therefore, some other mechanism(s) must be
involved to produce the detached pulse front, which we think is due to the reflected waves within
the finite-width low velocity zone. In fact, previous elastic simulations have shown that preexisting low velocity zone can produce detached pulse front or even lead to a train of pulses.
(e.g. Harris & Day 1997; Ben-Zion & Huang 2002; Huang & Ampuero 2011, 2013). To confirm
our expectation, we also performed analogous elastic simulations with pre-existing finite-width
low velocity zone that is mainly distributed on the extensional side (not shown here). By
comparing the resulting slip rate, shear and normal stress changes among other quantities, we
find that the characteristics as partly shown in Fig. 3 with dynamically evolving elastic moduli
are quite comparable with those elastic simulations. More specifically, the resulting normal stress
change alternatively changes its sign once the width of the generated low velocity zone has
stabilized, and the region where slip rate temporarily reduces to zero well coincides with a tensile
normal stress change (Fig. 3c).
Another interesting phenomenon is that the symmetry property of near fault ground motion
can be influenced by the damage generation. As shown in Fig. 3b, the fault-normal particle
velocity u y is almost symmetric in front of the rupture front, because there has not been any
damage generation at that location. By contrast, the velocity pattern is strongly asymmetric
behind the rupture front, with higher amplitude for u y on the side with damage (reduced elastic
moduli). This suggests that there could be a competition between energy loss due to damage
generation and waveguide effect
in influencing the ground
motion, and the latter may
dominate over the former in
producing amplified and/or
long-lived ground motion on the
side
with
more
damage
generation.

Figure 3. Snapshot distribution
in a zoom-in view of (a) mapped
shear wave speed, (b) faultnormal particle velocity u y , and

(c) normal stress change  yy .
The distribution of slip rate at
the same time is superimposed
in each plot.
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