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High stress concentration close to a dynamic rupture front can produce rock damage (reduction
of elastic moduli) in the material surrounding the fault. Off-fault yielding and energy absorption
In the damage process should reduce the amplitude of the ground motion. However, the reduced
elastic moduli in the damaged zone can amplify locally the motion and create a waveguide that
may allow the motion to propagate with little geometric attenuation. In addition, the asymmetric
damage generated in the in-plane rupture mode may produce bimaterial interfaces that can reduce the
frictional dissipation and increase the radiation efficiency. Off-fault damage is of special importance
for ruptures running along faults that separate rocks of different elastic properties, because they can
generate asymmetric patterns of material degradation that might be observable in the field.

Previous studies incorporated plastic yielding in simulations of dynamic rupture (Andrews, 1975,
2005; Ben-Zion and Shi, 2005; Templeton et al., 2007) while keeping the elastic moduli unchanged.
Here we examine dynamic earthquake ruptures on a frictional fault considering a continuum dam-
age rheology for the evolution of elastic moduli above a yielding level (e.g., Lyakhovsky and Ben-
Zion, 2008). Our numerical simulations are based on the spectral element method and involve slip-
weakening and velocity-weakening friction. We are interested in how the parameters of the friction
law, damage rheology and background stress control the rate of growth of the off-fault damage zone,
the terminal rupture speed, the energy balance, and the maximum slip rate and ground motion.

We adopt the continuum damage formulation by Lyakhovsky et al. (1997) including damage-related
plasticity as introduced by Hamiel et al. (2004) and modified for 2D plane strain.

The first and second invariants of the 2D elastic strain tensor are defined as 11 = ez . and
I, = efj efj, respectively. A strain invariant ratio is defined as € = Iq/+/Io. The
following non-linear stress-strain relation is assumed:
e
045 = (A = 7/&) 11655 + (2p — v&) €5 (1)

where ~ Is an additional elastic modulus. The elastic moduli depend on a scalar damage variable,
o, that varies between o = O (intact)and o = 1

A = Ag (2)
v =  pot+yréo e (3)
Y= Yra (4)

where A and p.p are Lameé’s parameters for the intact material. The parameter &y is the threshold
value of the strain invariant ratio £ at the onset of damage. It is related to the internal friction angle
¢ In a cohensionless Mohr-Coulomb yield criterion by

—V2
0 = (5)
V14 (Ag/pg + 1)2 sin2 ¢
The scaling factor ~v,- Is chosen such that convexity Is lostat « = 1 when §& = &£(g. The
evolution equation for the damage variable is
o Cqla(§ —&0) if§ > &g
« = { 0 otherwise (6)

The total strain is the sum of an elastic and a plastic contribution, e = €€ + €P. The evolution
of the plastic strain is driven by the damage variable «:

ep _ TijC’UO‘ If & Z-O (7)
vJ 0 otherwise
where 7;; = o5 — % Tk 044 1S the deviatoric part of the stress tensor. The parameter
C'p isoforder 1 / g and is related to the seismic coupling coefficient 0 << x < 1 by
1 —x 1
Coy = (8)
X 0

Loss of convexity of the elastic strain potential, associated to macroscopic failure, occurs at a critical
value of damage « that depends on &£. Upon loss of convexity the constitutive model should include
additional dissipation mechanisms. However, this is not implemented yet. The simulation presented
here are limited to moderate damage levels.

We implemented the continuum damage constitutive law in SEM2DPACK (Ampuero, 2008), a 2D
spectral element code for seismic wave propagation and earthquake dynamics. The spectral element
method is a high order spatial discretization technique that inherits the geometrical flexibility of
the finite element method and the accuracy of spectral methods. The practical implementation is
analogous to that of any explicit mass-lumped finite element method.
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We consider a planar fault governed by linear slip weakening friction, u (D) = max [png, ps — (us — pg) D/ D¢, withpg = 0.6and py =

O.1. The initial conditions are defined by the angle W between the maximum principal stress and the fault plane, and by the strength excess parameter S —
(opns — 10)/ (10 — opg). We show two cases ¥ = 14° and ¢ = 569, both with S = 1. Initial rupture growth at moderate speed (0.5c g) is
enforced by time weakening. Beyond a critical propagation distance rupture accelerates and continues to grow spontaneously.

The inverse timescale of damage evolution in the examples is setas C' 3 = 0.25ucg /(oc(pns — pg) D) and the plasticity parameter is C'yy = p
(x = 0.5). Increasing C'; increases the amount and extent of damage, and requires increasing C',, to avoid loss of convexity.

Slip is normalized by D ., distancesby L. = uD¢/o(pus — pq),stressesby o(pusp g).timeby L /c g, velocitiesby cgo (s — pg)/ 1.
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We consider now a fault governed by a rate and state dependent friction law, with strong velocity weakening at high slip rates (o< 1 / V'), and regularization by a
direct effect [Ampuero and Ben-Zion, 2008]:

e G , VvV — 6
pf = Hq — + and 0 =
14+ V/Ve 1+ 6/Ve D¢ /Ve

Slip-weakening and velocity-weakening are limit cases (high and low V., respectively). The example shown below has strong velocity-weakening, and results in
sustained pulse-like rupture. Rupture is triggered by a slightly overstressed patch.
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e \We have succesfully implemented a continuum damage rheology in a 2D spectral element code, to explore the role of off-fault rock damage in earthquake dynamics.

e Slip weakening crack ruptures show self-similar growth of the off-fault damage zone and reduction of peak slip velocity and rupture speed, as also observed in
simulations with Coulomb plasticity. The damaged fault zones have wave speed reduction up to 30%. The damage variable « (a proxy for microcrack density)
decays logarithmically as a function of distance to the fault.

e In velocity-weakening pulses, the extent of off-fault damage is more limited if the pulse is steady, but grows if the pulse is a self-similar one. Due to their higher
susceptibility to small scale perturbations, pulses are more clearly affected by the feedback with off-fault damage.

e The scope was here limited to moderate damage (before loss of convexity). Further extension through an additional plastic mechanism will allow to unravel
stronger effects. Interestingly, in simulations that reached loss of convexity, failure was preceded by detachment of a daughter pulse from the main rupture front,
reminiscent of a wrinkle-like pulse detachment mechanism operating in bimaterial faults. Actually, dynamic damage generates locally a bimaterial interface.



