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Abstract

The high stress concentration at the front of dynamic rupture in the seismogenic zone is expected to produce brittle rock
damage (reduction of elastic moduli) in the material surrounding the main fault. The damage process and associated
energy absorption can reduce the amplitude of ground motion. However, the generated damage zone with reduced elastic
moduli may behave as a waveguide that can allow more efficient motion propagation. Waves reflected from the boundaries
of the generated damage zone may influence the subsequent rupture properties as previously shown with pre-existing low
velocity zone (e.g. Ben-Zion and Huang, 2002; Huang and 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 changes of normal stress that can change significantly the mode and other properties of ruptures (e.g. Weertman
1980; Andrews and Ben-Zion, 1997; Ampuero and Ben-Zion 2008). Various numerical studies used elasto-plastic rheology to
model off-fault yielding during propagation of dynamic ruptures (e.g. Andrews, 2005; Ben-Zion and Shi, 2005; Templeton
and Rice, 2008; Xu et al., 2012). In this study we include in dynamic rupture simulations a more realistic brittle damage
rheology that incorporates reduction of elastic moduli in off-fault yielding regions (e.g. Lyakhovsky et al., 2011).

We perform a detailed parameter-space study to identify dynamic regimes of ruptures and properties of off-fault damage
produced by different values of damage model parameters, initial stress orientation, shear to normal stress ratio, and
friction coefficients. The initial results for typical strike-slip fault settings show the following features: (i) there is usually
a dynamic change of fault normal stress around the rupture front once damage is generated, leading to correlated changes
of slip rate near the rupture front; (ii) with increasing propagation distance, a crack-like rupture can split into a detached
pulse front and a freely-slipping zone behind, where the region in between with temporally zero slip rate is accompanied
by a tensile change of fault normal stress; (iii) under certain values of friction coefficients, the local slip rate can become
highly oscillatory, perhaps related to a rupture mode associated with a train of pulses; (iv) compared to analogous results
with plasticity, the generated brittle damage zone is more localized around the fault, probably due to damage-related
softening; (v) the dynamic evolution of rupture mode modifies the scaling relation between damage zone thickness and
rupture propagation distance compared to results with plasticity.

1 Model description

1.1 Friction law

The fault along which in-plane dynamic shear ruptures propagate is governed by a linear slip-weakening friction law (SWF),
where the frictional strength linearly decreases with slip from a static level to a dynamic level over a characteristic slip
distance. Normal stress regularization is sometimes added to check the robustness of the numerical results when prominent
normal stress variation across the fault is observed.

1.2 Rheology for off-fault material response

We adopt and simplify the formulation by Lyakhovsky et al. (2011) to describe material response under brittle deformation.
The elastic potential energy per unit mass including the internal damage is expressed as:
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where the elastic strain tensor εeij and damage variable α are treated as state variables (Lyakhovsky et al., 1997). The
first and second elastic strain invariants (in a pseudo 2D plane strain approximation) are: I1 = εexx + εeyy + εezz and I2 =
(εexx)
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2. Here the inclusion of elastic strain component εezz at depth direction can help suppress damage

generation of the tensile type and can further avoid material instability (at which the energy form U loses its convexity) in
the tensile regime. The damage variable α is assumed to affect elastic moduli through the following forms:

λ = λ0,
µ = µ0 + γrξ0α,
γ = γrα.

(2)

where λ0 and µ0 are Lamé parameters for intact rocks and γ is an additional modulus which vanishes under purely elastic
deformation. ξ0 (with a negative value) and γr are material properties related with the onset and the maximum level of rock
damage. A non-linear stress-stain relation can be subsequently derived as:

σij = ρ
∂U

∂εeij
= (λ− γ/ξ)I1δij + (2µ− γξ)εeij. (3)

where δij is the Kronecker delta and ξ = I1/
√
I2 is the ratio of two elastic strain invariants. The evolution equation for the

damage variable is described as:
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where Cd is a model parameter controlling the growing rate of α, the q-term is added to help damp the damage growth near
the critical state where the convexity is lost (see the “buffer zone” in Fig. 1), with Λ quantifying the “distance” of being in a
solid-like state (Λ > 0) from the critical state (Λ = 0). A probability function describing how solid-like a material element is
may be defined as:

P (Λ) =
1

exp(−Λ/β) + 1
(5)

where β is a parameter quantifying the width of the phase transition zone between solid-like and granular-like. Three end-
member cases are: P (Λ/β → +∞) = 1, P (Λ = 0) = 1/2 and P (Λ/β → −∞) = 0. The incremental rate of plastic strain is
proportional to the probability of being granular-like (i.e., 1 − P (Λ)) and is partitioned into different components according
to the deviatoric stress τij:

ε̇pij = Cg [1− P (Λ)] τij (6)

where τij = σij − (1/2)σkk, and Cg is the inverse of an effective viscosity. In practice, we use another parameter R = Cg · µ to
represent the inverse of the characteristic timescale for stress relaxation.

Fig. 1: Schematic diagram showing the path of brittle damage evolution in (a) ξ-α phase space and in (b) stress-strain
space. The damage growth is damped by a “buffer zone” near the critical state (see the grey belt region in (a)), after which
a macroscopic failure occurs associated with a considerable amount of stress drop. The dashed arrows in (b) indicate the
possible unloading path after the accumulation of damage, with or without reaching the ultimate stress level.

2 Results

2.1 Reference case

Fig. 2: Distribution of effective shear modulus (left) and damage variable (right) for a reference case with q = 0.5, R =
50, fd = 0.1, fs = 0.6. The angle Ψ between the background maximum compressive stress and the fault is fixed at 45o. The
relative strength parameter S = (τs − τ0)/(τ0 − τd) is set at 2.125, with τs and τd being the static and dynamic frictional
strength respectively under constant normal stress, and τ0 being the initial shear stress. Compared to the yielding zone
thickness to rupture length ratio T/L ≈ 0.08 with plasticity under similar conditions (Xu et al., 2012), the generated result
with off-fault brittle damage is much more localized (T/L ≈ 0.009).

2.2 Effect of damage model parameters

Fig. 3: Evolution of state variables sampled at X = 89, Y = −0.02 for cases with different values of R and/or q: (a) in ξ-α
phase space and (b) as a function of time. The damping parameter q (in eq. 4) controls the maximum level of damage a
deformed material element can reach while the parameter R (in eq. 6) primarily affects the stress relaxation around or after
the macroscopic failure.

Fig. 4: Variation of damage variable along (a) fault strike and (b) fault normal direction for cases with different values of R
and/or q. Reducing the damping effect (with a decreased value of q) can produce a relatively uniform damage distribution
(remaining a constant intensity) near the fault.

2.3 A detached pulse front and influence of friction coefficient

Fig. 5: (a) Damage distribution for a rupture case with fd = 0.1 over a large propagation distance. (b)-(d) slip rate, shear
and normal stress changes across the fault for the case shown in (a). With the increase of rupture propagation distance
(compared to Fig. 2), a crack-like rupture under SWF can evolve to a rupture mode with a detached pulse front from the
remaining freely-slipping zone, due to the build-up of dynamic normal stress change resulted by damage.

Fig. 6: Damage distribution for a rupture case with fd = 0.4. Compared to Fig. 5, the average damage zone thickness is
significantly reduced with the increase of fd, due to the increased energy partition for frictional heat.

Fig. 7: (a) Slip rate, shear and normal stress changes along the entire fault and (b) around the rupture front for the shown
case in Fig. 6. A train of multiple pulses primarily behind the nominal rupture front is observed, possibly produced by
reflected waves within the generated damage zone.

3 Conclusion

See the second paragraph of the abstract.


