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Plastic deformation
We simulate the Mw 6.4 Searles Valley foreshock and the Mw 7.1 Ridgecrest mainshock in a joint 
dynamic rupture model. Thus, the mainshock accounts for the stress transfer due to the 
foreshock (Taufiqurrahman et al., preprint 2022). Both events are dominantly strike-slip events 
and ruptured a multi-scale network of orthogonal faults (e.g., Ross et al., 2019). Here, we 
compare dynamic rupture foreshock-mainshock models with and without a pre-existing fault 
damage zone.

Dynamic rupture model ingredients: 
● Complex 3D fault geometry
● High-resolution topography
● 3D stress model
● Off-fault plasticity

 
● 3D velocity structure
● Fast velocity-weakening rate-and-state friction
● Viscoelastic attenuation

Figure 1. Accumulated fault 
slip, station distribution, and 
wavefield snapshot of the 
Mw 7.1 mainshock of the 
dynamic rupture reference 
model without a fault zone 
(for details see 
Taufiqurrahman et al., 
preprint 2022). 

Integrating a low-velocity fault damage zone

Conclusions

Outlook

Why studying fault zone effects in dynamic rupture simulations? 
● Sharp velocity contrasts due to fault zones generate head waves and trapped waves
● Fault zone waves induce stress perturbations back on the fault plane, which can lead to 

pulse-like rupture and supershear (Huang et al., 2014; Pelties et al., 2015)
● Strong amplification of ground motions above fault zones

Figure 2. Cross section of the complex Ridgecrest fault geometry (black) embedded into the CVM-S4.26 
S-wave velocity model (Lee et al., 2014) complemented by a shallow flower-shape fault zone for dynamic 
rupture modeling of the foreshock and mainshock using SeisSol (www.seissol.org).

Fault damage zone properties based on observations (Qiu et al., 2021):
● Width: 600-1600 m (broader near the free surface)
● 30% velocity reduction up to 4 km depth
● Smooth transition to the 3D background velocity model from 4 to 6 km depth
● Viscoelastic attenuation: Qs = 50 and Qp = 75

Fault zone impact on rupture characteristics

Figure 4. Moment release rates of the reference model (blue, no fault zone) and of the fault zone dynamic 
rupture models (orange) for both large events of the Ridgecrest sequence.

● Accumulated fault slip is slightly increased within the fault zone, but the overall distribution is 
similar to the reference dynamic rupture model without a fault zone

● The fault zone is necessary to reproduce some details, e.g., dynamically triggered shallow slip 
on F4

● The fault zone does not affect the timing of moment release peaks but reduces their 
magnitude due to locally lowered shear modulus

Figure 3. Accumulated slip distribution of the Searles Valley foreshock (left) and the Ridgecrest mainshock (right, 
two perspectives) for the fault zone model (top row) and the reference model (bottom row).

Near-field ground motions

Figure 5. Binned median ground motion parameters (peak horizontal ground velocity and spectral acceleration at 
1 s and 3 s)  depending on distance to rupture. 

● Including a fault damage zone only mildly affects the modeled dynamic rupture 
characteristics of the Searles Valley foreshock and Ridgecrest mainshock but is crucial to 
reproduce some details, e.g., dynamically triggered shallow slip on F4 during the 
mainshock 

● Dynamic rupture healing effects due to trapped waves are less pronounced in our complex 
and observationally constrained (relatively shallow) fault zone model than in simpler 
geometries (Huang et al., 2014; Pelties et al., 2015)

● Wave field effects due to the fault zone heavily impact ground motions in the extreme 
near-field and their spatial distribution even at distances larger than 50 km, highlighting the 
relevance of fault zone complexity for accurate ground motion modeling and seismic 
hazard assessment

● The fault zone impact on ground motions is strongly frequency dependent, which is related 
to the eigenfrequencies of the fault zone

● Simulated ground motion parameters in the extreme near-field ( < 1 km distance to rupture) 
do not match predictions by GMPEs, which could be caused by neglecting non-linear 
effects in the dynamic rupture models or by inaccurate predictions due to data-poorness

● Our computational analysis indicates that large events contribute dominantly to the 
co-seismic generation of rock damage, while small and intermediate events have a smaller 
impact

● Directly above the fault damage zone, median ground motion parameters are amplified by 
20-100%

● Foreshock ground motions and spectral accelerations of higher frequencies (> 0.5 Hz) feature 
larger amplifications since they match the eigenfrequencies of the fault zone

● Median ground motion parameters of the mainshock are reduced due to fault zone shielding 
effects in between 1-10 km distance to the rupture

We use the scalar quantity 𝜼 to analyze the plastic deformation (Ma, 2008; Wollherr et al., 2018), 
which is derived from the plastic strain rate tensor:

Figure 9. Off-fault plastic strain (𝜼) depending on distance to  rupture. 

● Dynamically induced off-fault plastic strain concentrates within a distance of 1-2 km to the 
rupture, which coincides with the observed fault damage zone widths by Qiu et al. (2021) 

● The impact of the pre-existing shallow flower structure fault zone on median co-seismically 
induced plastic strain is weak

● Close to the rupture, the median co-seismic plastic strain induced by the mainshock exceeds 
the foreshock values by nearly an order of magnitude 

We aim to model very high frequencies (> 30 Hz) within the extreme near-field, including 
pre-existing and co-seismic inelastic deformation zones and fault roughness, to analyze the 
rapidly decaying (near-field) source effects.

Figure 10. Unstructured tetrahedral mesh of the Ridgecrest fault system with small scale 
geometrical heterogeneity (roughness) for high-frequency dynamic rupture simulations.

Figure 7. Ratio of fault zone model spectral accelerations for a period of 1 s (SA1s) to reference model SA1s for 
the Searles Valley foreshock (left) and the Ridgecrest mainshock (right). Stars mark epicenters and black lines 
indicate fault traces.

Figure 8. Ratio of fault zone model spectral accelerations for a period of 3 s (SA3s) to reference model SA3s for 
the Searles Valley foreshock (left) and the Ridgecrest mainshock (right). Stars mark epicenters and black lines 
indicate fault traces.

● The fault zone impact is not limited to the direct vicinity of the fault system but still widely 
affects ground motions at distances of more than 50 km to the rupturing faults

● (De-) amplification patterns are highly heterogeneous and depend strongly on the regarded 
frequencies
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Figure 6. Binned median peak horizontal ground 
velocities compared to predictions from GMPEs 
(Boore and Atkinson, 2008). 

● We find strong discrepancies between 
simulated ground motion parameters and 
predictions by GMPEs in the extreme near 
field (< 1 km distance to rupture)
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