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Summary 

The overarching goal of this continuing project is to understand the interactions between dynamic rupture 

processes and the structural evolution of damaged fault zones over long time scales. This year’s work 

extended our previous findings, which were based on quasi-dynamic modeling, by developing fully 

dynamic models that include wave propagation effects. Our new results confirm that pre-existing 

damaged fault zones affect earthquake rupture persistently over multiple earthquake cycles. In particular, 

they lead to multiple pulse-like ruptures and back-propagating fronts. With dynamic modeling we can 

now determine how these complex rupture patterns can be identified in observational and laboratory 

studies. 

Background  

Mature faults are surrounded by a damaged zone, characterized in geological observations by distributed 

fractures and micro-cracks (e.g. Mitchell and Faulkner, 2009; Savage and Brodsky, 2011) and in 

geophysical studies by low velocity or compliant fault zones (LVFZ, e.g. Huang and Ampuero, 2011; Yang, 

2015). Our previous studies show how a LVFZ can affect rupture dynamics substantially (Huang and 

Ampuero, 2011; Huang et al., 2014, 2016; Pelties et al., 2014; Perrin et al., 2016). Fault zone reflected, 

head and trapped waves can interact with the rupture to promote pulse-like rupture, premature rupture 

arrest, periodic modulation of slip rate, periodic patterns of off-fault damage, transition to supershear 

rupture at relatively low background stress, and steady rupture at speeds that are theoretically 

unexpected in homogeneous media. We have also related these model predictions to seismological and 

geological observations. We have found evidence for unexpected rupture speeds in earthquakes occurring 

within LVFZs in Big Bear, southern California (Huang et al, 2016). We have proposed that LVFZ effects 

contribute to an observed tendency of earthquakes to propagate faster in the direction of increasing fault 

maturity (Perrin et al, 2016) and to the steady propagation of the M7.5 2018 Palu, Indonesia earthquake 

at a supershear speed of 4.1 km/s, slower than Eshelby’s speed √2𝑣𝑆 (Bao et al., 2019; Oral et al., 2020). 

The latter is an unstable speed in homogeneous media but, in the presence of a LVFZ with 30% damage, 

it could be a supershear rupture running at the P-wave speed, which is stable (Oral et al., 2020; Bao et al., 

2019; Huang et al., 2014, 2016). 

Last year (SCEC grant 18096) we made the following main findings based on quasi-dynamic earthquake 

cycle simulations on fault zones with varying degrees of damage and thickness (Idini and Ampuero, 2019). 

Pulse-like ruptures appear in a highly compliant fault zone after the rupture has grown larger than the 

fault zone thickness. Over a wide range of fault zone properties, fault-zone effects produce pulse-like 

ruptures with shorter rise-times than ruptures in an intact homogeneous medium (Figure 1). Complex 

rupture patterns, involving back-propagating secondary fronts that emerge from the primary rupture 

front and propagate in the opposite direction, persist over multiple earthquake cycles. The most 
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interesting behavior was found for levels of damage somewhat higher than those typically reported from 

natural fault zones.  

 

 

 

 

 

 

Figure 1. Space-time distribution of 

slip (top) and slip rate (bottom) in 

the characteristic event of quasi-

dynamic earthquake cycle models 

assuming (a) an intact 

homogeneous medium with 

Lvw/Lnuc = 10 (ratio of fault length 

to nucleation size), (b) a LVFZ with 

damage level Δ = 0.9 and thickness 

h = Lvw/80. 

 

Project goal and plan 

The goal of Year 2 was to test if the main findings of Year 1 persist in fully-dynamic earthquake cycle 

models that account for wave propagation. In particular, we hypothesized that, thanks to dynamic wave 

effects, the complex slip patterns would emerge at lower (perhaps more realistic) damage levels. 

The planned activities were: 

1. Optimize our fully dynamic earthquake cycle spectral element code  

2. Verify if pulse‐like rupture and back‐propagating secondary fronts are persistently 

promoted in fully‐dynamic simulations 

3. Analyze seismologically‐observable source parameters like rupture speed 

4. Participate again in SCEC’s SEAS code verification exercises 
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The proposed work was conducted by Joseph Flores (master’s student, Geoazur) with support from 

Benjamin Idini (graduate student, Caltech) and Elif Oral (postdoc, Geoazur), under the supervision of PI 

Ampuero. The project benefitted from Benjamin Idini’s visit to Geoazur and Elif Oral’s visit to Caltech, 

during which she attended the SCEC meeting. A manuscript containing the Year 1 results was completed 

and submitted (Idini and Ampuero, 2019).  

 

Results  

We optimized the spectral element method for fully-dynamic earthquake cycles developed in Kaneko et 

al (2011). The cycle code is a version of our open-source Matlab code SEMLAB, available at 

https://github.com/jpampuero/semlab. We implemented the following optimizations: pre-compute a 

sparse stiffness matrix instead of computing and assembling internal forces on-the-fly, pre-condition the 

conjugate gradient solver by incomplete Cholesky factorization, improved second-order first-guess for the 

conjugate gradient solver. These optimizations provided an order-of-magnitude speedup of the code 

and good scalability owing to a limited number of conjugate gradient iterations. The speedup achieved 

made each computation affordable within reasonable time, about 1 day for about 10 cycles in cases with 

high damage and large ratio of fault length to nucleation size. 

 

 

Figure 2. Left: Space-time distribution of slip velocity of characteristic earthquakes in 3 fully-dynamic earthquake 

cycle simulations with LVFZs of different damage levels (60%, 80% and 90%). The LVFZ thickness (2h) is 1/40 the size 

of the fault (Lvw). The ripples observed in the three cases are the result of rupture complexity involving multiple 

simultaneous pulses and back-propagating pulses. The ratio of rise time (average among all pulses) to rupture 

duration is reported at the bottom. Right: For reference, the parameter values of these fully-dynamic simulations 

are reported in a figure summarizing the ratio of rise time to rupture duration in the quasi-dynamic simulations by 

Idini and Ampuero (2019).   

https://github.com/jpampuero/semlab
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We found that LVFZs induce complex rupture patterns persistently in fully‐dynamic earthquake cycle 

models, with realistic levels of damage. We conducted a set of simulations with different damage values 

and fixed fault zone thickness. The ratio of fault length to nucleation length was chosen as large as possible 

while keeping the computational time reasonable. Representative results from three simulations are 

shown in Figure 2. We observed multi-pulse ruptures and back‐propagating secondary fronts. These 

features are qualitatively similar to those found in our quasi-dynamic simulations of Year 1, but rise times 

are shorter and simultaneous pulses are more numerous and more closely spaced. Interestingly, the levels 

of damage that lead to complex slip patterns are lower than in quasi-dynamic models, and closer to the 

range of damage values reported for natural fault zones.  

Work still in progress includes the analysis of effects of complex slip patterns induced by LVFZ on source 

properties that can be observed seismologically, such as moment rate spectra and rupture speed. The 

possible effects of LVFZ on the characteristic size of Low Frequency Earthquakes will be assessed. Also, an 

inplane version of the code is implemented and will be used to study the persistence of unexpected 

supershear ruptures across earthquake cycles (Oral et al., 2020; Bao et al., 2019). 

In addition, we contributed to the SCEC project “Advancing Simulations of Sequences of Earthquakes and 

Aseismic Slip (SEAS)” led by Brittany Erickson and Junle Jiang. We participated in the workshop, online 

discussions and earthquake-cycle verification exercise with our boundary element method code QDYN 

(https://github.com/ydluo/qdyn/). We note that the fully-dynamic code SEMLAB was already verified in 

Kaneko et al (2011) by comparison to the spectral boundary integral method of Nadia Lapusta’s group.  
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