
Dynamic rupture models provide a critical link between earthquake physics, 
velocity structures, and ground motion. This physics-based simulation approach 
is particularly valuable to assess potential near-fault broadband ground motions 
affected by a specific type of fault in a critical area of interest, but poorly 
represented in empirical datasets. However, such applications suffer from 
significant uncertainties associated with pre-event assumptions, notably for the 
initial stress conditions. These are partially inherited from earlier surrounding 
earthquakes, meaning that the variability inherent to rupture processes and 
resulting ground motions may depend on the earthquake sequence history. The 
consideration of the stress and strength evolution over rupture sequences help 
constrain the state of stress and strength just before a new event. To address 
this issue, we propose to simulate dynamic rupture and high-frequency (up to 3 
Hz) ground motion over earthquake cycles that consider temporally evolving 
stress and strength heterogeneities. Earthquake cycles on a structurally rough 
strike-slip fault governed by rate- and state- friction with off-fault damage will be 
simulated. Key output ground motion metrics (e.g., spectral accelerations as 
functions of rupture distances and periods) will be validated against empirical 
ground-motion models (GMMs) over earthquake cycles. Technically, different 
phases of an earthquake cycle such as dynamic ruptures and interseismic 
phases will be computed with individual, but interconnected software modules. A 
python-based coupling infrastructure will be developed to facilitate 
communications and resource allocation between modules. This distinct 
approach will provide a pathway to study ground motion in light of fault system 
evolution, which permits a comprehensive comparison of what characteristics 
are persistent and which evolve, and on what timescales. We intend to (1) 
define external two-way data flows that interface with the various existing 
modules without changing their internal configurations and (2) develop the 
potential for on-demand generation of datasets that can be validated against 
hazard-targeted observations such as fault displacements or ground shaking. In 
addition, this work bridges a gap between the SEAS TAG and the Dynamic 
Rupture Verification and Validation groups and contributes to validating a new 
physics-based simulation ecosystem that aims to improve and quantify 
uncertainties in seismic hazard analysis.
 

Abstract How would stress heterogeneity evolve and matter? Ground motion over earthquake cycles: an example 
with EQquasi and SORD

Figure 1: A Mw 7 strike-slip earthquake dynamic rupture on a geometrically rough fault governed 
by rate- and state- friction with strong rate weakening. The shear and normal stresses change 
rather heterogeneously and significantly before and after the earthquake. 

The heterogeneity is necessary to generate ground motion characteristics comparable to 
empirical ground motion equations derived from observations.

To answer the questions, it is helpful to consider ground motion over earthquake cycle 
timescales. Stresses and heterogeneities will evolve in a physically self-consistent 
manner and their effect on ground motion variability could thus be quantified.   

A decentralised approach that treats different phases of an earthquake cycle as 
individual computing modules can help. An earthquake cycle involves physical 
processes operating at different temporal and spatial scales, which may correspond to 
numerical challenges that can be more efficiently addressed with different techniques 
and computing resources. 

For example, ground motion simulations require fine time step and large volumes for 
wave propagation where explicit time stepping helps avoid solving the huge system of 
equations. On the other hand, for the interseismic phase where inertia is negligible, 
solving the system of equations implicitly is inevitable. However, we may choose 
different volume sizes, resolutions, computing resources, or even methods/codes for the 
two phases. Below is such a demonstration with two different numerical methods and 
codes EQquasi and SORD.

A decentralised approach for earthquake cycle

Figure 4: Coupling framework and pathways for integrating interseismic cycle simulations into 
dynamic rupture and ground motion simulations. Traditional dynamic rupture simulations rely on 
rule-based initial conditions (dashed arrows). The two-way coupling between the rupture phase 
generating seismic waves and the interseismic cycle phase is schematized. 

Evolution of ground motion characteristics over earthquake cycle timescales
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Figure 2: Shear to normal 
stress ratio distributions before 
and after the earthquake 
rupture. We assumed 
horizontally homogeneous and 
depth-dependent regional initial 
stress condition and project the 
stress tensor onto the 
self-similar rough fault surface, 
which is a common practice in 
the dynamic rupture modeling 
community. 

The distinct difference between 
the before- and after-event 
shear to normal stress ratio 
distribution raises important 
questions. Would our 
assumption on initial stress 
condition have been valid? How 
would stress heterogeneity 
evolve and to what extent does 
it matter to ground motion?

Figure 3: A conceptual diagram for the approach that uses a finite-element method 
EQquasi and a finite-difference method SORD.

Heterogeneity required by ground motions

Objectives: 
1. Test the coupling infrastructure with EQquasi and SORD on a planer fault. 
2. Simulate earthquake cycles with high frequency deterministic ground motions on a 

geometrically rough fault. 

Recent developments:
1. netCDF is adopted as the format for I/O given its self-describing and 

machine-independent features, and wide support by python and open-source 
packages such as Xarray for data manipulation and visualization. 

2. The coupling infrastructure will be written in Python. Three basic utilities 
(create.newcase, case.setup, and case.submit) are developed to create, setup, and 
run a case on any HPC systems. It is developed in the spirit of Common 
Infrastructure for Modeling the Earth (CIME), which is the pillar stone of the 
well-developed climate model (CESM).  

3. Additional utilities will be developed to facilitate the conversion of coupler files 
between computing modules, allocate computing resources, streamline the 
computing process, and pre- and post-processing. 

4. Commonly used input ingredients in dynamic ruptures such as fault geometries, 
friction laws, rock rheologies, velocity structures, etc. will be made components and 
could be chosen in any combination. This scheme will enable us to quantity their 
contributions to the ground motion variability.  

5. The approach is intended to be code/method independent, expandable, and to 
provide on-demand output and validation against available observables/models. 

Code readiness:
EQquasi and SORD are available through GitHub. The coupling infrastructure ESCI is 
still under development but will be available through GitHub repository 
https://github.com/dunyuliu/ESCI.

Recent progress
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