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2009 SCEC Progress Report:  Continued Quasi-Static Finite Element Simulations of 
Multiple Earthquake Cycles on the San Andreas Fault Using Realistic Fault Geometry 
 
Charles A. Williams, GNS Science, New Zealand 
 
Introduction 

The primary goals of this project were to simulate multiple earthquake cycles on the San 
Andreas fault system using realistic fault geometry, realistic elastic properties, and complex 
rheologies. The ultimate goal of this work is to develop models capable of representing the 
complex interactions of faults in southern California over time scales extending from days or 
months to thousands of years. By using realistic geometries, rheologies, and boundary 
conditions, such models can be used to infer fault properties and bulk rheological parameters, 
and may also be used to investigate earthquake statistics. In our previous work, much of our 
effort was devoted to improving the mesh quality and streamlining the workflow to get from the 
geometry defined by the SCEC Community Fault Model (CFM) to simulations using PyLith. 
While we will continue to try to improve the mesh quality, the workflow issues have largely 
been resolved, and we are presently focusing on improving the runtime of our simulations, even 
when working with a suboptimal mesh. This work is ongoing as part of PyLith development. At 
present, the runtimes are reasonable for linear models, but we still need to improve the 
performance for nonlinear models (power-law viscoelasticity and Drucker-Prager 
elastoplasticity). 

Our linear simulations presently cover 3000 years of simulated earthquakes. Our previous 
simulations were restricted to a few hundred years because of excessive runtimes. Our linear 
models include four rheologies: a homogeneous elastic model; a heterogeneous elastic model 
using properties from the SCEC Community Velocity Model (CVM-H); a Maxwell viscoelastic 
model, again using elastic properties from CVM-H; and a generalized Maxwell model (two 
Maxwell models in parallel). We have begun running simulations using power-law viscoelastic 
rheologies, and at present they are restricted to a few hundred years. As we further optimize 
PyLith, we expect to be able to simulate the same time scales that we presently simulate with our 
linear models. We have also just included Drucker-Prager elastoplasticity into PyLith, and we 
will now be able to begin examining the effects of brittle failure on the predicted deformation 
field. We have also just included an initial implementation of fault friction in PyLith. This will 
allow us to begin creating more realistic simulations, where the earthquakes occur as a result of 
fault frictional behavior rather than being kinematically specified. Finally, the recent addition of 
finite strain computation abilities to PyLith will allow us to properly model deformation over 
thousands of years. This will also allow us to properly simulate gravitational effects, which will 
be important when using pressure-dependent rheologies (e.g., elastoplasticity). 

For all of our current and future work, we plan to continue using modified versions of the same 
mesh, which included 55 of the major faults from the CFM. Although we plan to improve the 
quality of this mesh, we do not anticipate creating a new mesh, which will reduce the amount of 
work required for future calculations.  
 
Meshing and Optimization 

We have used the LaGriT mesh generation package [http://lagrit.lanl.gov] to create the meshes 
needed for our numerical modeling. To perform the modeling itself, we are using the PyLith 
finite element code [http://www.geodynamics.org], which is an outgrowth of previous SCEC-
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Figure 1. Effects of elastic material inhomogeneity on predicted surface deformation field. Shear modulus 
values determined from CVM-H are shown at upper left. At upper right is plotted the predicted surface 
deformation for an 1857-type event assuming homogeneous material properties. At lower left the same results 
assuming CVM-H properties are shown. The differences between the two models are shown at lower right. 

funded work and is still under active development. In previous SCEC-funded work we have 
refined our workflow to go from geometry provided by the CFM to a mesh suitable for 
numerical computations using PyLith. We have resolved many issues in that work, including the 
determination of the best way of putting faults in the model, devising unambiguous methods of 
representing fault faces, and providing utilities that allow us to create boundary conditions using 
Euler poles. With the workflow now well-defined, we are able to focus on two primary areas:  1) 
Improving the quality of our mesh; and 2) Improving the performance of the code. Both of these 
tasks are related to the problem of improving the runtimes of simulations.  

At present, the task of improving the mesh quality relies primarily on additional processing of 
the mesh using LaGriT to provide better-shaped elements. We are also experimenting with mesh 
reordering, which can provide significant improvements in the speed of the linear solution in 
some cases. Finally, we plan to experiment with exporting the mesh from LaGriT to other 
meshing packages (e.g., Cubit [cubit.sandia.gov]) to see if they are able to provide further 
improvements in mesh quality. The reason that we are still trying to improve mesh quality is that 
the current mesh, although dramatically improved from our initial attempts, still requires a direct 
solution method for the linear solution due to the poor conditioning of the global stiffness matrix. 
This creates an enormous performance penalty in comparison to the iterative methods that would 
otherwise be available to us via PETSc [www.mcs.anl.gov/petsc/petsc-as]. Thus, improving 
mesh quality is the first step in allowing us to perform the full range of desired simulations. 
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In conjunction with improving the mesh quality, much of the current work on PyLith is 
presently devoted to improving the speed with which we can solve the linear system at each 
iteration. We are presently developing a method that allows the solution field to be split between 
the regular solution and the solution arising from the Lagrange multipliers that are used to 
impose fault slip. By splitting the solution in this way, we can use optimal preconditioners for 
each part of the solution, which should dramatically improve runtime. New preconditioners are 
also being developed specifically for PyLith, which will further improve performance. We are 
also beginning to experiment with various options in the PETSc SNES interface, which controls 
the nonlinear solution. By improving performance in both the linear and nonlinear solution, we 
should be able to perform nonlinear simulations (e.g., rheologies including power-law 
viscoelasticity and Drucker-Prager elastoplasticity) in less time than we presently perform our 
linear simulations. Once we have resolved the performance issues, we will be able to begin the 
process of exploring parameter space using many simulations. 
 
Modeling Results 

The purpose of our modeling was to evaluate the effects of different rheologies on simulations 
of multiple earthquake cycles in southern California. To do this, we needed a kinematically 
consistent set of slip values for the various faults. We did this by using the model of Meade and 
Hager [2005] to compute a consistent set of block rotation poles for a subset of the blocks 
defined in their model. The present model consists of 11 blocks, which are bounded by 55 of the 
faults from the CFM. Slip deficit rates are then computed for each fault segment based on the 
rotation poles. We then assign a recurrence time to each fault segment. For faults listed as Type 
A, according to the Working Group on California Earthquake Probabilities [WGCEP, 2008], we 
use the published estimates. This includes the San Andreas, Elsinore, Garlock, and San Jacinto 
faults. For the remainder of the faults, we use a simple relationship where the recurrence time is 
proportional to the average velocity across the fault divided by the fault area. The model is 
purely kinematic, and is driven by velocity boundary conditions applied along the western edge 
of the mesh in combination with coseismic fault slip (above the 15 km locking depth) at the 
specified recurrence intervals for each fault. The coseismic fault slip is assumed to completely 
relieve the accumulated slip deficit over the recurrence interval. The velocities along the western 
boundary are obtained from the Meade and Hager [2005] rotation poles, and the fixed 
displacements on the eastern boundary are a consequence of referencing everything to North 
American plate motion. For all of the viscoelastic models, it is necessary to run the models 
through several earthquake cycles to ‘spin up’ the models. We did this by making sure that the 
models ran long enough to generate more than one earthquake on the fault with the longest 
recurrence time (1500 years). For the elastic models this was unnecessary, and the models were 
only run for a total simulation time of 1500 years. 

We first considered purely elastic models to isolate the effects of elastic material 
inhomogeneities. As part of previously-funded SCEC work, PyLith can directly use the SCEC 
Community Velocity Model (CVM-H, structure.harvard.edu/cvm-h) to obtain elastic properties. 
We performed simulations using a model with homogeneous elastic properties and compared this 
with a solution using properties determined from CVM-H (Figure 1). Our results indicate that 
elastic property variations can significantly affect the predicted deformation field, depending on 
the variation in properties in the vicinity of a seismic event. 

We next considered the effects of Maxwell viscoelastic behavior on the predicted deformation 
field by comparing a simple Maxwell viscoelastic model with the results for an elastic model 
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Figure 2. Effects of Maxwell viscoelastic behavior compared to an elastic model. All models assume elastic 
properties determined from CVM-H. The difference between the elastic and viscoelastic models is shown at 
upper right for an 1857-style event. Significant differences persist for 10 years or more following the event. The 
differences at 10 years following the event are shown at lower right, and the velocity field predicted by the 
viscoelastic model 10 years after the event is shown at lower left. Even though most of the viscous strain is 
concentrated close to the faults (upper left), viscous effects produce a fairly broad zone of velocities that differ 
from the elastic predictions. 

(Figure 2). Both models used elastic properties derived from CVM-H, and the viscoelastic model 
assumed a viscosity of 1020 Pa-s for material in the upper 15 km of the model, and a viscosity of 
1019 Pa-s for material below that depth. For our elastic models, the only contribution to 
deformation in the absence of earthquakes is the far-field velocity boundary conditions, while the 
viscoelastic models include a contribution from viscous flow. We expect this to produce some 
differences, depending on the frequency and magnitude of earthquakes in a given region. Our 
results show that the predictions of the two models are fairly similar in many cases; however, in 
the case of an 1857-style event, there are significant differences that can persist for 10 years or 
more following the earthquake. 

We next considered the effects of including two different time scales for the viscoelastic 
behavior (e.g., transient rheology). We did this by using a generalized Maxwell model (two or 
more Maxwell models in parallel) with two different viscosities. The viscosities used for the first 
Maxwell element were the same as those used in the original Maxwell model. We then added a 
second Maxwell element with viscosities an order of magnitude smaller (1019 and 1018 Pa-s for 
the upper and lower layers, respectively). We then compared the predicted surface deformation 
field with that predicted by the simple Maxwell model (Figure 3). In this case, the two models 
predict virtually identical deformation fields for a simulated 1857-style event; however, for 10 
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years or more following the earthquake, there are significant differences. The second time scale 
of viscoelastic response therefore has a significant effect on the predicted surface deformation 
field following a large earthquake, which has important implications in the interpretation of 
geodetic observations. 

We have just started investigating the effects of power-law viscoelastic rheology (Figure 4). 
The results shown in Figure 4 are for an earthquake on an offshore fictitious fault that is used to 
make the Meade and Hager [2005] model kinematically consistent. For the particular example 
examined here, there is very little difference in the predicted surface velocity field between the 
two models. We plan to explore a range of earthquake magnitudes and different viscoelastic 
parameter values to determine the extent to which power-law behavior can be approximated with 
a linear viscoelastic model. 

 
Presentation and Dissemination of Results 

We have presented the results of our modeling work and code development at the 2009 SCEC 
Annual Meeting [Aagaard et al., 2009; Williams et al., 2009a] and we have described our code 
development work at the AGU Fall Meeting [Williams et al., 2009b].  In addition, the software 
created specifically for this project is now publicly available in both LaGriT 

Figure 3.  Comparison of results for Maxwell and generalized Maxwell models. The predicted displacement 
field for a simulated 1857-style event assuming a generalized Maxwell model is shown at upper right. The 
computed velocity field for a time step that includes this event is virtually identical to that produced by a simple 
Maxwell model, as shown by the computed difference at lower left. Following the event, however, the two 
models predict significantly different velocity fields, as shown by the computed differences at lower right. At 
upper left, the computed viscous strain for the second Maxwell element is shown. The viscous strain in this case 
is more diffuse than when a single Maxwell element is used (compare to Figure 2). 
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Figure 4. Comparison of generalized Maxwell model (top) with power-law model (bottom). Left figures show 
predicted surface velocities during a simulated earthquake and right figures show the predicted surface velocities 
10 years later. For this particular case, there is not much difference between the two models. We will need to 
explore a range of earthquake magnitudes and viscoelastic parameters to determine whether power-law behavior 
can be adequately simulated with multiple linear viscoelastic models in parallel. 

[http://lagrit.lanl.gov] and as part of the PyLith package [http://www.geodynamics.org].  Some of 
the software additions for this project were presented at the CFEM workshop in Golden, CO, in 
June of 2009. More recent additions, such as Drucker-Prager elastoplasticity, fault friction, and 
finite strain, will be discussed and demonstrated at the next CFEM workshop (Golden, CO, in 
June of 2010). We plan to begin exploring parameter space for both linear and nonlinear 
rheologies. These results will be presented at the 2010 SCEC Annual Meeting. 
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