
1

2004 SCEC Annual Report

Project Title: Multi-Cycle Dynamics of Non-Planar Faults
Principal Investigators:  David D. Oglesby and Guanshui Xu
Institution:  University of California, Riverside

In the past year, we have made considerable progress on our long-term project to model
the dynamics of geometrically complex fault systems over many earthquake cycles.  Our goal
was to model the dynamics of a nonplanar strike-slip fault, and to determine if the geometrical
discontinuity served as a nucleation point and/or
barrier for rupture, and to study how the fault
geometry affects the evolution of slip in the long term.
We take as our test case a two-dimensional fault with
a change in strike halfway along strike, as shown in
Figure 1.  The system undergoes simple shear due to
tectonic loading in the right-lateral sense, as shown in
the figure.  We model the long-term dynamics of this
fault system by breaking the earthquake cycle into two
parts:  The interseismic period and the coseismic
period.  We model the interseismic period by
imposing a viscoelasitic loading and relaxation on the
fault system, following the method of Nielsen and
Knopoff [1998].  This viscoelastic material model is
meant to be a proxy for off-fault deformation and
faulting, and serves to keep stresses from becoming pathological near the bend over multiple slip
events.  By assuming pure shear loading and a purely viscoelastic medium (i.e, with no fault
creep or preseismic slipping), we can construct an analytical solution for the shear and normal
stresses on the fault as a function of time.  Our fault is a pre-defined plane of weakness in our
models; when we detect that a critical patch size has exceed its failure shear stress, we stop the
interseismic loading process, and run a dynamic faulting model to capture the coseismic rupture
process.  For this part of the problem we assume a linearly elastic material (over the short time
scale of the earthquake), and we use the ending stresses from the viscoelastic loading/relaxation
process as initial stresses for the dynamic model.  For this part of the problem, we use the 3D
finite element method [Whirley and Engelmann, 1993; Oglesby, 1999].  When the rupture
process completes, we use the residual fault stresses as the initial conditions for another phase of
interseismic loading and relaxation.  In this way, we may run our faulting models for as long a
time period as desired.

Note that the left segment of the fault in Figure 1 is more favorably oriented with respect
to the tectonic loading and thus the regional stress field than is the right segment. Consequently,
the left segment is more favored for rupture than the right segment.  Additionally, one can see by
inspection that slip on the left segment will tend to increase the compressional normal stress on
the right segment in the neighborhood of the bend, while slip on the right segment will tend to
decrease the compressional normal stress on the left segment in the neighborhood of the bend.
These increments in stress have a very important effect on the behavior of this fault system over
multiple slip events.  Figure 2 shows the post-earthquake stress field on our fault system after

Figure 1. Diagram of bent fault
used in multi-cycle
dynamic models.
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each of a sequence of
earthquakes.  Note that over
time, slip near the bend causes
the stress field near the bend
to depart strongly from the
tectonic stress.  However, in
spite of the repeated slip in
this region, the viscoelastic
loading/relaxation method
ensures that stresses do not
become pathological near the
bend; the entire fault tends to
approach a relatively stable
pattern of small events (which
rupture only the left segment)
alternating with larger events
(which rupture all or a part of
the right segment).  Figure 3
shows the fault slip and
displacement of the two sides
of the fault for the events
shown in Figure 2.  This
figure shows even more
clearly the stable event pattern
that forms on this fault
system, and also shows that
the right segment, with its less
favorable orientation with
respect to the tectonic loading,
experiences less slip over time than the left segment.  This slip deficit reflects the fact that more
of its strain is taken up by off-fault deformation during the viscoelastic interseismic period.  We
note that all events (except the very first in the sequence) nucleate just to the left of the fault
bend, where the shear and normal stresses are both at a minimum.  In many events, the fault bend
also serves as a barrier to rupture.

The above results indicate that by introducing a single source of heterogeneity such as a
change in strike to a faulting model, more complexity in the earthquake history can result.  In
this particular case, adding the bend changes the earthquake distribution from being a single
characteristic event (as is present with no bend) to an alternating pattern of three earthquake
sizes.  As fault complexity is increased, we speculate that the event pattern may also become
increasingly complex, and may start to lose any perceptible pattern.

A second aspect of our long-term faulting models that we have investigated is the
nucleation process.  While in the above studies the nucleation is a calculated result of the models,
the nucleation is not modeled with the desired degree of temporal or spatial resolution.
Furthermore, there is no fault creep or preseismic slip in the preceding models.  Therefore, we
have begun a research project to study how fault geometry affects the nucleation process on
geometrically complex faults, with the goal of combining this project with the long-term

Figure 2. Shear (blue) and yield (red) stress after multiple
earthquakes on the bent fault system.  Yield
stress is related through the frictional coefficient
to the normal stress.  A region that slipped in the
previous quake has a yield stress that has
dropped down to the sliding frictional stress.
Note that a stable event pattern forms after a few
earthquakes, where small events that only
rupture the left segment alternate with larger
events that rupture part or all of the right
segment as well.
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dynamic project in the
future.  As a first example
of this research effort, we
have modeled nucleation on
planar dip-slip faults, with
a n  e y e  t o w a r d
characterizing how the
asymmetric geometry of
these faults affect the
nucleation process.  For
computational efficiency
and high resolution, we use
the Variational Boundary
Integral method [Xu et al.,
1995; Zhang et al., 2004].
We start with normal and
thrust faults that are loaded
by a specified slip rate at
their down-dip edge.  Their
properties are identical
except for the direction of
imposed slip at the base.
Snapshots of fault velocity
leading up to the nucleation
of unstable slip (the peak in
slip rate) are shown in
Figure 4.  We see that the
asymmetric fault geometry
has a noticeable effect on
the nucleation process, and this effect is different for the two directions of slip:  The thrust fault
nucleates earlier and farther up-dip than the normal fault, and the normal fault has a greater pre-
seismic slip rate at the surface.  We expect that more complex fault geometry will also have an
important effect on the nucleation process, and this topic is the subject of ongoing research.

Figure 3. Slip and wall displacement in a number of sequential
events on the fault system shown in Figure 2.  The left
edge of the fault is at zero km along strike, and the
bend is at 20 km along strike.  Note that a stable pattern
of alternating small and large events forms after the 9th

event.  Additionally, the fault bend serves as both a
nucleation point and barrier for rupture.
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Figure 4. Curves showing sequential snapshots of slip velocity during the nucleation process on 45°-
dipping normal and thrust faults.  The free surface is on the left of each plot; the down-dip
edge of the fault is on the right.  The down-dip location of the rapidly increasing slip rate
corresponds to the seismic nucleation location.  Note that the thrust fault nucleates slightly
earlier and slightly up-dip compared to the normal fault, and that the normal fault has a
higher pre-seismic slip rate at the surface.  After Zhang et al. [2004].


