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Related SCEC Science Priorities

4a. Determine the relative roles of fault geometry, heterogeneous frictional resistance,
crustal material heterogeneities, intrinsic attenuation, near-surface nonlinearities and
ground surface topography in controlling ground motions.

le. Evaluate how the stress transfer among fault segments depends on time, at which
levels it can be approximated by quasi-static and dynamic elastic mechanisms, and to
what degree inelastic processes contribute to stress evolution.

2e Describe how fault complexity and inelastic deformation interact to determine the
probability of rupture propagation through structural complexities, and determine how
model-based hypotheses about these interactions can be tested by the observations of
accumulated slip and paleoseismic chronologies.



Background and Motivation

Earthquakes that rupture up to the Earth’s surface pose significant threats to populations in
Southern California and beyond. Unfortunately, modeling the dynamics of a shallow fault can be
more challenging than modeling their more deeply buried counterparts. For the former case, one
must consider the asymmetry between the hanging wall and footwall, and a half-space mechanical
model is needed instead of a full-space model. The analytical solution of a half-space model is
usually harder to obtain than a full space model; therefore, most early theoretical source models
adopted a full-space condition (e.g., Eshelby, 1957; Brune, 1970; Madariaga, 1976; Das and Aki,
1977). As numerical methods rapidly developed, simulating a fault rupture in half-space is no
longer as difficult, and now it has become a common practice to include the traction-free earth
surface (the free surface) in earthquake simulations (e.g. Oglesby et al., 1998; Zhang and Chen,
2006; Ma and Beroza, 2008; Hok and Fukuyama, 2011; Kozdon and Dunham, 2013;
Kyriakopoulos et al., 2017; Ulloa and Lozos, 2018; Harris et al., 2018; Ulrich et al., 2019; Wollherr
et al., 2019; Wang et al., 2019). These models have shown, among other conclusions, that when
symmetry with respect to the free surface is broken, thrust fault slip and ground motion can be
amplified with respect to otherwise-equivalent normal faults, and hanging wall motion is typically
larger than footwall motion. However, our quantitative understanding on how the free surface
affects earthquake rupture is still incomplete. At present, many researchers still heavily rely on the
relations and intuitions obtained in full space models to design experiments and interpret the results.

Recent numerical studies have implied that an analysis based on intuition from full space models
might lead to misleading conclusions when applied to interpret a half space model result. For
example, it is well known that in a full space with a symmetric fault, the level of absolute stress
and friction has no effect on earthquake dynamics; it is the drop in stress that matters (e.g.,
Eshelby, 1957; Kostrov, 1974; Das and Aki, 1977). However, Scala et al. (2018) show that the
absolute friction level could control the dynamic rupture behavior for a shallow-buried thrust
fault model, where there is feedback between normal and shear stresses (e.g., Brune 1996,
Nielsen, 1998, Oglesby et al., 1998, Gabuchian et al., 2014). These numerical and laboratory
results highlight the need for further quantitative investigations of the free surface interaction
with dynamic rupture. In our SCEC funded research from 2021, we carry out a parameter study
to accomplish this goal. In particular, we help to explain the role of absolute friction level in
affecting rupture behaviors, particularly in the shallow part of the crust where the Earth’s free
surface may have a controlling role.

Methods and Results

Our goal is to construct 2D Finite Element dynamic rupture models (Barall, 2009) at different
levels of initial stress and frictional coefficient, but otherwise identical. We hold the relative fault
strength and the static stress drop (as estimated prior to the earthquake) constant between the
models:

We perform dynamic rupture simulations of a thrust fault with identical settings but with two
adjustable parameters (see cartoon model in Figure 1 and parameters in Table 1): 1. Burial depth
(H=0 km [surface rupturing], 9 km, or 120 km); 2. Absolute friction coefficient coupled with stress
level (high and low). All models have the same expected shear stress drop of 1.83 MPa and the
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under the assumption that the normal stress 0;,0;-mq; Stays unchanged from its initial value (such
as would be expected for a deeply buried fault).

Table 1. Physical and Computational Parameters

Common Parameters

Ve 6000 m/s
Vs 3464 m/s

P 2670 kg/m?
S 2.685

Ao 1.8312 MPa
do 0.6 m
Triangular grid size 200 m

High Friction+Stress Parameters

70 15 MPa
On 24 MPa
MUstatic 0.8299
Usliding 0.5487
Low Friction+Stress Parameters
70 3.1808 MPa
On 13.496 MPa
Mstatic 0.6
MUsliding 0.1

The resulting fault slips are shown in Figure 2. Our results imply that when the thrust fault is buried
deeply, the absolute friction and stress level have no influence on the final slip as long as the stress
drop and S are the same, as expected from full-space models from before. However, as the thrust
fault approaches the free surface, the high absolute friction/stress models have larger slip than the
otherwise equivalent lower friction/lower stress models.



Figure 1. Fault geometries tested, each under the effects of either low stress/low friction or high stress/high friction.
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Figure 2. (left panel) Slip for faults that intersect the surface. High friction and high stress drop produce higher fault
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buried only 9 km from the free surface also exhibit higher slip in the high friction/high stress case, but faults buried
120 km have no difference between the two cases of stress and friction.

We find that the depth-dependent effect of absolute fault stress and friction is related to the
differences in stress drop between the different models. As shown in Figure 3, surface-rupturing
faults with high friction and absolute stress have higher static stress drops than faults with lower
friction and absolute stress. Shallow buried faults also display this effect to a somewhat lesser
degree, and deeply buried faults do not display this effect.
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Figure 3. (left panel) final static stress drop along dip for surface-rupturing faults. (right panel) final static stress
drop along dip for buried faults. Faults that approach the surface have higher static stress drop in cases with high
friction and stress compared to otherwise equivalent cases with low friction and stress. Deeply buried faults do not
show this effect.

The reason for the depth-dependent nature of the effect of absolute friction and stress lies in the
feedback between slip, normal stress, and shear stress. Figure 4 shows the perturbations of
normal stress and shear stress for surface-rupturing faults, in both the high friction/high stress
case and the low friction/low stress case. Both faults experience perturbations in normal stress,
but in the case high-friction/high stress case, a higher coefficient of friction means that there is a
greater perturbation in shear stress (due to the normal stress perturbation being multiplied by a
larger number) compared to the low-friction/low stress case. Thus, there is a higher stress drop in
the high friction/high stress case, which in turn induces more slip, which feeds back into yet
more normal and shear stress perturbation. For deeply buried faults, there is no normal stress
perturbation, so the previously described effect does not exist; high friction/high stress and low
friction/low stress models give identical results.
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Figure 4. (left panel) normal stress perturbation as a function of slip for surface-rupturing faults. Note that there is
slightly more normal stress perturbation in the high-friction/high stress case. (right panel) shear stress perturbation
for same models as in left panel. Multiplying the normal stress perturbation by a higher coefficient of friction gives a
larger shear stress perturbation, resulting in more slip for the high-friction/high stress model.

Our results imply that even if the normal stress perturbation in a thrust fault is a small percentage
of the ambient stress, a high frictional coefficient may render it an important effect in
determining the dynamics of the system. This effect may also have implications for other fault
systems in which normal stress perturbations feed back into shear stress perturbations, such as
stepovers, bends, and branches.
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