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Abstract

The Sierra Madre — Cucamonga fault system at the northern edge of the Los Angeles
Basin, accommodates an important component of convergent motion across the southern
Transverse Ranges and poses a significant seismic threat to metropolitan Los Angeles. In this
project we modeled the same two M,, 7.7 scenario earthquakes (reported in 08HQGRO0013)
by incorporating the non-planar dipping fault geometry from the SCEC community fault
model and 3D crustal velocity structure from the SCEC Community Velocity Model. The
model setup is identical to the elastic simulations except that we included the inelastic off-
fault response by using a Drucker-Prager yield criterion. The inelastic simulations assuming
a relatively low cohesion value of 5 MPa show that the ground motions are slightly reduced
by the inelastic response with the larger reduction near the fault. We found the nearly same
ground motion patterns: the near-fault ground motion reaches up to 7 m/s on the hanging
wall and ground motion in the Los Angeles basin can be as large as 3 m/s due to the basin-
channeling effects. Both the up-dip and along-strike rupture directivity are not strong, similar
to the previous elastic simulations. These results suggest that the fault geometry and 3D
velocity structure play a more important role in determining ground motions than the
inelastic off-fault deformation.

Publications resulting from this grant include:
Ma, S. and S. M. Day (2010), Dynamic modeling of Mw 7.0 or larger earthquakes on the

Sierra Madre — Cucamonga fault system in Los Angeles: Effects of inelastic off-fault
response, Seism. Res. Lett., 81, 320.



Dynamic Modeling of M,, 7.0 Earthquakes on the Sierra Madre — Cucamonga Fault
System and Its Implications for Strong Ground Motions in Greater Los Angeles:
Effects of Inelastic Off-Fault Response

In a previously funded project (08HQGRO0013) we quantified the seismic hazard posed by
the Sierra Madre — Cucamonga fault system (Figure 1) by carrying out elastic simulations for
two My 7.7 scenario earthquakes using a finite-element method. We incorporated the non-
planar geometry of the fault system (Figure 2) from the SCEC Community Fault Model
(Plesch et al., 2007) and the 3D heterogeneous velocity structure from the SCEC Community
Velocity Model 4.0 (Magistrale et al., 2000). The simulations used about 1.2 billion finite
elements and ground motion was simulated up to 0.5 Hz. We found large ground motions
near the fault, where the ground motion on the hanging wall (San Gabriel Mountains) reaches
about 7 m/s. Ground motion in some specific areas of the Los Angeles basin is as large as 3
nm/s. The directivity effect was found not very strong. The peak ground velocity in the basin
is in general less than 1 m/s. We refer the details of results to the report for 0SHQGRO0013.
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Figure 1. Topographic map of southern California. The trace of the Sierra Madre — Cucamonga Fault
system is shown in red. White rectangle shows the area we include in the finite-element simulations.
Major roads in the area are depicted in blue lines.
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Figure 2. Geometry of the Sierra Madre — Cucamonga fault. The black dots are the defining points
for the fault geometry in the SCEC Community Fault Model. A linear interpolation is used to
generate the fault surface mesh.

In an elastic simulation of dynamic rupture on a fault, only tractions on fault (shear and
normal tractions) are important in determining the rupture initiation, propagation, and
healing, thus affecting seismic radiation. The off-fault stresses do not affect the elastic source
process. It has been realized recently, however, that the off-fault stress changes (especially
the fault-parallel stress component) in an elastic simulation are typically much larger, and can
reach an order of magnitude higher, than the change of shear traction on fault (Poliakov et
al., 2002; Rice et al., 2005; Andrews, 2005). Such large off-fault stress changes can create
inelastic off-fault response.

The irrecoverable deformation off the fault due to earthquake ruptures is observed
extensively in geologic records. A fault core, centimeters thick, with extremely fine-grained
ultraclasite is often found in the fault zone of mature strike-slip faults. The core is bordered
by a meters-wide zone of granulated material and, in turn, by hundreds of meters of fractured
rock where the fracture density decreases to the background level (e.g., Chester et al., 1993).

We modeled the inelastic off-fault response in three dimensions for a strike-slip fault
(Ma, 2008; Ma and Andrews, 2010). By using a pressure-dependent Drucker-Prager yield
criterion (Drucker and Prager, 1952) in a depth-dependent stress environment, we
demonstrated the significant effect of depth-dependent yielding. Because the confining
pressure increases with depth, yielding occurs more easily near the surface than at depth. For
low-cohesion materials (= 5 MPa), the inelastic strain confines narrowly to the fault at depth,
but broadens dramatically near the surface, forming a ‘flower-like’ fault structure, which
provides a physical interpretation to the formation of the low-velocity fault zone observed by
fault-zone trapped waves (e.g., Li et al, 1990; Ben-Zion et al., 2003; Vidale and Li, 2003;
Peng and Ben-Zion, 2006; Cochran et al., 2009).

In this project, we focused on the possible effects of inelastic off-fault response on
ground motion estimates obtained by the elastic earthquake simulations on the Sierra Madre
— Cucamonga fault system. The model parameters are identical to the elastic simulations,
except that we allowed the off-fault response to be inelastic when it violates a yield criterion.



We incorporated the Drucker-Prager yield criterion (Drucker and Prager, 1952) in the
finite-element simulations. This criterion is widely used in the rock and soil mechanics to
describe the material failures. Similar to the Mohr-Coulomb yield criterion, yielding in this
criterion also depends on the mean normal stress. The Drucker-Prager yield criterion is given
as follows

T, =4/0.55,5,; ,

T, =-0,,/3sin¢ + ccos¢, and
T, <T), (1)

where s, is the deviatoric stress, 7, relates to the second invariant of deviatoric stress tensor
(0.5s;s;) and is regarded as a measure of the shear stress in the 3D stress state, ¢ is the

cohesion, @ is the internal frictional angle, 7 is the yield stress, and the summation over
repeated indices is assumed. In the principal stress space, the Drucker-Prager yield surface
has the shape of a cone (Figure 3), representing the pressure-dependence of yielding. In this
work, we assumed that the cohesion is 5 MPa and the internal friction is 0.75 everywhere for
simplicity.
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Figure 3. The yield surface of the Drucker-Prager yield criterion.

For inelastic simulations stresses need to be known everywhere in the volume to evaluate
the yield criterion. We assumed a simple stress environment, which is the same as what we
used in the elastic simulations. The maximum compressive stress, o,, is N8°E and has a
depth gradient 38.87 MPa/km and the minimum compressive stress, o, is vertical and the



depth gradient is 16.66 MPa/km. The intermediate principal stress, o,, is E§°S and has the
relation o, =(0,+0,)/2. All the stresses are depth-dependent. The initial stresses on the
fault are obtained by resolving the three principal stresses onto the nonplanar fault geometry,
shown in Figure 4. Our assumption for the stress environment is consistent with existing
stress measurements in southern California (Townend and Zoback, 2004), implying a weak
San Andreas Fault (SAF) because the maximum compressive stress o, is at a high angle to
the San Andreas Fault.
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Figure 4. Initial stresses assumed in the simulations are mapped on the fault.

The peak ground velocity (PGV) maps for two rupture scenarios are illustrated in Figure
5, which are very similar to the PGV maps obtained in previous elastic simulations.

For the rupture scenario propagating from east to west (Figure 5a), large ground motions
are concentrated at distances very close to the fault as well as in the Los Angeles basin. The
large vertical motion is mostly located in a narrow band (~10 km wide) on the hanging wall,
where the peak ground velocity (PGV) reaches about 7 m/s. The large horizontal ground
motion is, however, on the footwall. The distribution of PGV in the basin is very similar to
one of the Terashake scenarios (Olsen et al., 2008) where the rupture propagates from
southeast to the northwest on the SAF, which leads to the similar excitation of basins. The
seismic energy (dominated by the basin surface waves) channels through the San Bernardino
Valley, Chino Basin and Los Angeles Basin, resulting in large amplification in certain areas
where the ground motion reaches ~ 3 m/s. The velocity structure plays an important role in
determining the ground motion levels. In the basin outside these specific areas, the ground
velocity is in general less than 1 m/s, as clearly seen in the vertical component and one
horizontal component (E8°S).



(a) Scenario 1 (E ->W Rupture)

Figure 5. Distributions of PGV in the inelastic simulations are mapped on the surface for two
different rupture scenarios. Major faults in the area are shown in black lines. Large ground motions
are located near the fault as well as in the Los Angeles basin. The color scale is saturated in order to
better illustrate features. The large vertical ground motion is mostly located in a narrow band on the
hanging wall where it reaches 7 m/s. The ground motion in the basin reaches 3 m/s in some specific
areas, while it is in general less than 1 m/s outside these areas. The rupture directivity effect is not
very strong.

A similar pattern is observed for a scenario where rupture propagates predominantly from
the west to the east (Figure 5b). A similar level of ground motion is seen in the San Fernando
Valley and San Bernardino Basin. This demonstrates that for this scenario, effects of the
velocity structure are more important than source directivity. The relatively weak directivity
effect is attributable to the fact that the direction of rupture propagation (along strike) is not
aligned with the slip direction (oblique slip) in large reverse earthquakes, as seen in the 1999
Chi-Chi earthquake (Aagaard et al., 2004). The amplification pattern in the Los Angeles
basin is different as the excitation of the basin is different in these two rupture scenarios.

The up-dip directivity is also not very strong. The PGV in most areas in the basin is less
than 1 m/s. The small up-dip directivity is due to the limited up-dip propagation distance.
This is also consistent with the observation in the 2008 Wenchuan earthquake that the
populated Sichuan basin did not suffer much damage even though it is located in the up-dip
direction of the Longmen Shan Fault system.

Figure 6 compares the cross sections of the PGV along N8°E between the elastic and
inelastic simulations. The PGV values are only reduced slightly by the inelastic off-fault
response, which explains the similarity of the PGV maps between the elastic and inelastic
simulations. The largest reduction (~30%) is observed near the fault. These results suggest
that the inelastic off-fault response plays an insignificant role in affecting ground motions in
the Los Angeles basin compared to the fault geometry and the 3D velocity structure. The
cohesion value we chose is small (5 MPa) corresponding to sedimentary rocks. If the
cohesion value is larger the effect of the inelastic off-fault response will be even smaller.



The effect of inelastic off-fault response on ground motions, however, needs more work.
Significant effects have been shown in 2D simulations using fine resolution grids (e.g.,
Andrews et al., 2007; Ma, 2009). One possible reason that we did not see a large effect of
inelastic off-fault response on ground motions might be due to the coarse resolution of the
3D simulations.
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Figure 6. Comparisons of the PGV values at two cross sections (approximately
perpendicular to the fault) between elastic (blue) and inelastic (red) simulations. The traces
from top to bottom are fault-parallel (8°), fault-normal (98°), and vertical component,
respectively. The percentage in each panel shows the relative reduction due to the inelastic
off-fault response.
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