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Three-Dimensional Simulation
of a Magnitude 7.75 Earthquake
on the San Andreas Fault
Kim B. Olsen, Ralph J. Archuleta,” Joseph R. Matarese

Simulation of 2 minutes of long-period ground motion in the Los Angeles area with the
use of a three-dimensional finite-difference method on a parallel supercomputer provides
an estimate of the seismic hazard from a magnitude 7.75 earthquake along the 170-
kilometer section of the San Andreas fault between Tejon Pass and San Bernardino.
Maximum ground velocities are predicted to occur near the fault (2.5 meters per second)
and in the Los Angeles basin (1.4 meters per second) where large amplitude surface waves
prolong shaking for more than 60 seconds. Simulated spectral amplitudes for some
regions within the Los Angeles basin are up to 10 times larger than those at sites outside
the basin at similar distances from the San Andreas fault.

The damage in Mexico City from the Mi-
choacan earthquake (19 September 1985)
and in the Marina district of San Francisco
from the Loma Prieta earthquake (19 Oc-
tober 1989) has clearly illustrated the risks
for population centers located in basins at a
significant distance from the causative
fault. The sediments filling the basins,
which have low elastic moduli, amplify the
seismic waves relative to the surrounding
bedrock. In addition, the edges of the basins
can generate large-amplitude waves that
can prolong the shaking in the basins. Mod-
erate-sized events, such as the magnitude
(M) 6.7 Northridge earthquake (17 January
1994), the M 6.0 Whittier Narrows earth-
quake (1 October 1987), and the M 6.6 San
Fernando earthquake (9 February 1971),
have emphasized the seismic hazard from
faults on the Los Angeles (LA) fault system
(I1-5). Nonetheless, the San Andreas fault
(SAF) remains potentially the most hazard-
ous for the LA area because it has produced
large earthquakes in historical time (2, 6, 7).

To determine the amount of shaking
that could occur in the LA area, we simu-
lated a M 7.75 earthquake on the section of
the SAF closest to LA. We considered a
propagating rupture for 170 km from Tejon
Pass to San Bernardino (Fig. 1A). This part
of the SAF, which consists of two segments,
the Mojave and part of the San Bernardino
Mountains segment (2), is believed to have
produced the M 7.5 earthquake on 12 De-
cember 1812 (6, 8). The average recurrence
time between large earthquakes with sur-
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face rupture on the Mojave segment is
150%12% years and on the San Bernardino
segment it is 146*2) years (2). Mean con-
ditional probabilities of 26 = 11% (M 7.53)
and 28 = 13% (M 7.30) have been deter-
mined for earthquakes on the Mojave and
San Bernardino segments, respectively, to
occur before the year 2024 (2). Because
both segments have similar recurrence in-
tervals and conditional probabilities, and
may have ruptured together in earlier
events (6), it is reasonable to consider a
scenario where this section of the SAF rup-
tures again in a single earthquake.

To estimate the ground shaking from
such an earthquake (9) we incorporated the
three-dimensional (3D) structure of the
medium through which the seismic waves
will travel from the SAF to LA. The geol-
ogy of this region is varied: Igneous and
metamorphic basement rocks crop out ex-
tensively in the Mojave Desert and San
Gabriel Mountains (10) whereas sedimen-’
tary rocks fill the deep basins in LA and the
San Fernando Valley (11). The seismic en-
ergy will thus propagate for at least 35 km
through igneous and metamorphic rocks be-
fore impinging on the sedimentary basins of
greater LA (Fig. 1B). Were it not for the
basins beneath the San Fernando Valley
and LA (including the San Gabriel Valley)
(Fig. 1B), the model would consist of hori-
zontal layers where the material parameters
varied only with depth (12). However, with
their irregular geometry and different mate-
rial properties, these sedimentary basins af-
fect the ground motion by amplifying seis-
mic waves, prolonging their duration, and
generating waves at the basin edges (3, 13,
14).

To approximate a M 7.75 earthquake on
the SAF, we simulated a rupture on a fault
plane 16.5 km deep and 170 km long that
extends from Quail Lake (10 km southeast
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of Gorman) to Mill Creek (11 km northeast
of Redlands). The fault plane had a con-
stant strike (118°) that followed the strike
of the SAF with a slight deviation (maxi-
mum of 6 km) at the northwestern end of
the Mojave segment (Fig. 1A). The rupture
initiated at a point 2 km from the north-
western end of the fault segment, at 10 km
depth, and dextrally offset the two sides of
the fault by 4.82 m everywhere (15) (Table
1). The earthquake rupture lasted 68 s be-
fore terminating at Mill Creek. The shear
(S) waves that continuously radiated from
the rupture impinged on the basins about
20 s after the earthquake started. Some
areas of the LA basin continued to vibrate
for more than 60 s because of the continual
stimulation from waves arriving from differ-
ent parts of the fault, waves generated at the
basin edges, and resonances in the basin.

Numerical model for the earthquake
rupture and 3D wave propagation. We sub-
divided a large volume (230 km by 140.4
km by 46 km) of southern California into
23,209,875 cubes 0.4 km on a side with a
gridpoint at each vertex. Each gridpoint was
assigned a compressional wave velocity, an
S wave velocity, and a density (16). The 3D
structure did not include the basins beneath
the Upper Santa Ana Valley, the San Ber-
nardino Valley, or the Ventura area (14,
17) because there was no discretized 3D
model for their elastic and material proper-
ties. Therefore the amplitude and duration
of the simulated ground motion is probably
underestimated in these areas (14, 18).

We kinematically simulated the earth-
quake as a constant slip that radially prop-
agated outward with a velocity 85% of the
local S wave velocity. The slip rate function
is Gaussian with a dominant period of 4.5 s.
This function was later deconvolved from
the synthetic records to obtain a slip rate
with uniform spectral response to displace-
ment for frequencies up to 0.4 Hz that is
constant everywhere on the fault (3). This
formulation allows the seismic moment and
synthetics to be scaled by a single value of
slip. The effective rise time is about 3 s
everywhere on the fault (19).

The source was implemented in the fi-
nite-difference grid by adding —M,.j(t)/\/ to
§,(t), where M(¢) is the if'th component of
the moment tensor for the earthquake, V is

Table 1. Earthquake rupture parameters.

34.089°N, 117.064°W
34.808°N, 118.688°W

Southeast fault limit
Northwest fault limit

Hypocenter 34.800°N, 118.669°W
Hypocenter depth (km) 10

Slip (M) 4.82
Moment magnitude (M) 7.75

Width, length (km) 16, 170

Depth to top of fault (km) 0.5
Dip, strike, rake (°) 90, 118, 180




Fig. 1. (A) Topographic map
of southern California. The
rectangle shows the areal ex-
tent of the simulation. The
SAF is shown by the green
line; our approximation to the
SAF is shown by the dashed
white line. The thick solid
white line is the coastline of
southern California. The thin
white lines depict major free-
ways. The dashed white line
B-B’ is a profile used for dis-
playing seismograms. 1, 2,
and 3 denote sites in the ba-
sin, on the edge of the basin,
and outside the basin, re-
spectively. A, Anaheim; CP,
Compton; DN, Downey; HB,

San Fernando basin

g3 s San Gabriel
4. basin

]

Los Angeles basin

Huntington Beach; IN, Inglewood; SA, Santa Ana; and SM, Santa Monica. (B) Three-dimensional perspective of the isosurface for an S-wave velocity of 2.6 km/s
illustrating the geometry of the basins. Vertical exaggeration is 3.2. Modeling parameters are listed in Table 1.

the cell volume, and Sy(t) is the ij’th com-

ponent of the stress tensor on the fault at
time t (Table 2).

We use a staggered-grid finite-difference
scheme to solve the 3D elastic equations of
motion (20); the accuracy is fourth order in
space and second order in time. The numer-
ical implementation of the 3D scheme is
described in (21). To eliminate artificial
reflections from the boundaries of the grid,
we implemented absorbing boundary condi-
tions coupled with a buffer zone of strong
attenuation (22). In the following, we re-
moved these zones and present the simula-
tion results within the area (174 km by
114.8 km) (Fig. 1A) that encompasses the
population centers of the LA area.

Finite-difference modeling of elastic
waves in large-scale 3D models, such as the
one used in the SAF simulation, consumes
vast quantities of computational resources.
The earth model and the calculated stress
and velocity fields require gigabytes of phys-
ical memory and gigaflops of CPU for tens
of hours to simulate the total duration of
ground motion within a reasonable period
of time. Such computational requirements
are beyond the resources of workstations
and most supercomputers with shared-
memory configurations. To carry out our
simulation we used grid-decomposition

Table 2. Three-dimensional modeling parameters.

Spatial discretization (km) 0.4
Temporal discretization (s) 0.025
Minimum P-wave velocity (km/s) 2.41
Minimum S-wave velocity (km/s) 1.00
Minimum density (kg/m?3) 2070
Gridpoints along 118° 576
Gridpoints along 28° 352*
Gridpoints along vertical 116
Timesteps 4800
Simulation time (s) 120

*Figures show 436 gridpoints along the 118° azimuth and
288 gridpoints along the 28° azimuth.

techniques on the massively parallel proces-
sors of the nCUBE 2 at the Earth Resources
Laboratory of the Massachusetts Institute of
Technology.

Figure 2 illustrates how we subdivide the
3D volume of the model over eight parallel
processors (Fig. 2). Each processor is re-
sponsible for performing stress and velocity
calculations for its portion of the grid, as
well as dealing with boundary conditions at
the external edges of each volume. At the
internal edges, where neighboring portions
of the earth volume are contained on sep-
arate nodes, the processors must exchange
stress and velocity information to propagate
the waves correctly. On the nCUBE 2, this
communication time represents a negligible
part of the total run time. In other words,
the same simulation can be performed twice
as fast on twice as many processors as long
as the internal edges represent a small part
of the model held by each processor.

For the SAF simulation we used all 512
processors available on the nCUBE 2. With
grid dimensions of 576 by 352 by 116
points, the most memory-efficient decom-
position involved assigning subgrids of 36
by 44 by 29 points to the individual proces-
sors. In keeping with the fourth order finite-
difference scheme, a two-point-thick pad-
ding layer was added to the outside of each
subgrid to bring the total subgrid dimen-
sions to 40 by 48 by 33 points. To store 12
arrays (three elastic coefficients, three com-
ponents of velocity, and six components of
stress) of this size required just over 2.9
megabytes of the 4 megabytes of physical
memory on each processor. The remaining
memory was consumed by the program logic
and additional variables as well as the op-
erating system kernel. Using a grid decom-
position code based upon the portable Mes-
sage Passing Interface standard, the finite-
difference simulation took 17 s per timestep
or nearly 23 hours to complete the 120 s of
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simulated ground motion. More than a giga-
byte of disk space was used to store the time
history of the ground motion at the surface.

Simulated ground motion and seismic
hazard in LA. To illustrate the develop-
ment of the ground motion as the rupture
propagated along the SAF we show snap-
shots of long-period ground velocity (Fig. 3)
over the 19,975 km? area (Fig. 1A). By 205,
the S waves had entered San Fernando Val-

LA Basin

Processor 0 Processor 1

Fig. 2. Grid decomposition of the SAF rupture
mode! on the nCUBE 2. (Top) The model is de-
composed into a number of subgrids, labeled 0
through 7. The actual mode! was divided into 512
subgrids, corresponding to the number of proces-
sors used in the simulation. (Bottom) lllustration
of the communication between neighboring sub-
grids. The fourth-order finite-difference scheme
requires that a two-point-thick padding layer be
added to the outside of each subgrid in order to
propagate the waves correctly. This padding layer
always contains the most recently updated wave-
field parameters exchanged from the edge of the
neighboring subgrid (arrows).
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ley. By 30 s, when the rupture had propagat-
ed about halfway along the SAF, the S waves
had entered the main LA basin. The area
near the northern intersection of Interstates
5 and 405 showed intense ground motion.
The high intensity was produced because
resonance in the deep part of the San Fer-
nando Valley basin radiated secondary waves
as seen by the faint circular wavefronts cen-
tered on this area (R, Fig. 3 at 40's). At 40,
the ground motion in the LA basin had
intensified: the San Gabriel Valley, just
southeast of the intersection of Interstates 10
and 605, and the area just south of down-
town LA show large amplitude ground mo-

tions. At 50 s the entire LA basin was ex-
cited by large amplitude surface waves. The
rupture was almost complete by 60 s, at
which time the wavefronts in the basin slow-
ly began changing direction from southeast
parallel to the long axis of the LA basin to
the southwest. At 70 s, large amplitude
waves were generated by reflections from the
steep northeast sides of the basin; the peaks
and troughs of the waves were aligned with
the long axis of the basin and propagated
west into the offshore area. This pattern
persisted but diminished through 100 s
where only faint shadows mimicked the larg-
er amplitudes that existed 30 s before.

Fig. 3. Snapshots of simulated wave propagation in the LA area for the hypothetical SAF earthquake; the
snapshots depict the horizontal (118°) particle velocities that represent shaking parallel to the SAF (23)
from 20 s to 100 s after the origin time of the rupture. Red depicts large amplitudes of both positive and
negative polarity. R depicts an area of local resonance above the deepest part of the San Fernando Valley
basin. The particle motion is scaled by a constant for all snapshots. Lines labeled as in Fig. 1A.
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To encapsulate many of these effects we
show a suite of seismograms and the S wave
velocity structure (Fig. 4, A and B) from the
Ventura basin to the mountains east of San
Clemente (B-B’, Fig. 1A). By visually cor-
relating the suite of seismograms with the S
wave velocity structure, the effect of the
basin on the amplitude and duration of
shaking is evident. The basin affected all
three components of motion (Fig. 4C) but
primarily the component parallel (118°) to
the axis of the trough (23). To examine the
frequency content of the shaking, we com-
pared the Fourier spectral amplitudes of par-
ticle velocity for the 118° component for
three sites (Fig. 4D): (i) over the deepest
part of the basin, (ii) above the edge of the
basin, and (iii) outside the basin (Fig. 1A).
The maximum spectral amplitude for the
edge site was a factor of two larger than for
the site over the deepest part of the basin.
The edge site had its spectral maximum at a
higher frequency (0.25 Hz) compared to the
site above the central basin where the first
broad peak occurred around 0.16 Hz—ap-
proximately the fundamental resonant fre-
quency of the LA basin (24). The spectral
amplitude for a site at the edge of the basin
was 10 times the spectral amplitude for a
site outside the basin even though both are
at the same distance from the SAF (25).

Contours of the peak particle velocity
over the area reveal effects due to rupture
and structure (Fig. 5). The 118° component
was largest near the SAF and in the LA
basin. The high amplitudes near the fault
were expected; the amplitudes (>0.5 m/s)
in the LA basin ~60 km from the fault were
not. The 0.25 m/s contour basically outlines
the San Gabriel Valley and LA basins.
Moreover, there is a large area with ampli-
tudes larger than 0.75 m/s corresponding to
the deeper parts of the LA basin.

The large lobe with peak velocity greater
than 0.75 m/s for the 28° component (Fig.
5) reflects the directivity of the rupture (4,
26) and the radiation pattern from the
source (23) that combine to produce the
maximum slip velocity 2.5 m/s. The 28°
component shows that in the simulation
those areas in the forward direction of the
rupture were as severely shaken as LA. Most
of the area with peak velocity greater than
0.75 m/s was confined to the less populated
San Gabriel Mountains. However, the
southeastern part of the 0.75 m/s lobe cov-

Table 3. Comparison of maximum peak particle
velocities (m/s) near the SAF and in the LA basin
for three components of wave motion.

Location 118° 28° Vertical
Near SAF 2.01 2.51 0.91
LA basin 1.37 0.70 0.54




ered the region in the populated Upper
Santa Ana Valley (including cities such as
Ontario, Pomona, and Upland) and the
San Bernardino Valley (including cities
such as San Bernardino and Redlands). Be-
cause the SAF passes just to the northwest
of these areas, the severity of the shaking
increases because of proximity to the fault
(25) and rupture directivity. The amplitude
of the waves attenuated with distance from
the SAF except for the amplification result-
ing from the LA basin where amplitudes on
the 28° component also exceeded 0.5 m/s.

The smallest peak particle velocities
were for the vertical component as expect-
ed for strike-slip motion on a vertical fault.
However, like the horizontal components,
the LA basin amplifies the vertical motion
relative to the surrounding area. The net
result is that the total ground motion in the
LA region in the simulation was much larg-
er than would be predicted by a 1D model
(3, 13, 14). We illustrate this point by
mapping the total cumulative kinetic ener-
gy (27) that takes into account the ampli-
tude and duration of shaking for all three
components of motion (Fig. 6). A large
swath within 30 km of the SAF experienced
significant shaking. The cumulative kinetic
energy decreased with distance from the
fault except for. the basins, especially the
LA basin—where, for frequencies up to 0.4
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Hz, the cumulative kinetic energy was
equivalent to that near the fault. The ex-
pected attenuation with distance of the am-
plitude of the seismic waves (25) was coun-
teracted by the basin geometry and velocity
structure.

The simulated ground motion should be
considered in the context of three factors:
(i) Because of computational limitations,
the maximum frequency was 0.4 Hz. Ob-
served ground motions contain higher fre-
quencies that will increase the amplitudes
of the particle velocities especially near the
SAF where anelastic material attenuation
has less effect than for distances far from the
fault (25). The component of motion per-
pendicular to the strike (28°), is 25% larger
than the parallel component near the fault
(Table 3). This 28° component is amplified
by directivity of the rupture and almost
always has the maximum particle velocity
(4, 26). However, the observed near-fault
peak velocities were generally associated
with pulses dominated by frequencies 1.0
Hz or less (4, 26) so that the lower frequen-
cy of 0.4 Hz may not be a critical factor.
The structures most affected by the comput-
ed ground motion would be those that have
their lowest mode response with frequencies
less than 0.4 Hz (periods =2.5 s); almost all
one- and two-story structures have their
peak response at much higher frequencies

B
150
E 100 >
o
Q
c
8
[7]
a 50
—-—
o 1.0 20 30 km/s
0 2 4 6
Depth (km)

D Spectral magnitude

0 0.2 0.4
Frequency (Hz)

Fig. 4. Seismic response along profile B-B' (see Fig. 1A) for the hypothetical SAF earthquake. (A)
Simulated velocity seismograms for the 118° horizontal component: site 1 is within the basin, site 2 is
along the basin edge, and site 3 is outside the basin. (B) Vertical cross section along B-B’; the contours
on the map depict the S-wave velocity at a contour interval of 0.5 km/s. (C) Three component velocity
seismograms at site 2. L depicts Love waves and LL depicts Love waves reflected at the basin edge. (D)
Fourier spectral amplitude for the 118° horizontal component at sites 1, 2, and 3 (see Fig. 1A).
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(28). (ii) The minimum S wave velocity is
1.0 km/s, again due to computational limi-
tations. In engineering terms this means
that all of the ground motion is for rock
rather than soil (29). Inclusion of the lower
velocity sediments would increase the
ground motion amplitudes (30). The omis-
sion of higher frequencies and lower near-
surface velocities in the simulation define
our results as a lower bound for the expect-
ed ground motion for the SAF rupture sce-
nario. (iii) Our kinematic rupture model is
smooth in that the slip and slip rate are
constant everywhere on the fault and rup-
ture velocity is a fixed percentage of the S
wave velocity. The slip and the slip rate
have plausible values (15) but could cer-
tainly be allowed to vary spatially; such
variation would affect signal duration more
than amplitude (9). In real, large earth-
quakes rupture velocity varies significantly
over long fault length. A variable rupture
velocity would decrease the coherency of
the waves leaving the fault and mitigate the
effects of directivity. Whether this would
increase or decrease the ground motion in
LA is unknown.

Our simulation of a M 7.75 earthquake
on the SAF predicted long-period peak par-

Fig. 5. Contour maps of simulated peak velocities
along the 118°, 28°, and vertical components for
the hypothetical SAF earthquake. Contour interval
is 0.25 m/s with the 0.25 m/s contour labeled.
Lines labeled as in Fig. 1A.
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Fig. 6. Map of simulated total cumulative kinetic
energies for the hypothetical SAF earthquake.
Note that the color scale is logarithmic in units of
Joules-seconds (J-s). Lines labeled as in Fig. 1A.

ticle velocities greater than 1.0 m/s at some
areas in LA and greater than 0.75 m/s over
a large central area even though the main
trough of the basin is about 60 km from the
fault (Fig. 5). These peak velocities are
similar to those observed near the fault for
some damaging earthquakes (4, 26) and
larger than particle velocities from simulat-
ed M 6.75 earthquakes on faults in LA (3).
While these simulated long-period waves
have large amplitudes, the threat they pose
to existing structures is unknown.
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The rupture directivity is an effect that modifies the
energy in seismic waves depending on the angle
between the observation point and the direction of
rupture propagation [A. Ben-Menahem, Bull. Seis-
mol. Soc. Am. 51, 401 (1961)]. Directivity increases
the energy in the direction the rupture propagates
and decreases the energy in the back direction. A
seismic pulse in the forward direction increases in
amplitude and contracts in time; a seismic pulse in
the back direction decreases in amplitude and ex-
pands in time. The directivity effect combined with
the radiation pattern of S waves leads to large
velocity pulses (on the order of 1.0 m/s) in the
forward direction of earthquake ruptures [R. Archu-
leta and S. Hartzell, Bull. Seismol. Soc. Am. 71,
939 (1981); R. Archuleta, J. Geophys. Res. 89,
4559 (1984); (4)).

The cumulative kinetic energy for each gridpoint (x, y)
on the surface is given by:

1 T
Edxy) = 5 p(xy) | GPlxy,tat
2

0

where k is the component of motion, p is the density,
ulx,y,1) is the velocity seismogram, and T is the du-
ration of the seismogram. The cumulative energy
includes the amplitude and duration of the signal.
The total energy is the sum of all three components:
Ety) = Eq1gt6y) + Egliy) + E (x.).

There are formulas for relating the height of struc-
tures with the period of the lowest-mode response.
For example, with h(ft) = (period/0.035)'-333 [Uni-
form Building Code (International Conference of
Building Officials, Whittier, CA, 1988)], a 3.0-s period
corresponds to a 115-m-high steel frame building.
Such formulas serve as a guide; more flexible build-
ings or buildings made of different materials may be
significantly shorter for a given period. For example,
the Sherman Oaks building has a lowest-mode pe-
riod of 3 s (0.33 Hz) but is 50.6 m high (13 stories)
[Chapter 2, Earthq. Spectra Suppl. C 11, 13 (1995)].
The classification of soils and rock in geotechnical
engineering depends on the S wave velocity. A firm
to hard rock has an average shear-wave speed
greater than 700 m/s [R. Borcherdt, Earthq. Spectra
10, 617 (1994)]. The lowest velocity in our model is
1.0 km/s (Table 2).

Many papers document the amplification of seismic
waves due to local near-surface geology [for exam-
ple, K. Aki, Am. Soc. Civil Eng. Proc. Spec. Conf.
Earthg. Eng. Soil Dyna. 2, 1 (1988)).
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