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ABSTRACT

We present a methodology for developing realistic synthetic strong ground motions for specific sites from
specific earthquakes. We analyzed the possible ground motion resulting from a M = 7.25 earthquake that
ruptures 82 km of the Hayward fault for a site 1.4 km from the fault in the eastern San Francisco Bay area.
We developed a suite of 100 rupture scenarios for the Hayward fault earthquake and computed the
corresponding strong ground motion time histories. We synthesized strong ground motion with physics-
based solutions of earthquake rupture and applied physical bounds on rupture parameters. By having a suite
of rupture scenarios of hazardous earthquakes for a fixed magnitude and identifying the hazard to the site
from the statistical distribution of engineering parameters, we introduce a probabilistic component into the
deterministic hazard calculation. Engineering parameters of synthesized ground motions agree with those
recorded from the 1995 Kobe, Japan and the 1992 Landers, California earthquakes at similar distances and
site geologies.
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INTRODUCTION

We present a methodology for developing realistic synthetic strong ground motions for specific sites from
specific earthquakes. Realistic time histories should be used for nonlinear dynamic analysis of structures
(McCallen and Hutchings, 1996). We analyzed the possible ground motion from a M = 7.25 earthquake that
ruptures 82 km of the Hayward fault for a site (BKS) 1.4 km from the fault in the eastern San Francisco Bay
area. Figure 1 shows the location of the site and of the Hayward fault. We developed a suite of 100 rupture
scenarios for the Hayward fault earthquake and computed the corresponding strong ground motion time
histories. The scenarios were developed by randomly varying rupture parameters within a range of physical
limits obtained from independent research. This approach is useful if (as is the case here) the range of
possible fault rupture histories is narrow enough to functionally constrain the predicted strong ground
motions. Log-normal average and one standard deviation (10) values of peak acceleration and absolute
acceleration response spectra were derived from the suite of 100 synthesized strong ground motions. By
having a suite of rupture scenarios of hazardous earthquakes for a fixed magnitude and identifying the




hazard to the site from a statistical analysis of engineering parameters, we have introduced a probabilistic
component to the deterministic hazard calculation.
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Fig. 1. Location of the site (BKS) and the two segments of the Hayward for the rupture
model (crosses indicate ends of segments).

A realistic synthesis of ground motion should include the effects of geologic conditions along the
propagation path from the fault to the site and at the site itself. These conditions can significantly amplify
the seismic energy reaching a receiver and can focus and scatter energy. At sites close to large faults it is
also critical to account for the effects of finite fault rupture. These effects include seismic arrivals radiated
from portions of the fault that can be tens of kilometers apart and arrive at the same time, and directivity
effects that can significantly increase or decrease wave field amplitudes. The superposition of direct and
scattered body waves and surface waves will result in an extremely complicated wave field and should be
modeled. To model all these effects, we synthesize strong ground motion with physics-based solutions of
earthquake rupture that utilize empirical Green’s functions and apply physics-based rupture parameters.
Empirical Green’s functions are defined here as recordings of effectively impulsive point source events
(Hutchings and Wu, 1990). We have developed an exact solution to the representation relation for finite
rupture that utilizes either empirical or synthetic Green’s functions (Hutchings and Wu, 1990; Jarpe and
Kasameyer, 1996). Here, we use recordings of small earthquakes to provide empirical Green’s functions for
frequencies 0.5 < f< 5 Hz, and analytical calculations to provide synthetic Green’s functions for 0.05 <f<
0.5 Hz. We synthesize the entire wavetrain for three components (Hutchings, 1988). Although site soil can
significantly affect ground motions with nonlinear effects, here we present only linear ground motions that
might be expected at a rock outcrop.

We model the rupture process as a continuous rupture over fault segments with variable slip amplitude. This
model is consistent, within the frequency range of resolution, with inversion studies (Kanamori, 1986; Wald
et al., 1990, 1993, 1995; Beroza and Spudich, 1988; Hartzel and Heaton, 1988; Hartzell 1989) and with
what is known from dynamic rupture models about how earthquakes rupture (Rice, 1983; Kostrov and Das,
1988). Although these studies resolve fault slip histories only up to spatial resolutions of a few kilometers
and only for £ < 1 Hz, our method provides good fits to observed seismograms up to 25 Hz when these
models are used (Jarpe and Kasameyer, 1996). The complexity added to rupture by many ground motion




synthesis approaches is not necessary to synthesize observed seismograms, and there is no evidence that
earthquake rupture is highly complex at short spatial or temporal dimensions.

Most empirical Green’s function synthesis approaches model fault rupture as highly complex by using a
composite model whereby many small earthquakes (significantly larger than p{oint sources) rupture
independently over the fault surface (Irikura, 1983; Papageorgiou and Aki, 1983; Munguia and Brune, 1984;
Joyner and Boore, 1986; Boatwright, 1988; Wennerberg, 1990; Aki and Irikura, 1991). There is little
evidence for composite models of earthquakes. Also, composite models of faulting rely on scaling relations
of earthquakes to determine the number of small earthquakes necessary to synthesize a large earthquake, and
have difficulty matching the low and high frequency portions of synthesized seismograms to observed
records (Joyner and Boore, 1986; Boatwright, 1988; Tumarkin et al., 1994; Frankel, 1995). Our approach
requires only that the number of small earthquakes used in the synthesis is such that the sum of their
moments equal the moment of the large earthquake, which matches the low-frequency portion of observed
seismograms. The high-frequency portion is matched by using appropriate rupture parameters (Hutchings,
1994).

GREEN’S FUNCTIONS

Empirical Green’s functions have a better accuracy at high frequencies, where geologic inhomogeneities are
not well modeled, and the synthetic Green’s functions have better accuracy at lower frequencies, where
empirical Green’s functions do not have sufficient energy. The methods overlap in the frequency range 0.5 <
f<1Hz, where the geology can be modeled with some accuracy and the empirical Green’s function have
enough energy to be well recorded.

We computed synthetic Green’s functions using the reflectivity method of Kennett (1983). This solution
extends to f = 0 but does not include near-field terms. The focal mechanism radiation pattern is used for
synthetic Green’s functions solutions to the finite rupture. We considered only solutions for f > 0.05 Hz
(period = 20 s), because lack of near-field arrivals diminishes the reliability of solutions for lower
frequencies. Consistent with the work of Fuis and Mooney (1990), we used a 1-D velocity model with layer
thicknesses of 4, 7, 11, and 23 km and with P-wave velocities of 4.5, 5.5, 6.0, 6.5, and (for the mantle) 8.0
kmy/s, respectively.

Empirical Green’s functions should be recorded at the site of interest and from source events along the faults
of interest, since site response and near-source propagation-path effects are highly variable. Empirical
Green’s functions include the actual effects of velocity structure, attenuation, and geometrical spreading. In
this study the empirical Green’s functions used are recordings of small earthquakes from the Berkeley
broadband site (BKS: 37.877N, 122.235W).

It is not possible to record empirical Green’s functions from all locations along a fault of interest and with
the same focal mechanism solution, so source locations of empirical Green’s functions were interpolated to
fill in the fault. Figure 1 shows epicenter locations of source events used for empirical Green’s functions.
The spatial dependence of empirical Green’s functions has been studied by Hutchings and Wu (1990), who
found that the variability in ground motion arising from differences in source location and/or focal
mechanism solutions is much less than that due to site response. Hutchings (1991, 1994) and Jarpe and
Kasameyer (1996) found that interpolation for different source locations along a fault works quite well.
Source events can be located near the fault of interest and need not lie directly along the fault. In synthesis,
we have the option of correcting for different focal mechanism solutions, but Hutchings and Wu (1990) and
Jarpe and Kasameyer (1996) found that for high frequencies such correction does not improve the synthesis.
Interpolation is performed by correcting for attenuation, 1/R, and P- and S-wave arrival times due to
differences in source distance. We include the radiation pattern effect for low frequencies when we use
synthetic Green’s functions. The velocity model used for interpolation and for focal mechanism corrections
is V= 4.0 + 0.182H. The velocity closely approximates the model discussed above in the depth range 0 to
13 km, where the primary rupture and source events for empirical Green’s functions occur.




HAYWARD FAULT RUPTURE

The Working Group on California Earthquake Probabilities (1988, 1990) identified northern and southern
segments of the Hayward fault (Fig. 1), which are 50 and 32 km long, rcspectiilely, that are each capable of
a magnitude 7.0 earthquake. We consider here the hazard from both segments rupturing during the same
earthquake. We model the combined rupture as a M = 7.25 earthquake (moment magnitude; Hanks and
Kanamori, 1979) that is linear sum of the two segments (Schwartz and Coppersmith, 1984; Sieh, 1984). The
northern segment extends through northern San Francisco Bay; this is supported by recent high-resolution
seismic profiles and seismicity (Lienkaemper et al., 1991). South of the south segment, the fault has weak or
nonexistent surface expression and very little microeatthquake activity, and significant rupture is not
expected (Working Group, 1990).

Two earthquakes occurred along the Hayward fault in the past century (1836 and 1868); the Working Group
estimated both to have magnitude about 7.0. Slip rate estimates of about 9 mm/yr result in 1.4 m of
accumulated strain since 1836 for the northern segment. Release of this strain is possible in the near future
(Wells and Coppersmith, 1994).

RUPTURE MODELS

Our earthquake rupture models rely on moment, fault geometry, hypocenter, rupture roughness, rupture
velocity, healing velocity, slip vector, and asperity location. Moment and fault geometry (extent of rupture
and its orientation) are held fixed, while the other parameters were allowed to vary within limits. The fault
rupture surface area was discretized into 0.01-km? elemental areas, which are small enough that modeled
rupture is continuous for f < 5 Hz. The rupture initiates at the hypocenter and propagates radially at some
fraction of the shear wave velocity. We used the Kostrov slip function to calculate the slip at a point; we
approximated the shape as a ramp. We arbitrarily limited the rupture propagation factor in the Kostrov slip
function to be equal to or less than the rupture time to the closest fault edge from the hypocenter. To develop
100 scenarios, we used a computer program that randomly varies independent rupture parameters subject to
the following constraints. Other parameters are either held fixed or calculated from the rupture model.

ASPERITIES are included to add high slip amplitudes to portions of the rupture. Asperities are circular;
their diameter is randomly chosen to be 0.2-0.8 times the fault width. The number of asperities is randomly
selected for each scenario. Stress drops in asperity portions of rupture are higher than elsewhere.

ROUGHNESS is simulated as elements resisting rupture, then breaking. A percentage of elements (0, 10, 20,
33, or 50%) have rise times 10-90% those of neighboring elements, but with rupture completed at the same
time as neighboring elements. These “rough” elements have correspondingly high stress drop.

MOMENT is constrained to be 8.0 x 1026 dyne-cm for the total rupture, including asperities. However, the
moment of asperities is randomly selected, subject to the constraint that the maximum displacement is 5—
10 m. Rigidity (proportional to shear wave velocity, except near the surface) diminishes near the surface so
that the moment contribution diminishes. However, stress drop is also modeled to diminish (discussed
below), so significant displacement can occur near the surface, although not seismogenic.

HYPOCENTER is constrained to occur at least 1 km from the fault ends, 2 km from the lower limit of the
fault, and more than 7.5 km deep. The limit at the lower portion of the fault arises because the rigidity of
material more than 13 km deep is modeled as decreasing as the aseismic zone is approached, and the limit to
depths of more than 7.5 km is due to the observation that past earthquakes originate at depth.

RUPTURE VELOCITY is randomly selected to be from 0.75 to 1.0 times the shear wave velocity.




HEALING VELOCITY is the velocity for the stress pulse that terminates slip. The healing phase is initiated
after the rupture front arrives at any fault edge. The free surface is not allowed to be a healing boundary for
rupture, because significant seismic pulses that are necessary to shut down slip are not generated from the
surface ( Das and Kostrov, 1985; Scholz, 1990). The healing velocity is randomly selected to between 0.8
and 1.0 times the rupture velocity, which is between the Rayleigh and shear wave velocities.

RISE TIME is equal to the time it takes, after the initiation of rupture, for the first healing phase to arrive.

STRESS DROP is a dependent variable derived from the Kostrov slip function and allowed to vary due to
three effects modeled in rupture. Asperities and rough rupture are allowed to have a different stress drop
than surrounding portions of the fault rupture (discussed above). Also, stress drop is constrained to diminish
near the surface of the earth at the rate of 10 + 0.75 times the confining pressure due to the lithostatic load
(300 bars at 1.7 km depth). The minimum of the stress drop calculated using this constraint and the full
rupture stress drop is used.

SLIP VECTOR is constrained to 180° for a right-lateral strike slip fault.

PREDICTION UNCERTAINTY

In the terminology of Abrahamson ez al., (1990), our prediction uncertainty has two elements: (1) parametric
uncertainty, which arises from uncertainty as to which scenario will occur, and (2) modeling and random
errors caused by not modeling the rupture process correctly and by factors such as uncertainties in moment
estimates for empirical Green’s functions and errors caused by interpolation of events along the fault
surface.

We estimated the parametric uncertainty by generating a suite of time histories from 100 sets of the
independent parameters. We selected these sets at random by assuming that the parameters are uncorrelated
and that each is uniformly distributed through its allowed range. Figure 2 shows the average (in log space)
of the absolute acceleration response (AAR) spectra for the two horizontal components calculated for each
of the 100 parameter sets. All these parameter sets represent earthquakes with the same moment and fault
rupture area, parameters that might be successfully anticipated in advance. It is clear from this figure that a
broad range of possible response spectra could be generated from an event whose moment and fault rupture
area are fixed.

We examine the AAR data at a single frequency (1 Hz) to illustrate how the parametric error can be
estimated and how that estimate is improved by calculating more scenarios. Figure 3 is a histogram of the
natural logarithms of the calculated values at that frequency. The data are distributed close to normally in
log-space with a sample mean and standard deviation of —0.44 and 0.80, although they fail a ¥2 test (Freund,
1962) for the log normal distribution. Figure 4 shows the evolution of sample mean as a function of the
number of scenarios run. The uncertainty in the mean is estimated from the observed variability and the
number of points used, approximating the data-distribution as log-normal. A similar calculation was made
for the “84th percentile” represented by the sum of the sample mean and sample standard deviation. The
uncertainty in the sum is estimated by assuming the errors in the mean and standard deviation are
independent (Hald, 1952). Estimates of the mean and 84th percentile vary significantly with the number of
scenarios, but the final estimates (for 100 scenarios) always lie within the 1 o bounds for the estimate
uncertainty, suggesting that the approximate error model gives a useful estimate of the uncertainty. The
uncertainties decrease significantly as more scenarios are added. The uncertainty in the natural logarithm of
the mean decreased from 0.29 after 10 scenarios, to 0.08 (corresponding to approximately £0.05g) after 100.
The bounds for the 84th percentile are about £0.18¢ after 100 runs. Given enough computer time, we can
determine the parametric uncertainty to any accuracy desired. For example, the uncertainties in the mean
and 84th percentiles would be reduced to 20.016g and +0.06g, respectively, if we ran 1000 scenarios.
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Fig. 2. Absolute acceleration rcspbnse at 5% damping for the 100 scenarios.
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Jarpe and Kasameyer (1996) estimated the second element of uncertainty, modeling and random error, by
comparing computed and observed records for the 1989 Loma Prieta earthquake, whose independent
parameters were well determined. The total source uncertainty is characterized by adding the parametric and
“random plus modeling” standard deviation estimates (0.80 and 0.55 at 1 Hz) in quadrature. The mean and
84th percentiles of the AAR distribution calculated in this manner are given by the dark lines in Figure 5.




HAZARD

A methodology for identifying the ground motion hazard to a site is to choose an acceptable probability
from the suite of hazards from the 100 rupture scenarios. If either the mean or'+10° AAR (50th or 84th
pertentile) is chosen to identify the hazard, then time histories with AAR near these values would represent
the hazard. It is not recommened to modify AAR to match a “target” spectrum, because this would in effect
alter the rupture scenario and may inadvertently generate a non-physical model. Further, in non-linear
structural analysis more than one time history should be selected. Rupture models HAY83 and HAY 16
generated time histories that had AAR closest to the mean and +106 values, respectively. Figure 5 shows
these AAR along with those from two additional models that closely matched (HAY40 and HAY06 for
mean values, and HAY42 and HAY69 for +1 ¢ values). Figure 6 shows the slip distribution and hypocenter
for scenarios HAY83 and HAY16. Figure 7 shows their time histories; the top three are the three
components of acceleration, the middle three are the same records integrated to velocity, and the bottom
three are ithe displacements.

DISCUSSION AND CONCLUSIONS

Since BKS is adjacent to the fault, one expects a large fault normal component in long periods. This is
evident in the velocity and displacement records in Fig. 7, where the top trace is aligned fault parallel and
the second trace is fault normal. Table 1 lists fault normal and fault parallel values of peak acceleration and
velocity from records of the 1992, M=7.3 Landers earthquakes at comperable distance and geology as BKS.
Also listed is a computation for a site at 4.3 km from the Hayward fault (STK, Figure 6), which is at a
comperable distance and geology as a recording from the 1995, M=6.9 Kobe, Japan earthquake (soils
modeling provided by J.C. Chen, personal communication, 1996). It is apparent that the results at these two
sites are close to those obtained for actual recordings and that the methodology provides a realistic
predictive tool for a possible future Hawyard fault earthquake.
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TABLE 1

Earthquake Site geology Distance FN - FP peak accel FN - FP peak vel
Landers, 1992* Lucerne,rock 1.1 076 0.73 127.5 95.3
Synthetic, mean HAY83  BKS, rock 14 0.5 04 100.0 45.0
Kobe, 1995* Takatori,soil 4.3 081 042 174.9 62.7
Synthetic, +10 HAY STK, soil 43 0.87 0.69 140.0 100.0

* data values from Somerville et al., (1995)
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