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ABSTRACT

We compute ground motions in the San Francisco Bay area for 35 Mw 6.7-7.2 scenario earthquake ruptures involving
the Hayward fault. The modeled scenarios vary in rupture length, hypocenter, slip distribution, rupture speed, and rise time.
This collaborative effort involves five modeling groups, using different wave propagation codes and domains of various sizes
and resolutions, computing long-period (T > 1-2 s) or broadband (T > 0.1 s) synthetic ground motions for overlapping subsets
of the suite of scenarios. The simulations incorporate 3-D geologic structure and illustrate the dramatic increase in intensity of
shaking for Mw 7.05 ruptures of the entire Hayward fault compared with Mw 6.76 ruptures of the southern two-thirds of the
fault. The area subjected to shaking stronger than MMI VII increases from about 10% of the San Francisco Bay urban area in
the Mw 6.76 events to more than 40% of the urban area for the Mw 7.05 events. Similarly, combined rupture of the Hayward
and Rodgers Creek faults in a Mw 7.2 event extends shaking stronger than MMI VII to nearly 50% of the urban area. For a
given rupture length, the synthetic ground motions exhibit the greatest sensitivity to the slip distribution and location inside
or near the edge of sedimentary basins. The hypocenter also exerts a strong influence on the amplitude of the shaking due to
rupture directivity. The synthetic waveforms exhibit a weaker sensitivity to the rupture speed and are relatively insensitive to the
rise time. The ground motions from the simulations are generally consistent with Next Generation Attenuation ground-motion
prediction models but contain long-period effects, such as rupture directivity and amplification in shallow sedimentary basins

that are not fully captured by the ground-motion prediction models.
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OBJECTIVES

The Uniform California Earthquake Rupture Forecast released in 2008 assigned a probability of 31% for a magnitude
6.7 or larger event occurring on the Hayward-Rodgers Creek fault system in the next 30 years (Working Group on California
Earthquake Probabilities, 2008). The previous large earthquake on the Hayward fault was a magnitude 6.8 event rupturing
the southern two-thirds of the fault in 1868 (Yu and Segall, 1996; Bakun, 1999). The focus of this study is to characterize
the ground shaking across a suite of scenarios spanning a range of possible events for the next large earthquake involving
the Hayward fault. We develop kinematic rupture models based on previous probability forecasts (e.g., Working Group on
California Earthquake Probabilities (2003) and Working Group on California Earthquake Probabilities (2008)) and geophysical
data while attempting to make the resulting ground motions consistent with the Next Generation Attenuation models (e.g.,
Boore and Aktinson (2008)). In this paper we present an overview of the modeling results; a more thorough discussion of the

results is available in Aagaard ef al. (in prep.) and Aagaard ef al. (in prep.).

EARTHQUAKE SCENARIOS

The suite of earthquake scenarios spans a large range of parameters through variability in rupture length, hypocenter,
slip distribution, rupture speed, and rise time. The five rupture lengths (Figure 1) include (1) the southern two-thirds of the
Hayward fault (Hayward South), (2) the entire Hayward fault (Hayward South + North), (3) a portion of the Central Calaveras
and the southern two-thirds of the Hayward fault (Central Calaveras + Hayward South), (4) the northern portion of the Hayward
fault and the Rodgers Creek fault (Hayward North + Rodgers Creek), and (5) the Hayward fault and the Rodgers Creek fault
(Hayward South + North + Rodgers Creek). These rupture lengths closely follow those from the Working Group on California
Earthquake Probabilities (2003) with the addition of the Central Calaveras + Hayward South rupture, which is based on recent
seismic, geologic, and geophysical evidence that at depth the Hayward fault extends south to the Central Calaveras fault as a
relatively smooth, continuous structure (Manaker et al., 2005; Graymer et al., 2007). For each of the first three rupture lengths
(Hayward South, Hayward South + North, and Central Calaveras + Hayward South), we consider three hypocenters yielding
north-to-south rupture, bilateral rupture, and south-to-north rupture. These hypocenters were selected based on the empirical
results of Mai et al. (2005) that identified a preference for hypocenters in strike-slip ruptures to sit in deeper sections of the
fault. We also selected random realizations of slip (discussed in the following paragraphs) consistent with these hypocenters
lying near regions with large slip. For the ruptures involving both the Hayward and Rodgers Creek faults we consider only a
single hypocenter under San Pablo Bay, because ruptures have great difficulty jumping across 5-km step-overs between strike-
slip faults (Harris and Day, 1993), like the one between the Hayward and Rodgers Creek faults. Ruptures may nucleate on
secondary structures in such step-overs and subsequently spread onto adjacent faults. In this way the hypocenter under San
Pablo Bay is analogous to the 1906 earthquake, which nucleated in a geometrically complex region offshore of San Francisco

(Lomax, 2005; Lomax, 2008), and the 1995 Kobe earthquake, which nucleated in a geometrically complex region at the
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intersection of the Nojima fault and the Suma and Suwayama fault (Zhao et al., 1996).
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Figure 1. The left panel shows a map of the urban area (yellow shaded region) and the extent of rupture on the surface traces (red
lines) of the scenarios for the Hayward, Rodgers Creek, and Calaveras faults. The right panel shows the four rupture segments
(surfaces traces in solid red lines and down-dip extent of rupture in dashed red lines) which are combined into the five rupture
lengths. The epicenters (stars) are offset from the surface trace due to the 3D geometry of the fault surface. The rupture segments

include the Central Calaveras (CC), Hayward South (HS), Hayward North (HN), and Rodgers Creek (RC).

The slip distribution in each scenario is a combination of a deterministic long length-scale distribution (nominal or
background slip at scales longer than 1/2 of the rupture length) and a stochastic short length-scale distribution (scales shorter
than 1/2 of the rupture length). For each hypocenter we consider multiple realizations of the stochastic slip distributions. For
the deterministic, background slip distribution, we account for the influence of creep on the coseismic rupture via two different
approaches; both of these approaches use the creeping patches on the Hayward fault delineated by Funning ef al. (2007). In the
first set of slip distributions, we apply a slip-predictable approach (Shimazaki and Nakata, 1980) such that locked regions have
a nominal slip equal to the product of the fault slip rate (9 mm/yr for the Hayward and Rodgers Creek faults (Working Group
on California Earthquake Probabilities, 2003)) and the time since the most recent large event (140 years and about 230 years
for the Hayward and Rodgers Creek faults, respectively (Working Group on California Earthquake Probabilities, 2003)). In the
creeping patches, we reduce the slip relative to the locked patches by subtracting the creep rate from the fault slip rate before

multiplying by the time since the most recent event, where we use the creep rate from Funning ef al. (2007). For Hayward
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South ruptures this yields Mw 6.84 events, compared to Mw 6.89 events if we neglect the influence of creep.

Because slip-predictable models often do a poor job of forecasting the amount of slip in earthquakes (Murray and
Segall, 2002; Bakun et al., 2005), we also consider an alternative approach for how creep may affect the coseismic slip distri-
bution. In the second set of slip distributions, we assume that creeping areas progressively reduce coseismic slip as the rupture
propagates into them and apply a vertical gradient of -0.1 m/km to the nominal background slip in the creeping patches de-
lineated by Funning et al. (2007). That is, the nominal slip at depth over the rupture area is uniform but tapers linearly at a
constant rate (uniform vertical gradient) over the shallow, creeping portions of the fault. In this approach the background slip
is not constrained to be related to the slip rate and time since the most recent event, so we constrain the average slip using the
Hanks and Bakun (2008) magnitude-area relation. We account for creep in using the magnitude-area relation by replacing the
rupture area with an effective rupture area (the area required to yield the same seismic potency with uniform slip) in our com-
putation of the expected magnitude for a given rupture extent. This is similar to the reduced area factor, R, used by the Working
Group on California Earthquake Probabilities (2003). For Hayward South ruptures this yields Mw 6.76 events, compared to

Mw 6.89 events if we neglect the influence of creep.

For both sets of models, slip at shorter length scales (less than one-half of the rupture length) has a random phase with a
wavenumber squared falloff based on Mai and Beroza (2002). The crossover between the deterministic nominal slip distribution
and the stochastic slip distribution was set to minimize the bias in spectral accelerations of synthetic ground motions (that were
computed with a simple 1-D seismic velocity structure) with respect to the Boore and Aktinson (2008) NGA ground-motion

prediction model.

The kinematic rupture models include local variations in rupture speed and use a ray-tracing algorithm to propagate the
rupture front over the fault surface. The rupture speed correlates with slip to promote variations in the direction of propagation
and force the rupture to propagate around regions with very little slip. In the simulations discussed here, the rupture speed is
0.1 Vs (where Vs is the shear-wave speed) for zero slip and increases linearly to the limiting speed for mode-II rupture (0.92
Vs) at the average slip. The rupture speed remains 0.92 Vs for regions with slip greater than the average slip. Due to the up-dip
and down-dip propagation of the rupture over the fault surface, the average rupture speed over the length of the rupture tends to
be about 0.85 Vs or slightly slower than the limiting speed for mode-II rupture (0.92 Vs). As part of our suite of 35 scenarios,

we also consider ruptures with slower and faster rupture speeds as discussed in Aagaard et al. (in prep.).

Although we are not attempting to simulate the 1868 Hayward fault earthquake in detail (because little is known about
its source parameters), a few of the scenarios are designed to have source parameters that might be similar to this event. The
Hayward South scenarios are consistent with the rupture length (Yu and Segall, 1996; Bakun, 1999) and magnitude (Bakun,
1999) of the 1868 earthquake. Boatwright and Bundock (2008) suggest that the north-south symmetry of the intensities is
consistent with bilateral rupture compared with either predominantly north-to-south or south-to-north rupture. Our selection

of three hypocenters permits further analysis to identify which rupture propagation pattern is most consistent with the shaking
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intensities from the 1868 event.

GROUND-MOTION MODELING

Five ground-motion modeling groups participated in the effort to simulate ground motions for the suite of 35 scenarios.
These groups included (1) Aagaard with a finite-element code (Aagaard et al., 2001) resolving periods greater than 2.0 s, (2)
Graves with a finite-difference code (Graves, 1996; Day and Bradley, 2001; Graves, 2008) resolving periods greater than 1.0
s and periods greater than 0.1 s using a hybrid approach (Graves and Pitarka, 2004), (3) Larsen with a finite-difference code
(Larsen and Schultz, 1995) resolving periods greater than 1.0 s, (4) Ma with a finite-element code (Ma and Liu, 2006) resolving
periods greater than 2.0 s, and (5) Rodgers with a finite-difference code (Nilsson ef al., 2007) resolving periods greater than 2.0
s. Each group simulated a common subset of the scenarios to verify consistency of the results among the various groups and
then explored a different subset of the parameter space spanned by the scenario suite. All of the simulations incorporate the
3-D geologic structure as described by the USGS 3-D Geologic Model (Jachens et al., 2006; Watt et al., 2007) and the latest
version (08.3.0) of the USGS Bay Area Velocity Model (Brocher et al., 2006). The long-period simulations impose a minimum
shear-wave speed of 500-750 m/s; Graves’s broadband simulations, on the other hand, account for local site effects based upon

the shear-wave speed in the uppermost 30 m (Vs30) as well as nonlinear soil response.

Figure 2 shows the Modified Mercalli Intensities (MMI) for Graves’s broadband (T > 0.1 s) simulations of three Mw
6.76 Hayward South ruptures with the simple slip-gradient approach that accounts for creep. MMI is computed from peak
horizontal velocities (PGV) and peak horizontal accelerations (PGA) following the relation developed by Wald et al. (2005)
for use in ShakeMap. The intensities from the broadband simulations tend to exceed the long-period simulations by about
0.2-0.4 MMI units due to the inclusion of higher frequencies; nevertheless, the pattern of shaking is consistent across all of the
modeling groups and the intensities among the long-period simulations agree quite well. The strike-slip rupture generates the
highest intensities along the strike of the fault away from the epicenter, as a result of rupture directivity. A region of locally
higher slip at the southern end of the rupture contributes to the strong intensities in that region. Although the perimeter of the
San Francisco Bay contains very soft soils, the sediment cover is relatively thin compared to the east side of the Hayward fault
along the northern portion of the rupture. This region is marked by deep, soft sediments, which causes the shaking intensities
to be significantly higher east of the Hayward fault compared to west of the fault. Locally higher intensities are also present as

a result of amplification due to sedimentary basins underneath Livermore, west and east of San Jose, and San Pablo Bay.

The shaking intensities increase significantly as the rupture length is extended north corresponding to rupture of the
Hayward fault in a Mw 7.05 event. Figure 3 displays the Modified Mercalli Intensities for Graves’s broadband simulations of
three Hayward South + North ruptures using the simple slip-gradient approach that accounts for creep. The area subjected to
shaking stronger than MMI VII increases from about 10% of the San Francisco Bay urban area for the Mw 6.76 scenarios to

more than 40% of the urban area for the Mw 7.05 scenarios. We attribute the stronger shaking to the combination of a greater
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Figure 2. Maps of Modified Mercalli Intensity (MMI) for Graves’s broadband simulation of three Mw 6.76 Hayward South ruptures
that use the simple slip-gradient approach to account for creep. Rupture directivity (hypocenter), the slip distribution, and geologic

structure all exhibit strong influences on the pattern of shaking.

125 rupture length (83 km compared with 54 km) and an increase in the average slip. The general pattern of shaking remains with
126 stronger motions along the strike of the fault away from the epicenter due to rupture directivity, stronger shaking along the
127 northern portion of the rupture east of the Hayward fault compared to west of the fault due to the contrast in rigidity (shear
122 modulus) across the fault, and local amplification in the sedimentary basins. Close to the rupture, we find variations in the

129 pattern of shaking as a result of using different random realizations of the slip in the stochastic portion of the slip distribution.

San Pablo Bay epicenter, N—S rupture Oakland epicenter, bilateral rupture Fremont epicenter, S—N rupture
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Figure 3. Maps of Modified Mercalli Intensity (MMI) for Graves’s broadband simulations of three Mw 7.05 Hayward South+North
ruptures that use the simple slip-gradient approach to account for creep.The longer rupture length and larger slip associated with
the larger magnitude results in significantly stronger shaking in this scenario compared with the Mw 6.76 Hayward South ruptures

shown in Figure 2.

130 Shifting the hypocenter near the north or south ends of rupture shifts the pattern of shaking. Hypocenters near the



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

160

161

162

southern ends of the ruptures increase the ground motions over the central and northern portions of the rupture and decrease the
motions south of the epicenter. Likewise, hypocenters near the northern ends of the ruptures increase the ground motions over
the central and southern portions of the rupture and decrease the motions north of the epicenter. This variation is consistent

with the previous studies of rupture directivity (Somerville et al., 1997; Aagaard et al., 2001; Spudich and Chiou, 2008).

Across the suite of 35 scenarios, the synthetic ground motions exhibit the strongest sensitivity to the slip distribution
and proximity to sedimentary basins. The hypocenter also exerts a strong influence on the amplitude of the shaking due to
rupture directivity. Although not shown in this limited subset of the scenarios, the synthetic waveforms exhibit a weaker

sensitivity to the rupture speed and are relatively insensitive to the rise time.

Figure 4 compares Modified Mercalli Intensity from Graves’s broadband simulations of three Mw 6.76 Hayward
South ruptures with the intensities of the 1868 earthquake compiled by Boatwright and Bundock (2008). The limited number of
intensity observations (62) and unknown slip distribution for the 1868 earthquake limit the level of agreement, but the simulation
with bilateral rupture produces intensities most consistent with those from the 1868 earthquake. However, all three Mw 6.76
scenarios fit the 1868 intensities relative to the uncertainty in the slip distribution and our expectations based on our previous
efforts to match MMI values for the Loma Prieta earthquake (Aagaard ef al., 2008b). The other scenarios from the suite of
scenarios (not shown) exhibit significantly less consistency with the observed intensities from the 1868 earthquake, especially
scenarios with larger magnitudes. Thus, the simulations support previous studies (Bakun, 1999) that assign a magnitude of

about 6.8 to the 1868 earthquake.

The suite of scenarios also permits comparison of the motions calculated in 3-D models with ground-motion prediction
relations, such as the Next Generation Attenuation (NGA) relations (Abrahamson and Silva, 2008; Boore and Aktinson, 2008;
Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008). In preliminary calculations (not shown here) we used the Boore
and Aktinson (2008) ground-motion prediction model to calibrate the wavenumber at which we cross-over from the nominal,
background slip distribution to the stochastic slip distribution. This calibration used a simple 1-D seismic velocity structure and
focused on the mean residual, not the variance or spatial variation. Figure 5 compares spectral accelerations at periods of 0.3 s,
1.0's, and 3.0 s from Graves’s broadband simulation of the Mw 6.76 Hayward South bilateral rupture (shown in Figure 2) with
those predicted by the Boore and Aktinson (2008) NGA model. The variance is quite small at a period of 0.3 s and increases
significantly at periods of 1.0 s and 3.0 s. The residuals for the other NGA models are similar in most cases. The mean residuals
correspond to event terms in the ground-motion prediction models and express how the average ground motions from the 3-D
simulations differ from the median of the ground motion prediction model for the specified earthquake magnitude. The mean
residuals are generally less than about 25% across Graves’s six broadband simulations and are well below the one standard
deviation levels of the Boore and Aktinson (2008) ground-motion prediction equations, which range from about 35% to 50%
over the period range of 0.3-3.0 s. This indicates that the ground motions from the 3-D simulations are, on average, consistent

with the expected range of event-to-event variability observed in recorded earthquakes of the same magnitude.
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Figure 4. Maps (top) and histograms (bottom) showing comparison between Graves’s broadband simulations of three Mw 6.76
Hayward South scenarios with different hypocenters and the Boatwright and Bundock intensities for the 1868 earthquake. The
warmer and cooler colors indicate the simulations over-predict and under-predict the intensities, respectively. All three scenarios fit

the 1868 intensities reasonably well with the bilateral rupture providing the best match to observed intensities.

The variances for the spectral accelerations at periods of 1.0 s and 3.0 s, on the other hand, are quite large. At
these periods the spectral accelerations from the 3-D simulations exceed the empirical relation in regions with strong forward
directivity and fall below the empirical relation in regions with backward directivity; consequently, the spectral accelerations at
1.0 and 3.0 s at most sites are highly sensitive to the hypocenter. Within sedimentary basins the spectral accelerations at 1.0 and
3.0 s consistently exceed the empirical predictions by a factor of up to 2 to 3. The NGA models account for basin amplification
either through Vs30 alone (Boore and Aktinson, 2008) or through a combination of Vs30 and a basin depth term (Abrahamson
and Silva, 2008; Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008). However, most of the ground-motion data used to
constrain these models are from deep basins (e.g., the Los Angeles basin) or come from theoretical studies within deep basin
environments (Day et al., 2008). The models also do not explicitly account for basin-edge effects or the coupling of directivity
and basin amplification. Most the basins within the greater San Francisco Bay area are relatively shallow (California Division
of Oil and Gas, 1982; McCulloch, 1987; Meltzer et al., 1987; Stanley, 1985; Wentworth et al., 1995; Parsons et al., 2003;
Catchings et al., 2004; Brocher, 2005; Catchings et al., 2006) but have significant affects on the amplitude and duration of the
shaking (Frankel and Vidale, 1992; Hartzell et al., 2006; McPhee et al., 2007; Aagaard et al., 2008b; Aagaard et al., 2008a).
This suggests that refinement of the ground-motion prediction models may be required in order to adequately account for the

effects of amplification in shallow basins.
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Figure 5. Maps (top) and histograms (bottom) of residuals in spectral acceleration at 0.3 s, 1.0 s, and 3.0 s for Graves’s broadband
simulations of the Mw 6.76 Hayward South bilateral rupture with respect to the Boore and Atkinson NGA model. The scale in the
colorbar is log2 so that the tickmarks of -2, -1, 0, 1, and 2 in the top panels correspond to differences of 1/4, 1/2, 1, 2, and 4,
respectively. The mean residuals are close to zero, but the variance in the residuals increase with period because the NGA model

fails to capture the effects of rupture directivity and amplification in shallow basins that are included in the simulations.

CONCLUSIONS

This suite of simulations illustrates the seismic hazard posed by the Hayward fault to the San Francisco area. Economic
loss analyses performed by Zoback (in prep.) indicate that losses for our Mw 6.76 Hayward South earthquakes would be about
$100 billion and reach about $200 billion for our Mw 7.05 Hayward South + North earthquakes. Communities along the fault
rupture would be severely impacted. Furthermore, if the rupture is predominantly unilateral, the damage would be focused at
either the northern or southern end of the rupture. For example, a southern hypocenter would tend to focus damage towards the
northern end of the fault (including the cities of Oakland, Berkeley, and Richmond), and a northern hypocenter would focus

damage towards the the southern end of the fault (including the cities of San Jose and Fremont).
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