Pacific Earthquake Engineering
Research Center

Ground Motions for Site Response Estimates
—1906 Earthquake

Paul Somerville
Robert Graves

Nancy Collins
URS Greiner Woodward Clyde
Pasadena, California

A report to the PEER Program of
Applied Earthquake Engineering Research on
Lifeline Systems

The financial support of the sponsor organizations including
the Pacific Gas & Electric Company (PG&E),
the California Energy Commission (CEC), and the
California Department of Transportation (Caltrans) is acknowledged.

PEER Utilities Program
Report No. 2000705



PG& E-PEER DIRECTED STUDIES PROGRAM, PHASE ||

SIMULATED TIME HISTORY OF THE 1906 SAN FRANCISCO
EARTHQUAKE AT COYOTE CREEK, SAN JOSE

TASK 5C FINAL REPORT
JUNE 6, 2000
Paul Somerville, Robert Graves, Nancy Coallins

URS Corporation, Pasadena, CA.

INTRODUCTION

This report describes the generation of a ground motion time history of the 1906
earthquake that represents the ground motions experienced a Coyote Creek, San Jose.
The time higory was generated usng a broadband smulation procedure that is
summarized in the following section and described in detail in the Appendix. The
amulated ground motions are representative of 4iff dluvid dte conditions.  The source
rupture modd of the 1906 San Francisco earthquake used in the smulation was derived
from the model of Wald et a. (1993). The Coyote Creek dte is located at Lat. 37 degrees
25.609 minutes north, 121 degrees 55.643 minutes west, North American datum 1927.
The dite is about 20.9 km northeast of the San Andreas fault, between the epicenter and
the southern termination of rupture a San Juan Bautista, as shown in Figure 1.

The ground motions a the Coyote Creek Ste have moderate amplitudes because
the gte is located near a pat of the fault that had low dip, and because it is located
rdativey close to the epicenter of the earthquake, and thus has moderate rupture
directivity effects For these reasons, the ground motions that were smulated a the
Coyote Creek sSte are not representative of the ground motions of the 1906 earthquake &
a digance of 20.9 km from the fault, especidly in the region north of the San Francisco

Bay.

SOURCE MODEL OF THE 1906 SAN FRANCISCO EARTHQUAKE

A rupture model of the 1906 San Francisco earthquake derived from teleseismic
data by Wald et al. (1993) is shown in Figure 2. This figure dso shows a comparison of
the fault dip infered from the tdesdsmic data with the geologicdly and geodeticaly
measured fault dip. The overdl rupture length of the earthquake was 340 km. The
hypocenter of the earthquake was assumed to be in Day City, based on Bolt (1968) and
Boore (1977). The largest concentration of dip occurred well north of the epicenter,
between Point Reyes and Fort Ross A gsmdler concentration of dip occurred
immediatdly south of the epicenter in Day City.

Experience in the andyss of ground motions from well recorded grike-dip
earthquakes, such as the 1989 Loma Prieta and 1995 Kobe earthquakes (Wald et 4.,



1991, Figure 11; Wald, 1996, Figure 11), shows that the strong motions experienced a a
gte are dominated by the part of the rupture that lies between the epicenter and the ste.

This is especidly true of rupture directivity effects, which influence the ground motions
a periods longer than about 0.5 seconds. Our smulations confirm our expectation that
the only part of the 1906 fault rupture that produced significant ground motion levels at
the Coyote Creek dte is the ssgment tha lies between the epicenter and San Juan
Bautista. According to the Wad et d. (1993) rupture model, the dip on the San Andreas
fault was about 6.5 meters at the epicenter of the 1906 earthquake, and decreased steadily
to zero about 70 km southeast of the epicenter. At the closest point on the fault to the
Coyote Creek dte, the dip was less than 2 meters.  The region of large dip between Point
Reyes and Fort Ross, characterized by fault dip of as much as 10 meters, is located more
than 150 km from the Site.

The fault paameters used in the smulation ae summarized in Table 2. We
modded a 260 km long ssgment of the rupture that contains dmogt dl of the saamic
moment of the earthquake. The 80 km segment a the northwestern part of the faullt,
which was not included in the rupture modd used in the ground motion sSmulétions,
would have a negligible effect on the ground motions & Coyote Creek. We used the
scding reations for crustd earthquakes developed by Somerville et d. (1999) to estimate
a rise time of 3.2 seconds.  The sengtivity of smulated ground motions to the source
parameters of large San Andreas earthquakes has been investigated by Graves (1998).

Table1. Source Parametersfor the 1906 San Francisco Earthquake Smulation

PARAMETER VALUE

Sdismic Moment 3.3x 10" dynecm
Mw 7.65

Length 260 km

Width 12 km

Depth to Top 1.5km

Strike 141

Dip 90

Rake 180

Hypocenter 37.67N, 122.46 E, 8 km depth
Length northwest of epicenter 165 km

Length southwest of epicenter 95 km

Rupture velocity 2.7 km/sec

Ri= Time 3.22 sec

Sip Modd, Crusta Velocity Model Wadetal., 1991

BROADBAND SIMULATION METHOD

The broadband ground motion smulation procedure is a hybrid procedure that
computes the low frequency and high frequency ranges separately and then combines the
two to produce a sngle time higory. At frequencies bdow 1 Hz, it contans a
theoreticaly rigorous representation of radiation pattern, rupture directivity and wave
propagation effects, and reproduces recorded ground motion waveforms and amplitudes.




At frequencies above 1 Hz, it uses a theoreticaly rigorous representation of wave
propagetion effects which is combined with theoreticaly-based semi-empiricd
representations of stochastic processes including source radiation pattern and scattering in
the path and dte. The smulation procedure has been calibrated againgt the recorded
strong motions from numerous earthquakes.

The synthetic seismogram procedure that we use to generate the low frequency
pat of the broadband seismogram is described by Hartzell and Heaton (1983). It is
implemented usng frequency-wavenumber integration to compute Green's functions
which are convolved with the dip function on the fault. The high frequency ground
motion smulation procedure that we use is described by Wdd e d. (1988) and
Somerville (1993). It is implemented usng a generdized ray method to caculate
amplified Green's functions, which ae convolved with empiricd source functions
derived from near-fault strong motion recordings of smdl earthquakes. The low
frequency and high frequency parts of the smulation are combined usng maiched filters
as described by Somerville et d. (1995ab). An outline of the procedure is given in the
following paragraphs.

The fault modd is specified as a finite rectangular fault surface thet is divided into
discrete sub-fault eements, and the maotions from these dements are summed and lagged
to amulate the propagation of rupture over the fault surface. The parameters required for
goecifying the source are saismic moment, fault length, fault width, drike dip, rake,
depth of top of fault, hypocenter, rupture velocity, and dip digribution (which may
include spatidly vaiable rake and time function of dip). Radiation pattern and fault
subevents are trested differently in two different frequency ranges. At low frequencies
(<1 Hz), the fault is discretized findy enough to produce a continuous dip function for
frequencies below one second, and the theoretica radiation pattern is used. At high
frequencies (>1 Hz), the fault is discretized into sub-fault dements having dimensons of
severd km. The radiation of ssismic waves from these sub-fault eements is represented
by empiricd source functions, which are recorded accelerograms of events having the
dimensons of the fault dements (magnitude ~5 earthquakes) that have been corrected
back to the source.  The radiation pattern is represented empiricaly by sdecting source
functions having the required theoretical radiation pattern vaue for each sub-fault
dement. We have used empiricd source functions derived from an aftershock of the
1979 Imperia Valey earthquake.

The modding of wave propagation effects requires the specification of sesmic
velocities, dengty, and Q of a flat layered crusd modd. We have used the velocity
modd used by Wad et a. (1991) in modding the 1989 Loma Prieta earthquake. Path
effects are treated differently in these two different frequency ranges. At low frequencies
(<1 Hz), path effects are represented by Green's functions caculated usng an efficient
frequency-wavenumber integration scheme (Saikia, 1994). These Green's functions
contain the complete response of the andadtic layered medium (al body wave and
surface wave phases) for frequencies below a given vdue (typicaly chosen to be 5 Hz).
They dso contan the near-fiedld term in addition to the fa-fidd term, and include the
datic displacement fidd of the earthquake. At high frequencies (>1 Hz), path effects are
represented by amplified Green's functions cdculated usng generdized ray theory
(Hemberger and Harkrider, 1978). These Green's functions are accurate up to
indefinitdly high frequencies (typicdly 50 Hz), and contan dl of the sSgnificant rays



They are amplified in the sense that they do not include the radidion pattern and the
recaver function. The smplified Green's functions are used to trander the empirica
source functions from the depth, horizontal range and velocity sructure in which they
were recorded to the depth, horizontal range and velocity structure in which they are o be
used for ground motion smulation. Scattering effects in the path are represented
empiricaly by wave propagation effects contained in the recorded source functions.

At low frequencies, Ste effects are incorporated by cdculating Green's functions
using surface velocity, density and Q appropriate for the site. For the high frequency part
of the amulation, the recever function is incuded empiricaly in the recorded source
functions, the partitioning of energy among components is treated in a Ste-gpecific
manner by applying a recaver function correction to the empiricad source functions
which rotates the recorded wave fidd into the appropriate partitioning for the velocity
dructure at the Ste. Scattering effects near the Ste are represented by wave propagation
effects contained in the empirica source functions that are not modeled by the smplified
Green's functions. The dte atenuation contained in the empiricd source functions is
adjusted to provide the value that is appropriate at the Site.

The ground motion model has no free parameters when used to modd the
recorded ground motions of an earthquake. The method has been vdidated againg the
recorded strong ground motions of numerous earthquakes, including the 1989 Loma
Prieta earthquake (Somerville et a., 1994ab). Based on this vdidation experience, we
have documented that the ground motion sSmulation procedure is applicable for
magnitudes in the range of 5 to 8; disgtances from 0 to 200 km, and frequencies between
0.2and 35 Hz

GROUND MOTION TIME HISTORY AT COYOTE CREEK

The north, east and verticd components of accderaion, veocity and
disolacement for smulated ground motion time hisory ae shown in Fgure 3. The
Sseparate contributions of the two main concentrations of dip on the fault are evident in
these time histories. The asperity immediately south of the epicenter produces about 10
seconds of horizontal component acceleration with pesks of about 0.1g, a long period
velocity pulse with a pesk veocity of 165 and 12 cm/sec on the north and east
components respectively, and a corresponding displacement pulse with pesk
displacements of about 20 and 40 cm on these two components. The asperity between
Point Reyes and Fort Ross produces much smaler ground motions that arrive about one
minute later. At long periods, the ground motions are much smaler because of backward

Boore (1977) described an andyds of strong motion recordings of the 1906
earthquake. The recordings were made on primitive seismographs that were dl driven
off scale. The clearest recording was made on a three-component Ewing insrument at
Mount Hamilton (Boore, 1997, Figure 3). This recording, normdized by the datic
meagnification of the indrument, shows clipping a about 3 cm of digolacement soon after
the inferred onset of the S wave. Modding of this record is beyond the scope of the
present study, but the smulations described in this report are consdered to be not
incondgent with the Mount Hamilton record. The ground displacement caculations a
Mount Hamilton shown by Boore (1977) in Figure 7 are quite compatible with those in



Figure 3 of this report, both in polarity and amplitude, dthough the cdculations in this
report are somewhat larger because their body waves were calculated for a layered crustal
modd.

The response spectra of the smulated ground motions are shown in Figure 4.
These response spectra show the separate contributions of the low frequency and high
frequency simulations, in addition to the response spectra of the combined broadband
time higtories. The smulated response spectra are compared with the prediction of the
empiricd modd of Abrahamson and Silva (1997) for soil Stes. The smulated Spectra
are lower than the empirical spectra a dl periods. This difference may be attributable to
the following factors.

The largest concentration of dip in the 1906 earthquake occurred well north of the
epicenter, between Point Reyes and Fort Ross.  This main asperity of the 1906 earthquake
produced inggnificant ground motion levels a the Coyote Creek dte, because of its
disance from the dte (about 160 km) and because rupture of this segment propagated
away from the Coyote Creek ste. A smaler concentration of dip occurred immediatey
south of the epicenter in Ddy City. The ground motions at the Coyote Creek dte have
moderate amplitudes because the dte is located near a part of the fault that had low dip,
and because it is located relatively close to the epicenter of the earthquake, and thus has
moderate rupture directivity effects. For these reasons, the ground motions that were
amulated a the Coyote Creek Ste are not representative of the ground motions of the
1906 earthquake at a distance of 20.9 km from the fault, especidly in the region north of
the San Francisco Bay.

There is no strong motion recording of the 1989 Loma Prieta earthquake at
Coyote Creek. The closest recording ste is the Milpitas site (CSMIP #57502), about 3
km east of Coyote Creek, where the instrument is located on the floor besde the wal of a
two gory building. The north, east and verticd components of accderation, velocity and
displacement recorded at the Milpitas Ste during the 1989 Loma Prieta earthquake are
shown in Fgure 5. The duration of the Milpitas accderaion time higory is amilar to
that of the 1906 Coyote Creek smulation.

The response spectrum of the Milpitas recording of the 1989 Loma Prieta
earthquake is compared with the response spectrum of the 1906 earthquake smulation at
Coyote Creek in Figure 6. The response spectra are similar a short periods, but the
Loma Prieta earthquake is larger at periods longer than about 2 seconds. This may reflect
the fact that the 1989 Loma Prieta earthquake is closer to Coyote Creek than the Day
City agperity of the 1906 earthquake, athough it has a smaler sesmic moment (My, 6.95
for Loma Prieta compared to M,, 7.15 for the Daly City asperity of the 1906 earthquake).

Our smulations of the 1906 earthquake at Coyote Creek are for giff dluvid gSte
conditions, and have not teken ste specific ground conditions a Coyote Creek into
account. These conditions may include the effects of the response of the Santa Clara
basn, which may be ggnificant in the Milpitas recording of the 1989 Loma Priga
earthquake. The devdopment of relidble 3D velocity models of the Santa Clara basin
may provide the means to test the modding of Santa Clara basn effects usang the Loma
Prieta recordings, and the gpplication of basin modding to incorporate basin effects in the
gmulation of ground motions from the 1906 earthquake.
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APPENDIX 1.
BROADBAND GROUND MOTION SIMULATION METHOD

Introduction

The broadband strong motion smulation method is a hybrid method that computes the
ground motions separately in the short period and long period ranges and then combines them.
We used atrangtion period of 1 seconds between the short period and long period ranges in
the smulations described in this report; Figure A1-1 schematicaly shows the matched filters for
aperiod of 3 seconds. The method used for short periods is based on the summation of strong
motion recordings from smaller earthquakes. The method used for long periods is a sandard
method for calculaing synthetic seismograms based on theoretical Green's functions.  This
standard method has been used extensively to successfully modd the waveforms of long period
strong ground motions recorded from many recent earthquakes, and is the basis for the rupture
models of earthquakes that are inverted from strong motion recordings.

The fault moded is specified as a finite rectangular fault surface that is divided into
discrete sub-fault dements, and the motions from these dements are summed and lagged to
amulate the propagation of rupture over the fault surface. The parameters required for
specifying the source are seiamic moment, fault length, fault width, strike, dip, rake, depth of top
of fault, hypocenter, rupture velocity, and dip digtribution (which may include spatidly varigble
rake and time function of dip). Radiation pattern and fault subevents are treated differently in
two different period ranges. For the long period smulation, the fault is discretized finely enough
to produce a continuous dip function for periods longer than the trangtion period, and the
theoreticd radiation pattern is used.

For the short period smulation, the fault is discretized into sub-fault eements whose
dimensons are chosen s0 as to maintain sef-amilarity in the spectrd shape between the
subevent on the fault dement and the large event based on an omega-squared scding relaion
(Joyner and Boore, 1986), as described by Somerville et d. (1991). The radiation of seismic
waves from these sub-fault dements is represented by empirica source functions, which are
recorded accderograms of events having the dimensions of the fault eements and tha have
been corrected back to the source.

The modding of wave propageation effects requires the specification of saismic
velocities, dengty, and Q of aflat layered crustal model. Peth effects are treated differently in
these two different period ranges. At long periods, path effects are represented by Green's
functions caculated using an efficient frequency-wavenumber integration scheme (Saikia, 1994).
These Green's functions contain the complete response of the anelagtic layered nmedium (dl
body wave and surface wave phases) for frequencies below a given vaue (typicaly chosen to
be 5 Hz). They dso contain the near-fidd term in addition to the far-field term, and include the
datic displacement fied of the earthquake. At short periods, path effects are represented by
amplified Green's functions caculated using generdized ray theory (Helmberger, 1983). These
Green's functions are accurate up to indefinitely high frequencies (typicaly 50 Hz), and contain



dl of the 9gnificant rays. They are amplified in the sense that they do not include the radiation
pattern and the recaeiver function. The smplified Green's functions are used to transfer the
empiricad source functions from the depth, horizontal range and veocity structure in which they
were recorded to the depth, horizontal range and velocity structure in which they are to be used
for ground motion smulation. Scattering effects in the path are represented empiricaly by wave
propagation effects contained in the recorded source functions.

At long periods, Ste effects are incorporated by caculating Green's functions using
surface velocity, densty and Q appropriate for the Ste. For the short period part of the
smulation, the recaiver function is included empiricaly in the recorded source functions, the
partitioning of energy among components is treated in a dte-gpecific manner by goplying a
receiver function correction to the empirical source functions which rotates the recorded wave
field into the appropriate partitioning for the velocity structure at the Ste. Scattering effects near
the Ste are represented by wave propagetion effects contained in the empirical source functions
that are not modeled by the smplified Green's functions. The dte atenuation contained in the
empirical source functionsis adjusted to provide the vaue that is gppropriate at the Site.

In the following sections, we provide more detail about specific agpects of the
broadband strong motion smulation procedure. This description addresses the earthquake
source, the propagation path, and the sSte, and summarizes the parameters requiring
gpecification. It aso describes important festures of the procedure and the vaidation of the
procedure againgt recorded strong ground motions.

Source

A finite source is used. For the smulation of ground motions from an earthquake for
which a rupture model has been inverted, the parameters derived from the inverson provide dl
of the information needed to characterize the source. For the Smulation of ground motion for a
future earthquake, the dip distribution is generated from a frequency-wavenumber modd of dip
digribution whose parameters are condrained by the dip modds of past earthquakes
(Somerville and Abrahamson, 1991). The dip direction on the fault (rake angle) can vary
gpatidly over the fault, and can dso vary in time a a given point on the fault. Therisetime (dip
veocity) is based on an empirical relaion derived from the same ten events.  The rupture
veocity is assumed to be 0.85 times the shear wave velocity. Radiation pattern and fault
subevents are treated differently in two different period ranges.

Long Period: The fault is discretized findy enough to produce a continuous plane for
frequencies below one second. The theoretical radiation pattern is used.

Short Period: The fault is discretized into fault dements. The Sze of the fault dements is
chosen S0 as to maintain self-amilarity in the spectra shape between the subevent on the fault
element and the large event based on an omega-squared scaing relation (Joyner and Boore,
1986), as described by Somerville et d. (1991). The condition is that the tota number of



subevents added be the four-thirds power of the moment ratio of the large event to the
Subevent.

The radiation of ssismic waves from these fault dements is represented by empirica source
functions, which are accdlerograms of events having the dimensions of the fault dements that
were recorded near the source and have been corrected back to the source.  Where multiple
empiricd source functions are available, the radiaion pattern is represented empirically usng
these source functions, by sdecting recordings having the required theoretical radiation pattern
vaue for each fault dement.

Path

For 1D models of crusta sructure, path effects are treated differently in two different
period ranges.

Long Period: Path effects are represented by Green's functions calculated using an efficient
frequency-wavenumber integration scheme (Saikia, 1994). In the frequency-wavenumber
integration method, the solutions due to a point source are expressed in terms of a double
integrd trandformation over horizonta wavenumber and frequency by taking tempora and
gpatia Fourier transforms. For a stack of homogeneous plane layers, the kernel of the integrand
is expressed by the propagator matrix. The integra of the kernd over the horizonta
wavenumber is carried out numericaly at a sequence of different frequencies. Time domain
solutions are obtained by an inverse Fourier trandform. These Green's functions contain the
complete response of the layered medium (al body wave and surface wave phases) for
frequencies below a given vaue (typicdly chosen to be 5 Hz). They dso contain the near-fidd
term in addition to the far-fidld term, and include the Static displacement field of the earthquake.
The Green's functions include the effects of alayered Q modd.

Short Period: Path effects are represented by smplified Green's functions caculated using
generdized ray theory (Helmberger, 1983). These Green's functions are accurate up to
indefinitely high frequencies (typicdly 50 Hz), and contain dl of the Sgnificant rays. They are
amplified in the sense that they do not include the radiation pattern and the recelver function;
these are excluded because they are represented empiricaly in the empiricd source functions.
The amplified Green's functions are used to trandfer the empirica source functions from the
depth, horizontal range and veocity dructure in which they were recorded to the depth,
horizontal range and velocity structure in which they are to be used for ground motion
gmulation. Scattering effects in the path are represented empirically by wave propagation
effects contained in the source functions that are not modded by the smplified Green's
functions used in thelr correction.

Geometrical ray theory bresks down when there are strong velocity gradients. For
cdculating the propagation of seismic waves in alayered crust, we need to use generaized ray
theory which includes refracted arrivals (head waves) as wdl as reflected arivas. In the
generdized ray method, the kernel of a double integrd transformetion is obtained by taking a



Laplace transform over time and a spatia Fourier transform over horizonta coordinate. Then,
by introducing ray parameter and a relationship between the ray parameter and travel time
(Cagniard path), the integral of the kernel which corresponds to an inverse Laplace transform is
andyticadly carried out in order to obtain a time domain solution. The method of generdized
rays alows separation of the wavefied into energy that radiates downward and energy that
travels upward. To illustrate generadized rays, we describe the decomposition of the wavefied
into the following three travel paths

(1) direct arriva plus surface layer multiples (shdlow Love waves);

(2) downgoing (diving) energy paths (lower crugtd triplications); and

(3) surface reflected paths which are reflected again below the source (sS).

A smooth velocity model composed of approximately 50 layersis shown in Figure A1-
2. This figure dso displays two generdized ray sets used in congructing the wavefidd: the
downgoing ray set and the upgoing ray set (excluding the direct arrival). The upper portion of
Figure A1-3 displays the various contributions of these three ray sets to the total potentid field.
These three contributions are the direct ray, a large set of downgoing rays that are reflected
back to the surface, and a large set of upgoing rays that are reflected at the surface and are
reflected or refracted back to the surface. These responses were produced by applying the
Cagniard-de Hoop technique to the generdized rays (Helmberger, Engen & Grand 1985).
These three contributions dominate the wavefield, as can be demondrated by generating
complete synthetic seismorgams by the reflectivity method (Saikia, 1994). The upper row
shows the decrease in short-period energy with increasing distance as the waves becomes
diffracted. The downgoing rays (or diving rays) contribute sgnificantly to the short period
content. The Moho reflection SmS and the Moho refracted wave Sn (head wave) produce
further complexity, especidly due to contributions from sS.

Peth effects are trested in one of two different methods in 2D crustd models. One
method uses generdized rays (Helmberger et d., 1995), and is accurate up to indefinitely high
frequencies (typicaly to 50 Hz). The other method uses finite difference (Helmberger and
Vidae, 1988), and contains al body wave and surface wave arrivals for periods longer than a
gpecified cutoff period. This method can aso be used for 3-D crustal models.

Site

Site effects are incorporated by cadculaing Green's functions using the velocity modd
gopropriate for the gte.  For the short period part of the smulation, the receiver function is
induded empiricdly in the empiricd source functions the patitioning of energy among
components is treated in a sSite-specific manner by gpplying areceiver function correction to the
empirical source functions which rotates the recorded partition into that appropriate to the
velocity structure at the Ste. Scattering effects near the Site are represented empirically by wave
propagation effects contained in the empirica source functions that are not modeled by the
amplified Green's functions used in their correction. The Ste attenuation (keppa) contained in
the empiricd source functions is adjusted to provide the vaue that is gppropriate a the Ste.



Non-linear effects can be included in an gpproximate way by usng a 1D equivdent linear
approach.

Parameter s Requiring Specification

Source: Seismic moment, fault length, fault width, strike, dip, rake, depth of top of
fault, hypocenter, rupture velocity, the time function of dip a each point on the fault, and the
direction of dip on the faullt.

Path: Seigmic velocities, densty, and Q (materid damping factor) of a crusta mode
that may be plane layered (1D), 2D or 3D. The most senstive parameters are velocity
gradients in the shalow and deep parts of the crust.

Site: Surface seismic velocities, dengity, and Q (materid damping factor). If nonlinear
s0il response isto be included, we need shear modulus and damping as a function of strain level.

Important Features of the Broadband Ground Motion Simulation Method

As determined from vaidation againg recorded data documented below, the ground
motion method is broadband (zero frequency to 50 Hz); is applicable for magnitudes in the
range of 5 to 8; and is applicable to distances from Okm to 200km or more. It has no free
parameters when used to model the recorded ground motions of an earthquake, and hence no
cdibration of the modd is required. The mode has been extensvely vdidaed agang the
recorded strong ground motions of crusta earthquakes using flat layered (1-D) crusta models
and more complex (2-D and 3-D) modds. At long periods, it contains a theoreticaly rigorous
representation of radiation pattern, rupture directivity and wave propagetion effects, and
reproduces the recorded ground motion waveforms. At short periods, it uses a theoreticaly
rigorous representation of wave propagation effects which is combined with theoretically-based
semi-empirica representations of stochastic processes including source radiation pattern and
scattering in the path and ste.

The broadband smulation method is based on standard time-domain methods for
edimating earthquake source parameters and andyzing selsmic wave popagation, and can
therefore be readily applied using standard parameterizations of the earthquake source and
crugtd dructure. It has been extensively validated againgt recorded strong ground motions from
both tectonically active regions and tectonicaly stable regions. It has no free parameters when
used to mode the recorded ground motions of an earthquake, and hence no cdibration of the
model isrequired. The ground motion attenuation function is determined by the crustd structure
and the source depth, and thus has predictive power in locations where crustad structure and
source depth are available but few strong motion recordings exis. The method can include
Green'sfunctions cdculated using 2-D or 3-D modds of crust structure.

Validation of the Broadband Strong Motion Simulation Method Against Recorded
Data



The ground motion mode has no free parameters when used to modd the recorded
ground motions of an earthquake, and hence no calibration of the modd is required. The 1-D
ground motion model has been vaidated againgt the recorded strong ground motions of the
following earthquakes. 1978 Tabas (Sakia, 1994); 1979 Imperid Valey (Wdd et d., 1988a);
1985 Michoacan, Mexico and Vaparaiso, Chile (Somerville et d., 1991); 1987 Whittier
Narrows (Wald et d., 1998b; Saikia, 1992); 1988 Saguenay (Somerville et a., 1990; Atkinson
and Somerville, 1994); 1988 Nahanni (PG&E, 1988); 1989 Loma Prieta (Somerville et d.,
1994a,b); 1994 Northridge (Somerville et d., 1995). The 2-D and 3-D modding approach,
which to date has been applied a periods of 1 sec and longer, has been applied to the ground
motions of a Loma Prieta aftershock recorded in the Marina Didtrict basin in San Francisco
(Graves, 1993); to the ground moations of the 1992 Cape Mendocino earthquake recorded in
the Ed River Vdley (Graves, 1994a); to the ground motions of the 1994 Northridge
earthquake recorded in the northwestern Los Angeles basin (Graves, 1994b); and to the
ground motions of the 1995 Kobe earthquake recorded in the Kinki didrict (Somerville and
Graves, 1996).

Uncertainty in Ground Motions Gener ated using the Broadband Procedure

The uncertainty in ground moations predicted by the modd is characterized by the
procedure described by Abrahamson et d. (1990). There are two kinds of uncertainty in
modeling ground motion, and each contributes about equaly to the overdl uncertainty. Oneis
variability due to modeling uncertainty associated with the modding procedure.  The other
source of uncertainty is that associated with uncertainty in the parameters of future earthquakes.
These parameters include the dip digtribution, the location of the hypocenter, the dip velocity
and the rupture velocity.

The modding uncertainty is edimated from comparison between recorded and
samulated ground motions of earthquakes for which estimates of dl of the parameters required
by the modd are available. The goodness of fit measurement is described by two parameters.
the bias and the standard error. In this formulation, the bias measures the difference between
recorded and smulated motions averaged over dl dations, and provides an indication of
whether, on average, the smulation procedure is overpredicting, underpredicting, or
evenpredicting the recorded motions. The standard error measures the average difference
between the smulated and recorded motions for a single observation, and provides an
indication of the uncertainty involved in predicting asingle vaue. The average of dl these errors,
which include both overprediction and underprediction, is the bias. The standard error in the
prediction of a single observation (response spectral velocity a 5% damping) is about a factor
of 1.4 (natura logarithm of standard error = 0.35) in the period range of 0.05 to 10 seconds. .
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Matched Filters Used for Broadband Simulation

Corner Periods = 3.0 sec
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Figure Al-1. Schematic diagram showing the matched filters used to combine the short
period and long period simulations. The sum of the matched filters is unity at all

periods.
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Figure Al1-2. A smooth velocity-depth function and generalized ray paths used to construct
the synthetic seismograms shown in Figure A1-3. Source: Helmberger et al.

(1992).
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Figure A1-3. Wavefield decomposition showing the response of the direct arrival at the
top followed by the contribution from downgoing paths (S) and upgoing paths (sS).
The bottom row shows synthetic seismograms computed using a (0.2, 0.2, 0.2)
second trapezoidal source. Source: Helmberger et al. (1992).
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