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Site Response at Treasure and Yerba Buena Islands,
California

Laurie G. Baise, M.ASCE®; Steven D. Glaser, M.ASCE?; and Douglas Dreger®

Abstract: A variety of methods are utilized to reinvestigate the physical relationship between the seismic response of Treasure Island
(TI) and Yerba Buena Islan@¥BI) in California. These islands are a s6lll) and rock(YBI) site pair separated by 2 km. The site pair

has been used previously by researchers to identify soil response to earthquake shaking. Linear regime groundvijydtionsi (4.6

andPGA 0.014-0.017 grecorded in the Tl vertical array indicate a coherent wavefield in the sediments and an incoherence between the
rock and sediments. Our analyses show that the greatest change in the wavefield occurred between the rock and soil layers, correspond
to a significant impedance contrast. The waveforms change very little as they propagate through the sediments, indicating that the si
response is a cumulative effect of the entire soil structure and not a result of wave propagation within individual soil layers. In order to
highlight the complexity of the site response, correlation analysis was used to demonstrate that the rock and soil ground motions were n
highly coherent between the two sites. YBI was, therefore, shown to be an inappropriate reference site for TI. One-dinigébDgional
vertical wave propagation and inverse techniques were used to differentiate between 1D site response and more complex site behavi
Both 1D methodgvertical wave propagation and inverse transfer funcligmeved incapable of capturing the site response at Tl beyond

the initial four seconds of motion. Finite difference waveform modeling, based on a two-dimensional velocity structure of the northern
San Francisco Bay was needed to explain the linear site response at Tl as horizontally propagating surface waves trapped in the b
sediments. A simplified velocity structure for the San Francisco Bay including a single 100 m basifctaystant shear-wave velocity

of 400 m/g over a 1.5 km/s layer of Franciscan bedrock was able to trap energy in the basin and produce surface waveform ringing similar
to that observed in the Tl data. Due to surface waves propagating in the San Francisco Bay sediments, any 1D model will not fully
characterize site response at TI. All 1D models will fail to produce the late arriving energy observed in the ground motions.

DOI: 10.1061(ASCE)1090-02412003129:6415

CE Database subject headings: Surface waves; Finite difference; California; Seismic response; Soils; Rocks; Comparative studies.

Introduction and YBI is complicated by regional geologic conditions in the

. S . . shallow San Francisco Bay sediments. Therefore, a variety of

Earthquake site response at soft soil sites is an important issug . ) . : . . .
echniques were enlisted to reinvestigate the physical relationship

along the margins of coastal urban cities, and Treasure Island R

oS . . between the seismic response of Treasure and Yerba Buena Is-
(T1), California is a prime exampleBorcherdt 1970; Borcherdt lands, focusing on recorded ground motions in the linear range of
and Gibbs 1976; Idriss 1990; UCB 1990; Seed etal. 19Bla o' oo 9 9 9

man-made island in San Francisco Bay between San Francisco Manv previous studies have used rock around motions at YBI

and Oakland, consists of several meters of fill overlying marine yfp vious stud t;/ u timat thg u h :( it

sediments, a similar soil profile to other filled sites around the San (as a reference sit@s input to estimate e_ear quake s e_re-
sponse at Tl to subsequently draw conclusions on the nonlinear

Francisco Bay(de Alba etal. 1994 Tl is attached to Yerba o i
Buena IslandYBI), and the two islands are a unique pair for site response at TlJarpe et al. 198,9’ Idriss 1990; Darragh and Shakal
1991; Seed et al. 1991; Rollins et al. 1990 augment these

response studies, since ground motions recorded on the outcrop=~"- . .
ping rock of YBI might provide an estimate of incoming energy at Previous studies we used a more complete set of ground motions

the base of the soil column at TI. The seismic site response at TI"€corded in the linear range of soil response for two events
(My4.0 andM4.6) to determine the relationship between TI

and YBI, and ultimately the linear site response at TI. Using

113 Anderson Hall Tufts Univ. Medford, MA 02155. E-mail: ground motions recorded at depth in both soil and rock below the

laurie.baise @tufts.edu Tl site, and at the surface and at depth in rock at the YBI site, the
2pssociate Professor, Dept. of Civil and Environmental Engineering, assembled data set for this study provided a more complete view

Iassistant Professor, Dept. of Civil and Environmental Engineering,

440 Davis Hall, Univ. of California, Berkeley, CA 94720. of the earthquake site response than others to date. The surface
3Associate Professor, Dept. of Earth and Planetary Science, 307recordings at Tl were compared with those in bedrock at Tl and at
McCone Hall, Univ. of California, Berkeley, CA 94720. YBI to evaluate the YBI reference site validity and the site re-

Note. Discussion open until November 1, 2003. Separate discussionssponse at TI.

must be submitte_d for individual papers._To exﬁend the closing date' by Site response studies often rely on Fourier-based spectral ra-
one month, & written request must be filed with the ASCE Managing ;¢ 1 getermine site response from a rock and soil site pair of

Editor. The manuscript for this paper was submitted for review and pos- d . B | d Eourier-b d si
sible publication on January 17, 2001; approved on July 15, 2002. This ground motions. Because commonly used Fourier-based site re-

paper is part of theJournal of Geotechnical and Geoenvironmental — SPONse me_thods. are fundamentally linear an(_j rely on an ir?put/
Engineering Vol. 129, No. 6, June 1, 2003. ©ASCE, ISSN 1090-0241/ output relationship between a reference rock site and a soil site, a
2003/6-415-426/$18.00. correlated linear relationship between ground motions is required
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for reliable site response estimates. The coherency, a frequency

domain measure of the linear relationship between input and out-
put records, may deviate from one as a result of one or more of
the following (Bendat and Piersol 1993, p. B4&xcessive mea-

surement noise in the time series; significant resolution bias in the

spectral estimates; the system relating the two time series is non-

linear; or the output is not produced exclusively by the input. Any
of these reasons are valid with ground motion input/output pairs.
Specifically, an inappropriate reference site, or seismic energy
entering the site from multiple directiorisurface wavesare po-
tential causes of incoherence and fall under the fourth source of
low correlation. If input/output signals are uncorrelated, reliable
transfer functions estimates are not possible. Field gt1892
looked into this issue for site response estimates for weak-motion

Marin Peninsula

38°00'N

8/18/99-Bolinas

Pacific Ocean

04/98-Richmond

Oakland

40 km

Francisco

Bay

and attributed low coherence between rock and soil sites to signal
generated noise. Field et 41992 found that the signal gener-
ated noise caused large uncertainties but no bias in the individual
spectral ratios whereas the cross-spectrum estimate was biased as
a result of the low coherence. Spectral ratios can be used to estiFig. 1. Map of San Francisco Bay Region. Location of Treasure
mate a transfer function; however, the resulting estimate canlsland vertical array and Yerba Buena Island shown as triangles.
smear a complex response across frequencies. For example, if thEocal mechanisms for Bolina®/18/99 and Richmond(12/04/98
site response is due to S waves and surface waves that enter thgvents are shown.
signal at different times, the spectral ratio taken over the entire
signal will smear the effects of each wave arrival across frequen-
cies to give a single site response estimate. In the case of surface
waves, wave propagation remains linear but the rock ground mo-surface and five stations in the saile Alba et al. 1994 A second
tion does not adequately represent the input thereby resulting inbedrock station was added at a later date. The stations were
low correlation. Low correlation between input and output pro- placed to record ground motions below the bedrock surfa2e
vides a warning of this or similar cases, alerting us to the fact that and 104 n, twice in the Pleistocene bay m4 and 31 my near
output is not a simple linear function of the input. the top of the Holocene bay myd6 m), and twice in the hydrau-

To evaluate the use of YBI as a reference site for input mo- lic fill (7 and 0 m) (de Alba et al. 199%
tions to the Tl site, correlation analysis was used to quantify the
linear relationship between the input/output signals. In addition,
system identification techniquegGlaser 1996; Baise and
Glaser 200D were implemented to investigate the effect of the

37° 30'N
123° 00'W

122° 30'W 122° 00'W

. ; k . Velocity (m/s)
bay sediments on ground motions. For our studies, the soil system o 500 1000 1500 2000 2500 3000
was characterized as a linear filter, with the buried sensor the (P — . . AN
input, and the sensors above, the outputs. The efficacy of one- W". ®
dimensional(1D) site response at Tl was evaluated with vertical A —— d
wave propagatiofChing and Glaser 200-and with system iden- 20 | ! @
tification techniques to determine an empirical transfer function gg;"ce“e !
evaluated from the rock input and surface output ground motions. Sediments | &
Evaluation of particle motions at Tl provided a better understand-
ing of the physical nature of the wavefield. Finally, the wavefield Ore=——- T T

was modeled for M 4.6 earthquake using a two-dimensional
(2D) velocity structure of the northern San Francisco Bay and a
finite difference wave-propagation mod@&8aise et al. 2003a

Pleistocene
Bay
Sediments

60 A

Depth (m)

Treasure and Yerba Buena Island Sites 5 |

Treasure Island Downhole Array, California

In 1993, a deep instrumentation array through the soil to the bed- 100 1

rock was installed at Treasure Islafid) to gather information on
site response. Tl is a hydraulically filled island constructed on an

existing sand spit northwest of Yerba Buena Isldi@l) (Lee 120 4 ®
1969. The Tl site is located 12.8 km from the Hayward fault and D%{rnglyole
29 km from the San Andreas fault, as shown in Fig. 1. The fill Ifég;'ﬁ?

was dredged from the bay and is composed primarily of fine sand,
ranging from clayey, to gravelly saritlee 1969. As a result, the

Tl fill is loosely packed and is susceptible to liquefaction under
cyclic loading. A representative Tl soil profile is shown in Fig. 2.
The downhole array initially had one station below the bedrock

140

Fig. 2. Simplified soil profile at Treasure Island vertical array site
with shear and compressional wave-velocity profiles and instrument
locations(after Gibbs et al. 1992
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Table 1. Earthquakes at Treasure Island and Yerba Buena Island

Depth Distance Azimuth PGA
Date Location Mw Latitude Longitude (km) (km) ©) (9
12/4/98 Richmond 4.0 37.920 —122.287 6.9 13.0 217 0.014
8/18/99 Bolinas 4.6 37.907 —122.686 6.9 29.0 108 0.017

Yerba Buena Island Downhole Array, California

Yerba Buena Island is a bedrock island also shown in Fig. 1. The
YBI downhole site(61 m depth was installed after the 1989
Loma Prieta event as part of the Berkeley Digital Seismic Net-
work and the Hayward Fault Borehole Network. The uphole YBI
site was a temporary site installed as part of the Bridge network
above the permanent stati@dutchings et al. 1999 The YBI site
(both uphole and downhaleshown in Fig. 1, is located near Pier

E2 of the San Francisco-Oakland Bay Bridge on the eastern slope

of the island. The rock below the site is composed of the Fran-
ciscan melange consisting of sandstone interbedded with siltston
over graywacke interbedded with siltstone and shale.

Data from Treasure Island and Yerba Buena Island

The stations in the Tl downhole array have recorded two earth-
quakes, summarized in Table 1, with companion data for the YBI
site: the August 18, 1999 Bolinas evei (5.0, M\,4.6) and the
December 4, 1998 Richmond eveM (4.1, M\,4.0). The Tl and
YBI recording sites are two kilometers apart.

Yerba Buena Island as Reference Site

Most previous Tl site response studies have relied on surface

ground motions recorded at an additional Yerba Buena site on the

southern end of the island as representative input base motion
Idriss (1990, Seed et al(1991), and Rollins et al(1994 com-
pleted ground response analyses for the Loma Prieta earthquak
ground motions at Tl using thEHAKE equivalent linear wave-
propagation program. In addition, Jarpe et(2@89 and Darragh
and Shakal1991) conducted TI site response studies with spec-
tral ratios using YBI as the reference site to investigate nonlinear
site response during the Loma Prieta Earthquake. For both stud
ies, the Tl and YBI strong motion spectral ratios exhibited lower
amplification than the weak motion spectral ratios, indicating pos-
sible soil nonlinearity at TI. In the present study, the assumption
of YBI as a reference site for Tl site response studies was evalu-
ated by using a correlation analysis to determine if the outcrop
ground motions recorded at YBI are a linear mapping of those
actually recorded in the rock beneath TI.

Correlation Analysis Methodology

The correlation coefficier(r), the normalized maximum value of

the cross correlation, is a single-valued statistic which varies from
—1 to 1 and describes the validity of an assumed linear relation-
ship. The coherency and the correlation coefficient are directly

related; coherency is in the frequency domain whereas the corre- ﬁjj

lation coefficient is measured in the time domain. A correlation
coefficient of 1 identifies a perfect linear relationship antl is a
perfectly inverse linear relationship. We proposed that correlation

analysis can be used to help choose an appropriate reference roc
site. Recent work shows that some rock sites can have a local sité!

response of their own and therefore introduce a bias into a site

[S]

response calculation when used as a base motion reference site
(Margheriti et al. 1994; Steidl et al. 1996; Boore and Joyner
1997; Archuleta et al. 2000High correlation between reference
rock and soil sites will indicate a linear relationship, and therefore
an appropriate system input/output pair. Low correlation between
sites, which may result from complexities in the wavefield due to
topography, variations in the subsurface geology, surface waves,
or other propagation effects, would lead to an inappropriate and
inaccurate transfer function estimate no matter what estimator is
used. Low correlation does not mean that wave propagation is
necessarily nonlinear. Rather, the low correlation specifically in-
dicates thabutput# f(input).

Correlation Analysis at Yerba Buena Island and
Treasure Island

Fig. 3 presents a schematic drawing of the YBI/TI site pair with
recorded rock motions for the Richmoi(t2/4/98 event. Evalu-
ating the correlation coefficient between the YBI bedrock motions
and those recorded in rock beneath Tl quantified the spatial con-
sistency of the incoming wavefield. Fig. 4 compares the ground
motions for YBI downholg(YBI |)-TI downhole(TI|) rock loca-
tion, as well as the YBI uphol€YBI 1)-TI downhole(TI|) rock
pair, for the Richmond temblor. The low-correlation coefficients
for the two combinations of Tl and YBI waveformsyg, .1}
=0.59r (vgi1-11 )= 0.41—indicated that the rock motions at these
two nearby locations were only moderately coherent. As a com-

parison, fyg|.ygi1) Was 0.93. Therefore, caution is advised when

gsing any YBI rock motion as an input to the TI site. The low

correlation observed between rock at Tl and at YBI is an indica-
tion of complexity in the wavefield.

A further analysis, comparing the coherency of the Tl surface
(output-TIt) ground motion with the potential input rock motions
at Tl and YBI provided an estimate of the quality of each refer-

ence site as a base motion. When the entire 30 s record was used
to estimate the correlation coefficient, both reference sites proved
inappropriate—+yg+.rin=0.2, I 1 .in=0.2. However, if the
record was windowed to €4 s ofinitial motion, the Tl bedrock
motion and the Tl surface motion were more coherent than the
YBI surface bedrock motion and the TI surface motion—

I veip-min=0.3, iy =0.5. According to these values, the Tl

L —

4 0.0

8 12
Time, s
Eig. 3. Schematic drawing of the YBI and TI surface and downhole
ock stations for Richmond event. Cross section is not to scale.
Correlation coefficientsr) for each pair are shown.

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / MAY 2003/ 417



N — Tl rock downhole
----- YBI uphole

Displacement, cm

0.015
0.010 H
0.005 —
0.000
-0.005 —
-0.010
-0.015

— Tl rock downhole
----- YBI downhole

Displacement, cm

0 5 Til‘ljlg, s 1’ 20

Fig. 4. Comparison of east-west component displacement ground motions recorded during Richmond event at YBI and TI

bedrock motion may provide a better input rock motion for the Tl a least squares-based optimization for fitting the ARX model
site response; however, the lawalues especially for the full 30  (Ljung 1987 and results in model parameters that are constant
s record indicate that a linear transfer function may not be reliable with time. The ARX input/output model accounts for all noise
for estimating TI site response no matter which reference site is components with an additive white noise term at the output
used. ogenoug Autoregressive moving average modeling has been
used to model waves propagating in layered systéRabinson
and Treital 1978; Hubral et al. 198@nd to characterize earth-
Yerba Buena Island Site Response guake ground motion&Gersch and Kitagawa 1985; Safak 1988;
Ellis and Cakmak 1991 Several researchel€laerbout 1968;
Why are the rock motions at YBI so different from those beneath Robinson and Treital 1978; Hubral et al. 1980; Dargahi-Noubary
TI when the sites are within 2 km of each other? Although both 1999 have shown that seismic wave propagation through a lay-
rock sites are in the Franciscan bedrock, the bedrock is highly ered systenti.e., stratigraphic columnis an autoregressive pro-
variable possibly resulting in site response effects. The YBI data cess.
set provided an opportunity to examine site response with the  Given input and output data from borehole instruments, the
input-output data pairs. ETF captures a mapping of particle motion time histories between
two points in the soil profile, much like the spectral ratio com-
System Identification monly us.ed. in site response stud(&rqherdt 197D The result-
ing ETF is interpreted as part of the site response.
Because the recorded data from vertical arrays are in the form of
input/output time series, inverse methods were an obvious choice
for investigating the phenomena of earthquake site response.
Using system identification, an empirical transfer funct{i&dF)
was developed for the site’s seismic behavior. As an inverse At YBI, the ground motions at the surface and those measured at
method, no assumptions are required about the material propertiesiepth in the borehole are highly coherent, 0.93 and 0.92 for the
(stiffness and dampindo produce an estimate of the site transfer Richmond and Bolinas events, respectively. This high degree of
function. Rather the assumptions lie in the assumed parametriccorrelation indicates that the ground motions from the surface and
form and estimation procedure. The system identificatisi the downhole location should be linearly related and yield a valid
framework was used for these inversions to insure rapid and con-ETF.
fident convergence to the best-fit model for the soil system A rock reference site should ideally have a flat spectral re-
through optimization and validation criteria set out by Ljung sponse with an amplitude of 1, in order to not bias the soil site
(1987 and Bohlin(1987. Previous applications of Sl to geotech- response estimate. An estimated ETF at YBI for the Richmond
nical problems include Udwadiél985, Safak (1989, Glaser event is shown in Fig. 5 along with the predicted surface ground
(1995, 1996, Elgamal et al(1996, Zeghal et al(1996), Stewart motions. The ETF plotted in Fig. 5 has a peak at 8.6 Hz. The 95%
and Fenves(1998, Stewart et al.(1999, Baise and Glaser confidence intervals shown in the figure indicate the uncertainty
(2000, and Glaser and Bais000. in the ETF estimate and in the amplification at 8.6 Hz from 3.5 to
The parametric model used for the empirical transfer function 5.5. The peak at 8.6 Hz may correspond to a spectral hole result-
is a complex-valued rational polynomial, referred to as an autore- ing from the interference of upgoing and downgoing waves at 61
gressive moving-average model with exogenous noise, or ARX m depth. The frequency location of a spectral hole due to inter-
model(Glaser 1995; Ljung 1987The linear Sl algorithm used is ~ ference of upgoing and downgoing waves in homogeneous media

Site Response Using Empirical Transfer Functions
at Yerba Buena Island
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Fig. 5. Estimated empirical transfer function in frequency domain for YBI uphole/downhole pair and the Richmondtepertstimated and
recorded surface displacement ground motions at YBI for empirical transfer function hadsim).

can be calculated as the shear-wave velocity divided by four timespronounced resonand¢eear 1 Hz while the bedrock motion is
the depth of the downhole sens@afak 1997. Assuming an primarily composed of the initial body waves. This would indi-
average shear-wave velocity of 1.7 km/s for the r@Bhkise et al.  cate that the surface reverberations are trapped energy in the San
2003D, the expected spectral hole would occur at 7 Hz. The ETF Francisco Bay sediments.

therefore does not provide clear evidence of site response at the |t is helpful to examine the waveform evolution over depth
rock site over the 61 m depth interval as the transfer function is (shown in Fig. 6 for qualitative differences. The ground motions
possibly_ influenced by the interference between upgoing andjn the Pleistocene bay mu@4 to 31 m are very consistent in
downgoing waves. amplitude and shape, indicating that within this soil, the wave
train does not change. Comparison of the 16Holocene bay
mud) to the 31 m(Pleistocene bay muydecordings shows a no-
ticeable amplification. The correlation between these two levels
drops below 0.9 for both events, indicating a subtle change in the
wavefield. The change in waveforms as the motions move from
the Holocene bay mud to the fill is less significant but still no-

Treasure Island Site Response

The location of recording stations at Tl provided an excellent
opportunity to study how the different sediment layers affect the
ground motions. Fig. 6 shows the displacement records from thet. ble. The t ‘anal ded in fill h imil h
Tl vertical array for the Richmond event. The ground motions are iceabe. The two sighals recorded In Til have a simrar shape.
highly correlated through the soil profile withbetween 0.85 and Overall, the wavefield was l_Jnn‘orm in the sedlments with most of
0.99, indicating the ground motions at adjacent levels in the soil (€ change at the rock/soil boundary. The site response at T,
can be related by a linear filter model. The correlation coefficients erefore, was a cumulative response of the soils bounded and/or
for each interval pair are summarized for the two earthquakes in controlied by the soil/rock interference. o

Table 2. The only interval with low correlation spans the bedrock/ N order to assess the nature of the late arriving energy present
soil interface(r=0.18-0.39. The breakdown in correlation oc- in the soil records, the three-dimensional particle motion was ex-
curs somewhere between 44 and 104 m depth. Based on our unamined. Fig. 7 shows the particle motion for two time intervals
derstanding of wave propagation, we assume that the change irfecorded at the surface of the Tl vertical array during the Rich-
ground motion occurred at the bedrock and sediment interface,mond event. The direction of propagation is indicated on each
with ground motions highly amplified by the impedance contrast. graph. The early arriving shear waves are polarized in the hori-
The waveforms differed significantly in character on either side of zontal plane while the later arriving waves have slightly more
this interface at 44 and 104 m deptbee Fig. 6. The ground elliptical orbits in the vertical plane. The particle motions provide
motions in the sediments for all recorded earthquakes display aonly weak evidence towards the existence of surface waves.
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increasedr of 0.70. The shorter windowed input/output pair
would therefore lead to a better estimated transfer function.
”% Fig. 8@a) shows the optimal ETF for downhole rock to surface

at Tl, estimated using the first two seconds of displacement mo-

tions at the bedrock and surface level for the Bolinas event. The
E m W first two seconds were chosen to represent the initial shear-wave
arrivals. Although only two seconds of record were used, the site
response is constant and applicable for the entire record assuming
o g 16m that the site response results from vertically propagating shear
s g waves. A low-model order was required by the optimization and
S ~§ resulted in a single fundamental mode at 1.6 Hz. The data did not
sn support a more complex model. Fig(b® compares the surface
x > motions estimated with this filter to the data. The initial pulse of
Q motion was matched very well in shape and in amplitude. The
3im IR ground motion was not well estimated after the initial arrivals as
—'JLNVV\/V'\IV\IW\/V\/\/\N indicated by the model residuals shown in Fi¢c)8Because the
© 8 rock motion was deficient in energy beyond the direct arrivals and
s $ the ETF only mapped the wavefield from the rock to the surface,
§ £ it can be concluded that the late arriving wave energy was not
7] 3 4m _"‘W"‘/\f"\f'\f\’\f\/\/\fv\/\/\’ entering the system from the rock below as vertically propagating
g > shear waves. An ETF estimated from the Tl rock input/TI surface
@ output will only be able to account for the amplification of the
soil profile, as observed in the initial shear wave arrival but not
the surface wave generation. The ETF estimate residuals shown in
Fig. 9c) correspond to the energy trapped in the sediments alone
x 1220 AN (i.e., SL_Jrface_ waves, trappeq waves, a_nd interface waves
n°: To investigate the possibility of site resonance due to the

] ) I ! ! ! strong rock/soil impedance contrast as an alternative explanation
0 5 10 5 20 25 . .
Time. s f[o surfa_lce waves, a 1D_ vertical shear-wave propagation response
) in the linear regimgChing and Glaser 200was calculated for

Fig. 6. Eastwest component displacements for Richmond the Tl site. If the late arriving energy was due to 1D resonance
earthquake recorded at Treasure Island vertical array caused by the rock-soil impedance contrast rather than more com-
plex wave propagation such as horizontally propagating surface
waves, 1D wave propagation would be able to predict it. The
Treasure Island Empirical Transfer Function shear-wave velocity profile shown in Fig. 2 was simplified to

The TI site response can be estimated using surface soil anothre‘_a soil _Iayers over bgdrock as shown in Fig. 9. Due to the
nearby rock outcrop sites, or by using borehole reference rocklow-'lntensnyiground motions, low damping was assumed in the
sites either beneath TI or YBI. Based on the results of the corre- sediments(3=0.01). Reduced d_amplng did Increase the ”aPped
lation analysis of waveforms recorded in rock at YBI and TI, YBI ©€N€rgy butwas not able to replicate the late arriving energy in the
was not considered to be a reliable reference site for TI. The ©0served records. The resulting site response transfer function is
ground motions recorded in rock beneath the TI site were pre- pIotFed in Fig. 9a), the predicted ;urfgce 9“’””" motion is plotted
ferred. As observed in Fig. 6 and Table 2, a major change in the @92inst the actual ground motion in FigtbR and the model
wavefield occurred between rock and soil at the Tl site. With a reSiduals are p]otted in Fig(9. As shown_ n thg figure, the 1D .
low r of 0.18 for the full record of the Richmond event. a linear Wave-propagation method matches the first arrivals well but fails
filter will not be able to accurately model the intervening transfer tf) capture the late arriving surface energy. On(_a-dlmen_smnal ver-
function. To improve the chance of finding a reliable transfer fic@l Wave propagation may be able to match direct arrivals at Tl
function, we used the Bolinas eveint=0.35 to estimate an ETF and therefore intensity measures related to peak acceleration val-
from rock to surface at TI. From a visual inspection of the wave- US but cannot capture duration and frequency content measures
forms, the early body waves appeared to be more coherent bef intensity. _

tween rock and soil. This was confirmed with the calculated cor-  F19S- £—‘{.a and ¢ compare the results from the 1D inverse
relation coefficients. We further windowed the ground motions to Mmethod with the 1D forward method. The transfer functions for

two seconds directly around the direct S arrival, resulting in an the two methods identify the same resonant peak at 1.4 Hz for the
forward model and 1.6 Hz in the inverse model although the ETF

is significantly lower in amplitude. The residuals are similar in
Table 2. Correlation Coefficients at Treasure Island amplitude for the late arriving energy indicating a similar lack of
12/4/98  8/18/99 fit. Because surface waves would enter the _system horizontally
} ) and are not a part of the bedrock ground motions, they cannot be
Richmond  Bolinas . . .
causally captured by any input/output filter mapping.

0-7m Fill 0.97 0.98

7-16 m Fill to Young Bay Mud 0.96 0.97 .

16-31m  Young Bay Mud to Old Bay Clay 0.85 0.79 Surface Waves—3D [2D Wave Propagation Effects

31-44m Old Bay Clay 0.98 0.98 | order to account for surface waves traveling horizontally in the
44-104 m Old Bay Clay to Rock 0.18 035 sediments, multi-dimensional waveform modeling is required.
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Fig. 7. Surface displacements at Treasure Island for Richmond earthquake showing particle motions for initial shear waves and later arriving
surface waves. Bold arrows show direction of propagation and small arrows indicate sense of particle motion.

Surface waves are generally a result of a larger regional featureform modeling is discussed in detail in Bai§2000 and Baise

that cannot be described by a single site and a 1D vertical wave-et al. (20033. We began with a simple layered velocity model
propagation assumption. Most studies of surface waves thereforeand drew from the literature to improve the regional velocity
use two-dimensional2D) and three-dimension&BD) finite dif- model and waveform fits at several stations. In order to constrain
ference calculations of the wavefielé.g., Vidale et al. 1985; the velocity model, we tested the sensitivity of waveforms to
Dreger and Helmberger 1990; Graves 1993; Scrivner and Helm-variations from the simple model. As an inverse problem, con-
berger 1994; Graves 1998; Stidham et al. 1999; Olsen et al.straining the model space is necessary to prevent model conver-
2000. gence to a physically unrealistic local minima. Matching the ab-
solute timing and amplitude of phases helps to retain realistic
models. We realize that trial and error inverse modeling is not an

Methods of Waveform Modeling effective methodology for determining velocity structure. We,

We modeled the waveforms at Tl and YBI following Vidale et al.
(19895 and Dreger and Helmbergét990. The forward wave-

therefore, used waveform modeling to understand the sensitivity
of the wavefield to the basin velocity structure and to estimate a
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intervals; (b) Predicted surface motions; ad model residuals Fig. 9. (a) Frequency domain representation of forward wave propa-

gation model transfer function for Tl site from rock to the surface
(ETF is shown as dotted line for comparigpth) predicted surface

ibl . | N d shaki It of th motions; andc) model residual$ETF model residuals are shown as
possible regional response to ground shaking as a result of they ..+ 'line for comparison

San Francisco Bay sediments. Our hypothesis was that a 2D
structure in the sediments could explain the late arriving energy in
the observed ground motions. The modeling effort used realistic  The FK method also considers wave-energy dissipation
velocity models drawn from the literature, varying parameters through an elastic wave propagation. The amplitude spectra for
within reasonable ranges and was careful when drawing conclu-the 1D model at epicentral distances of 14 and 30&ppropriate
sions on the velocity structure of the region. for the study using aQ,=600 andQg=300 (appropriate for

We modeled the particle displacement time histories at Tl and hard roch were compared to amplitude spectra in which the
YBI bandpass filtered using a zero-phase Butterworth filter with upper layer was assigned @,=Qg=50 (average value of
corner frequencies at 0.02 to 2.0 Hz. The lower frequencies wereJohnson and Silva 1981The results show that consideration of
matched first to constrain the average velocity model. Then higherlow Q in the upper 200 m damps the modes associated with
frequencies were matched by varying the smaller scale basinreverberations in the upper layer at frequencies above 2 Hz. In the
structure. The 2 Hz bound was controlled by the grid spacing of 0.02 to 2 Hz passband, the effect of I&@vis almost negligible;
the finite difference model§20 m) and is a low resolution for  therefore, damping was ignored in the analysis. Of course when
engineering interest; therefore, a future study will be required to higher frequencies and shallower structures are considered in fu-
investigate the Tl wavefield at higher frequencies and develop ature studiesQ will have a profound effect.

more complete view of Tl site response and seismic hazard. Once the “best-fit" 1D structure was determined for the re-
The tools used for this methodology are waveform modeling gion, 2D basin structure was added using a FD waveform mod-
using a frequency-wave number integration schért€) for 1D eling procedure described by Vidale et @l985. The San Fran-
velocity structures and finite differefiED) waveform modeling cisco Bay was included as a shallow 2D structure. The amplitudes
for 2D velocity structures. A FK computer code by Saikl®94 of the synthetics were determined by application of the source

was used to generate Green’s functions for different 1D velocity time function and multiplication of the synthetics by the moment
models, source locations, and epicentral distances. The compoof the earthquake. Because of the difficulty of tracking individual
nent Green’s functions were combined according to the specific phases with this method, it did not account for attenuation. The
earthquake focal mechanism to create synthetic seismograms. Thehort paths in this study, however, were not particularly sensitive
synthetic seismograms were also convolved with a source timeto the damping in the 0.02 to 2 Hz passband as determined using
function to account for the source rise time. Many models were the FK method and 1D structure.

simulated to test the sensitivity of waveforms to layer thicknesses

and velocities. All three components of motion were generated, Waveform Modeling

and the modeling focused on first matching the tangential com- Although the San Francisco Bay sediments are not ¢@gpn at
ponent and secondly the radial component. TI) as compared to some of the major sedimentary basies
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Los Angeles Basin they appear to produce a surface-wave train. - S, Synthetic - Surface
Based on the velocities and layer thicknesses reported in other ;  — Data- Surface
San Francisco Bay studies, the San Francisco basin was modeled
as a single 100 m thick layer across the bay, and a range of
sediment shear wave velocities from 150 to 500 m/s was tested.
The preferred velocity structure was chosen based on the best fit
for the absolute timing of the wave packet arrivals and the appro-
priate phase, shape, duration, and amplitude of the surface waves
at Tl. Although the fill and Holocene bay mud in the upper 20 m . Synthetic - 40 m depth
were expected to have lower velocitiegsE 150 to 250 m/j the ~ — Data-44mdepth
regional surface wave®.02—-2 Hz were adequately modeled by t
a higher-uniform average velocit¥/(=400 m/g in a 100 m sedi-
ment layer as compared to a more realistic multiple layered
model. This unexpected result most likely was caused by the
coarse grid spacing of 20 m which could not adequately represent
the more realistic upper portions of the layered model. The aver-
age uniform layer ;=400 m/3 is more heavily influenced by
the deeper faster layers. A weighted shear-wave velocity average
of the upper 100 m at Treasure Island is 320 m/s. e
The modeling exercise indicated that the surface waves ob- = g0
served at Tl could be produced by the large impedance contrast 3

0.10 H

~~~~~~~~ Synthetic - 120 m depth

0.05 — Data - 122 m depth

between the low-velocity sediments/d=400 m/$ and the -0.05

weathered Franciscan bedrodk5 km/9 in a shallow basin. Sur-

face waves initially formed at the basin edges along the east coast 0.10

of the Marin PeninsuldFig. 1), resulting in trapped energy at a T T T ]
resonant frequency near 1 Hz, similar to that observed in the data. 0 5 Tinlg . 15 e

Fig. 10 compares the best-fit, 2D model, tangential component
synthetics, and observed ground motions for several levels in theFig. 10. Synthetic calculations for tangential component of motion
vertical array at Tl. As seen in the figure, the comparisons are during Bolinas earthquake at Tl vertical array
consistent for all depths, matching the shape of the first 10 s of
motion well. The amplitude of the synthetics overpredict the pri-
mary S-wave arrival amplitude by 30% which may result from an consistent in amplitude and shape to the corresponding observed
overestimate of the earthquake moment or errors in the model.waveforms. In the model, the bay sediments pinch out at the edge
The synthetics at 40 m depth do not match the data at 44 m depthof YBI, 1 km from the site instruments, and this effectively pre-
as well as at the surface. The simulated primary S wave is a singlevented the surface waves from propagating to YBI as observed at
pulse whereas the observed primary S wave is separated intdhe site. The data and synthetics are simplified at YBI as com-
upgoing and downgoing waves. These differences indicate thatpared to Tl indicating that the model produces a similar relative
the shear-wave velocity in the model is faster than the actual response. Dreger and Helmberg&890 have shown that a basin
material in the upper 40 m of sediments, as expected. The uppemargin produces this filtering effect where high frequencies are
40 m of sediments at Tl include Holocene deposits and fill with preferentially removed as energy is converted to diving body
shear-wave velocities between 150 and 250 m/s instead of the 40Qvaves.
m/s in the model.
The sensitivity study of the reported model indicated that the
synthetics could be improved with further adjustments to the Discussion
model; however, the modeling effort was not made since such
detail is too fine for the 20 m grid spacing that was used and a Many researchers have used coherency of data to statistically as-
detailed velocity model was not the desired product of this study. sess the linear relationship between different time series. The pri-
Rather, this study set out to provide an explanation for the site mary use in site response analyses has been to evaluate the spatial
responsdobserved resonancat Tl. The important achievement coherence of a wavefieltMenke et al. 1990; Hough and Field
of this model was the production of late arriving 1 Hz energy 1996. Hough and Field1996 found that waveform coherence
similar to the data which was not produced in the 1D models. estimates from earthquakes in the San Fernando Valley support
Although the model residuals are still of a similar magnitude to the general conclusion that a site response estimate is an adequate
the 1D models as a result of timing errors and phase shifts, therepresentation of expected site response over a region several
synthetic ground motions produce the duration and frequency kilometers in diameter if the local geology is consistent. As com-
content better than the 1D methods. The synthetics at 40 and 12(Qpared to work in rock regiongMenke et al. 1990 Hough and
m depth also match the dafat 44 and 122 m deptlin shape and Field (1996 concluded that sedimentary basins may possess more
amplitude. These fits indicated that the model results capture thecoherent wavefields as a result of the resonant behavior of the
wave propagation from the rock to the sediments. Specifically, the sediments. Therefore, analysis of the correlation of waveforms is
surface waves in the model were suppressed below 100 m deptta valuable tool for site response. Specifically, we have used the
(the rock/soil boundary in the model correlation coefficient to assess the reliability of site response
The 2D San Francisco Bay model was also verified for the estimates from input/output rock/soil pairs. Correlation coeffi-
YBI site. The estimated and observed surface displacements atients can be used to determine appropriate reference rock sites
YBI and Tl are shown in Fig. 11. The synthetics for both sites are for site response studies. Our conclusion that YBI is an inappro-
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rock sites were coherent and of a short duration. The soft soil site
V — Data . . .

- - - Synthetic ground motions, on the other hand, were longer in duration and
higher in amplitude, indicating a strong resonance with a period
near 1.5 s. This resonance was not observed at Tl during the
Loma Prieta earthquake due to the liquefaction of the fill; how-
ever, prior to signs of liquefaction in the Tl record, the S-wave
packet was phase coherent with the recordings at the Oakland
sites(Hanks and Brady 1991If the surface waves were propa-
gating throughout the sediments, they would be felt during strong
motion at non-liquefiable sites in the region. Therefore, we be-

Time, s lieve that the surface waves observed at Tl during weak motion
0404 Yerba Buena istand earthquakes and documented in the literature at other sites will be
8 — Data . . . . . .
- - - Synthetic a seismic hazard at nonliquefiable sites around the margins of the
San Francisco Bay in future large earthquakes.

0.10 A Treasure Island
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Conclusion
-0.05 —
0.10 o The site response of Tl was extensively studied after the 1989
T T T T 7 Loma Prieta earthquake. Most studies used the YBI site as a rock
0 5 10 15 20 reference site to estimate the incoming energy below TI. The
Time, s . . .
Treasure Island site response was evaluated using 1D equivalent
Fig. 11. Tangential displacements at Tl and YBI for Bolinas event linear vertical wave propagation to conclude that soil nonlinearity
plotted against synthetics for best-fit 2D model. Waveforms are fil- had occurred. Since liquefaction was known to have occurred,
tered to a passband below 2 Hz. soil nonlinearity was not a surprise. Due to an improved data set
including ground motions recorded at depth beneath Tl and YBI,
we have reevaluated the site response at Tl focusing on the linear
range. We found the YBI surface reference site to be an inappro-
priate site input signal because of low correlation between the
rock ground motions at YBI and Tl even in the linear range of
ground response. Tl site response was therefore reevaluated using
at-depth ground motions recorded at the Tl vertical array as the

priate reference site for Tl runs counter to many previous studies
which relied on this site pair for site response investigations of the
Long Prieta earthquake. As a comparison we calculated the cor-
relation coefficient for the YBI/TI pair during the Loma Prieta
earthquake. For 20 s of displacement mot{east/west r was

0.41. When the records were cut to the direct arrivdls) of 'npl;;;e{.if:rcg.trg?ggnénse at Tl includes horizontally oropadat
motion,r increased to 0.46. In the Loma Prieta case, the correla- . : ! P inciu 1z y propagat:

tion was lower than that observed over the direct arrivals) ing surface waves trapped in the San Franc_isco Bay sediments
during the Bolinas evenfr=0.70 in the Tl vertical array. As a that cannot be captured by 1D. wave propagat|or) or Inverse mgth-
result of low correlation indicating system complexity, both linear ods. The surface waves were identified by examination of particle

estimates of site response transfer functions should be considere otions, afnd subsqull_entIy rr]nodeled uginlg_ 2? O?nite difference
unreliable. At best, the estimated site response will characterize FD) waveform modeling. The FD model including a 100 m

the direct shear-wave response but not the complex site responsé!€Pth sedimentary basin with a constant shear-wave velocity of
During Loma Prieta, the Tl site liquefied. During the Bolinas 400 m/s over a 1.5 km/s layer of Franciscan bedrock successfully

event, the Tl site experienced upwards of 20 s of surface waves.aPped energy in the basin and produced ringing in the synthetics
Neither of these complexities can be captured by linear transferSimilar to that observed in the Tl data. This coarse model provides
function site response methods. both an example of the possible velocity structure that could
The seismic behavior of the San Francisco Bay region has cause the observed ground motions and an indication of the seis-
been extensively investigated in the past. The investigations pri-Mic hazard of surface waves in the San Francisco Bay area, es-
marily used aftershock and other weak ground motion, and all Pecially at sites in and around the margins of the bay.
concluded that bay sediments and the associated locally generated AS a result of surface waves at Tl, any 1D model will not be
surface waves control the Wa\/eforrﬁk}hnson and Silva 1981; able to fU“y characterize the site response, and the Optimal em-
Boatwright 1991; Graves 1993We looked specifically at the  pirical transfer function from rock to the surface could only pre-

Treasure Island site response and identified a surface wave resodict the initial two seconds of motion accurately. After two sec-
nance near 1 Hz, similar to the previous studies in the region. onds, the empirical transfer function and the forward model fail to

During their studies of the Marina district, Gravés993 and produce the resonance observed in the surface ground motions.
Boatwright (1997 also observed amplification at around 1 Hz in The greatest change in the wavefield, outside of the rock-to-soil
the Loma Prieta aftershock waveforms. transition, occurred between the Pleistocene and the Holocene

The weak motion surface recordings from the Tl vertical array sediments. Overall, the waveforms change very little as they
reveal surface waves that are not evident at depth in the bedrockpropagate through the sediments, indicating that the site response
The question becomes how does this weak motion observationis a cumulative effect of the entire soil structure and not a result
carry over to strong motion, and therefore to regional earthquakeof individual soil layers. This is further supported by the FD
hazard assessment? Using ground motions recorded at two rockvaveform modeling results which accurately predicted the sur-
sites in San Francisco, YBI, Tl, and three soil sites in Oakland, face wavetrain at Tl with a 100 m thick averaged uniform sedi-
Hanks and Brady1991) found that the ground motions at the mentary basin.
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