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1.0 INTRODUCTION

Vertical ground motion array data were collected and analyzed to support
recommendations for the design of the San Francisco - Oakland Bay Bridge. The areas of design
concern and investigation are the V/H (vertical/horizontal) response spectral ratio as a function of
magnitude, source distances (epicentral and focal), peak ground acceleration level, and the vertical
wave propagation velocity as a function of frequency. The properties of recorded vertical and
horizontal ground motions that affect these design concerns are evaluated as a function of sensor
depth in the vertical arrays.

2.0 VERTICAL ARRAY DATA COLLECTION

Ground motion data were collected from ten vertical ground motion arrays (Table 1)
located California, Japan, and Taiwan. At each array, three components of ground acceleration
are recorded at or near the surface and at various depths. The deepest sensor depths of 252 and
220 m are recorded at the La Cienega and Garner Valley arrays, respectively (Table 1). In
contrast, the shallowest sensor depths, ranging from 5 to 8 m, are recorded by the CHIBA, Garner
Valley, LSST-Lotung, Treasure Island, and Wildlife Liquefaction arrays. The Treasure Island
array, recording twenty-one acceleration time histories from sensors located at the surface and six
depths, is the densest vertical array (Darragh and others, 1993). Table 1 lists the arrays, sensor
depths, and events analyzed.

Earthquake magnitude ranges from 2.3 to 7.8 with epicentral distances extending from 1
to 177 km. The focal depths for shallow earthquakes located in the crust ranges from 2 to 20 km.
For intermediate earthquakes located below the crust the depth range is from 48 to 96 km. These
deep earthquakes were recorded at the CHIBA array, Japan. Measured P-wave and S-wave
velocity profiles for the ten arrays are shown in Appendix A.

Peak vertical or horizontal accelerations larger than 0.1 g were recorded at six arrays
(Kainan, LSST-Lotung (4 earthquakes), Port Island, Takasago, Techcent, and Wildlife
Liquefaction (2 earthquakes)). The largest peak vertical acceleration of 0.84 g was recorded at the
Port Island array at a depth of 16 m during the 1995 Kobe mainshock. The largest peak vertical
acceleration recorded in California of 0.43 g was recorded at the Wildlife Liquefaction array.

Additional data were collected from the following arrays: Anza, EPRI Parkfield, Richmond
Field Station, McGee Creek, and San Francisco Marina in California and Ashigara Valley in
Japan. Data from these arrays are not included in the analyses due to either very small levels of
motion, velocity rather than acceleration time history recordings, or constraints in time.

3.0 CHARACTERISTICS OF SURFACE VERTICAL STRONG GROUND MOTIONS

Recent recordings in the near-source region (D < 10 to 15 km) of large earthquakes
document characteristics of vertical strong ground motions that are appropriate for design and
serve as a guide for the vertical array analyses in Section 4. For example, short period vertical
motions can exceed horizontal motions (Niazi and Bozorgnia, 1991; Bozorgnia et al., 1995) at
both rock and soil sites (EPRI, 1993). This section examines the dependencies of the surface
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vertical-to-horizontal response spectral ratio (V/H) on magnitude, distance, and site conditions.
3.1 Short-period Time Domain

Figures 1 to 5 are accelation time history plots which illustrate general trends in short
period vertical and horizontal motions. The intent is to show predominately SV-wave motion, for
close fault distances (< 10 to 15 km) on the vertical component with similar phasing as the
horizontal components for rock sites while at soil sites, P-waves dominate the vertical motions
showing earlier arriving and larger higher frequency energy content. At more distant sites, P-wave
energy tends to be dominant on the vertical component at both rock and soil sites. These trends
may be complicated by P-wave and S-wave radiation patterns, near surface amplification, and
topographic effects.

To illustrate these effects on acceleration time histories for vertical and horizontal
components, a series of plots from the California Division of Mines and Geology Strong Motion
Instrumentation Program earthquake data quick reports are presented. These plots show all three
components for each site in a convenient format for illustrative purposes.

To consider first close-in rock sites, Figure 1 shows three component acceleration time
histories at the Pacoima Dam (Downstream) and Corralitos sites for the 1994 M 6.7 Northridge
and 1989 M 6.9 Loma Prieta earthquakes. Both sites are within about an 8 km fault distance and
both sets of records show very similar motions on the horizontal and vertical components.
Structures founded on rock conditions at close distances may then be expected to experience
simultaneous horizontal and vertical demands at similar levels and over a fairly broad period
range.

For close-in soil sites, Figure 2 shows distinctly different features in the Sylmar County
Hospital and Arleta records for the Northridge earthquake. As for the rock sites, the soil sites are
close-in recordings at fault distances of 6.1 km for Sylmar and 9.2 km for Arleta. Unlike the rock
site recordings however, the soil site records show strong short-period motion arriving
significantly before the large horizontal motions. Structures founded on deep soil would then be
expected to experience vertical and horizontal demands significantly different than on rock
conditions. The vertical demands at close-in soil sites would generally be characterized as out of
phase with the dominant horizontal motions and of much shorter periods. The largest short period
motions on the vertical component may arrive before those of the horizontal and will be larger than
the short period horizontal motions. During the passage of the dominant horizontal component
motions, the vertical demands on a structure could be characterized as random high-frequency
chatter which may exceed 1 g at short periods. This is markedly different than the vertical motions
at close-in rock sites, which tend to show strong low frequency coherence with the horizontal
motions.

For the more distant sites, Figure 3 shows some interesting features across the Gilroy array
for motions due to the 1989 Loma Prieta earthquake. Rock sites Gilroy #6 and #7, at fault
distances of 19.9 and 24.2 km respectively, show features similar to those at the close-in soil site:
earlier arriving and high-frequency vertical motions out-of-phase with the dominant horizontal
motions. At rock site Gilroy #1 however, at a fault distance of 11.2 km, the vertical motions
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display early arriving high frequency energy as well as low-frequency energy coherent with the
dominant horizontal motions. A possible explanation for this behavior is that this site, at a fault
distance of about 11 km, is in the transition region from close-in to more distant rock site
characteristics.

An interesting and apparent contradiction to the expected close-in rock site characteristics
are the recordings at Pacoima Kagel Canyon for the Northridge earthquake (Figure 4). This rock
site is at a fault distance of 8.2 km, about the same distance as the Pacoima Downstream site
(Figure 1), but displays soil site characteristics on the vertical component: early arriving high
frequency energy and out-of-phase motions with the horizontal components. As part of a recent,
Caltrans/NSF/EPRI sponsored project to Resolve Site Response Issues Associated with the
Northridge Earthquake (ROSRINE), this recording site, as well as many others, has recently been
drilled and logged. Based on the shear-wave velocity logging, the site is misclassified. With
shear-wave velocities of just under 2,000 ft/sec from about 100 ft to the bottom of the hole at about
300 ft, the site is closer to a stiff soil than rock. This result is not entirely unexpected as the site
is located in the Saugus formation, a typically soft Los Angeles area sandstone.

For the distant (D > 10 to 15 km) soil sites, Figure 5 shows the remaining sites across the
Gilroy array which recorded the Loma Prieta earthquake. Site Gilroy #2 is at fault distance 0 10.7
km and sites #3 and #4 are at fault distances of 14.4 and 16.1 km respectively. As with the close-
in soil sites (Figure 2) and the distant rock sites (Figure 3), the vertical motions show high
frequency early arriving energy and little coherence with the dominant horizontal motions.

3.2  Response Spectra

To examine distance and site condition dependencies of vertical motions in more detail,
as well as broader period range, Figures 6 to 9 show 5% damped pseudo absolute response spectra
for a selected set of sites. Cases examined are close-in and more distant rock and soil sites.

For the close-in rock site, Figure 6 shows response spectra computed for the vertical and
two horizontal component records at the Southern California Edison Lucerne site from the 1992
M 7.2 Landers earthquake. The fault distance is about 2 km and the vertical component slightly
exceeds the horizontal components at periods shorter than about 0.1 sec. At long periods, beyond
about 1 sec, the vertical is comparable to the smaller of the horizontal components, the fault-
parallel motion. The period range of nearly constant spectral acceleration in the horizontal
components, about 2 to 5 sec, is likely due to the effects of directivity.

For the close-in soil site, Figure 7 show the response spectra at the Arleta site for the 1994
Northridge earthquake. The fault distance is 9.2 km and the vertical component greatly exceeds
the horizontal components at periods shorter than about 0.2 sec. Beyond about 2 sec, as with the
rock site Lucerne, the vertical component becomes comparable to the horizontal.

For the more distant sites, Figure 8 show response spectra for the Gilroy #6 rock site and

Figure 9 show the corresponding plot for the Gilroy #4 soil site. The recordings are from the 1989
Loma Prieta earthquake at distances of 16.1 and 19.9 km for stations #4 and #6, respectively. For

both sites, the short period vertical motions relative to the corresponding horizontal motions are
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significantly reduced compared to the close-in sites. Interestingly, as with the close-in sites, the
long period vertical motions approach the horizontal motions for periods beyond about 2 to 4 sec.

40 VERTICAL ARRAY DATA ANALYSES

The vertical array data analyses include examination of V/H response spectral ratios at 5%
damping and several measurements of wave propagation velocity along (up) the vertical array.
The data from the CHIBA, Japan array were excluded from some of the analyses since the
recorded time histories are from deeper earthquakes with focal depths in excess of 48 km (Table
1). These deep earthquake sources do not reflect the crustal (shallow) earthquake sources in the
vicinity of the San Francisco - Oakland Bay Bridge. The data from the Garner Valley array were
also excluded from some of the analyses. High shear-wave velocities are present generally
throughout the profile with weathered rock occurring at a depth of 19 to 25 m (Steidl and others,
1996). This site then represents an extremely stiff shallow soil site and is not considered
representative of the soil sites along the San Francisco - Oakland Bay Bridge.

4.1 V/H Response Spectral Ratio (5% Damped)

The 5% damped response spectra are computed for the vertical and horizontal time
histories. The average horizontal spectrum is the geometric mean of the two horizontal component
spectra. The vertical spectrum divided by the average horizontal spectrum gives the V/H ratio.
These ratios were studied as a function of sensor depth, peak ground acceleration, earthquake focal
depth, and epicentral distance. All of the V/H ratios are normalized by the surface V/H ratio
(Figures 10 to 13). Hence, on these Figures the normalized surface V/H ratio is a straight line at
unity. Sensor depths are grouped into seven ranges to examine trends with depth. The ranges are:
surface (0 to 1m), 5 to 9m, 10 to 19m, 20 to 39m, 40 to 55m, 83 to 122m, and 220 to 252m. Not
all sensor depth ranges are represented on each Figure due to the selection criteria used. All
Figures use triangular smoothing and are plotted as a function of period. Figures 10to 13 exclude
the Garner Valley array data, while Figure 12 also excludes the CHIBA array data.

The normalized V/H ratios in Figures 10 to 12 generally show at short periods (< 0.1 sec)
that the surface V/H ratio is larger than the V/H ratios at depth. At long periods (> 1.0 sec) the
surface V/H ratio is smaller than the V/H ratios at depth. The cross-over period where the surface
V/H ratio is no longer larger than the V/H ratios at depth occurs generally between 0.1 to 1.0 sec.
Also, V/H ratios tend to decrease with depth for periods less than the cross-over period (about 0.1
sec) and to increase with depth for periods greater than the cross-over period. Specifically, Figure
10 shows the normalized V/H ratio for all the data from the arrays in Table 1 excluding CHIBA
and Garner Valley. Figures 11 and 12 investigate the ratio for parameters appropriate for the San
Francisco - Oakland Bay Bridge, that is, magnitudes greater than 6, and peak horizontal
acceleration at the surface greater than 0.1 g, respectively.

Also, these ratio trends are generally observed for the magnitudes ranges of less than 4, and
between 4 and 5; focal depths less than 20 km; peak horizontal acceleration at the surface less than
0.1 g; and epicentral distance less than 15 km, and between 15 and 80 km. Exceptions do occur,
for example for magnitudes between 5 and 6 (Figure 13) the normalized V/H ratio at depth is
nearly always greater than unity. Also, for the CHIBA array with focal depths greater than 48 km
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