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ABSTRACT

To identify geologic units with distinctly different seismic
responses for the purposes of seismic zonation, compressional and
shear wave velocities have been measured in boreholes at 59 sites in
the San Francisco Bay region in a wide range of near-surface (0-30m)
geologic materials. Several physical parameters,which can be
readily determined in the field, were found to correlate with the
shear wave velocities and were used to define seismically distinct
groups. For the unconsolidated to semiconsolidated sediments,
texture, standard penetration resistance and depth were used to define
eight seismically distinct groups. For the bedrock materials,
fracture spacing and hardness were used to differentiate ten distinct
categories.

The correlatiors obtained between shear wave velocity and the
physical parameters were used to regroup the map units defined for
the San Francisco Bay region into seismically distinct units. The map
units for the younger unconsolidated sediments can be really differ-
entiated seismically. In contraSt, the older semiconso]idated‘
sedimentary deposits and bedrock units, which have experienced signifi-
cant variations in post-depositial changes, show wider and overlapping
velocity ranges. The map units for the sedimentary debosits have
been regrouped into eight seismically distinct geotechnical units.

The bedrock map units have been broadly regrouped into five distinct
categories.

Compressional wave velocities were not found to be well corre-

lated with the physical parameters dependent on the soil or rock

it



structure. For materials above the water table, the wide velocity
variations found for each geotechnical group can be attributed to
differences in degree of saturation.

The strong correlations observed between shear wave velocity
and other readily determine physical properties suggest that geologic
maps which incorporate these parameters are most useful for seismic

zonation.
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I. INTRODUCTION

Observations of the geographical distribution of damage due to
earthquake ground shaking often show a clear correspondence between in-
tensity and local geologic conditions. Damage in valleys underlain by
thick deposits of unconsolidated sediments is frequently much greater
than that at nearby locations on bedrock. For example, investigations
after the 1906 San Francisco earthquake showed that apparent intensities
were violent on recent estuarine mud, strong to very strong on other
thick sedimentary deposits, and generally weak on thin sedimentary de-
posits and bedrock areas (Wood, 1908).

Consequently, the desire to predict ground response to earthquake
motions, both for building design and seismic microzonation purposes,
has generated considerable effort aimed at clarifying the relationship
between ground motion and local geology. For the southern San Francisco
Bay region, several important data sets have been developed which bear
on this problem. In addition to the intensity data for the 1906 earth-
quake, the 1957 San Francisco earthquake was recorded by strong-motion
instruments at several sites. This provided an opportunity for compari-
sons between site geology and instrumental records of earthquake ground
motion (Seed and Idriss, 1969). Ground motion generated by nuclear ex-
plosions at the Nevada Test Site has been recorded at 99 sites through-
out the southern S. F. Bay region. These data show consistent correla-
tions between the characteristics of surface ground motions, geologic
map unit and the intensity data from the 1906 earthquake (Borcherdt,
1970; Gibbs and Borcherdt, 1974). In particular, it was found that



sedimentary deposits can significantly modify incoming motions by en-
hancing peak amplitudes at certain frequencies and increasing the dura-
tion of strong shaking. Furthermore, ground response was found to vary
considerably within a given geologic map unit for the unconsolidated
and semi-consolidated sedimentary deposits.

Recent theoretical studies by Vergnaud (1974) show some of the
effects of small variations in the soil profile on ground response. He
found that ground motion can be significantly modified by changing the
rock depth in a shallow deposit, changing the thickness of a soft layer
in a deeper deposit or by changing the rigidity of soft layers with a
constant rock depth. Shear modulus (rigidity) is also the key parameter
in specifying a soil deposit for calculating its seismic response
characteristics (Joyner and Chen, 1975). These studies suggest that the
usefulness of the nuclear explosion data might be greatly extended if
the pertinent details of the local geology were known.

Towards this goal, a program to investigate the geologic and seismic
properties of the near-surface geologic materials of the southern San
Francisco Bay region has been undertaken by the U.S. Geological Survey.
To date, data has been obtained at 59 sites in a spectrum of geologic
materials ranging from hard granitic rock to soft, water-saturated bay
mud. At each site selected a hole is drilled to a depth of 30 m to pro-
vide data on the stratigraphy of the site. Seismic travel times are
measured in each borehole using a downhole technique to provide logs of
compressional and shear wave velocities. The data gathered in these in-
vestigations have been previously published (Gibbs et al., 1975, 1976,
1977).



This report focuses on the correlations between the geologic proper-
ties and seismic velocities of the near-surface materials at the sites.
Its purpose is to analyze the data collected in order to:

(1) identify those geologic properties of the materials

studied which have a significant effect on the seismic
wave velocities and which are readily determined in
the field, and

(2) specify the velocity characteristics of the geologic

units mapped in the southern S. F. Bay region and to
identify those which are seismically distinct.

Numerous laboratory studies have investigated the effect of various
parameters on seismic wave velocities. For example, a comprehensive
study by Hardin and Drenevich (1972) showed that the most important fac-
tors affecting shear modulus in soils were strain amplitude, effective
mean principle stress, and the void ratio of the material. The degree
of saturation, over-consolidation ratio, and time effects were additional
important factors for cohesive soils. However, values for these material
parameters can only be obtained through time consuming laboratory
analysis and are not available on a regional scale. Thus, the results
of laboratory parametric studies are not directly useful for microzona-
tion purposes.

Studies relating in-situ measurements of seismic wave velocity with
geologic properties are few in number and generally limited in scope.
Kitsunezaki (1965) measured wave velocities in saturated granitic rocks
at the site of a power plant in Japan. He found distinct P- and S-wave
ranges for type of material classified according to degree of weathering.

Campbell and Duke (1976) report near-surface compressional and shear wave

velocities from seismic refraction surveys conducted at 63 sites on a



variety of geologic materials in the Los Angeles Basin and the San
Fernando Valley. Unfortunately, they give no details as to the physical
properties of these materials, 1imiting the use of this data for esti-
mating velocities for geologic materials in other regions.

Emphasis in this report is on correlations with shear wave velocity
in view of its importance in calculating seismic response. However,
since some analyses also require a value of Poisson's ratio to be speci-
fied, compressional wave velocity data will be briefly discussed and
values of elastic moduli calculated from the wave velocities presented.

Results of this study show that the younger unconsolidated sediments
are readily differentiated seismically, while older semi-consolidated
sedimentary deposits and bedrock units show wider velocity variations
and greater degrees of overlap between units. This accords with the wide
variety of physical properties found in the older deposits which have
experienced significant variations in post-depositional changes. It was
found that the most important factor affecting shear wave velocity in
unconsolidated and semi-consolidated sedimentary materials was texture
(relative grain size distribution). In addition, effects in fine-grained
sediments could also be attributed to long-term water table effects as
revealed by color. For the bedrock materials, the most important factor

was found to be fracture spacing.



IT. GENERAL GEOLOGY OF THE SOUTHERN
SAN FRANCISCO BAY REGION

The purpose of this section is to provide an overview of the re-
gional geologic setting of the study area and to indicate the general
character and distribution of the major geologic units. More detailed
descriptions of the lithologies and engineering properties of the bed-
rock units in the Santa Cruz Mountains-San Francisco area can be found
in reports by Ellen et al. (1972) and Schlocker (1974). Descriptions of
the unconsolidated and semi-consolidated sedimentary deposits along with
engineering data accompany recent maps of these deposits (Helley and
Brabb, 1971; Helley et al., 1972; Lajoie et al., 1974; and Schlocker,
1974).

The San Francisco Bay region lies within the central portion of the
Coast Ranges geomorphic province. As is typical of this province, the
region consists of two sub-parallel northwest oriented mountain ranges,
the Santa Cruz Mountains on the west and the Berkeley Hills to the east,
separated by a narrow structural depression, the Santa Clara Valley. The
drowned northern end of this valley comprises San Francisco Bay praper.

The major active faults which traverse the Bay Area are the San
Andreas fault zone which transects the San Francisco peninsula and the
Hayward fault which runs along the foot of the Berkeley Hills. In
addition, there are numeraus smaller faults which are parallel to or
branch from these major faults.

These faults divide the region into three major structural blocks

which have had distinct geologic histories. The Montara-Santa Cruz Moun-



tains block lies to the west of the San Andreas fault and the Pilarcitos
fault, one of its main branches. This block is underlain by Cretaceous
granitic rocks along with remnants of the older Sur Series metamorphic
rocks. The granitic rocks are exposed in a large zone in the Montara
Mountain area. Fresh to slightly weathered granitic rcck is hard and
fractured at close to wide spacing. (Terms used to describe rock hard-
ness and fracture spacing are those of Ellen et al., 1972. See figure

2 of this report.) Over most of the area the physical properties of the
granitic rock have been profoundly modified by deep weathering to grus,

a soft granular material, to depths from 3 to greater than 30 meters.
These rocks are overlain by a variety of upper Cretaceous and Tertiary
marine sedimentary and volcanic rock units. The sedimentary rocks of
Upper Cretaceous through Miocene age are generally hard to firm for fresh
to moderately weathered material with sandstones having moderate to wide
fracture spacings while shales and mudstones are closely fractured.
Sandstones of the Purisima Formation of Pliocene age are generally softer
than the older sandstones. Unconsolidated sedimentary deposits are

found in relatively small areas on marine terraces and stream valleys.
These deposits have physical properties similar to their counterparts in
the Santa Clara Valley.

Rocks of the Franciscan Formation, from Jurassic to Cretaceous in age,
are the oldest rocks exposed on the San Francisco block located between
the San Andreas and Hayward faults. In this region the Franciscan con-
sists of roughly equal amounts of sandstone and greenstone with large
areas of sheared rocks and minor amounts of chert, conglomerate, 1imestone

and metamorphic rocks. The sandstone and greenstone are generally hard to



firm but are more intensely fractured and more deeply weathered (to
greater than 10 m) than many of the Mesozoic Tertiary rocks of the Santa
Cruz Mountains. Areas mapped as sheared rock are composed of roughly
equal amounts of shale and sandstone sheared to less than 1 cm and
masses of fractured sandstone similar to those mapped as Franciscan
sandstone. Chert, the only other Franciscan rock type sampled in this
study is hard and closely fractured. In the Palo Alto area those rocks
are overlain by a sequence of Tertiary marine sedimentary and volcanic
rocks correlated with those of the Santa Cruz Mountains.

Tectonic movements since the late Pliocene have tilted or down-
dropped the San Francisco block to form the Santa Clara Valley. This
trough has been filled by a sequence of continental and marine sedi-
mentary deposits. The oldest of these sediments are the marine sediments
of the Merced Formation and the alluvial and lacustrine deposits of the
upper Merced, the Santa Clara Formation and the Packwood Gravels. All of
these deposits have since been highly deformed by faulting and folding.
The Merced is exposed in a narrow belt east of the San Andreas fault from
Daly City to Burlingame. It is composed largely of soft to firm sand-
stone, siltstone and claystone physically similar to that of the Purisima
Formation. The Santa Clara Formation outcrops along the San Andreas
fault from Crystal Springs Reservoir to Coal Mine Ridge and in the foot-
hills south from Palo Alto. The Packwood Gravels make up the foothills
on the east side of the Santa Clara Valley, south of Fremont. These units
are predominantly poorly sorted, poorly to moderately well indurated con-
glomerate with interbeds of firm to soft sandstone. Sedimentary deposits

of late Pleistocene and Holocene age are widely distributed throughout



the southern Bay region. In the northern part of the area these deposits
are largely well-sorted sandy sediments deposited in estuarine, coastal
and eolian environments. Sediments of the flat lands of Santa Clara
Valley consist of gravel, sand, silt and clay deposited in a variety of
predominantly alluvial environments. The late Pleistocene deposits tend
to be more coarse-grained and more indurated than the younger deposits.
Sediments underlying the San Francisco Bay are mostly clay, silt and

sand and gravel deposited in estuarine alluvial and eolian environments.
The youngest deposits in the bay are soft, normally consolidated clay and
silty clay up to 40 m thick.

The Berkeley Hills block lies between the Hayward fault zone on the
west and the Calaveras fault zone on the east. While rocks of the Fran-
ciscan assemblage are exposed within the Hayward fault zone and to the
east of the Calaveras fault, the oldest rocks exposed on the Berkeley
Hills block are the marine sedimentary rocks of the Great Valley Sequence
of Jurassic and Cretaceous age. These are overlain by a variety of
Tertiary marine sedimentary and Quaternary volcanic rock units. These
rocks have physical properties similar to those of the Santa Cruz Moun-

tains.



ITI. EXPERIMENTAL METHOD

Selection of Sites

Locations of the 59 sites at which data was collected for this study
are shown on the accompanying geologic map. Most sites were chosen in
order to provide geologic and seismic data for comparison with ground
motion as revealed by'instrumental records from nuclear explosions (31
sites) or strong motion stations (14 sites) or by intensity data from
the 1957 San Francisco earthquake (4 sites). Accessibility determined
how many of the 99 nuclear explosion stations could be occupied for this
study. An additional 13 sites were chosen in order to make a more com-
plete sample of the range of such geologic properties as lithologic,

stratigraphic and hydrologic conditions within each major geologic unit.

Field Procedures

Drilling and Sampling

At each site selected, a hole 12.4 cm in diameter was drilled to a
depth of 30 m, using rotary-wash drilling equipment. The hole was then
cased with poly-vinyl-chloride pipe. Casing assures an open hole and
provides a secure surface for clamping the down hole instrument. Back-
filling around the casing gives good coupling between the casing and the
borehole walls.

Relatively few samples were taken in conjunction with drilling.
Continuous sampling at the large number of sites needed would have been
too costly and time consuming. In addition, it was thought that exten-
sive recovery and laboratory testing of samples would not be needed in

obtaining sufficiently detailed geologic data for making useful correla-
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tions with seismic wave velocities.

The type and number of samples taken at each site was determined by
the kind of material, the number of significant Tithologic boundaries
and variations in weathering. At most bedrock sites, samples were taken
at depths of 3 m, 7.5 m and 30 m to obtain samples of deeply weathered,
moderately weathered and fresh rock. Samples were generally taken in the
sedimentary deposits at depths of 3 m, 10 m, 20 m and 30 m.

Standard penetration measurements, which yield a somewhat disturbed
sample, were made in cohesive soils, loose sand and deeply weathered
rock. Undisturbed samples were taken in denser sands, soils containing
large amounts of hard rock fragments and firm rock using a Pitcher core
barrel with a Shelby thin tube Tiner. Samples were recovered in hard

rock using a core barrel with a diamond bit.

Recording Procedures

The downhole seismic survey method was used to determine in-situ
compressional and shear wave velocities. In this technique, seismic
wave velocities are calculated from measurements of travel times.of body
waves traveling vertically between a surface energy source and a bore-
hole geophone. This method yields better average velocity data in hori-
zontally layered materials than the surface refraction or.inter-hole
techniques due to the geometry of the seismic wave travel (Schwarz and
Musser, 1972).

Shear waves were generated using the horizontal traction method in-
troduced by Kobayashi (1959) and discussed by Warrick (1974). Use of

this source overcomes the usual problems in identification of S-wave
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arrivals due to interference by P-waves as it produces a high proportion
of shear to P-wave energy. The polarity of the shear waves can be re-
versed by reversing the direction of energy impulse. The field apparatus
for this study is shown in figure 1. A timber (244 x 30 x 18 cm) was
placed 2.0 m from the hole on a leveled ground surface and securely
coupled to the soil by parking the front wheels of a truck on top of it.
The end of the timber was impacted horizontally with a 30 kg hammer
rolling on bearings along a pipe extending through the timber. Two im~
pacts were made, one in each direction. A three-component geophone
(natural frequency 14 Hz), set within 9 cm of the center of the timber,
and an inertia switch attached to the hammer are used to determine the
origin time of the S-waves.

Compressional waves were generated by the vertical impact of a
sledge hammer on a steel plate. A signal produced by an inertia switch
fastened near the hammer head is recorded for determining the origin time
of the impulse.

The seismic probe used in the first 12 drill .holes (Gibbs et al.,
1975) consists of three sensors--one vertical, two horizontal (Mark Prod-
ucts L-10, natural frequency 14 Hz). This instrument could not be
oriented from the surface so that one horizontal sensor was in line and
the other transverse. Later holes were logged using an instrument with
a declinometer and an inflatable diaphragm (Oyo Corp.). Under most con-
ditions, the sensors could be properly oriented, aiding in identifying
the S-wave arrivals.

The signals generated by each of the three hammer impacts (one

vertical, two reversed horizontal) are recorded separately on photographic
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Figure 1. Field apparatus for seismic wave velocity measurements
(a) plan view, (b) vertical section.
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paper at intervals of 2.5 m up the hole. In sedimentary deposits, varia-
tions of this spacing were used depending on thickness of the individual

layers.

Reduction of Geologic Data

Description of Samples

Portions of each sample are examined and described in the labora-
tory. The terms for the descriptions are summarized in figure 2. Sample
descriptions are presented in the left-hand columm of the geologic logs
(figure 3).

The soil samples are described using the field methods of the Soil
Conservation Service and those specified for the Unified Soil Classifica-
tion System. Descriptions include soil texture, color, amount and size
of coarse grains, plasticity, wet and dry consistency and moisture con-
ditions. Texture refers to the relative proportions of clay, silt, and
sand particles less than 2 mm in diameter. Proportions of larger frag-
ments are indicated by modifiers of textural c1as§ names. Determination
is made in the field mainly by feeling the moist soil. The dominant
color of the soil and prominent mottles are determined from the Munsell
Soil Color Charts.

Descriptions of rock samples include rock name, weathering condition,
color, grain size, hardness and fracture spacing. Classifications of
rock hardness and fracture spacing are those used by Ellen et al. (1972)
in describing~bedrock units in San Mateo County. The weathering classifi-
cation is modified from that used by Aetron-Blume-Atkinson (1965) in
describing Tertiary sedimentary rocks in the foothills of the Santa Cruz

Mountains.
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Geologic Log

Geologic logs are compiled for each hole using the field log and
descriptions of samples (fig. 2). The field log is based on a continuous
record of drill cuttings, reaction of the drill rig, preliminary on-
site inspection of samples and inspection of nearby outcrops and road-
cuts. Most information needed for describing relatively well-sorted
soils and such properties of rock as l1ithology, color and hardness are
readily obtained from cuttings. Inspection of samples and nearby out-
crops is necessary to determine the nature of poorly-sorted materials
and to determine fracture spacing. Reaction of the drill rig is also
useful in determining degree of fracturing. The rate of penetration of
the drill in rock is highest for very closely fractured and sheared
material and drilling roughness generally is at a maximum in closely
to moderately fractured rock. In-situ consistency of soil is determined
largely from standard penetration measurements and rate of drill pene-
tration.

Density Measurements

Values for density are required to calculate elastic moduli from
measurements of seismic velocity. Densfties were measured for the
diamond core samples and most of the penetration samples by weighing a
small piece of the sample and obtaining its volume by the mercury dis-
placement method. A different procedure is used for very friable
materials such as grus or poorly-sorted materials which necessitated
using a lTarge sample. A section is cut from the Shelby tube containing
the sample, its height and diameter measured and the sample extruded for

weighing.
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terminology and methods for describing soil and rock materials.



16

LOCATION: LAT HOLE NO:
ELEVATION: LONG. SITE:
DATE : . leeolosic
7' QUAD MAP UNIT:
SAMPLE DESCRIPTION DESCRIPTION

Rock Haroness : response 7o hand and geolegic
Flommer:{EVen ef al., 197:)

hargd = hommer beunces ofF wth Sokd Sound
Firmr = hammer oerrs co/r% Yo, preA pomt
oerrs ar PercTrars ShigktY

Soh* - pichk pornt penetrates

Triable moreriel can be Crumbled inte indivig
wa/ gra/ps by Aond.

Fracture spacing: (Elien et al, 1972)
<m n fracture spacing

o/ o0& yclose

+S5 B-2 close

S a-R mooerart

Zov00 s> wioe

Moo >36 v wirole

Weothering : (Aetron-Blume -Atkinson 1965)
Fresh: no visible Signs of weafben'ry

Skght: no visible okcompositon of nunerak
Slight oiscoforation

Moderate : S/ight decomposition of minerak
ong cismTEgration of roc K, moderat
otscalerarson

Deep : moderare ocomposition of minerols
exrensive ois/infegration of rock
otep oro ﬁoracgb olScoforation

Decomposed @ exTensive ot compositran
OF mminerals arnd Comprere
. OIsinFegration o rock bur
origmne/ S7ractare s pre-
Seryes .

Figure 2.

Continued.



17

.2 LOCATION: - HOLE No. 3¢ .
ALTITUDE: Lot. ~ 3773143" SITE: BRIDGEWAY PARK
Long. 122°15'09" :
DATE: 12/12/75 | QUADRANGLE: 73’ GEOLOGIC  Qqaf
_SAN MATEO, CALIF MAP UNIT: ARTIFICIAL FILL
=283 dE B <]
SAMPLE DESCRIPTION [£5/28|33e |8 o|as DESCRIPTION
sE|selzulk |5 3 [sE
| [~ ]  SANDY CLAY LOAM, dark olive brown, 2°
é *—+—+ gravel to 15 mm. (SC) (Fill)
—~.—"F SILTY CLAY, dark gray, wet, soft. (CL)
b ’
SILTY CLAY, dark gray, I Subehy o
medium plasticity, medium Jrs{ | S -=F5
dry strength, low toughness, Sustiin |
wet, soft. (CL) - -
]
-
Sndvien |
L—:-"IOCLAY, dark yellowish brown with
~ ~| common mottles of dark gray, high
fril‘:g,c:::ny:izzﬁs:o::::z E': Plasticity, moist, hard. (CH)
of dark gray, high plastic- 99 T_‘_’
ity, high dry strength, high =~ -T
toughness, moist, hard. (CH) - =
—<hs ,
- = S
SILTY CLAY, gray with in- =~ —F20 grading to:
distinct olive mottles, =<1 sory CLAY, wi -
] gray with olive and.gray
:::mtﬁla:z;igy;oﬁgg:? . EE:‘:_ ish brown mottles, medium plasticity,
* ’  —=! moist, very stiff. (CL)
moist, very stiff. (CL) et '
. —] -
| =les
SILTY CLAY LOAM, mottled ==
grayish brown, olive brown e
and yellowish brown,” medium ] ]
plasticity, high dry —-—+30
strength, low toughness, = .
moist, very stiff. (CL)
COMMENTS: LOGGED BY:
T. Tumal
Figure 3. Sample geologic log.
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While the accuracy of the density measurements is generally suf-
ficient for calculation of elastic moduli, a number of the samples used
to obtain densities were not entirely representative of the in-situ
material. Materials that were sampled by penetration are somewhat dis-
turbed and many had dried out before measurements could be made. Densi-
ties of hard rock obtained using intact rock fragments are maximum
densities. Depending on the amount and openness of fractures, these
densities could be higher than in-situ densities by approximately 0.1 -

0.2 gm/cc.

Reduction of Seismic Data

Identification of Shear Wave Onset

To aid in the identification of the shear wave arrivals the signals
recorded by the downhole sensor from each pair of horizontal hammer blows
are superimposed and drafted on a common time base (fig. 4). The S-wave
group is easily identified by the large amplitude and 180° phase re-
versal. The onset of the S-wave arrival is taken as the start of the
first clear departure from coincidence in the group. Interpretation pro-
ceeds from the bottom record to the top using phase corre1acion at each
depth. Phase correlation aids in interpreting seismograms containing
significant P-wave energy or probable P to S converted waves. The onset
of the S-wave is generally easier to identify in unconsolidated sediments
than in bedrock.

Travel Times

A sample record is shown in figure 5. To determine the travel time

for the S-wave the following times are measured with respect to the break
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Figure 4. Example of record section. Arrows indicate first
arrivq)s of S-wave energy.
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in the signal from the hammer inertia switch (to):

time of onset of S-wave on inline uphole sensor;

t
1) .

2) t2 time of onset of S-wave on downhole sensors.

The time of onset of the S-wave on the inline uphole sensor is
taken as the origin time of the S-wave pulse. Because of uncertainty
in identifying this onset, an average value (tA) is determined for the
set of values, tl-to, measured on each record. The travel time for the

S-wave is given by

ts = (tz - to) - tA-

A corrected S-wave travel time (tsc), corresponding to the travel time
for a vertical ray path is calculated using

tSC B 1:S * tC

where tC is a correction (cosine of angle of ray incidence) due to the
distance the timber is offset from the center of the hole.

The travel times for the P-waves generated by the vertical hammer
impact are determined in the same manner except that the origin time for
the P-wave is given by the impact switch and no origin correction is
necessary.

Interval Velocities and Elastic Moduli

Average velocities were calculated for depth intervals over which
the velocity is approximately constant. To determine these depth in-
tervals, the travel time data are plotted as a function of depth and com-
pared with the geologic logs (fig. 6). Depth intervals for velocity cal-
culations are determined on the basis of distinct changes in slope of

the travel time plots and evidence for geologic boundaries. For those
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materials with S-velocities greater than 350 m/sec, the intervals were
required to contain at least four travel time measurements. This avoids
determining a velocity from a travel time difference due largely to
measurement error. Velocities are calculated for the selected intervals
from the slope of the linear regression line which best fits the travel
time data in a least squares sense (Borcherdt and Healy, 1968).

For those depth intervals with measurements of density (p), the

shear modulus (G) and bulk modulus (k) are calculated using

L]
©
-

N

G

= 2 .3
and k oV 3 G.

2
A 2
T
2
zvR -2
S

The value of shear modulus for a given material is strongly de-
pendent on the shearing strain amplitude (Hardin 5nd Drenevich, ]9723).
Computations using shear wave velocity (strain amplitude < 0.25 x 107%%)
give the maximum values of shear modulus. Estimations of shear moduli at
earthquake strain levels can be derived from appropriate design curves

(Hardin and Drenevich, 1972b).
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IV. DISCUSSION OF RESULTS

Seismic wave velocities were measured at fifty-nine sites in a
spectrum of near-surface geologic materials. Results of these measure-
ments will be discussed first in terms of correlations between interval
velocities and several other physical properties of the materials. As
determinations of the physical properties were made using field methods,
they are generally only relative evaluations of the average properties
of the soil or rock mass. Standard penetration resistance, density, and
seismic wave velocity were the only quantitative tests performed.

The primary physical properties which control velocities of seismic
waves in soils are different from those in rock. Therefore, the geologic
materials sampled in this study have been divided into two broad cate-
gories based on degree of induration: 1) unconsolidated to moderately
consolidated sedimentary deposits and 2) bedrock. The first group is
comprised of all deposits ranging in age from Holocene through Pliocene-
Pleistocene including the Santa Clara Formation, the Merced Formation
and the Purisima Formation. The single exception is the Stevens.Creek
site (STCR) which was drilled entirely in gravels of the Santa Clara
Formation, which are moderately well-cemented and will therefore be con-
sidered with the bedrock units. The velocity characteristics of each of
these two categories will be discussed separately.

For purposes of seismic zonation, geologic maps have been used as an
important source of data (Lajoie and Helley, 1975). A discussion of the
seismic characteristics of the geologic units used in mapping in the San
Francisco Bay region follows each section on correlations between veloci-

ties and physical properties. Finally, a regrouping of the geologic
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units based on the range of significant physical properties within them

is proposed.

A. Shear Wave Velocities in the Sedimentary Deposits

Correlations between S-wave velocity and physical properties

Unconsolidated to moderately consolidated sedimentary deposits com-
prise the entire drilled sections at thirty-one sites and the upper
parts of four others. The results of the measurements of the shear
waves in these deposits are summarized in figure 7 showing average
velocity over the depth intervals obtained from travel-time curves.
Since these sediments are for the most part thickly bedded, the velocity
intervals generally correspond to materials with relatively homogeneous
physical properties. From two to five such velocity intervals were ob-
tained at each site.

In figure 7, the sediments have been grouped on the basis of
several primary physical properties and secondary soil indices which are
related to those factors found to significantly affect shear wave velocity
in laboratory studies and for which data are available. The most im-
portant of these parameters are soil texture, standard penetration
resistance and depth below the surface. Mean, range, and standard devia-
tion of the velocities in each group are shown in Table 1. Correlations
between interval velocities and each of the geotechnical properties will
be discussed in turn.

Texture

Petrographic factors which can significantly influence the engineer-

ing properties of sedimentary deposits include texture (relative grain-
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size distribution), shape, mineralogical composition of the grains and
chemical composition of the adsorbed layers of clay particles. Of
these factors, texture appears to have the largest effect on shear wave
velocity. This result is as expected, as the average particle size and
sorting are very important in determining the void ratio of both co-
hesive and cohesionless soils (Meade, 1968). In general, the data in
figure 7 show an increase in shear wave velocity with increasing grain
size. The sediments can be divided into five categories based on grain

size distribution:

Textural Group Soil Textural Classes Included
(from figure 2)
Clay and silty clay Clay, silty clay, clay loam, silty
clay loam
Sandy clay Sandy clay, sandy clay loam
Silt loam Silt, silt loam
Sand - Sand, loamy sand, sandy loam, loam,

gravelly sand
Gravel - Greater than 15-20% coarse fragments

At several sites near San Francisco Bay, sections ranging from 4.to 16.5
meters in thickness were found to consist of interbedded silty clays and
sandy gravels. Individual beds were too thin to allow determination of
velocities for each distinct type of material so an average velocity
over the entire interval was calculated. These interbedded sediments
have been designated as an additional textural grouping.

Clays and silty clays show the most distinct velocity characteris-
tics of the groupings. The main overlap is at very shallow depths (0 <

5 m) where velocities measured in Holocene dune sands were as low as any
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TABLE 1

SHEAR WAVE VELOCITIES IN SEDIMENTARY DEPOSITS

Shear Wave Velocity (m/sec)

Standard
Physical Property Unit Interval(m) No Mean Deviation Range
Silty Clay and Clay
v. soft to soft
(N<4)
near surface 2.5-12 80 19 54-101
at depth 12-20 108 17 101-114
Medium to v. stiff
(4gNs20) 0-30 7 175 11 160-195
v. stiff to hard
(N>20)
near surface 2.5-12 3 200 22 175-229
at depth 12-22 2 270 43 226-312
Sandy Clay and Silt Loam
near surface 2.5-12 222 14 203-238
at depth 12-30 290 15 255-329
Sand
N<40 0-16 10 206 36 150-249
N>40
near surface 0-12 11 306 40 251-380
at depth 12-30 22 398 83 253-522
Gravel
near surface 2.5-10 4 421 49 360-497
at depth 10-30 8 616 113 418-749
Interbedded Sediment 2.5-30 5 258 15 233-276
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of the fine-grained sediments except the bay mud. Also, the silty clay
sampled at the Skyline (SKY) site showed a velocity that was 100 m/sec
higher than any other silty clay. This sediment, part of the Pliocene-
Pleistocene Merced Formation, was the only silty clay older than late
Pleistocene.

Although the silt loams are much better sorted than the sandy clays,
they may have similar void ratios. They do have similar velocity ranges
and so have been grouped together. At near-surface depths (D < 12 m) the
velocities for this group overlap with the lower end of the range for
sands. At depth (D > 12 m), the separation is much better except for
the silt loam in the Merced Formation at the Skyline site. This sediment
has a velocity which is 60 m/sec faster than any other silt loam and
overlaps with velocities obtained for sands.

The interbedded silty clays and sandy gravels show a relatively
narrow velocity range and an average velocity similar to that for sandy
clays and silt loams.

The sand category can be subdivided into four groups based on average

grain size and sorting:

Sorting Grain size (predominant size range in mm)
Well-sorted Very fine (.05 - .1)

Well-sorted Fine to medium (.1 - .5)
Well-sorted Coarse to very coarse (.5 - 2)

Poorly-sorted
These groupings are shown in fig. 8. The only significant velocity dis-
tinction evident here is that the well-sorted, very fine-grained sands

have lower velocities than other sands except for the Holocene fine- to
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medium-grained dune sands at the Windmill (W), Chain of Lakes (CH), and
Quintara (Q) sites. Thus, although there is a large velocity variation
in the sands, it appears that little of it is due directly to textural
variations.

The gravelly sediments generally show higher velocities than any of
the other sediments. The main exception is the Parkway Towers (PTOW)
site where a velocity that is 140 m/sec slower than any other gravel was
measured. This variation may be due in part to differences in sorting.
Samples of the gravels at Joaquin Miller School (JM) and Pulgas Water
Temple (PWT) were poorly sorted. While an undisturbed sample was not
recovered at Parkway Towers, it appeared to be better sorted on the basis
of drill cuttings and rapid loss of drilling fluid.

Standard Penetration Resistance

Standard penetration resistance tests were carried out in unconsoli-
dated sedimentary materials according to the procedure detailed in figure
2. Results of these tests are shown in figure 9 with the resistance in
blows per foot for a given sample plotted against the average velocity
obtained for the depth interval containing that sample. The scatter in
this data is very wide, even when divided into cohesive and cohesionless
soil categories. This wide variation is similar to that obtained by
other workers. For example, figure 10 shows a comparison of 220 measure-
ments from a variety of soils underlying high-rise buildings in Japan
(Ohasaki and Iwasaki, 1973) with those of this study. A significant
part of the scatter may be due to the difference in sampling scale of the
techniques for obtaining N-values and shear wave velocity. The N-value

is recorded cumulatively over a 0.5 m interval and is very sensitive to
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small inhomogeneities. The S-wave velocity, on the other hand, is an
average value over 5 to as many as 22.5 meters. As an example, for
very fine sand at Parkway Towers, blow counts of 7 and 32 were re-
corded in the 235 m/sec interval.

It appears that a useful correlation between standard penetration
resistance and shear wave velocity cannot be formulated for the sedi-
mentary materials as a whole. However, N-value has been correlated
(Lambe and Whitman, 1969) with other index properties of soils which
are affected by the same primary physical properties which influence
shear wave velocity. These index properties can be used to explain some
of the variation within the textural groupings and thus provide a basis
for subdividing the broader categories.

For cohesive soils, N-value serves as an index to the consistency
(relative firmness) and shear strength of a soil. The clays and silty
clays have been subdivided into three groupings based on this relation-
ship: v. soft to soft (N < 4 blows/ft), medium to v. stiff (4 < N < 20
blows/ft) and v. stiff to hard (N > 20 blows/ft). The velocity differ-
ences between the v. soft to soft and the medium to v. stiff clays is
very large while there is some overlap in velocities between the medium
to v. stiff and v. stiff to hard categories (Table 1).

The consistency of a cohesive soil is affected by many factors, in-
cluding soil structure, void ratio, cementation and overconsolidation due
to loading or dessication. The magnitude of some of these effects can be
estimated from the data in fig. 7. The large difference in velocities
between the clays with N < 4 and those with 4 < N < 20 is in part due to

variation in soil structure (and hence void ratio) related to deposi-
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tional environment. The clays with N < 4 are estuarine muds and were
probably deposited with a salt-flocculated structure,while the 4 < N <
20 clays are alluvial flood basin sediments and may have a more dis-
persed structure (Rosenquist, 1960). In a study of sedimentary deposits
in the San Joaquin Valley, Meade (1968) found that shallow marine silts
at depths of 240 m - 600 m had substantially higher void ratios (1 - 1.6)
than overlying flood plain silts (.7 - 1).

Long-Term Water Levels

Several factors which act to increase consistency and shear wave
velocity, such as cementation and overconsolidation, are related to the
position of the water table before and after deposition. Flood basin
clays are deposited in thin layers and are seasonally dessicated. They
thus have the characteristics of highly overconsolidated soils even
though they may have never been deeply buried (Terzaghi, 1955; Komornik
et al., 1970). After deposition they may remain above the water table
for extended periods of time and thus may be subjected to various
weathering processes such as cementation.

The Tong-term water table effects may be indicated by the color of
the sediment. In the southern San Francisco Bay area, soil color is
primarily determined by the oxidation state of iron compounds and the
content of organic matter. Ferric iron produces red and yellow colors
while ferrous iron causes grey colors. Organic matter serves mainly to
darken colors. Thus, many brown soils contain relatively large amounts
of organic matter, as well as ferric iron oxides. Yellow colors, which
are relatively unstable under moist conditions, indicate good drainage

and aeration. Grey colors are associated with soils which have been
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saturated during and since deposition. Poorly drained soils are
dsual]y‘mottled with various shades of grey, brown and yellow, espe-
cially in the zone of fluctuating water table. The proportion of grey
generally increases with increasing wetness (Soil Survey Staff, 1951).
Figure 11 shows the colors of the cohesive sediments divided into
three color groupings: grey, mottled with shades of grey, brown and
yellow, and shades of yellow and brown. Group boundaries obtained from
standard penetration resistance are included for comparison. Groupings
based on the two different indices agree quite well. The grey colors
correspond to the N < 20 clays and the yellowish brown and brown soils
with the N > 20 clays and silty clays and the sandy clays-silt loams
(which have N > 25).

A specific example of the magnitude of the effects of dessication
may be found at Bridgeway Park (figure 6). The sediments from 9.5 to 31
meters were probably deposited in an alluvial flood basin prior to the
formation of the Bay (10,000 - 6,000 years B.P.) and deposition of the
overlying estuarine muds (Atwater et al., 1977). The section from 9.5
to 20 m, which is yellowish brown mottled with grey, is more strongly
oxidized and has a shear wave velocity 25 m/sec higher than the lower
part which is grey mottled with olive and greyish brown. The slightly
higher clay content in the upper section may be due in part to the
greater exposure to weathering processes.

Figure 12 shows a similar grouping on the basis of color for sandy
sediments. Unlike the cohesive sediments, there is no useful correlation
between color and S-wave velocity except for a tendency for yellowish

brown sands to have higher velocities at depths greater than 10 m. This
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lack of correlation is to be expected as sands are little affected by
wetting and drying.

Short-Term Water Levels

For comparison, presently water-saturated and unsaturated cohesive
sediments (as indicated by present water table levels) are shown in
figure 13. The level of the water table is taken as the depth at which
the P-wave velocity increased to approximately 1500 m/sec. In the case
of the bay muds (clays with N < 4) P-wave velocities ranged from 450 to
1100 m/sec. As water tables at the times of drilling and velocity
logging were within 2 m of the ground surface, these sediments were
taken to be water-saturated over the intervals for which S-wave veloci-
ties are reported.

In contrast to the long-term water table effects, the short-term
water levels shown in figure 13 do not provide a useful correlation with
S-wave velocity. Although there is a general tendency for the unsatu-
rated sediments to have higher velocities at a given depth, this trend
can be attributed to other factors. The silty clays at the Skyline site
(SKY) are Pliocene-Pleistocene in age--an order of magnitude older than
the other cohesive sediments sampled. The sediments at the Muir School
site (MUIR) are sandy clays and could be expected to have relatively
higher velocities on that basis. At this site the S-wave velocity ap-
pears to increase slightly (291 to 309 m/sec) going from unsaturated to
saturated sandy clay. Thus for the data presented in figure 13, it is
not possible to determine whether the higher velocities are the result
of the sediments being presently unsaturated or due to other factors

such as texture and time-dependent effects.
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Figure 14 shows relative degree of saturation for sands as indi-
cated by P-wave velocities. The sediments have been divided into three

categories: Vp < 1000 m/sec ("dry"), 1150 m/sec < V_ < 1300 m/sec

P
("near-saturated"), and Vp > 1500 m/sec ("saturated"). As was the case
for color, no useful subdivision of the sands can be made using degree
of saturation. Two weak and opposing trends are evident. In the near-
surface, the "dry" sands show lower velocities than the other two
groups. However, these lower velocities can be attributed to lower
densities, as these sands for the most part have standard penetration
blow counts less than 40. At depth, however, the "near-saturated"
sands show velocities which are somewhat higher than the saturated
sands. The small effect of saturation on S-wave velocity for sands
apparent in figure 14 is in agreement with the results of laboratory
studies carried out by Hardin and Richart (1963). They found that the
shear modulus of saturated Ottawa sand (nearly spherical grains) was
less than 5% lower than that for the drained condition (moisture con-

tent = 1.4%). No significant effect was observed for crushed quartz.

Relative Density

For cohesionless soils, N-value has been related to the relative
density and is most meaningful for N < 50. Since few sands with blow
counts lower than 50 were sampled, only one subdivision has been made
for cohesionless soils: N < 40 (loose to dense) and N > 40 (dense to v.
dense). Although relative density is very important in determining the
behavior of sands, the factors which control it are not well understood.
Grain size and rate of deposition are two parameters which appear to be

important (Terzaghi, 1955). Effects of these factors may be evident in
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figure 7. The near-surface, v. fine-grained sands deposited on alluvial
flood plains fall within the N < 40 group while fine- to coarse-grained
alluvial sands are in the N > 40 group. In addition to the v. fine-
grained sands, the N < 40 group includes the loose Holocene dune sands.
Lower densities in the dune sands may be the result of different rates
of deposition or the wind-laid mode of deposition.

Depth

The ranges in S-wave velocity measured for the textural groupings in
figure 7 generally show an increase with depth. This section will dis-
cuss these relationships along with possible explanations for the ob-
served increase in velocity with depth. In order to show their wider
applicability, the velocity-depth relationships obtained in the San
Francisco Bay region will be compared with velocity gradients formulated
by Hamilton (1976) for a compilation of data from a wide geographical
distribution of sites. In addition, a comparison will be presented be-
tween the S-wave velocities measured in-situ in sands for the present
study and those calculated using equations formulated from laboratory
studies by Hardin and Richart (1963) to illustrate the possible éffects
of void ratio, effective stress and time-dependent processes.

Most of the groups of sediments which have been differentiated using
texture and standard penetration resistance can be furthef subdivided on
the basis of depth. The v. soft to soft and v. stiff to hard silty clays,
dense to v. dense sand, and gravels all show an increase in velocity range
with depth and have been divided into near-surface (D < 12 m) and at
depth (D > 12 m) groupings (Table 1). An increase in S-wave velocity

with depth is also shown by the sandy clays and silt loams though the
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division was set at 15 m, as there are so few shallow samples in this
group. The medium to v. stiff silty clays and the mixed sediments do
not show significantly different velocities between the near-surface
and at-depth groups. The loose to dense sands were not found at depths
greater than 15 m.

Studies of gradients of S-wave velocity with depth have been re-
ported by several authors. Perhaps the most comprehensive is a compila-
tion by Hamilton (1976) of data for water-saturated marine and non-
marine sediments. He calculated regression equations relating shear
wave velocity with depth for two "end-members" representative of marine
sediment types: (1) sands, and (2) silt clays and turbidites (thick
layers of silt-clays intercalated with thin layers of silt and sand).
For sands at depth of 0.1 to 12 m, the regression equation is:

v, = 12800+ 28

where D is depth. The equation for silt-clays and turbidites at depths

of less than 42 m is:

Vo = 116 + 4.65D.
Figure 15 shows a comparison between these equations and data of the
present study for two groups of sediments equivalent to Hamilton's sedi-
ment types: (1) Holocene and late Pleistocene sands, and (2) silty clays
and clays and the mixed sediments. Following Hamilton's procedure, the
data are plotted using the depth to the midpoint of each depth interval
along with the interval velocity. The silt-clay regression equation fits
the silty clay-mixed sediment data very well. The sand regression equa-
tion does not fit the sand data quite as well, particularly in the near-

surface. This apparent discrepancy is due to the fact that Hamilton only
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had 2 measurements below 7 m. A linear trend through his shallow data,
plotted as a dashed line in figure 15, shows that the two sets of data
are actually quite comparable. Scatter in the two sets of data is
nearly the same except that for the present study velocities greater
than 300 m/sec were measured in sands at depths less than 7 m.

The reason for this increase in velocity with depth is not clear.
Possible explanations are changes in effective stress and/or void ratio
due to increasing overburden load which were found to be important fac-
tors in laboratory studies. At the KGEI site, decreases in void ratio
(from 2.36 to 6.5 m to 1.97 at 15.5 m) may be sufficient to account for
velocity increases with depth in a section of soft, normally consolidated
silty clay. However, at a nearby site, Audubon School (AUD), no increase
in velocity with depth is apparent in similar silty clays from 2.5 to 20
meters. Similarly, at other sites underlain by thick sections of rela-
tively homogeneous materials (Lowry Rd., Parkway Towers, Quintara, etc.),
an increase in velocity with depth is not evident.

The effects of time-dependent processes, such as changes in cementa-
tion and fabric, can cause the rigidity of the sediment structure to in-
crease beyond values attributable to void ratio and effective stress
alone. That time factors can have a significant effect on shear wave
velocity in sandy sediments may be seen from a comparison between the
in-situ measurements and velocities obtained in laboratory studies.
Hardin and Richart (1963) have published equations developed from labora-
tory experiments using the reasonant column technique with samples of
round Ottawa sand and crushed quartz. Since these equations relate

effective stress for use with the interval velocities, it was necessary
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to use only samples for which a reliable bulk density had been obtained.
Fifteen such samples from ten sites were used in the analysis. The
sands were mostly well-sorted, v. fine- to coarse-grained and subangular
to subrounded. Ages of the sands ranged from Holocene to Plio-Pleisto-
cene (Merced Formation) and were deposited in alluvial, eolian and
shallow marine environments.

Void ratio (e) of each sample was calculated using

GYw T Y
B

where Ye is the measured bulk density, Yy is the unit weight of water,
G is the specific gravity of the sand grains (assumed to be 2.65) and S
is the degree of saturation (assumed to be 1). Although P-wave velocity
measurements indicate that most of these sands are not saturated, the
measured water contents of the samples (16-25%) suggest that most are
nearly so. Lower values of S would give larger void ratios and hence
Tower values for the calculated shear wave velocity.

Confining pressure was assumed to be equal to the overburden pres-
sure or

o= hy;,

where h is the depth to the midpoint of the velocity interval containing
the sample and Y is the bulk density of the sample. The actual effec-
tive stress is probably substantially lower than the overburden pressure
because of the pore pressure of the water. Thus the shear wave velocity
calculated using this assumption is again a maximum.

Since the sands used in this analysis are more nearly round than

very angular, velocities were calculated using the equation developed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>