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Effect of foundation soils on seismic damage potential
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Department of Civil Engineering, University of British Columbia, Vancouver. B.C., Canada

ABSTRACT:

The effects of site conditions on ground motions and damage potential are critically

reviewed using the results of site response analyses and case histories from past earthquakes. Topography
and the rate of degradation in soil stiffness with strain have major effects on site response. Where
topography is pronounced 1-D dynamic analyses do not give reliable estimates of response. The
characterization of strong motion response by weak motion parameters is shown to be useful in indicating
the relative damage potential of sites but may overestimate significantly ground motion amplification

during strong shaking.

1 INTRODUCTION

Site conditions play a major role in establishing the
damage potential of incoming seismic waves from
major earthquakes. Site conditions in this context
include the soil profile, soil properties and
topographic structures. The major causes of
damage to structures are ground shaking,
liquefaction, and lateral spreading. The effects of
liquefaction on stability of foundations in major
earthquakes have been well documented
(Kawasumi, 1964; Finn, 1979) and most recently, in
the case of the Loma Prieta earthquake by Seed et
al. (1990). Liquefaction continues to be a major
research area in geotechnical earthquake engineer-
ing and major reviews of developments in research
and practice are available (Finn, 1981,1990,1991;
Seed and Harder, 1990; Mitchell and Wentz,
1991). Foundation failures due to liquefaction,
therefore, will not be discussed in this paper.
Lateral spreading is also a consequence of lique-
faction. Although the damaging effects of lateral
spreading have long been recognized, the first
detailed quantitative study of the prevalence of
lateral spreading and the factors controlling it was
conducted by Hamada et al. (1986). This seminal
report has sparked major research into the
phenomenon of lateral spreading and its damage
potential. Youd (1980) has established criteria
relating the magnitude of lateral spreading to
structural damage and has developed empirical
equations for predicting the amount of lateral
spreading (Bartlett and Youd, 1992). A succinct
review of some of these developments has been
made by Finn (1988a).

This report will focus on the estimation and
characterization of strong seismic shaking. This is
the most prevalent cause of damage to structures
during earthquakes. It is also one of the more
complex areas in .geotechnical earthquake
engineering.

Damage patterns in Mexico City after the 1985
Michoacan earth%uake demonstrated conclusively
the significant effects of local site conditions on
seismic response of the ground. Peak accelerations
of incoming motions in rock, generally less than
0.04 g were amplified about 5 times on the clay
soils of the old lakebed on which the city is
founded, with devastating effects for structures
with periods close to site periods. In the 1989
Loma Prieta earthquake, major damage occurred
on soft soil sites in the San Francisco-Oakland
region where the spectral aécelerations were
amplified 2-4 times over adjacent rock sites
(Housner, 1990). Clearly seismic design should
incorporate the effects of local soil conditions.

2 FOUNDATION FACTORS

Most earthquake resistant structural design is
based on the seismic design provisions of national
buildings codes. In these codes, the effects of local
soil conditions on seismic response are usually
taken into account by the introduction of a
foundation factor, F, or site factor, S, into the
formula for computing the base shear in a building.
Values of S are related to a number of broad
categories of soil conditions. The Uniform Building
Code (UBC, 1988) contains the four categories
shown in Table 1 and the associated foundation
factors range from 1.0 to 2.0. These factors are
based on results of site specific analyses, recorded
ground motions and assessments of damage to
buildings on various soil profiles. The proper
factor to use in a given case is based on the best
available knowledge about the site under
consideration and engineering judgement.

The fourth category S=2.0 was added to the
code in reaction to the damage sustained on the
soft clay soils of Mexico City. There was concern
that large amplifications might occur at other soft
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TABLE 1. Site Coefficients

Type Description
P P Factor

S1 A soil profile with either: 1.0
a) A rock-like material char-
acterized by a shear wave
velocity greater than
2500 ft/sec, or by other
suitable meaus of classi-
fication; or
b) Stiff of dense soil condi-
tions, where the soil
depth is less than 200 ft.

S2 A soil profile with dense 12
or stiff soil conditions,
where the soil depth exceeds
200 ft.

S3 A soil profile 40 ft or more 1.5
in depth and containing more
than 20 ft of soft to medium
stiff clay but not more than
40 ft of soft clay.

S4 A soil profile containing 2.0
more than 40 ft of soft clay.

sites such as sites in San Francisco underlain by
Young Bayy Mud. The S=2.0 category was also
adopted in thé National Building Code of Canada
(NBCC, 1990) to provide additional protection for
structures on deep soft sites.

The use of broad and distinctly different soil
categories has the advantage that rather distinct
patterns of ground response are associated with
each type. An important example is provided by
the different average spectral shapes associated
with the first three soil categories (Table 1) shown
in Fig. 1 (Seed and Idriss, 1983). Idealized forms
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of these spectra (Fig. 2) are suitable for adoption
as design spectra in building codes (Seed and
Idriss, 1983).

Hensolt and Brabb (1990) have published a
microzonation map of San Mateo County,
California, showing the distribution of the UBC
soil factors. This map shows the relative hazard at
various sites in terms of the factor S. The
important feature of this microzonation map is that
the parameter mapped, S, can be used directly in
determining the seismic demand on a structure and
the relative damageability of the site.

3 EVALUATION OF SITE FACTOR §=2

There is some concern in a number of building
code jurisdictions regarding the appropriateness of
the site factor S=2 for soft sites. A site
amplification study was carried out to assess the
level of protection offered by the site factor of 2 to
buildings founded on deep soil deposits in the
Fraser Delta near Vancouver, British Columbia
(Lo et al,, 1991). The delta is in one of the highest
seismic regions of Canada. The study was based
on site specific field and laboratory dynamic soil
data and the most up to date assessment of the
regional seismicity.

Three representative deep soil sites in the
Fraser Delta (Sites A, B and C) were selected for
ground response studies. he selection was
influenced by the location of the sites relative to
urban and industrial development and on the
availability of site specific data. The dominant
contributions to the ground motion specified in the
NBCC come from earthquakes in the magnitude
range 6.3-7.3 at epicentral distances ranging from
30-70 km with focal depths of about 20 km. A suite
of 22 records with 0.8 < a/v < 1.2 were selected to
meet the above criteria and to minimize undue
influence of any specific earthquake.  The
acceleration/velocity ratio, a/v, is in the range
considered appropriate for the Delta. The impact
of site conditions was examined for two types of
structures; frame structures and shear wall
structures.



The seismic elastic base shear, V,, in a
structure, according to the 1990 NBCC, is given by
V. = vSIFW, where v = zonal velocity ratio, S = a

eriod dependent seismic response factor, I =
importance factor, F = foundation factor, and W
= dead load. For all NBCC earthquakes, the
computed foundation factor, F., may be obtained
for any structural period from the equation

F = V,/vSIW (1)

A comparison between the frequency
dependent computed foundation factors, F, and
the NBCC code factor, F, are shown in Fig. 3 for
frame buildings, and in Fig. 4 for shear wall
buildings. The code foundation factor, F, has a
maximum value of 2, and below periods of 1
second it decreases to 1.

It appears that for these sites the foundation
factor is adequate for the shear wall type of
building, althouéh at one site the response at the
mean plus one SD level slightly exceeds the code
factor for periods between 0.5 and 2 seconds. For
frame buildings, judgement about the adequacy of
the code foundation factor depends on whether the
criterion for adequacy is based on mean response
or the mean plus one SD. In the latter case, the
code factor would seem to seriously underestimate
response in the period range 0.5 to 2 seconds.

These preliminary results show the difficulties
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FIGURE 3. Comparison between computed and
NBCC90 foundation factors for frame buildings on
Sites A, B and C.

that can arise when using a single foundation factor
for all kinds of structures.

The adequacy of the code foundation factor,
F=2, is under review again for the 1995 code.

4 SITE CHARACTERIZATION

There are two other major approaches to
characterizing the effects of site conditions on
seismic response to strong shaking. The first
involves the use of amplification factors or other
ground motion parameters derived from weak
ground motions or microtremors. The second
involves site specific dynamic response analyses.
The first detailed field study of the applicability
of weak motion characteristics such as
amplification factors to the estimation of dynamic
response under strong shaking was conducted by
Hudson (1972). He made a detailed study of site
response in the Pasadena area during the San
Fernando earthquake of 1971 and attempted to
correlate features of local geology with site
IESponse. Hudson concluded that local
distribution of ground shaking, predicted on the
basis of ground motions recorded during many
small earthquakes, "may not correspond very well
with the distribution occurring during a damaging

earthquake".
Borcherdt and Glassmoyer (1991) and
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FIGURE 4. Comparison between computed and
NBCC90 foundation factors for shear wall type
structures on Sites A, B and C.
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Borcherdt (1991) demonstrate that weak motion
amplification factors on distinct geologic units
were good indicators of the intensity of strong
shaking during the Loma Prieta Earthquake of
1989. These differences in opinion result partly
from the differences between site specific studies
such as Hudson’s from the global correlations with
error bounds approach of Borcherdt (1991).
Intrinsic differences between site specific and
global studies have been explored at length from
an engineering point of view by Finn (1990) and
some key aspects of that study will be presented
later.

The effects of local soil conditions are often
evaluated by 1-D shear beam analyses which model
the site as a layered half-space (Schnabel et al.,
1972; Finn et al., 1977; Lee and Finn, 1978). The
analyses are capable of modelling nonlinear effects
and identifying the more important characteristics
of the surface motions; the resonant period of the
site, the lengthening of the period with increasing
intensity of shaking and the amplification or
deamplification of motions at various frequencies.
These effects have been very clearly identified in
ground motions recorded during earthquakes.

Evidence of a significant shift in site period
during strong shaking is provided by data from a
Japanese site (Tazoh et al, 1988). Ground
motions  from  the  Kanagawa-Yamanashi
earthguake of August 8, 1983, My = 6.0, were
recorded at an epicentral distance of 18 km. The
maximum acceleration at the ground surface was
435 gals and 135 gals at the base layer during the
main shock. The transfer functions for weak
motions and the main shock between base and
surface showéd a period shift from 0.33 s for the
weak motions to 0.5 s for the main shock. Similar
data from other Japanese sites are given in Table 2
(after Okamoto, 1973). At these sites the
predominant periods are increased by a factor of 5

TABLE 2. Dependence of Site Period on
Intensity of Shaking (after Okamoto, 1973)

Predominant Period

Earthquake Koto Arakawa

Scale

Large- 1.35 sec 0.77 sec

scale (Off-Tokachi (Niigata

earthquake earthquake, earthquake,
1968, M=7.9) 1964, M=17.5)

Medium-~ 0.46 sec 0.77 sec

scale (Higashi- (Higashi-

earthquake Matsuyama Matsuyama
earthquake, earthquake,
1968, M=6.1) 1968, M=6.1)

Small 0.25 sec 0.17 sec

earthquake (Local (Local
earthquake) earthquake)
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as the shaking became stronger with increasing
magnitudes. ese shifts in predominant period
entail modifications of the seismic response and
damage potential. On this evidence, one should be
cautious about using site periods of peak response
deduced from low amplitude events such as
microtremors and coda'waves to characterize site
response under strong shaking.

Site specific studies are essential for
understanding the role of geological profile, soil
properties and topography on the seismic response
of a site. Field data from two earthquakes, the
1985 Michoacan, Mexico earthquake, and the
Loma Prieta earthquake of 1989, have been crucial
to understanding the critical impact of site
conditions on seismic response and in verifying the
capability of current methods for site response
analyses. These case histories will be reviewed in
the next section.

5. SEISMIC
HISTORIES

SITE RESPONSE: CASE

The state of knowledge on amplification and
deamplification of ground motions in terms of
peak  acceleration has been summarized
conveniently in Fig. 5 by Seed et al. (1976) and
Seed and Idriss (1983). According to Fig. §
deamplification of peak accelerations in rock at
soft clay sites begins at about the 0.1 g level and
becomes very significant at the 0.3 g level. The
response of the soft clays in Mexico City during the
1985 Michoacan earthquake and of the soft soil
sites in California during the Loma Prieta
earthquake in 1989 changed that view dramatically.
Idriss (1990) gives an updated 6picture of the
response of soft soil sites in Fig. 6, based on the
Mexico City and Loma Prieta data and on 1-D
response analyses using the SHAKE program
(Schnabel et al, 1572). Much greater
amplifications are now attributed to soft soil sites
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and the peak acceleration range over which
amplification may occur is raised from 0.1 g to
about 04 g. Why did the assessment of seismic
response of soft soil sites change so much from
1983 to 1990? The answer lies in a better
understanding of the dynamic properties of soft
high plasticity clays such as the Mexico City clays.

5.1 Motions in Mexico City

The response of the soft clay sites in Mexico City
could be advanced as a strong argument in favour
of the utility of weak motion amplification factors
in defining site response to strong shaking. Here
are sites at which ground accelerations were
amplified 3-5 times relative to accelerations in the
rocky, hilly parts of the city, and yet the response
was essentially elastic even though the peak
accelerations reached about 0.2 g.

The response of the Mexico City sites to shear
waves propagating vertically is controlled by the
strain dependent shear modulus and damping.
Variations in damping and normalized shear
modulus are shown in Fig. 7. The shear modulus
does not show substantial degradation until strain
levels of the order of 0.1% at which strain the
shear modulus is still at 90% of its initial value.
The response remains elastic because substantial
modulus degradation did not occur at the strains
developed during shaking. ‘

Modulus degradation curves for a wide variety
of clays are shown in Fig. 8 (Sun et al., 1988). Note
that as the plasticity of the clay increases, the range
of essentially elastic response also increases. The
range for Mexico City clays represents a likely
upper bound to elastic behaviour in clays. If the
Mexico City clay had the modulus degradation
properties of one of the lower plasticitﬁ clays such
as clay C2, then the response would have shown
strong nonlinear effects and the large amplification
factors would not have been developed.

The role of damping is equally important.
Because of the limited degradation in shear
modulus, the hysteretic damping in the Mexico
City clays was quite low. This allowed greater
response at the resonant site periods and
prolonged existence of significant reverberations in
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the valley after the period of direct excitation.

Some consideration should be given to the
effects of great overburden pressures on effective
damping ratios in the analysis of very deep sites. In
the 1970’s when soil damping first began to be
studied experimentally in an extensive way,
damping was considered to be ﬁressure dependent,
but this factor is no longer taken into account in
conventional engineering analyses.

It is reasonable to expect that deposits of high
plasticity clays in other parts of the world would
respond in a manner similar to the Mexico City
clays.



5.2 Loma Prieta Earthquake

The Treasure Island site and the adjacent rock
outcrop of Yerba Buena Island in San Francisco
Bay are shown in Fig. 9. Depth to bedrock near
the strong motion site UM10 is about 280 ft. Peak
accelerations recorded at Yerba Buena on rock
during the 1989 Loma Prieta earthquake were 0.06
g in the E-W direction and 0.03 g in the N-§
direction. Corresponding peak accelerations at the
Treasure Island site were 0.18g in the E-W
direction and 0.11 g in the N-S direction. Duration
of strong shaking was about 5 seconds.
Liquefaction occurred at the UM10 site during the
earthquake.

The soil profile at the Treasure Island site
consists of about 12 m of fill followed by about 17
m of bay mud and 56 m of older bay sediments
resting on bedrock. The normalized shear
modulus and dampixﬁ ratio are shown in Fig. 10 as
functions of strain (Hryciw et al,, 1991). Because
of the presence of Young Bay Mud, this site is
classified as a soft soil site (Housner et al., 1990).

The amplification factors for surface motions
recorded at the Treasure Island Site during the
Loma Prieta earthquake of 1989 relative to the
rock motions at adjacent Yerba Buena Island are
shown in Fig. 11. The solid line shows the
variation in the NS spectral ratio for the first 5
seconds of the shear wave in the main shock in the

eriod before liquefaction took place at the site.

he shaded area is the 95% confidence region for
the NS s%ectral ratios of 7 aftershocks (Jarpe et al,
1990). The amplification factors are drastically
reduced in the strong motion phase, although still 2
or greate® over a wide frequency band of
engineering interest. The peak acceleration at the
surface of 0.16 g shows an amplification of about 3.
The reduction in amplification with increased
shaking is due to the nonlinear stress-strain
response of the soil.

Results from this site illustrate very well the
advantages and disadvantages of using weak
motion amplification factors or other small strain
parameters such as shear wave velocity to
characterize site response to strong motion. The
weak motion factors would have correctly
predicted enhanced ground motions during strong
shaking but would have grossly overestimated the
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amplification factors. Therefore weak motion
amplification factors may prove to be reliable
indxcators of relative response of different geologic
units to strong shaking but in many cases cannot be
used directly to quantify site response.

A major problem in determining site specific
amplification factors or spectral ratios by site
dynamic response analysis, even when soil
properties are well defined, is the uncertainty
about what the input motions ought to be. Since
the response depends not only on the intensity of
the motions but also on their frequency content,
the determination of a representative input motion
is a very difficult task. Rock outcrop motions
"adjacent" to the site are usually considered to give
the best definition of output motion. Finn and
Nichols (1988) showed that the ground motions at
the SCT strong motion site in the lakebed in
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Mexico City during the 1985 Michoacan
earthquake cannot be simulated by using the rock
outcrop motions in the University district as input
motions. The rock motions had no preferred
direction (Fig. 12), whereas the motions at the SCT
site on the lakebed had acquired a strong E-W
orientation (Fig. 13). As a result of this, to match
the spectra_of the E-W motions, the rock input
motions had to be increased about 2.5 times (Finn
and Nichols, 1988). Rosenblueth (1991) made a
similar observation about this site. The reason for
the bias has not been established but is probably
due to surface waves being propagated primarily in
the E-W direction generated by either local
subsurface topography or by lateral
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FIGURE 12. Accelerations at Rock Site in
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Finn and Nichols, 1988).
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inhomogeneities in the properties and variations in
the thickness of the clay layer.

Idriss (1990) and Hryciw et al. (1991) computed
acceleration spectra for the Treasure Island site
using the motions at Yerba Buena as input. The
spectrum for the E-W component of the recorded
motion is shown in Fig. 14, together with a range of
calculated spectra (Idriss, 1990). The periods of
peak response of the computed spectra agree well
with those of the recorded motion. However, the
spectral accelerations at periods of about 0.3 s and
0.7 s where the response is greatest are respectively
50% and 70% of the recorded values. The spectral
accelerations in the long period range 1.75 510 3 s
are underestimated significantly. The recorded
spectrum of calculated responses for the N-§
component and the range in computed spectra are
shown in Figs. 15 (Hryciw et al.,, 1991). In this case
the computed periods of peak response do not
match the periods of the recorded motion very well
and response for periods greater than 1 second are
badly underestimated, despite the fact that
parametric studies were conducted to account for
uncertainties in the soil properties.

A possible explanation for the substantial
difference between the spectra of the recorded and
computed motions is that the surface motions are
not generated only by shear waves propagated
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from the bedrock underlying the site. Topographic
effects due to the subsurface structure associated
with the contact between the rock outcrop and the
sediment can alter the motions significantlfy (AKki,
1988; Silva, 1989; Faccioli, 1991). The eftects of
surface topography and buried structures will be
discussed briefly to complete the review of site
effects on ground motion although topographic
effects are rarely taken into account directly in site
response analyses. Even a ?ualitative appreciation
of potential topographic effects can be helpful in
understanding deviations in seismic response from
1-D predictions in some cases.

6 EFFECTS OF TOPOGRAPHY
6.1 Motions on Surface Topography

Aki (1988) utilized the simple structure of a
triangular wedge to illustrate the effects of
topography. This structure may be used to model
approximately ridge-valley topography as shown in
Fig. 16 by Faccioli (1991). An exact solution
exists for the wedge for SH waves propagating
normal to the ridge and polarized parallel to the
ridge axis. Displacement amplification at the
vertex is 2/v where the ridge angle is vr (0 < v <
2). In Fig. 16 the amplification of the crest relative
to the base is v1/vp. Thus the simple solution
provides a rough estimate of the relative
amplification at the crest of the ridge or
deamplification in a valley. Faccioli (1991) has
suggestcd that in many cases the topographic site
effects are of the same order as the regional
variability ofy motions on hard ground.

A case history illustrating the variation in
amplification over a ridge structure is provided by
data from the Matsuzaki array in Japan (PWRI,
1986). The mean values and standard error bars of
peak accelerations normalized to the crest
acceleration for five earthquakes are plotted in
Fig. 17 (Jibson, 1987) as a function of elevation.
The ranie in peak accelerations for the five
earthquakes is rather limited ranging from a low of
a few gals at station 5 to a maximum of about 100
gals at the crest. The amplification of the crest
relative to the base is about 2.5. The amplification
factor increases rapidly as the crest of the ridge is
approached.

Amplification of motions at the crest of a ridge
relative to the base is also supported by damage
patterns during the 1980 Friuli earthquakes in Italy
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FIGURE 16. Infinite wedge excited by plane SH
waves (after Faccioli, 1991).
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(Brambati et al., 1980) and in the Chilean
earthquake of 1985 (Celebi, 1987,1991).

6.2 Motions in Alluvial Valleys

Perhaps more interesting from an engineering
point of view is the response of sediment filled
valleys, usually the locations of greatest
development. Ground motions on these sites
generated by shear waves propagating vertically
are usually estimated by 1-D shear beam models,
using either equivalent linear methods (Schnabel
et al., 1972) or nonlinear models (Finn 1988b; Lee
and Finn, 1978). The sediment-basement rock
interface generates surface waves and may trap
body waves in the alluvium (Finn and Nichols,
1988; Silva, 1989). These waves amplify the
motion and increase the duration over that
predicted by 1-D analysis. These effects were very
pronounced in the lake-bed motions in Mexico
City during the 1985 earthzuake.

Bard and Gabriel (1986) calculated the transfer
functions for a wide shallow sediment filled valley
(b/L < 0.25) shown in Fig. 18. The results are
shown for both 2-D and 1-D analyses with a linear

radient in shear wave velocity S with depth and
or a 2-D analysis with a constant shear modulus in
the sediments. The valley has a shape ratio of 0.1.
The frequency n is normalized by the 1-D resonant
frequency for the valley center, S/4h, where h is
the depth of the valley at the center. The 1-D
analysis does a very good job of modelling the
response from station 5 on, that is just off the
sloping edge of the valley but tends to give too
sharp a resonant response from the edge of the

valley to station 3.
e surface waves generated near the edge are
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FIGURE 18.

Smoothed SH Transfer Functions to Homogeneous Half-Space Outcrop Motions for a

Wide, Shallow Alluvial Valley with a Shape Ratio of 0.1 (after Bard and Gabriel, 1986).

apparently damped significantly by the time station
S is reached and the remaining effects are
swamped by the incoming shear waves. The
radically different responses between stations 1 to
S may result in differential motions, normal to the
edge of the valley (Silva, 1989) with implications
for the seismic loading of long structures.

The effects of surface topography and
sediment-filled valleys on site response have been
summarized by Silva (1989) in Table 3.

7 WEAK MOTION CHARACTERIZATION

Many attempts have been made to characterize
site response to strong seismic input using
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parameters based on weak motion response
because of the greater data base and wider
prevalence of weak seismic motion data and the
ease of obtaining weak motion response from
microtremor measurements. In this context weak
motions are defined as motions which elicit mainly
elastic response from the site. Strong motions have
sufficient intensity that nonlinear effects become
important enough to invalidate conclusions about
site response based on weak motion data.

In areas which have experienced strong shaking
in the past such as California or Japan it may be
possible to establish the upper limit of weak
motions for typical geological units before
nonlinear effects becomes important.

The definitive studies on characterization of



TABLE 3. 2-Dimensional Geologic Structural Effects (after Silva, 1990)

Conditions Type Size Quantitative
Structure Predictability®
Surface Topo-  Sensitive to Amplificationat ~ Rangesuptoa Poor: gcnc.rally
graphy shape ratio, top of structure factor of 30 but u_ndcrprcdxct
largest for ratio amplification generally from size. May be
between 0.2 to and deamplifica-  about 2 to 10 because of ridge

0.6. Most pro-
nounced when
wavelength
mountain width

Sediment-Filled Valleys

1) Shallow and
wide (shape
ratio <0.25)

2) Deep and
narrow (shape
ratio > 0.25)

3) General

4) General

Effects most
pronounced
near edges.
Largely verti-
cally propagat-
ing shear wave
from edges.

Effects through-
out valley width

Local changes
in shallow sedi-
ment thickness

Generation of
long period
surface waves
from body
waves at shallow
incidence angles

tion at base,
rapid changes in
amplitude phase
along slopes

Broad band
amplification
across valley
because of
whole valley
modes

Broad band
amplification
across valley
because of
whole valley
modes

Increased
duration

Increased
amplification
and duration
because of
trapped surface
waves

1-D models may
underpredict at
higher frequen-
cies by about
.two ncar edges

1-D models may
underpredict for
a wide band-
width by about
2 to 4 away from
edges. Reso-
nant frequencics

shilted from 1-D.

Duration of
significant
motions can be
doubled

Duration and
amplification of
significant
motions may be
increased over
1-D predictions

interaction and
3-D effects

Good: away
from edges 1-D
works well, near
edges extend
1-D amplifica-
frequencies

Fair: given
detailed
description of
vertical and
lateral changes
in material
properties

Fair

Good at periods
exceeding
1 second

2Good: generally within a factor of two

Fair: generally within a factor of two to four

Poor: qualitative only, can casily be off by an order of magpitude

sites for weak motion response have been
conducted by Borcherdt (1970) and Borcherdt and
Gibbs (1976{. They analyzed data from 19 nuclear
explosions in Nevada recorded at 99 sites in the
San Francisco Bay region. The sources were all at
distances exceeding 400 km, so variations in
distance to each recording site was small compared
to the source distances. Because of the great
distances the energy of the incoming wave was
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concentrated in the period band of considerable
engineering interest around 1 Hz. This work
established some important results.

* ground motion characteristics s_howed strong
correlation with the type of geological deposit.

* existence of resonant site periods for some of the
softer Bay Mud and alluvial sites.



Low-strain Data
(Borcherdt and Gibbs, 1976)

Average Horizontal Spectral Ampiification

Loma Prieta Strong-motion Data
(Borcherdt and Glassmoyer, 1991)
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Relationship between average horizontal spectral acceleration (AHSA) and shear wave

velocity, V; for (a) low-strain (nuclear) data, and (b) Loma Prieta strong motion data, (AHSA - 701/Vg

and 598/ Vg, respectively).

* quantitative estimates of ratios of peak ground
velocity and spectral ratios over the period range
03s-2.0s.

statistical estimates of ground response and its
variability for various geological units.

a relationship between average horizontal
spectral amph'gication (AHSA) determined from
weak motion recordinﬁs and intensity increments
inferred from to the 1906 San Francisco
earthquake (Borcherdt et al., 1975), given by

dl = 027 + 2.70 log (AHSA) @

a correlation between local shear wave velocity
and intensity increments for the various
geological units.

Recent correlations based on all available data
show a strong correlation between shear wave
velocity and the average horizontal spectral
amplifications from recorded weak motion data
(Borcherdt, 1991),

AHSA = 701/V, 3)

where Vg is the local shear wave velocity in m/s
averaged over the top 30m of the sediments (Fig.
192). This relation together with Eqn. (2) above
have been shown to provide robust estimates for
intensity increments (Borcherdt et al., 1991).

Of major interest for estimating the intensity of
strong shaking is how well the response patterns
based on these weak motions are applicable to the
strong motions recorded during the Loma Prieta
earthquake in the same area.

Borcherdt (1990,1991) and Borcherdt et al.
(1991) report that, in general, the spectral
amplifications were consistent with the weak
motion data. The mean vertical and horizontal
amplifications on San Francisco Bay Mud sites
were within one standard deviation of the weak
motion data except for motions at Foster City and
Treasure Island sites. For alluvial sites, the
amplifications are within two standard deviations.
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The relationship between mean horizontal spectral
amplifications and shear wave velocity for strong
ground motions was found to be (Borcherdt, 1991)

AHSA = 598V )

which does not differ significantly from the
relationship for weak motions. However, there is
great scatter in the data (Fig. 19b).

The explanation of these differences from the
geotechnical engineering point of view is the
nonlinear response of the soil sites during strong
shaking. Nonlinear effects were clearly shown by
the dynamic analyses of the Treasure Island site
(Idriss, 1990, Hryciw et al, 1991). From the
seismological point of view, the much greater
I}:;c;ximity of the source to the sites (33 km - 101

) during the Loma Prieta earthquake introduces
factors not present in the weak motion data from
sources at distances greater than 400 km. Some of
these factors are the increased effects of
geometrical spreading, the different types of travel
paths for sites in the southern and northern Bay
regions and the reflection of energy from the Moho
(Borcherdt, 1990). However the amplification data
at the Treasure Island site by Jarpe (1990) for the
main shock and aftershocks, for which these
seismological distinctions should not be very
significant did show major differences in
amplification consistent with the results of the site
specific analyses.

What then may be said about the effectiveness
of the shear wave velocity, V, (small strain) as a
parameter for defining relative intensity or damage

otential? It is clear that increasing amplification
is associated with decreasing shear wave velocity
although there is considerable scatter in the data.
Therefore, Vg seems to be a very useful parameter
in microzoning for damage potential. This is
confirmed by the recent studies of Borcherdt et al.,
(1991). However, the scatter in the data would
seem to preclude using zonation to provide any
very accurate predictions of ground motion at a
specific site. Instead zonation may be useful for
delineating areas for which further investigation
may be required regarding ground response.



8 CONCLUSIONS

It is clear that there are many uncertainties
associated with the estimation of strong ground
shaking and damage potential. The reliability of
estimates by 1-D nonlinear dynamic response
analysis is affected by uncertainty in the input
motions and the effects of local topography.
Despite these problems, these 1-D site response
analyses are likely to give the best estimates for
engineering purposes. )

Global parameters such as weak motion
amplification factors linked to site conditions by
site parameters such as average shear wave
velocity are especially useful for establishing the
relative damage potential or the relative intensity
of strong shaking of different geologic units. This
kind of data is particularly useful for land use
planning to minimize earthquake damage.
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