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Estimates of Site-Dependent Response Spectra
for Design (Methodology and Justification)

Roger D. Borcherdt, M.EERI

Recent borehole-geotechnical data and strong-motion measurements
constitute a new empirical basis to account for local geological conditions in
carthquake-resistant design and site-dependent, building-code provisions. They
provide new unambiguous definitions of site classes and rigorous empirical
estimates of site-dependent amplification factors in terms of mean shear-wave
velocity. A simple four-step methodology for estimating site-dependent response
spectra is specified herein. Alternative techniques and commentary are presented
for each step to facilitate application of the methodology for different purposes.
Justification for the methodology is provided in terms of definitions for the new
site classes and derivations of simple empirical equations for amplification as a
function of mean shear-wave velocity and input ground-motion level. These new
results provide a rigorous framework for improving estimates of site-dependent
response spectra for design, site-dependent building-code provisions, and
predictive maps of strong ground shaking for purposes of earthquake hazard
mitigation.

INTRODUCTION

Earthquakes of the last decade, especially those affecting Mexico City, Leninakan,
Armenia, and the San Francisco Bay region, have reemphasized the important influence of
local geologic deposits on amounts of damage and resultant loss of life. In general, damage
and loss of life in each of these earthquakes was concentrated in areas underlain by deposits of
soft soil. These concentrations of damage have emphasized the need to modify design
provisions to better account for the amplification effects of local geologic deposits.

The strong-motion recordings of the Loma Prieta, California earthquake of January 17,
1989 are an important data set for quantifying the response of local geologic deposits for
purposes of earthquake-resistant design. They constitute one of the most extensive sets of in-
situ measurements of amplification of damaging levels of earthquake ground motion. They
were obtained at sites on a variety of geologic deposits in close proximity, ranging from very
soft clays to hard rock. They were obtained over narrow ranges in azimuth so that influences
of source characteristics and wave propagation were minimal or could be isolated in analyses
of the data from those of local geologic deposits. The data were recorded in a region for
which a large amount of previous geologic, geotechnical, and seismic data existed for use in
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understanding the results. As a result, they constitute an important set of empirical
measurements of ground-motion amplification useful for improving earthquake resistant
design procedures.

Extensive sets of borehole geologic, geotechnical and shear-wave velocity data, collected
since the definition of soil-profile types S; - S4, form an important new basis upon which to
improve definitions of site classes for design provisions. Large data sets have been collected
and analyzed in the San Francisco and Los Angeles regions and smaller data sets in other
urbanized regions of the United States such as Salt Lake City, Seattle, and Memphis. These
analyses have established important correlations between seismic response, mappable physical
properties, and seismic shear-wave velocity of various geologic units. These correlations
provide a rigorous framework for improvements in the definitions of site classes used in
earthquake-resistant design.

This paper provides a general methodology for developing estimates of site-dependent
response spectra based on these new data sets. The methodology is summarized as a step-by-
step procedure with alternative techniques presented for each step. Commentary is provided
to facilitate evaluation and selection of techniques appropriate for the desired application.
Definitions and derivations, based on borehole-geotechnical data, strong-motion data, and
numerical modeling results, are provided as justification for the methodology. An application
of the methodology is provided in the appendix in the form of a proposed update to the
NEHRP recommended building code provisions (1991 edition).

METHODOLOGY

Definitions and step-by-step procedures for estimating site-dependent response spectra
are given below. Commentary and justification for the methodology are presented in
subsequent sections.

Free-field, site-specific response spectra with 5% damping, S 4, are defined as:

Ia F a
S 4 = Minimum foreach periodT of ¢))]
I,F,IT*
where

I, and I, are input ground-motion spectral levels for the short-period (acceleration) and
mid-period (velocity) bands, respectively for an implied reference ground condition,

F, and F, are average short- and mid-period amplification factors with respect to the
reference ground condition used for determination of I, and 1, ,

T represents period in seconds, and

x is the spectral decay exponent for the mid-period band.
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Parameters in equation 1 are illustrated in Figure (1). Steps required to estimate the spectra
are given below. Alternative techniques are provided for each step to facilitate selection of
appropriate estimates for design and code revision purposes.
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Figure 1. Site-dependent response spectra, S, defined in equation 1 (see text) in terms of short- and
mid-period ground motion spectral levels, I, and I,, and amplification factors, F, and F,.

Step 1 --- Determine input ground-motion spectral levels, I, and I, for the short- and
mid-period bands, respectively from either:

a) maps showing effective peak ground-motion values, A, and A, (Algermissen et
al.,, 1982), with I, = 2.5 A, I, = 1.2 A,, x = 2/3, and reference ground
condition Firm to Hard rock, SC-Ib,

or

b) maps showing spectral ordinates, S¢ 3) and S(;.0) (Algermissen, et al., 1991), with
either:

) Iz = S¢0.3), Iy = S(1.0p x = 1, and reference ground condition S, represented
as a combination of site classes SC-II and SC-III designated here as SC-
(II+11D)),

or

il) I; =S03)/ Fy Vscogrenn D 1y =80y ! Fy Osc—qpanny» D> x =1 and
reference ground condition Firm to Hard rock, SC-Ib, where

F, Vsc(pemny-1) and F,, (Vgc_jrenry» I) represent amplification factors
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for Sy (SC-(I1+1I1)) with respect to SC-Ib, as specified by equation 2 for
input ground motion level I=S93y/ F, (Vsc_yrenny»S03))-

or
c) a preferred ground-motion estimation model.

Step 2 --- Characterize local site conditions in terms of mean shear-wave velocity v to a
depth of 30 m (100 ft) by either:

a) site classification using physical descriptions of the near-surface materials as
specified in Table 1,

or
b) inferred mean shear-wave velocity, using information on thickness and physical
properties for each of the underlying layers and established correlations as
shown in Figures 2 and 3,
or

c) measured mean shear-wave velocity v to a depth of 30 m (100 ft) below the surface,
defined as v = 30 m / shear-wave travel time to 30 m in secs.

Step 3 --- Infer site-dependent amplification factors, F, and F, specified with respect to
reference ground condition for input ground motion level I defined by I= A, (Step 1a)

or I=8¢3)/ F, (Vsc—nr+mmy>S(03)) (Step 1b) from either:

a) site classification (Step 2a) and corresponding amplification factor for appropriate
reference ground condition tabulated in Table 2,
or
b) mean shear-wave velocity estimate (Step 2b or 2c) and corresponding amplification
factor for appropriate reference ground condition plotted in Figure 4 or 5.

Amplification factors tabulated in Tables 2a and 2b and plotted in Figures 4 and 5 are
predicted as a function of mean shear-wave velocity v for various input ground-motion
levels, I, with respect to a reference ground condition by the following equations:

Fy(v,1 )=(v, /)™, (2a)
and
Fy(v.] )=(vy I )™, (2b)
where,
mg =LoglFy (vsc_y » D1/ Loglv, I vscpy 1, (20)
m, = Log[F, (vsc_py » 1)1/ Loglv, / vee_y 1, 2d)

v, is mean shear-wave velocity for the site class used as the reference ground condition,
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vsc.qv is mean shear-wave velocity for the Soft-soil site class (SC-1V),

and
F,(vee_py»I) and F,(vgc_py,I) are short- and mid-period amplification factors
respectively, for site class SC-IV specified with respect to reference ground condition
Firm to Hard rock (SC-Ib) and with respect to S, or combined site class SC-(II+111) at

input ground-motion level [ in Table 2.

Step 4 --- Calculate free-field, site-dependent, response spectra, S4, as defined in
equation 1, using input ground-motion spectral levels /; and I, derived in Step 1, mean
shear wave-velocity estimate v inferred in Step 2, and the amplification factors F,; and
F, derived in Step 3.

COMMENTS ON METHODOLOGY

The procedures specified in Steps 1-4 constitute a flexible and general methodology for
estimating free-field, site-dependent, response spectra. The methodology affords the flexibility
of selecting different techniques for estimating both input ground-motion spectral levels and
amplification factors, depending on specific site requirements and available information. The
methodology forms a framework to incorporate new information and new procedures as they
become available. It provides a general framework for estimates of design spectra for
inclusion in building code revisions. As an example, a possible update of section 4.2.1 of the
NEHRP Recommended Provisions for Development of Seismic Regulations for New Building
(1991 edition) is provided in the Appendix. Commentary on the techniques specified at each
step are provided below.

ESTIMATION OF INPUT GROUND-MOTION LEVELS (STEP 1)

Three main options are suggested for inferring short- (I;) and mid- (/,) period input ground-
motion spectral levels (Step 1). The first two options are based on published maps and the
third on a ground-motion prediction model of choice. The first option requires effective peak
ground-motion maps used widely in current building code provisions. The second option uses
recent spectral-ordinate maps and offers two alternatives. The first of these alternatives uses
input ground-motion levels and amplification factors estimated with respect to reference
ground condition S, (SC-(II+I1I)), while the second converts these to reference ground

condition Firm to Hard rock, SC-Ib. The wide range in materials included in site class S, and
ongoing revisions in spectral attenuation relations currently argue that option 1 is preferred for
estimating input ground-motion levels based on published maps.

The value for the spectral decay exponent "x" is under review. The value currently used
to estimate seismic coefficients for code provision purposes is 2/3. This value is based in part
on building response considerations. The value, based only on ground-motion considerations
and currently being suggested for code revision purposes, is unity. For consistency with
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Figure 4. (a) Short-period F, and (b) mid-period F, amplification factors with respect to Firm to Hard
rock, SC-Ib, plotted as a continuous function of mean shear-wave velocity, using the
indicated equations for specified levels of input ground motion (equations 2 or 4, see text).
Amplification factors with respect to SC-Ib for the simplified site classes also are shown.
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Figure 5. (a) Short-period F, and (b) mid-period F, amplification factors with respect to combined site
class SC-(II+I1I} as a continuous function of mean shear-wave velocity, using the indicated
equations for specified levels of input ground motion (equations 2 or 5, see text).
Amplification factors with respect to SC-(II+III) for the simplified site classes also are
shown.
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present convention, if input ground motion spectral levels are specified from the effective
peak-motion maps (Step 1a), then x = 2/3; if they are specified using spectral-ordinate maps or
a ground-motion model of choice (Steps 1b or 1c), then x = 1 is recommended.

CHARACTERIZATION OF LOCAL SITE CONDITIONS (STEP 2)

Three options are suggested for characterizing the local site conditions in terms of mean
shear wave velocity for purposes of estimating ground response or amplification factors. The
first option allows the site conditions to be characterized by classification of the site using a
description of the physical properties of the near-surface- materials. This classification in turn
allows the mean shear-wave velocity for the corresponding simplified site class to be assigned
to the site. The second and third options afford more quantitative characterizations in terms
of either inferred or measured estimates of mean shear-wave velocity to a depth of 30 m (100
ft). These estimates of shear-wave velocity permit more accurate classification of the sites
using the shear-wave velocity criteria specified in Table 1. They also permit estimates of
amplification as a continuous function of shear-wave velocity using equations 2a-2d. Choice
of technique depends on information available and intended site usage.

Physical Property Classification (Step 2a) Classification of a site using the physical
property criteria specified in Table 1 may be accomplished using only a description of the
near-surface materials. As such, this option affords a simple and straightforward procedure
for classifying the site and in turn assigning a mean shear-wave velocity. It is a procedure that
should allow most sites to be classified readily based on primarily near-surface information
easily acquired at the site. The amplification characteristics of geologic deposits tend to
decrease with depth, consequently a site classification based only on the near-surface materials
will tend to over estimate the amplification characteristics of the site. Site classifications may
be improved with additional information on the physical properties and distribution of
materials at depth. Any uncertainties in classifications based on physical property descriptions
can be resolved by assignment of the more conservative site class.

Estimates of Mean Shear-Wave Velocity (Steps 2b and 2¢) Improved classifications
of a site can be derived from estimates of mean shear-wave velocity. Estimates may be either
inferred (Step 2b) or measured directly (Step 2¢), where mean shear-wave velocity v to a
depth of 30 m is defined as v = 30 m / shear-wave travel time to 30 m in secs.

The second technique for characterizing the local site conditions (Step 2b) is based on
inferences of mean shear-wave velocity to a depth of 30 m (100 ft), using information on
thickness and physical properties of the underlying layers. If this information is available from
borehole logs or other sources, then shear-wave travel-times and corresponding velocities for
each layer may be inferred from velocity measurements derived in other boreholes with similar
materials at comparable depths. At most sites this technique should yield estimates of shear-
wave velocity more accurate than those inferred in Step 2a. Information on other
geotechnical parameters such as standard penetration resistance, undrained shear strength, or
void ratio also can be used to further refine estimates of shear-wave velocity (e.g., Fumal and
Tinsley, 1985, pp 134-135).
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Such inferences, based on the correlations between shear-wave velocity and physical
properties used for the definitions of the simplified site classes (Figures 2 and 3), permit
relatively reliable inferences of mean shear-wave velocity to a depth of 30 m (100 ft) at a site
(Fumal, 1978, 1991). The data permit inferences of interval velocities and, in turn, travel
times for each depth interval. These interval travel times can then be summed to determine the
total travel time to 30 m (100 ft) and, in turn, the desired estimate of mean shear-wave
velocity. Similar correlations for other materials in other regions can be established readily
using a limited number of borehole logs for principal geologic units in the region. The
correlations provide a framework to which additional data may be easily added as it is
collected.

The third technique for characterizing the local site conditions (Step 2c) is direct
measurement of mean shear-wave velocity using shear-wave travel times through the top 30 m
(100 ft) of material. Procedures for such measurements in boreholes, as provided here for the
San Francisco and Los Angeles regions (Figures 2 and 3) are described (e.g. Gibbs et al,,
1975, 1976, 1977, 1980). This technique provides the most accurate characterization of a site
for purposes of estimating amplification factors. It permits a site to be classified
unambiguously. It permits quantitative estimates of amplification using either equations
derived from the Loma Prieta strong-motion data or results derived from numerical models.
Direct measurements of shear-wave velocity should be needed primarily for special projects.

ESTIMATION OF SITE-DEPENDENT AMPLIFICATION FACTORS, F,AND F, (STEP 3)

Quantitative estimates of site-specific amplification factors F, and F, are implied by the
mean shear-wave velocity estimates used to characterize the local site conditions in Step 2.
Two options are suggested in Step 3 for determining these factors with respect to a specified
reference ground condition for a given input ground-motion level. The input ground motion

level can be determined from I=A4, (Step 1a) or I=S93y/ F, (Vsc_cremn»S03)) (Step
1b).

The first option (Step 3a) suggests that the amplification factors be derived as a discrete
function of site characteristics based on classification of the site into one of the four major site
classes or associated subclasses (Step 3a). The corresponding discrete amplification values
are given in Table 2.

The second option (Step 3b) suggests that the amplification factors may be estimated as
a continuous function of shear-wave velocity using equation 2 or the corresponding plots in
Figures 4 and 5. Values of the exponents m, and m,, needed to evaluate equations 2a-2d are
given in Table 2. This approach yields more accurate estimates of amplification factors than
might be derived from discrete estimates for the simplified site classes. This option is useful

for sites that can not be readily classified or for sites with projects which warrant special
study.
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JUSTIFICATION

Justification for the procedures to estimate site-dependent response spectra is based on
results derived from recent borehole-geotechnical and strong-motion data. The geotechnical
data afford quantitative definitions of new simplified site classes in terms of mean shear-wave
velocity. The strong-motion data yield simple equations, which predict amplification as a
function of mean shear-wave velocity both for the new simplified site classes and for individual
sites. Simple assumptions and numerical model results permit extrapolation of these equations
to higher levels of input ground motions. Derivation of these results provides the desired
justification.

EMPIRICAL JUSTIFICATION FOR SIMPLIFIED SITE CLASSES

Extensive sets of geologic, geotechnical and seismic data collected within the last two
decades yield new results for simplifying the definitions of site classes used for earthquake-
resistant design purposes. New correlations have been established between parameters
known to characterize the response of near-surface deposits, such as shear-wave velocity and
parameters describing physical properties that can be mapped on a regional scale. These
correlations, together with recent strong-motion amplification observations, allow mappable
site classes to be defined with distinct seismic-response characteristics that simplify and
reduce ambiguity in the classification of sites for seismic design purposes.

Definitions of the simplified site classes are given in Table 1. These definitions are based
on recent comprehensive sets of in-situ data collected to determine relationships between
mappable properties of near-surface materials, shear-wave velocity, and ground-motion
amplification (Borcherdt et al., 1978, Fumal, 1978; Fumal and Tinsley, 1985; Borcherdt, et al.,
1991). These in-situ data derived from detailed borehole logs are published for about 130
sites in the San Francisco and Los Angeles regions ( Fumal, 1978; Borcherdt et al., 1978;
Gibbs et al., 1975; 1976; 1977; 1980; Fumal, et al. 1981, 1982, 1984, Fumal and Tinsley,
1985; Gibbs et al., 1992, and Fumal, 1991).

Shear-wave velocity and physical-property correlations as published for about 130 sites
in the San Francisco and Los Angeles regions are replotted in Figures 2 and 3, from
Borcherdt, et al., 1978, Fumal, 1978, and Fumal and Tinsley, 1985. These figures show that
the soil and rock units in the regions can be subdivided for mapping purposes into about
thirteen groups distinguishable on the basis of shear-wave velocity and mappable physical
properties (Fumal, 1978; Borcherdt et al.,, 1978). Inspection shows that of these thirteen
groups, four major classes can be distinguished on the basis of physical properties and mean
shear-wave velocity. These four classes are defined in Table 1.

The three criteria specified to distinguish the site classes are physical properties, mean
shear-wave velocity to 30 m (100 ft) and minimum thickness. The minimum thickness criteria
was selected to ensure that sufficient material is present for resonant amplification to occur in
the period band of engineering interest (>0.1 s). These criteria define classes with
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distinguishable amplification characteristics (Borcherdt, 1991; Borcherdt, et al., 1991;
Borcherdt, 1994a, 1994b) that also are useful for mapping purposes.

Roman numeral designations are suggested for the site classes (that is, SC-I through
SC-IV) in order to distinguish them from site class designations S through S4 and seismic
performance categories A through D currently used in code provisions ( see e.g. Section 3.3
and 3.4 of the NEHRP recommended provisions). (Unfortunately, as this manuscript goes to
press, at least two letter designations have been used by different investigators to refer to the
site classes described here. In one case letters Ay, A, B, C, D, and E and in another case
letters A through F have been used to correspond to SC-Ia, SC-1b, SC-1I, SC- III, SC-1Va,
and SC-1Vb).

The four main site classes (Table 1), as described in terms of simple physical properties,
are SC-I, Firm to Hard rock; SC-II, Soft to Firm rock and Gravelly soils; SC-111, Stiff clay
and Sandy soils; and SC-1V, Soft soils. Subdivisions of these major site classes are provided
for site classes I and IV. Site class I (SC-I) for Rock is subdivided in order to distinguish
sites underlain by Very hard rock, (SC-Ia), for example some sites in the eastern United
States, from more prevalent sites in the western United States underlain by Firm to Hard
rock, (SC-Ib). Site class IV (SC-1V) for Soft soils is subdivided in order to distinguish soft
soils less than 37 m (120 ft) thick that do not present special stability problems (SC-1Va) from
those that do present special problems or are especially thick (SC-IVb). Subclass IVb (SC-
IVb) is defined on the basis of geotechnical studies, foundation investigations, and numerical
modeling results (R. Dobry and R. Seed, pers. commun. 1992). Soft soils in subclass SC-IVb
present seismic stability problems that require special studies prior to site development and/or
construction.

Comparison of these definitions with those for the original classes S;-S4 shows that in
general, S corresponds to SC-1, S; is included in, but not equivalent to SC-II and SC-III, and

S3 and S4 are included in SC-IV. Definitions for the new site classes SC-I through SC-1V are
independent of thickness except for a minimal thickness. The new definitions should help
simplify and reduce ambiguity in the classification process.

The shear-wave velocity intervals, as specified for each site class in Table 1, are implied
by the correlations between physical properties and shear-wave velocity summarized in
Figures 2 and 3. Some flexibility exists in the choice of these endpoints, however, choice not
based on empirical data can lead to significant discrepancies between physical properties and
mean shear-wave velocity, especially for soft soils. For example, if the upper limit for seismic
shear-wave velocity were restricted to 180 m/s (600 ft/s) for the Soft-soil site class, then some
sites underlain by more than 3 m (10 ft) of Bay mud in the San Francisco Bay region (e.g. the
strong-motion station at the San Francisco airport, see Table 3b) could be improperly
classified as Stiff clays and Sandy soils. Similarly, if the range for shear-wave velocity for
Gravelly soils and Soft to Firm rock was extended to 750 m/s (2460 ft/s), then a number of
sites on Firm to Hard rock of the Franciscan Complex would be classified incorrectly.
Consequently, definitions of the site classes must be consistent with correlations between
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amplification, mean shear-wave velocity to 30 m (100 ft), geotechnical parameters, and
physical descriptions of the materials, otherwise inconsistent classifications of sites and biases
in strong-motion attenuation relationships can result.

Reductions in the number of site classes might also be considered as a possible means
to simplify the classification process. For example, site class SC-/I might be combined with
SC-III to form a single site class. However, inspection of amplification curves (Borcherdt, et
al., 1991) shows that the scatter in the data for such a combined class is sufficiently large to
suggest no statistical difference between the amplification factors for the remaining site
classes. Consequently, such a reduction is not supported by present empirical data.

The criteria used to define the site classes in Table 1 are intended to be universally
applicable. They are based on physical property descriptions used for standard mapping
purposes consistent with other standard classification systems (e.g. Unified Soil Classification,
U.S. Corps of Engineers). They are rigorously defined in terms of a large and published data
set. They are intended to permit the unambiguous classification of essentially all sites ranging
from the softest soils to the hardest rocks. Upon review of this manuscript, M. Celebi (pers.
commun.) pointed out that the shear-wave velocity intervals derived here for the site classes
are nearly identical to intervals that had been previously developed for building codes in
Turkey (Earthquake Research Institute, 1975). The only endpoint that is different from those
in Table 1 is that separating SC-II from SC-III. Tt is 400 m/s in the Turkish code instead of
375 m/s as derived here from the seismic borehole data.

Extensive and well documented data sets such as that summarized in Figures 2 and 3
provide a rigorous basis on which to differentiate sites according to the simple criteria
specified. The resulting site classes provide a rigorous basis for inferring special study zones
for strong ground shaking in response to California Seismic Hazards Mapping Act (California
Law AB-3897) as well as development of site-specific code provisions (see appendix and
Borcherdt, 1994a, 1994b). The site classes as defined have been ascribed amplification
capabilities ranging from Low to Very low for SC-I to High to Very high for SC-1V (Borcherdt
and others, 1991; Borcherdt, 1994b; Borcherdt and Glassmoyer, 1994). These amplification
capabilities are ascribed on the basis of correlations presented here between shear-wave
velocity and measured strong-motion amplification.

EMPIRICAL JUSTIFICATION FOR SITE-DEPENDENT AMPLIFICATION FACTORS

The strong-motion recordings obtained from the Loma Prieta Earthquake of October
17, 1989 are an important data set for characterizing the response of various geologic deposits
to damaging levels of ground shaking (Borcherdt and Glassmoyer, 1992; 1994). They provide
quantitative measures of the in-situ response of a wide variety of geologic deposits in close
proximity to damaging levels of shaking. As such, the measurements provide a new empirical
basis from which to infer average amplification factors for construction of site-specific
response spectra. Peak input ground-motion levels for most of the measurements were near
0.1 g for sites underlain by rock in the San Francisco Bay region. Consequently, the inferred
amplification factors are most relevant for input ground-motion values near or less than these
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values. For larger input ground-motion levels as might occur closer to the epicenter or for
larger earthquakes, these empirical amplification factors constitute a base from which to
extrapolate amplification factors using numerical modeling results. Derivation of the strong-
motion amplification factors and general predictive equations for amplification as a function of
input ground-motion level follow.

Amplification Factors Implied By The Loma Prieta Strong-motion Data Average
amplification factors for 35 free-field sites, as inferred from the strong-motion recordings of

the Loma Prieta earthquake are given in Tables 3a and 3b. These amplification factors
correspond to average Fourier spectral ratios for vertical and average horizontal ground
motion (Borcherdt and Glassmoyer, 1992). The ratios summarized in these tables have been
computed with respect to nearby sites underlain by Rock with peak motions near 0.1g. Each
of the ratios has been normalized by hypocentral distance and adjusted to a reference ground
condition Firm to Hard rock (SC-Ib) of the Franciscan formation (KJf).

The spectral ratios represent averages over the short-period band (0.1-0.5 s), intermediate-
period band (0.5-1.5 s), long-period band (1.5 -5.0 s), mid-period band (0.4-2.0 s), and entire-
period band (0.1-5.0 s). Corresponding ratios of peak acceleration, velocity, and displacement
and average spectral ratios for the individual radial and transverse components of motion are
given elsewhere (Borcherdt and Glassmoyer, 1992: Borcherdt and Glassmoyer, 1994). Mean
shear-wave velocity to a depth of 30 m (100 ft) as either measured or estimated for each site
by Fumal (1992) are summarized in Tables 3a and 3b.

Regression curves for average horizontal spectral amplification as a function of mean shear-
wave velocity for the short-, intermediate-, long- and mid-period bands are provided in
Figures 6a through 6d. 95% confidence limits for the observed values and for the ordinate to
the true population regression line also are shown. These curves show that, in general, average
horizontal spectral amplification increases with decreasing mean shear-wave velocity.
Replotting the curves with linear scales (Figure 7) emphasizes that the increase in
amplification with decreasing mean shear-wave velocity is distinctly less for short-period
motion than for intermediate-, long- or mid-period motion. This important observation
suggests that site response can best be characterized by two factors, one for the short-period
component of motion and one for the other period bands. This important result is most
apparent for sites underlain by soft soils. It implies that average horizontal response
characteristics at the sites can be summarized by amplification factors expressed as continuous
functions of mean shear-wave velocity.

The curves for the short- (0.1-0.5 s) and the mid- (0.4-2.0 s) period bands provide
empirical estimates of the short-period (F,) and the mid- or long-period (F,) site-specific
amplification factors. These amplification factors derived from the Loma Prieta strong-motion
data are appropriate for input ground-motion levels less than or near 0.1g for sites on Firm to
Hard rock (SC-1b). The corresponding regression curves are described by

0.36
F, =(997mis /v) (a)



R.D. Borcherdt

636

$S0 TWO 850 OL0 SY0 790 6Y0 650 990 650 109 €81 NOLLVIAHJ QIVANV.LS
LPT €TT 6V 65T +I'T  Ov1 I€T SE€T Ol 671 0T 779 (1108 ‘q1-08 * 300¥ ) NVAN
L80 LVO ¥80 SOT 6v0 €L0 LSO T6O LLO OLO 887 88 NOLLVIAHA QAVANVLS
OLT #1691 861 O0£T 09T LST TET 191 LS'T VLST  08% (11-08 *ds 'SsZNL ‘S10 ) NVAN
ITT 600 690 +9'1 010 81T SO0 Tl 91 090 e SL NOILVIAHJ QIVANV.LS

981 00T 80T €£T 161 991 8T Ol 1IL1 ThT T0ET  L6E (510 ) NVAW

00T +¥6T 650 LI'T 861 €80 SFT 6T0 T80 <$8T Tl ST1 €S1 STIL v vS (I SIO VIS
ILT 90T LST 0S€ 8T 05T OI'T O£T 09T 00Z 00T 001 O001 OLPL OSk +9 n S1D (o 1dgs&D) 6 THHIY
880 Ov0 ¥80 80 OV0O 890 SKO L80 €L0 TS0 TWI STI €ST €9 08 NOLLVIAHQ QIVANV.LS

LT 8TT 981 881 €11 86T LET 86T 651 TET W1 ST1 €51 1§91  €0S (ds ‘sZNL. ) NVAIW

LT LT LST €0€ IST 90T L8] 19T T6T 181 6181  SS¢ (ds ) NvaW

9e'e €8T LTE YLE W €0C 991 88T T8T 95T 00T 00T 00T 6891 SIS 101 1 dseod a3pug a1eD uopjonH
T 691 L81 TeT 8T O0IT LOT 9¥T 10T 90T 00T 001 00T 861 +6S 66 n ds op1sald
€81 001 8TT T6T €0 90T €01 OLT 61T 080 S991 80§ (SZAL ) NVEW

891 660 6VT 691 OL'0 IST 980 19T 8vT OLO0 <evl ST1 ¢€ST SZ€l SOF  S9 I SZAL "PAIg dulAYS) 01 THEdY
861 10T 80T SI'T LLO 09T 0TT 08T 06T 060 001 00T 00T 100Z OI9 001 I sZAL (qeTsousimeT) Loeyiag
SE0 90 0£0 €€0 €0  SI0 IO TTO 910 8P0 991 IS NOLLVIAAQ QIVANVLS

10T #I'T TIT 60T I'T V60 91T LLO L60 ¥E'L I1€ST  L9% ({pnos wuiou 'SZWT) NVAW

W1 9T LET LPT €€ L60 €91 T60 00T 8LT 00T 00T 001 LZ¥l SE€v €9 I SZINL 9dwey se3|d) L TaAdY
980 CLO 61l $60 990 LLO T80 LS80 6L0 T8O 00T 00T 00T EbPI  Obb LS o sZAL UoneIS S1L] 3pISPOOM
9L0 ¥ET 8L0 980 b1 90T €T 20 OI'tT Tl 0071 001 00T TTLT SIS €L I SZNL  spunoip umimpels HNSO

€61 660 SOT 651 €80 L9 90T 99T 091 260 Wit Sl NVHN
EVT 00T 0€T SET L80 8TT 160 2LT 8T1 6,0 00T 001 001 #bbC SvL SOl qa  usirA uiog ejtuog
T 80 6LT €81 080 90T ITT I9T 16T SOT 00T 00T 001 #¥vC SvL 101 qr  usiry ISNOH IO
120 1€0 TI'0 810 9€0 LZO €20 €0 LTO STO 95T 8L NOLLVIAHQ IVANV.LS
00T 00T 00T 001 001 00T 00T 00T 001 0071 809C S6L (q1-D8 ‘wou 3y ) NVAW
L60 160 €80 960 160 950 €80 80 190 T60 00T 00T 00T Phve Sk ¥6 qa  ssH Y31 "1 uoupaig
661 €ST 0T 8T1 (091 6T 8’1 0TI w1 8€T 00T 00T 00T #¥T ShL  +6 qa  wsI $1y31oy puowrel(y
960 L90 OU'T 00T 650 LOT 180 49T 660 2ZLO 00T 00T 00T vbve SL 86 q  usIA s1y31ay ogroed
860 LOT LOT TII't 901 e It SI'T 00T €T 00T 00T 001 T SYL 96 qal  uUsHM HTH uoouny
L0 €L0 860 €L0 TLO 060 180 080 860 8.0 00T 00T 00T 988 088 L6 @ usI Buang eqio X
960 60T T60 60 <ZI'l 960 0T 690 00T LOT 00T 00T 00T €86 016 S8 qa  ssIof 0dspuEL] UeS OO
0T¥0 0610 06-S'T S1-60 S0-10 0TH0 0S-10 06-ST SIT-E0 SO-T0 Yo §0-1'0

('s09s ) spueq pouad (5935 ) spueq pouad [PIUOZUOH  "MPA S/ SAU up  sse[)  iwp)

[BIUOZIIOH [eOMISA $I0108,] "uLoN I3 ‘oA S SIQ'H g o180j0an uonels

(7661 “IoAOWSSLID) pue IpIOYOIOF WOI)) I ¢ Y004 PADE 01 uidl{ ‘UORIPUOD PUROIS SOUAISJAI “UCHILIOD € 03 PIISNIpE PUE SUOLIEIS YOI [BI0]
0] PAZI[eWIOU SIS Y00y 10] spueq potsad paryrosds 10§ viep uonowr-3uoxs elRLJ BUWIO WO PALISJUL SONRl [B10ads ofe1oAy - e¢ FIAV.L



637

Estimates of Site-Dependent Response Spectra for Design

T 180 66T ITT $80 80 L60 OU'L LLO 801 0sT 9L NOLLVIAZA (IVANV.LS
67€ 85T IL¢ TSE 81T SIT 10€ 60T L61 +T¢€ 6I1L 61T ( HI-DS 'AIDS *TI0S ) NVAN
ST1 160 1€T 9T1 (80 10T 260 OVl [80 L6O 8¢l T NOILVIAZQ QIVANVLS
69¢ TET €Y OI'v #81 11T LST L6T €61 1LT 7€ 791 (AI-DS "WqydAed ) NVAN
SEv 6L'€ OV'S LSy 91 TWT 68T IST Tre #0€ TWT STT €61 LLE SIT L9 Al WqUOAeD $2104S poompay
6T 89T ¥ET 61F 9TT  TET EIE ¥91 TTT 95 001 00T 00l 9Ty OEl 91l Al wqudAed Auad mds>pey
LS 9ET OL'T ¥y €L0 0T TST 61T 961 89T Tl STI €51 92F Ol 99 Al wqudged 7 HHV
8T 0TT 96T S0T v80 891 L8T €T OLT 16T I ST1  €ST Ty OST 89 Al wqudAed (KD d)'soy AoTe
9T 8LT 99T 89T 8ET 0S'T 68T OST 851 8I't Tl STT €51 68 6v1 8 Al wWquOARD Isopm 28png volequing
€I'E 06T 8S€ €9¢ IST  SFO FLO vFO I€0 €80 00T 001 00T 9T O0El 66 Al wquOAED PUE[S[ amsEaL,
9¢'€ LTT LOS LIV 6LT 8I'E €9T SI'E ILT 65T 00T 00T 00T 929 161 76 Al  WQuDAD "BIS Iy [BABN Epawie]y
YO'E S6T LTT TLE 98T €91 OLT 880 IST 8LT 00T 001 00T 065 081 18 Al wquded wodny cosouery ueg
0TS €9T 798 €0S 061 09T OE€ 0ST 0ST OFE 00T 001 001 €¥9 961 8 Al wWqudAed  s1amoy ofakiowy
19 L9C LLL 899 €6T 00F 00F OES OvE OI'v 001 001 Q0T €78 1IST 96 (Al WqUDFED JIeyp J0qiel puepjeQ
IL0 SSO #TT L90 190 €90 #L0 €90 690 980 (174 S 15 NOILVIASA QIVANY.LS
6LT 68T T6T 08T 09T 1TT [SE€ YT 10T 06€ ¥56 16T (H1-08 180 ) NVAN
€70 TTO 060 0S0 SI'0 850 LZO 9¥0 €LO STO 6L W NOLLYIAZA (QYVANV.LS
61T Vre T8T O0ET PCE  8TT LSE €9T 61T S8€E 0L8  $9T (Jeyd ) NVEW
1LY TTE TTT 8L 60°€ 00T LTE STT (81 9S€ I STT €51 LSL 0¥ v HI Jeud dsoy ajerg moudy
0£T 99€ S8'€ VET OFE 881 €9¢ vIE 891 86¢ TKI STL €51 6.8 89T 9y  HI 0 apeakuung
YT YPE 8T 8LT €TE 6T O8E IST €0E 00F 001 00T 001 9vv6 88T 601 I Jeqd  [reH AiD puowyory
090 860 IST 650 8€0 TLO L60 90 €L0 TI'l LIT 9 NOLLVIAZA (VANV.LS
SI'E LST 66T OI'E TTT 91T LSE 00T 061 €6€ 001 90¢ (2dD ) NVHIN
OL'E 8LT 0S¢ 6S€ 61T 91 SL'€ OLT T9T 2Ty Trl STI €51 816 08T €L 1l ed0 I THAAY) 100408 1M
6£T 01T SET 8€T 6LT ¥61 76T 00T 8T 81t TH1 STI €51 S€6 S8 LS I edd 950[ UES UOISSTIN
68°C T vPT €LT 681 WLT €£T 8LT 6ST Tvr T ST1 €51 S€6  S8T  8S I edd UoWS1Y
€8¢ €LT I€S I8E TWYT OFE 08¥ OvZT 0TE 0TS 00T 00T 001 €€0f SIE € [ edQysdD  3pig 92O puepEQ
L6T 86T €€T 00€ OLT 11T $O¥ €I'T €51 19% Tl STT  €S1 L6119  vL I vd0) uoneig LAV premiey
0THO0ST00SST S-S0 60T0 0THOOSTOOSSICICOS0T0 By 010
('sd9s) spueq pouad ('s03s ) spueq pouad [UOZUOH  'MOA S/J S uwy  sse)) mpn
[eIOZUIOY TeOTIAA SIOJOR ] ‘ULION I3 PAS  WIQH AN 91ojosD uonelg

(Z661 ‘I0LOWISSRID) PUR IPIAYIIOY WIOL) I Y204 PADE 03 ULi1] ‘TOTIPUOD PUNOIF 9OUSISJAI ‘UOWITIOD & 0} PaIsnipe pue SUONEIS Y001 [800]
0} PIZI[BWLIOU SIS f1og 10] spueq porrad parjivads 103 viep uonow-uons vIslIg BWOT WOILJ PalIRJul sonel [exjoads oSeioAy - q¢ ATIIV.L



R. D. Borcherdt

638

“UMOUS 21 SJBUIISS JO JOIIS PIBPUE]S
7 F 10§ syun) oy pue ouy uorssaifal uonendod onn ay) 0) SJRUIPIO JY) J0F S[EAISIUT 3OUSPYUOD %6 YL, "SPUEq poued (s 0'z-4°0) -prt
(p) pue (s 0°S-S"1) -3u0] (9) (s §"1-6°0) -arerpauLIaNut (q) (s '0-1°0) -Hoys (B) 3 103 6861 LT 120120 JO axenbyrea elal1q BWOT A JO
s3uIpI0a] UOHOW-FUONS PJoY-a1) Y WIOIJ PALIJUT S[EATIIUT SOUSPIJU0D PUE ‘SOAINO UOISSAIFAX ‘S10108) voneoyidure ejuozioy afeloay ‘9 2Ly

(syur “a) (43 00T) W OF 01 AIDO[SA ST M -TEOYS ULO (s “A) (13 00T) W QE OF KII0[OA AR M-TEAYS UES]
0001 001 0001 001
A a— T T T 10 T T T T T 10

®] z @] z

b ] fo]

b 0 ] k-l

llllllllllll ] a3 T . E B

--- 3 v ... 8 T TTTo el 3 %]

31 B O T < T TP O 1 £=)

.............. g —mmeee g

T Pk LA S e R e S S ] £

P1wtST JO 10445 pAOPUDIS ¢ ¥ | ¥ T T T mm— el T ] Z SIS JO 404AT PADPUDIS T Tt @ —=mmee >

—<dpr B || e P e L 100 8

ADUIPQ) 40f SHUYT 20U PYU0D %6 ... = 2puIpL() 40f SIUYT dIUPYUOD %6 ... 7 s

w47 S L90T) = A — ] g Lo (a7 S LL0D) = A — 1 g

- - 3 g S0~ S 1) Pupg potiad-3u0] 3 -

3 oor 3 3 oo1 8

(s “a) (13 001) WL OE 0F AIIOOA A -TEIYS UBIN (s/ur < 4) (33 00T) W QE 01 AIO0[3 A SABM-IEIYS UL
0001 001 0001 001

—— _ . 1o » >
@ | 3 8
] & &
T B (]
et ST e i g g
Tl e TURNEEE ] 8 £
2IDWiNST fO 40447 PADPUDIS T F - ® TS m— e lfl..:..n.r R o1 wmv 210WNST JO 10445 pIOPpUDIS T F 3 o1 wmv
DUIPLQ) 10f STHUYT 2IUIPYUOD %6 ... 1 = 2IpUIpAQ 40f SHMYT 20UIPIUOD %G6 =
wool®/ s $801) = 4 — ] g o0/ 570 166) = d— i g
& g S0 T0) Purg POTAd-TI0T3 g
001 = 001 =




Estimates of Site-Dependent Response Spectra for Design 639

SR N S | I -
\ Short-Period Band (0.1-05s)
g N F=(997/v)70.36
g 4Ny — -~ Intermediate-Period Band (0.5 -1.5s) ]
& ! 2 F = (1084 /v )"0.67
& AN G A I A AR PR Mid-Period Band (0.4-2.05)
g3 - F = (1067 /v }0.64 =
= | RN — -~ = Long-Period Band (15-5.05)
AR 8
g AN ¥ F =(1077/v )"0.67
A ~ TR
o I e 2™
E \_\\h.ﬁ,ﬂ_m" .
§ 1 e e e ‘\.q...__-._‘
<
0 TN U T T N YT T OV T S s A N OO T N N T T T T (T T T T T Y O W N U S S O T T T S N TV VO T AN Y T O O T N T S B

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Mean Shear-Wave Velocity to 30 m (100 ft) (v ; m/s)

Figure 7. Average horizontal spectral amplification factor, F, computed with respect to Firm o Hard
rock, (SC-1b) and plotted as linear function of mean shear-wave velocity for the short-, mid-,
intermediate-, and long-period bands as inferred from the Loma Prieta strong-motion data
(see Figure 6 for plots with logarithmic scales). The plots emphasize that both short-period
and mid- or long-period amplification factors are required to account for the response
characteristics of near-surface deposits.

and

0.64
F, =(1067m/s/ v) (3b)
where v is the mean shear-wave velocity to 30 m (100 ft) measured in m/s.

These empirical equations represent simple closed form expressions, useful for
estimating site-specific amplification factors. The equations together with correlations
between shear-wave velocity and physical properties (Fumal, 1978; Fumal and Tinsley, 1985)
provide rigorous estimates of amplification factors for sites and site classes based on physical
property descriptions. These equations suggest the plausible result that the amplification
factors are a function of the seismic impedance for the surficial material at the site with respect
to Firm to Hard rock (SC-Ib) raised to some power.

Amplification factors for the 0.1g input ground-motion level as predicted by equations 3a and
3b are plotted both continuously and discretely for the simplified site classes in Figure 8. They
are tabulated for the 0.1g level and the simplified site classes in Table 2. These empirical
amplification factors are in good agreement with those derived independently based on
numerical modeling of the Loma Prieta strong-motion response (Seed, 1994) and those
derived based on parametric studies of several hundred soil profiles (Dobry, et al., 1994). The
Loma Prieta amplification factors at the 0.1g level provide a new empirical basis for estimates



640 R. D. Borcherdt

77

. 7 N I I I I I
g r SC-1V (D) Loma Prieta Strong-Motion Data
8 6t Soft soils --- Fa-95% ]
é: ™, Fa = (997 /v }*0.36
8 5 I '.‘ - Fa+95%
g= Y scm@ T | 1 [ 17 Fv-95% I
3 R S © Fv=(1067/v )"0.64
b= iy 4 D\ Stiffclaysand | | | | | feeeees Fv+ 95% 1
g' L) F ~. Sandy soils Fa for Site Class Intervals
< 5:’ 3 N \ SC-II (B) Fv for Site Cl’lass Intervals
'g R, AN \ .. Gravelly soils and Soft rocks |
§- 5 K - .|, .. SC-1b (A)
& B B I el LEEEE ST Firm to Hard rocks
o — - ST P o --._Z'..':'_-_-.--_-.'.x..,____,_‘
50 A ==
B
<
<

0 TSN SO0 VNS D ST N T (N TSN SO O A Y T T T OO T ST T T T AT T S WS D T N N 1

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Mean Shear-Wave Velocity to 30 m (100 ft) (v, m/s)

Figure 8. Short-period F; and mid-period F, amplification factors with respect to Firm to Hard rock
(SC-1b) plotted as a continuous function of mean shear-wave velocity using the regression
equations derived from the Loma Prieta earthquake. The 95% confidence intervals for the
ordinate to the true population regression line and the limits for + 2 standard error of estimate
are shown. Corresponding amplification factors predicted for the simplified site classes with
respect to Firm to Hard rock also are shown.

of site-dependent response spectra and possible code revisions (see appendix and Borcherdt,
1994b).

Amplification Factors Extrapolated From Loma Prieta Strong-Motion Data The

amplification factors implied by the Loma Prieta strong-motion data were derived from input
ground-motion levels on Firm to Hard rock near 0.1g. For input ground-motion levels
greater than this level, little or no empirical data exist on site response for soft soils.
Consequently, as of this writing amplification estimates at these higher levels of motion must
necessarily be based on laboratory and theoretical modeling considerations. An important
issue in this regard concerns the extent to which the average amplification factors as inferred
from in-situ strong-motion recordings extrapolate linearly to larger input ground-motion
levels.

In general, laboratory and theoretical results suggest that damping increases and shear
modulus or velocity decreases for large strain levels as might occur near soil failure (Seed, et
al., 1974; Idriss, 1990). These nonlinear characteristics of soil response can serve to increase
impedance ratios and therefore increase amplification effects. They also can increase the
intrinsic attenuation of the soil layer or the damping of seismic waves and therefore reduce the
amplification effects. They can result in decreased shear modulus and seismic velocity and
thereby lengthen the fundamental response period of a soil layer. As strain levels in general
increase with increasing “softness” of the soil deposits and increasing frequency of the wave,
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laboratory and theoretical results suggest that these nonlinear effects should be more apparent
for the softer soil deposits and for input ground motions in the shorter period or higher
frequency range. Consequently, nonlinear effects should be greater for F, than F, and
increase with “softness” or decreasing shear-wave velocity of the deposit. Strong-motion data
on soft-soil deposits at high input ground-motion levels (>0.3 g) are needed to quantify non-
linear effects in an in-situ environment. The linear form of the regression curve in Figure 6
suggests a simple and well-defined procedure for extrapolation. Specifically, it suggests that
the strong-motion amplification factors derived from the Loma Prieta earthquake may be
extrapolated based on the simple assumptions that

1) the functional relation between the logarithms of amplification and mean shear-wave
velocity remains a straight line at higher levels of motion, and

2) the effect of nonlinearity on the response of the reference ground condition is
negligible.

These two simple assumptions imply that the straight lines for each level of input motion
intersect the two points defined by the mean amplification and shear-wave velocity of the Soft-
soil site class (SC-IV) and that for the reference site class. Consequently, as the amplification
factors for the reference ground condition are necessarily unity, the extrapolation problem is
completely determined by specification of the amplification factors at successively higher
levels of motion for the Soft-soil site class (SC-IV). For input ground-motion levels near 0.1g
these amplification levels are specified by the empirical regression curves (equations 3a and
3b) for the Loma Prieta strong-motion data. For higher levels of motion, they are inferable
currently from laboratory and numerical modeling results (Seed, et al., 1994; Dobry, et al.,
1994) and eventually from in-situ data as other large earthquakes are recorded at higher levels
of input motion.

The short-period (F,;) and mid-period (F,) amplification factors derived on the basis of
the extrapolation assumptions are given by equations 2a-2d. These equations express the
amplification factors as a function of mean shear-wave velocity (v) and input ground-motion
level I specified with respect to a particular reference ground condition. These equations
provide a rigorous framework for extrapolation based on well-defined data and assumptions.
They can be modified readily to incorporate new results simply by replacing the amplification
factors for the Soft-soil site class (SC-IV) at high levels of motion (>0.3g) with better values
that might be inferred from future strong-motion data.

Amplification factors predicted by equation 2 for the simplified site classes (Table 1) are given
in Tables 2a and 2b for reference ground conditions corresponding to SC-Ib and SC-(IT+111),
respectively. Corresponding site-specific amplification factors predicted continuously as a
function of mean shear-wave velocity are plotted with linear scales in Figures 4 and 5.
Equation 2 is replotted in Figure 9 with logarithmic scales. Plots of equation 2 with
logarithmic scales readily illustrates the procedure for derivation of equation 2. The plots
show that the equations represent simple straight lines that pass through the points determined
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Figure 9. (a) Short-period F, and (b) mid-period F, amplification factors with respect to Firm to Hard
rock (SC-Ib) plotted with logarithmic scales as a continuous function of mean shear-wave
velocity v, using the indicated equations with exponents m, and m, for the appropriate level
of input ground motion (equations 2 or 4, see text). Amplification factors with respect to SC-
Ib for the simplified site classes also are indicated. The plots show that the equations
represent straight lines through the points determined by the logarithms of the amplification
factors and shear velocities for the Soft-soil (SC-1V) and Firm to Hard rock (SC-Ib) site
classes. The exponents m, and m, represent the slope of the straight lines and can be
modified easily as new information on the amplification characteristics of Soft-soil deposits

becomes available.
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by the logarithms of the shear velocities and the amplification factors for the Soft-soil site class
(SC-IV) and the chosen reference ground condition at the specified input ground-motion level.
The equations also show that the average amplification at a site is proportional to the
impedance ratio with respect to the reference ground condition raised to an exponent, whose
magnitude is the slope of the straight lines.

Equation 2 can be written more simply, if expressed only with respect to a single
reference ground condition. The resulting equations specified with respect Firm to Hard rock
(SC-Ib) with mean shear-wave velocity v in m/s are

F, =(1050 mis/ v)™ (4a)
and

F,=(1050ms/ v)™, (4b)

where, m, and m, for various input ground-motion levels, I, are specified in Table 2 from the
simple expressions

my, = Log[F, (Vge_» D1/0845, (4c)

SC-1b
and

my, = Log[F, .  (vsc_y,1)1/0845, (4d)

where the factors for amplification of the Soft-soil site class (SC-IV) with respect to the Firm
to Hard rock site class (SC-Ib) are designated by F,, SCotb (Vsc» 1) and F,, SC1b WVsey» ).
The values for these factors are given at the 0.1g level by equations 3a and 3b evaluated at the
midpoint of the shear-wave velocity interval (150 m/s) and at higher levels of motion by values
specified for SC-1V in Table 2 by numerical modeling results (Seed et al., 1994) and consensus
(Martin et al., 1994). The amplification factors predicted by equation 4 with respect SC-Ib for
each of the site classes for various input ground-motion levels, I, are given in Table 2.

Equations 4a and 4b together with values for m, and m, implied by 4c and 4d provide an
especially simple basis for estimating amplification with respect to reference ground condition
Firm to Hard rock (SC-1b). These equations are recommended for purposes of earthquake-
resistant design and code provisions.

Similar equations predicting amplification factors with respect to reference ground condition
SC-(II+III) can be written as

F, =(450m/s/ v)"® (5a)
and

F, =(450ms/v)"", (5b)

where, m, and m, for various input ground-motion levels are specified in Table 2 with respect
to the combination of site classes II and III (SC-(II+111)) from the simple expressions
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ma = LOg[FaSC-(lH-HI) (Vsc_lv . I)]/ 0.452, (50)
and
m, = LoglFy, . (vyc_ . 1)1/ 0452. (5d).

The values for the amplification factors for SC-IV with respect to SC-(II+III), that is

(Vseopv»I) and Fvsc_(”””) (vsc_pv»I) can be inferred readily from equations 3a and

3b. With a little algebra expressions 5S¢ and 5d for m, and m, simplify to 4c and 4d implying
that the slope of corresponding straight lines is the same for the two reference ground
conditions. The amplification factors predicted by equation 5 with respect SC-(II+III) for
each of the site classes for various input ground-motion levels are given in Table 2, plotted
with linear scales in Figure 5, and with logarithmic scales in Figure 10.

F
asc-i+1r)

Values for the exponents m, and m, for the equations based on the simple extrapolation
assumptions, (4a-4d) at the 0.1g level agree to within one unit in the second decimal place
with those derived by regression analysis (3a and 3b). This agreement shows that the
amplification factors derived from the simple extrapolation assumptions are well within the
uncertainty indicated by the regression analysis. This agreement further suggests that the
shear-velocity intervals for the site classes, the extrapolation equations, and the empirical
regression curves as derived are consistent.

The amplification factors predicted with respect to Firm to Hard rock by equations 2
and 4 (Table 2) are in good agreement with those derived by consensus based on agreement
between Loma Prieta strong-motion data (Borcherdt and Glassmoyer, 1992, 1994), numerical
modeling results (Seed, et al., 1994), parametric studies (Dobry, et al., 1994), and subsequent
modifications based on expert opinion (Martin, 1994). The amplification factors predicted
with respect to Firm to Hard rock (SC-1b; Table 2) agree exactly within the accuracy specified
for most of the site classes. For those predictions that do differ the difference generally is less
than 10 percent.

These general equations constitute a rigorous framework for estimating site-dependent
spectra for earthquake-resistant design. They permit various techniques to be compared for
purposes of developing site-dependent code provisions.  They afford simple and
straightforward estimates of site-specific amplification factors as a continuous function of site
characteristics, as well as discrete estimates for the various site classes. They yield
amplification factors that can be readily refined in a self consistent fashion as additional
empirical and theoretical results become available regarding the response of Soft-soil deposits
(SC-1V).

The extensive set of strong-motion recordings from the Northridge, California
earthquake of January 17, 1994 is an important new set of in-situ measurements of the
response of local geologic deposits at high levels of input ground motion. This set of
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Figure 10. (a) Short-period F, and (b) mid-period F, amplification factors inferred with respect to
combined site class SC-(II+11I) and plotted with logarithmic scales as a continuous function
of mean shear-wave velocity v, using equations 2 or 5, see text for specified levels of input
ground motion. Amplification factors with respect to SC-(II+IIl) for the simplified site
classes also are shown. See text and caption Figure 9 for discussion.

measurements differs from that recorded from the Loma Prieta earthquake in that several of
the recordings were obtained at significantly higher levels of input ground motion on stiff-soil
and rock deposits (SC-III, SC-II, and SC-Ib), but none on Soft-soil deposits (SC-IV).
Preliminary amplification factors for peak ground acceleration inferred from these data suggest
that the amplification factors for the Stiff clays and Sandy soils (SC-III) and Gravelly soils
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and Soft rock (SC-II) inferred at input ground-motion levels up to about 0.5 to 0.6 g agree
with those derived at lower levels of about 0.1g from the Loma Prieta earthquake
(Borcherdt, 1994c). This preliminary agreement suggests that soil non-linearity was not a
dominate influence on the ground motions recorded on these types of sites and that
extrapolation based on numerical modeling results may need to be modified. If further
analyses confirm these conclusions, then the amplification factors F, and F, for SC-III and
SC-II at the higher levels of motion (>0.1g) can be easily modified within the framework
presented here. As a first approximation the new results can be incorporated using the factors
inferred at 0.1g from the Loma Prieta earthquake at higher levels of input motion. As an
improved approximation, F, and F, may be predicted readily from equation 2 with the
exponents m, and m, determined as slopes of the linear regression lines required to predict the
empirical amplification factors inferred for SC-III from the Northridge data at appropriate
input ground-motion levels.

CONCLUSIONS

Strong-motion data, borehole-geotechnical data, and numerical modeling results provide
a new basis to account for local geological conditions in earthquake-resistant design. They
provide unambiguous definitions of site classes and rigorous empirical estimates of site-
dependent amplification factors, both for specific sites and for the new site classes. These new
results offer several different, but comparable techniques for estimating free-field, site-
dependent response spectra for design. The new results provide an integrated methodology
for estimates of site-dependent response spectra, seismic coefficients for site-dependent
building code provisions, predictive seismic hazard maps, and special study-zone maps for
strong ground shaking in conformance with California Law AB-3897 (Borcherdt, et al., 1991;
Borcherdt, 1994b). They provide a rigorous framework for estimates of site-dependent
amplification that can be readily refined as new data and results are acquired regarding the in-
situ response of soil deposits.

A simple four-step methodology for estimating free-field, site-dependent response
spectra,

Ia Fa
S 4 = Minimum for each period T of . 6)
I, F,IT

is summarized as follows.

Step 1 -- Determine input ground-motion spectral levels 1, and I, from either:

a) effective peak ground-motion maps with I, = 2.5 A, , I, = 1.2 A,, x = 2/3, and
reference ground condition Firm to Hard rock (SC-1b),
or
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b) spectral ordinate maps with;

i) I, = S0.3), Iy = S(1.0), x = 1, and reference ground condition S, (SC-(II+111)),

or
ii) I = S03)! Fy Wsc—quemy D> Iv = S0y ! B sc-qrennys 1> = 1 and
reference ground condition Firm to Hard rock, SC-Ib,
where F, (Voc_jpenny» 1) and F, (Vsc_ggimy» 1) represent amplification
factors for S, (SC-(II+1I)) with respect to SC-Ib as specified by
equation 2 for input ground motion level

1=803)/ F; (Vsc_remn»S(03))

or

c) ground-motion estimation model of choice.
Step 2 -- Characterize the local site conditions by either:
a) site classification using physical descriptions of near-surface materials (Table 1),
or
b) mean shear-wave velocity v inferred from physical property logs (e.g. Figures 2
and 3),

or

c) mean shear-wave velocity v to 30 m (100 ft) measured at the site.

Step 3 -- Infer site-dependent amplification factors F, and F, for appropriate reference
ground condition and input ground-motion level from either:

a) site classification (Step 2a) and Table 2,
or

b) mean shear-wave velocity estimate v (Step 2b or 2c) and amplification curve in
Figure 4 or 5, predicted by equation 2.

Step 4 -- Calculate free-field, site-dependent, response spectra, S4.
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Designations, general physical descriptions, and intervals for mean shear-wave velocity
for the simplified site classes as specified in Step 2a are, in summary:

Site Class Physical Description Shear-Wave Velocity Interval
m/s ft/s
SC-1 Hard and Firm rock
SC-lIa (A,) Hard rock, > 1400 > 4600
SC-1b (A) Firm to Hard rock 700-1400 2300-4600
SC-II (B) Gravelly soils and Soft rock 375-700 1230-2300
SC-1IT (C) Stiff clays and Sandy soils 200-375  660-1230
SC-1v Soft soils, < 200 < 660
SC-1Va (D) Non special study; < 37 m thick (120 ft)
SC-1Vb (E) Special study; > 37 m thick (120 ft)

These classes permit rapid and unambiguous classification of sites. They provide a
rigorous basis for estimates of site-dependent design spectra, as well as predictive ground
shaking maps for various purposes of seismic hazard analyses and improved building code
provisions. Minimum thickness for each site class is given in Table 1.

The short- and mid-period amplification factors, F, and F,, specified in Step 3, tabulated
in Table 2, and plotted in Figures 4 and 5, are given as a function of mean shear-wave
velocity and input ground-motion level by:

Fy=(v,/v)"® (Ta)
and

Fyo=(v, I v)™ (7b)
where,

1) vis the mean shear-wave velocity to 30 m (100 ft) and may be either inferred from
physical properties (Steps 2a and 2b) or measured directly (Step 2c) at the site,

2) v, is the average shear-wave velocity for the site class chosen as the reference
ground condition, and

3) m, and m, are implied by the amplification factor for the Soft-soil site class (§C-1V)
specified at the 0.1g input ground-motion level by the Loma Prieta strong-motion
data and at higher levels by extrapolation using numerical modeling results (the
exponents m, and m,, as tabulated (Table 2) represent the slope of linear
regression lines and are specified explicitly by equations 2¢ and 2d).

These equations yield well-defined estimates of amplification at various input ground-
motion levels both as discrete functions of shear-wave velocity for the simplified site classes as
well as continuous functions for sites with more detailed information. The equations, together
with estimates of input ground-motion levels for the short and mid period bands provide a
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well-defined, quantitative framework for improved estimates of site-dependent response
spectra, S4. They provide a general framework for estimates of seismic coefficients for
inclusion in improved building code provisions as illustrated in the appendix. They provide
average amplification estimates for purposes of predictive ground shaking maps (Borcherdt,
1994b). They offer a general framework for estimating site-dependent seismic coefficients
that can be modified readily as additional results regarding the response of soft-soil deposits at
high strain levels become available.
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APPENDIX

This section includes a proposed update to section 4.2.1 of the NEHRP Recommended
Provisions for the Development of Seismic Regulations for New Buildings (1991 edition).
The proposed update incorporates the new short- and mid-period amplification factors F, and
F, , specified from either the values for the new simplified site classes or the values implied by
the mean shear-wave velocity at the site predicted by equations 2 or 4.

The seismic coefficient Cs computed in the following provision corresponds to the site-
dependent response spectra, S, normalized by the building response modification factor, R,
that is Cs = S4 / R.  S4 is computed with respect to input ground-motion levels and
amplification factors determined with respect to Firm to Hard rock, SC-Ib, as specified in
Steps 1la, 2, 3, and 4. The proposed revisions to section 4.2.1 are shown with additions
indicated in bold-italic font and deletions with strike-through font.

4.2.1 CALCULATION OF SEISMIC COEFFICIENT: When the fundamental period of

the building is computed, the seismic design coefficient (Cs) shall be determined in
accordance with the following equations:

Cs= 1.2A,F,-S/(RT%) (4-2)
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where

A, = the coefficient representing effective peak velocity-related acceleration from
Sec.1.4.1 determined with respect to sites on Firm to Hard rock, SC-Ib,

F, = the mid-period amplification factor specified for various levels of A, either by
Table 2 for the simplified site classes or by equations 2a through 2d as
plotted in Figure 4b.

S m il cticient for-the-soil profil stics-of the-sitein Table 32

R = the response modification factor in Table 3.3, and
T = the fundamental period of the building determined in Sec. 4.2.2.

A soil-structure interaction reduction is permitted when determined using the
"Appendix to Chapter 6", or other generally accepted procedures approved by the regulatory
agency.

Alternatively, the seismic design coefficient (Cs) need not be greater than the following
equation:

Cs= 25A,F, /R, (4-3)
where:

A, = the seismic coefficient representing the effective peak acceleration as determined
in Sec. 1.4.1 with respect to sites on Firm to Hard rock, SC-Ib,

F, = the short-period amplification factor specified for various levels of A, either by
Table 2 for the simplified site classes or by equations 2a through 2d plotted
in Figure 4a,

R = the response modification factor in Table 3.3.
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