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Amplification Factors for Spectral Acceleration in Tectonically

Active Regions

by Jonathan P. Stewart, Andrew H. Liu, and Yoojoong Choi

Abstract Empirical relationships are developed to predict amplification factors
for 5% damped response spectral acceleration (period range T � 0.01–5 sec) as a
function of site category. We evaluate amplification factors by normalizing response
spectral accelerations computed from recordings by reference spectral accelerations
derived from a modified attenuation relationship for active regions. Strong motion
sites are categorized according to several schemes, which are based on surface ge-
ology (age-only, age � depositional environment, and age � material texture),
shallow (30 m) shear-wave velocity, and geotechnical data. Criteria for selection of
the optimal classification scheme are that the amplification models for categories
within the scheme (1) minimize the global dispersion of prediction residuals and
(2) are significantly distinct across a broad period range. The results of the regressions
indicate that the greatest levels of distinction in amplification levels across categories
occur for the shallow shear-wave velocity scheme, but that the dispersion of residuals
for this scheme are relatively high for soil sites (although not for rock sites). Con-
versely, schemes based on detailed surface geology generally have the smallest dis-
persion for soil sites, but amplification levels across Quaternary categories are only
significantly distinct at small periods. These findings suggest that detailed surface
geology provides an effective means of soil site categorization at small periods,
whereas shallow shear-wave velocity provides an effective means for rock site cat-
egorization at small periods. At longer periods, none of the schemes are optimized
relative to both the dispersion and distinction criteria. The principal application of
the amplification factors is as a modifier of attenuation relations (much like a site
term). The present results significantly reduce the bias associated with the site terms
in a widely used attenuation relationship for rock and soft soil site conditions.

Introduction

Ground-motion attenuation relationships are used in
seismic hazard analyses to provide a probabilistic distribu-
tion of a particular ground-motion intensity measure (IM),
such as 5% damped response spectral acceleration, condi-
tional on magnitude, site-source distance, and parameters
representing site condition and style-of-faulting. Ground-
motion data are often log-normally distributed, in which case
the distribution can be represented by a median and standard
deviation, r (in natural logarithmic units). Site condition is
often characterized in attenuation relations as either rock or
soil. Actual conditions at strong motion recording sites are
variable with respect to local site conditions and underlying
basin structure, and hence estimates from attenuation rela-
tionships necessarily represent averaged values across the
range of possible site conditions within the rock or soil cate-
gories. Ground-motion amplification factors provide a
means by which more detailed information on site conditions
can be used to improve ground motion predictions relative

to what is obtained with attenuation relationships. This “im-
provement” in ground-motion prediction generally involves
(1) removing potential bias in median ground-motion esti-
mates that might be present for a particular site condition,
and (2) reducing the uncertainty in ground-motion estimates,
as measured by standard error term, r.

Amplification factors represent the ratio of an observed
IM to a reference value of that IM for a particular site con-
dition (e.g., intact rock or rock-average for active regions).
Since ground-motion recordings are affected by source,
path, and site effects, the evaluation of amplification factors
from recorded motions requires the removal of source and
path effects. This can be accomplished by comparing, for a
given earthquake, IMs from sites with various geologic con-
ditions to IMs from reference (usually firm rock) sites, with
appropriate corrections for distance variations between the
sites. A number of variations on this so-called reference site
approach are described by Field and Jacob (1995), and the
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Figure 1. Inventory of strong motion recordings
utilized in this study.

approach has been widely used (e.g., Boatwright et al., 1991;
Borcherdt and Glassmoyer, 1994; Harmsen, 1997; Borch-
erdt, 2002; Hartzell et al., 2000).

The second category of approaches for evaluating site
amplification effects does not require the presence of a ref-
erence site. Field and Jacob (1995) review several variations
on non-reference site approaches. We adopt a non-reference
site approach in which amplification is evaluated by nor-
malizing the spectra of recorded motions by a reference
(rock) spectrum obtained from an attenuation relationship.
This approach has been applied to specific basins by Sokolov
(1997) and Sokolov et al. (2000) using locally derived at-
tenuation functions for Fourier amplitude spectra and for the
southern California region using attenuation relations for
spectral acceleration (Field, 2000; Lee and Anderson, 2000;
Steidl, 2000). Two significant advantages to this approach
include: (1) relatively large amounts of strong motion data
can be utilized, and (2) amplification factors derived from
attenuation residuals can be readily incorporated into con-
ventional hazard analyses (i.e., the amplification factors pro-
vide straightforward modifications to the median and stan-
dard error from attenuation relations).

The objectives of our study are (1) to develop empirical
amplification factors for 5% damped response spectral ac-
celeration (period range T � 0.01-5 sec) using a compre-
hensive strong motion database for active regions, (2) to
classify the strong motion stations based on geologic and
geotechnical classification schemes using recently devel-
oped data resources not available to previous investigators,
and (3) to investigate the relative effectiveness of various
site classification schemes in terms of their ability to mini-
mize IM dispersion levels and to delineate distinct amplifi-
cation levels between categories. The relatively large size of
the strong motion database and the opportunity to compare
results for various alternative site classification schemes rep-
resent significant new features of the present study. The re-
sults are considered applicable to active tectonic regions
(i.e., areas near plate boundaries but from non-subduction
earthquakes) because the data used in the study are derived
from such regions/earthquakes. It is possible that the ampli-
fication factors derived from these data are also applicable
to other tectonic regimes, although this should be verified
with data in future studies.

We begin by describing the site classification schemes
used in the study and our strong motion/borehole databases.
We should note that the classification schemes considered
herein are all based on characteristics of near-surface geo-
logic materials, that is, the effects of deep basin structure are
not considered. We then describe the processes used to in-
terpret the data through the example of a relatively simple,
age-based geologic classification scheme. Included in the in-
terpretation are statistical tests for the nonlinearity of am-
plification factors and the level of distinction between site
categories. We then review the results for each classification
scheme, and identify the classification schemes that mini-
mize the dispersion of prediction residuals. The cumulative

results of the study provide insight into the “optimal” clas-
sification schemes for defining empirical amplification fac-
tors (with the constraint that the schemes are all based on
characteristics of near-surface materials). Recommendations
for practical application of the amplification factors are also
provided.

Databases

Strong-Motion Data

The ground motion database used in this study consists
of 1828 recordings from 154 earthquakes. These recordings
are from worldwide shallow crustal earthquakes near active
plate margins. Subduction and inter-plate events are ex-
cluded. Event dates range from the 1933 Long Beach, Cali-
fornia earthquake to the 1999 Duzce, Turkey earthquake.
Removed from the data set for this study were recordings
from events with poorly defined magnitude or focal mech-
anism, recordings for which site-source distances are poorly
constrained because of the lack of a finite source model, and
recordings for which problems were detected with one or
more components. These removals reduced the data set to
1032 recordings from 51 events, which are distributed in
magnitude–distance space as shown in Figure 1. Character-
istics of the events are listed in Table 1, which shows that
the events are principally from California, Turkey, and Ja-
pan. Note that the attenuation with distance observed during
the recent Turkey earthquakes and the Kobe, Japan earth-
quake was found to be similar to that predicted by attenua-
tion relations derived principally from California recordings
(EERC, 1995; Rathje et al., 2000), which justifies the use of
those data in this study. Data from the 1999 Chi-Chi, Taiwan
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Table 1
Earthquakes Used in this Study

Event Year Mo-Day Time Magnitude

Imperial Valley 1940 5-19 437 7.0
Kern County 1952 7-21 1153 7.4
San Francisco 1957 3-22 1944 5.3
Parkfield 1966 6-28 426 6.1
Borrego Mtn 1968 4-09 230 6.8
Lytle Creek 1970 9-12 1430 5.4
Hollister 1974 11-28 2301 5.2
Oroville 1975 8-01 2020 6.0
Oroville 1975 8-02 2022 5.0
Oroville 1975 8-02 2059 4.4
Oroville 1975 8-08 700 4.7
Santa Barbara 1978 8-13 6.0
Tabas, Iran 1978 9-16 7.4
Coyote Lake 1979 8-06 1705 5.7
Imperial Valley 1979 10-15 2316 6.5
Imperial Valley 1979 10-15 2319 5.2
Imperial Valley 1979 10-16 658 5.5
Livermore 1980 1-24 1900 5.8
Livermore 1980 1-27 233 5.4
Mammoth Lakes 1980 5-27 1901 4.9
Mammoth Lakes 1980 5-31 1516 4.9
Mammoth Lakes 1980 6-11 441 5.0
Westmoreland 1981 4-26 1209 5.8
Coalinga 1983 5-02 2342 6.4
Coalinga 1983 5-09 249 5.0
Coalinga 1983 6-11 309 5.3
Coalinga 1983 7-09 740 5.2
Coalinga 1983 7-22 239 5.8
Morgan Hill 1984 4-24 2115 6.2
Bishop (Rnd Val) 1984 11-23 1912 5.8
Hollister 1986 1-26 1920 5.4
N. Palm Springs 1986 7-08 920 6.0
Chalfant Valley 1986 7-20 1429 5.9
Chalfant Valley 1986 7-21 1442 6.2
Chalfant Valley 1986 7-21 1451 5.6
Chalfant Valley 1986 7-31 722 5.8
Whittier Narrows 1987 10-01 1442 6.0
Whittier Narrows 1987 10-04 1059 5.3
Superstition Hills (A) 1987 11-24 514 6.3
Superstition Hills (B) 1987 11-24 1316 6.7
Loma Prieta 1989 10-18 5 6.9
Cape Mendocino 1992 4-25 1806 7.1
Landers 1992 6-28 1158 7.3
Big Bear 1992 6-28 1506 6.4
Northridge 1994 1-17 1231 6.7
Northridge Aftershock 1994 1-17 431 5.9
Northridge Aftershock 1994 3-20 1320 5.2
Kobe, Japan 1995 1-16 2046 6.9
Kocaeli, Turkey 1999 8-17 7.4
Hector Mine 1999 10-16 946 7.1
Duzce, Turkey 1999 11-12 7.2

earthquake were not used due to the preliminary nature of
the site classifications (Lee et al., 2001).

The ground-motion intensity measure for which ampli-
fication factors are derived in this study is 5% damped re-
sponse spectral acceleration (Sa). The spectral periods con-
sidered range from T � 0.01 to 5 sec. However, spectral
ordinates with frequencies less than f � 1.25 � f HP are not

used, where f HP � high-pass frequency used during data
processing. We do not discard ordinates at frequencies
higher than the low-pass frequency (f LP) because of the sat-
uration of Sa at high frequency.

Sources of strong motion data for the western United
States include the California Strong Motion Instrumentation
Program (CSMIP), the U.S. Geological Survey (USGS), the
University of Southern California (USC), the California
Division of Mines and Geology (CDMG), and the Los An-
geles Department of Water and Power (LADWP). Addi-
tional data have been obtained for the 1999 Kocaeli and
Duzce, Turkey, earthquakes from the Kandilli Observatory
and Earthquake Engineering Research Institute of Boĝaçizi
University (Kandilli), the Earthquake Research Department
of the General Directorate of Disaster Affairs (ERD), and
Istanbul Technical University (ITU). Most of the time his-
tories used in this study can be obtained at the web site
of the Pacific Earthquake Engineering Research Center
(www.peer.berkeley.edu). All data were decimated to a com-
mon time step of 0.02 sec by first low-pass filtering the data
with a corner frequency of 25 Hz (using an eighth-order
Chebyshev type-I filter), and then resampling the resulting
signal at the time step of 0.02 sec. Otherwise, the time sig-
nals were unaltered.

The distance measure used here is the closest distance
to the rupture plane, which can include a vertical component
for dipping source zones and buried strike-slip source zones.
Magnitude is taken as moment magnitude where available
and is otherwise taken as surface-wave magnitude for M �6
and local magnitude for M �6.

Site Classifications

Surface Geology. A total of 427 California recording sta-
tions were classified based on mapped surface geology for
use in this study. A complete listing of these classifications,
and the references used for each site, is provided in Stewart
et al. (2001). Additional (non-California) sites include 21
stations near Kobe, Japan (classified by Fukushima et al.,
2000), 8 stations near Tabas, Iran (classified by Shoja-Taheri
and Anderson, 1978), 7 stations in northern Mexico (clas-
sified by Geomatrix, 1993), and 30 stations in Turkey (clas-
sified in this study). Attempts were made to classify each
site according to the three geologic classification schemes
shown in Table 2, which are based on geologic age-only
(493 classified sites, 900 motions), age � depositional en-
vironment (259 sites, 495 motions), and age � material tex-
ture (179 sites, 334 motions).

Geologic classifications for California strong motion
stations were developed using sources with variable levels
of detail. The geology of the entire state is documented on
27 maps at 1:250,000 scale by the California Division of
Mines and Geology (CDMG, 1959–1998). These maps dis-
tinguish Quaternary deposits based on age (Holocene–
Pleistocene) and generalized descriptions of depositional en-
vironment. The Southern California Aerial Mapping Project
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Table 2
Criteria for Surface Geology Classifications*

Age Depositional Environment Sediment Texture

Holocene (286) Holocene alluvium (159) Holocene Coarse (70)
Pleistocene (88) Pleistocene alluvium (37) Pleistocene Coarse (19)

H. lacustrine/marine (36) Holo. Fine-Mixed (72)
P. lacustrine/marine (9) Pleist. Fine-Mixed (18)
Aeolian (6)
Artificial Fill (12)

Tertiary (59)
Mesozoic �

Igneous (60)

* Number of sites indicated in parentheses

Table 3
Site Categories in NEHRP Provisions (Martin, 1994)

NEHRP
Category Description

Mean Shear Wave
Velocity to 30 m

A Hard Rock � 1500 m/sec
B Firm to hard rock 760–1500 m/sec
C Dense soil, soft rock 360–760 m/sec
D Stiff soil 180–360 m/sec
E Soft clays � 180 m/sec

F

Special study soils, e.g., liquefiable
soils, sensitive clays, organic
soils, soft clays � 36 m thick

(SCAMP) is compiling more detailed geologic information
for selected quadrangles in southern California. For exam-
ple, data for the Santa Ana 30� � 60� quadrangle have been
prepared at 1:100,000 scale by Morton et al. (1999) and were
used in this study. In addition, we used digital geologic maps
at 1:24,000 scale prepared through SCAMP of 7.5� quad-
rangles in Los Angeles and Orange counties (CDMG staff,
personal comm., 2000). The SCAMP maps are the most de-
tailed of the available geologic maps, providing basic infor-
mation on the texture of Quaternary deposits (e.g., coarse/
fine/mixed) and detailed information on depositional
environment.

Near-Surface Shear-Wave Velocity. The average shear-
wave velocity of shallow sediments is commonly repre-
sented by parameter Vs-30, which is calculated as the ratio of
30 m to the vertical shear wave travel time through the upper
30 m of the site. Based on empirical studies by Borcherdt
and Glassmoyer (1994), Borcherdt (1994) recommended
Vs-30 as a means of classifying sites for building codes, and
similar site categories were selected for the National Earth-
quake Hazards Reduction Program (NEHRP) seismic design
provisions for new buildings (Martin, 1994). The Vs-30-based
site classification scheme in the NEHRP provisions is pre-
sented in Table 3. An exception to the Vs-30 criteria is made
for soft clays (defined as having undrained shear strength
�24 kPa, plasticity index �20, and water content �40%),
for which category E is assigned if the thickness of soft clay
exceeds 3 m regardless of Vs-30.

It should be noted that shear-wave velocity has been
found to be well correlated to detailed surface geology
(age � texture for soil, age � weathering/fracture spacing
for rock) by Fumal (1978). The Vs-30 parameter has been
correlated with surface geology by Wills and Silva (1998),
and this information has been used to generate state-wide
maps of Vs-30 by Wills et al. (2000).

To classify strong motion sites according to the Vs-30

parameter, a GIS database was developed having the loca-
tions of both strong motion stations and boreholes in Cali-
fornia. Each strong motion station location was checked with
instrument owners (USGS and CSMIP) or against published

reports (USC—Anderson et al., 1981), to optimize accuracy.
Borehole locations were generally obtained from maps in
reports. The borehole database is similar to that of Wills and
Silva (1998) but also contains additional Caltrans boreholes,
boreholes from selected consulting geotechnical engineers,
and data recently compiled in the ROSRINE program
(http://geoinfo.usc.edu/rosrine/). These databases were used
to match boreholes with strong motion sites if (1) both lo-
cations are on the same surface geology, and (2) the sepa-
ration distance was �1600 m.

The above databases were used to pair 228 strong mo-
tion stations to boreholes with geophysical measurements.
Of these sites, 190 have borehole–accelerograph separation
distances �160 m, 13 from 160 to 450 m, and 25 from 450
to 1600 m. The borehole geophysical data was used to de-
velop Vs-30 values and NEHRP classifications, which break
down as follows: A, 13; B, 17; C, 81; D, 114; E, 13 sites. It
should be noted that shear-wave velocities for USC strong
motion stations obtained by Rodriguez-Ordonez (1994) were
not used due to apparent biases in such data as documented
by Boore and Brown (1998) and Wills and Silva (1998). A
complete inventory of the classifications is presented in
Stewart et al. (2001).

Geotechnical Data. Geotechnical engineers have devel-
oped site classification schemes that can be used to estimate
response spectra for soil sites. Early work on this topic is
summarized in Seed and Idriss (1982), who recommended
the following site classification scheme:

1. Rock sites
2. Stiff soil sites (�60 m deep)
3. Deep cohesionless soil sites (�75 m deep)
4. Sites underlain by soft to medium stiff clays

Dickenson (1994) and Chang (1996) proposed new site
categories based on significant additional data gathered from
the 1985 Mexico City, 1989 Loma Prieta, and 1994 North-
ridge earthquakes. The key feature that differentiates these
geotechnical schemes from other schemes discussed previ-
ously is the incorporation of information on sediment depth.

The most recent of the geotechnical classification
schemes is shown in Table 4, and was proposed by
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Table 4
Geotechnical site categories proposed by Rodriguez-Marek et al. (2001)

Site Description Comments

A Hard Rock Crystalline Bedrock; Vs � 1500 m/sec

B Competent Bedrock
Vs � 600 m/sec or �6 m of soil. Most “unweathered”

California Rock cases

C1 Weathered Rock
Vs � 300 m/sec increasing to �600 m/sec, weathering

zone � 6 m and � 30 m
C2 Shallow Stiff Soil Soil depth � 6 m and � 30 m
C3 Intermediate Depth Stiff Soil Soil depth � 30 m and � 60 m
D1 Deep Stiff Holocene Soil Depth � 60 m and � 200 m
D2 Deep Stiff Pleistocene Soil Depth � 60 m and � 200 m
D3 Very Deep Stiff Soil Depth � 200 m
E1 Medium Thickness Soft Clay Thickness of soft clay layer 3–12 m
E2 Deep Soft Clay Thickness of soft clay layer � 12 m
F Potentially Liquefiable Sand Holocene loose sand with high water table (zw � 6 m)

Rodriguez-Marek et al. (2001) based on event-specific re-
gressions of Loma Prieta and Northridge earthquake record-
ings. Rodriguez-Marek et al. (2001) recommend use of their
classification scheme over the Vs-30 scheme as they found
intra-category standard error terms for these two earthquakes
to be minimized through the use of the geotechnical scheme.

The effort to match boreholes and strong-motion sta-
tions described above was leveraged to develop geotechnical
site classifications according to the scheme in Table 4. De-
tails of the process by which geotechnical classifications
were assigned to strong motion stations are provided in
Stewart et al. (2001). The breakdown of sites in the various
categories is as follows: A, 1; B, 35; C, 69; D, 90; E, 14
sites.

Data Analysis

Amplification Factors from Individual Recordings

The amplification factor for ground motion j within site
category i, Fij, is evaluated from the geometric mean of 5%
damped acceleration response spectra for the two horizontal
components of shaking, Sij, and the reference ground motion
for the site, (Sr)ij, as follows:

F (T) � S /(S ) (1)ij ij r ij

where T � spectral period. In equation (1), Sij and (Sr)ij are
computed at the same spectral period, which is varied from
0.01 to 5 sec. Amplification factors are not evaluated for
T � 1/(f hp � 1.25) where f hp is high-pass corner frequency.
Reference motion parameter (Sr)ij is taken as the median
spectral acceleration calculated from the Abrahamson and
Silva (1997) attenuation relationship for rock sites, with
modifications for event terms and rupture directivity effects.
The rock attenuation estimate is a function of moment mag-
nitude (M), closest site-source distance (r), rupture mecha-
nism, and location of the site on or off the hanging wall of
dip-slip faults. For well-recorded events, the event term rep-

resents the period-dependent average residual between mo-
tions from a given event and the general attenuation model.
These terms are evaluated during the development of atten-
uation models with a random effects regression procedure
(Abrahamson and Youngs, 1992). The rupture directivity
correction is made for sites near the seismic source using the
empirical model by Somerville et al. (1997), later modified
by Abrahamson (2000).

By evaluating reference motion parameters through the
use of a rock attenuation relationship, the site condition as-
sociated with this reference motion is vaguely defined. This
is because many site conditions are present at the recording
sites represented within the “rock” category. Some sites have
fresh, relatively hard rock, but most consist of deeply weath-
ered, relatively soft rock. The median Vs-30 values for these
rock sites has been assessed as 520 and 620 m/sec from
compilations of borehole geophysical data by Silva et al.
(1997) and Boore et al. (1997), respectively. Ambiguity in
the reference site condition can be smaller when amplifica-
tion factors are derived using reference site approaches (e.g.,
Borcherdt, 2002). However, for practical purposes, what is
most important is that the reference site condition is one for
which attenuation relationships can be readily defined, and
one for which attenuation estimates of IMs are stable over
time (i.e., as more earthquakes are added to the regression
data set). Both criteria are satisfied through the approach
taken here. First, use of the broad “rock” category provides
ample recordings from which attenuation relations have pre-
viously been developed. Second, the use of event terms for
well-recorded events provide stability because when coupled
with the rock attenuation estimate of IMs, event terms for a
given event define the rock average for that event, which
would not be expected to change significantly over time.

The ground-motion amplification provided by equation
(1) is subject to error as a result of the uncertainty associated
with reference motion (Sr)ij. Because Sij is known, the stan-
dard error of the ground-motion amplification for a particular
site, (rf)ij, is equivalent to the standard error of the reference
motion estimate, (rr)ij, that is,
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(r ) � (r ) . (2)f ij r ij

Standard error terms from attenuation relationships are fairly
large (� 0.4 � 0.9), and hence the uncertainty in individual
estimates of amplification is also large. However, the central
limit theorem in statistical theory (e.g., Ang and Tang, 1975)
suggests that statistical moments (i.e., mean, standard devi-
ation) estimated from large data populations are relatively
insensitive to the probability density function associated
with individual data points in the population. Accordingly,
the errors in point estimates of amplification can be accepted
when relations for amplification factors are regressed upon
using a large database. As discussed subsequently in the
article, confidence intervals around regressed amplification
functions are calculated to quantify the degree to which the
database is sufficiently large for a particular site category.

Finally, it is acknowledged that the evaluation of am-
plification factors in terms of response spectral ordinates is
less physically based than Fourier amplitude ratios, which
have been used in some previous studies. The use of re-
sponse spectral ratios was prompted by two factors: (1) state-
of-the-art procedures for evaluating reference motions in
terms of response spectral ordinates are more maturely
developed than those for Fourier spectral ordinates, and
(2) seismic hazard analyses are typically performed in terms
of response spectral ordinates, and hence amplification fac-
tors expressed in term of spectral ordinates will have greater
practical application.

Regression Procedure

Amplification factors computed using equation (1) were
sorted into site categories defined by the schemes in Tables
2–4. For a particular scheme, within a given category i, re-
gression analyses were performed to relate amplification fac-
tors, Fij, to ground motion amplitude as follows:

ln(F ) � a � b ln(G ) � e ,ij i i ij ij (3a)

where ai and bi are regression coefficients specific to cate-
gory i, Gij is a parameter representing the amplitude of the
reference ground motion for site j, and eij is an error term.
This same regression equation has been used by Youngs
(1993) and Bazzuro (1998), with Gij taken as the peak hor-
izontal acceleration for the reference site condition (PHAr).
Abrahamson and Silva (1997) also took Gij as PHAr but
added a constant term to Gij:

ln(F ) � a � b ln(G � c) � e ,ij i i ij ij (3b)

where c � 0.03g independent of period. This form of the
regression equation was also investigated here but was not
found to decrease data dispersion, and so the c term was
dropped.

We investigated the use of several Gij parameters for
evaluating amplification, including PHAr, spectral accelera-
tion at the same period used in the evaluation of Fij, and

peak velocity (calculated using the attenuation relation by
Campbell [1997, 2000, 2001]). As reported in Stewart and
Liu (2000), Gij parameters other than PHAr did not reduce
data dispersion relative to those for PHA, and so in the fol-
lowing we take Gij as PHAr.

Due to the incorporation of event terms into the refer-
ence motions for spectral acceleration, systematic variations
of amplification factors across events are not expected. Ac-
cordingly, least-square regression analyses are performed
(which give equal weight to all points) in lieu of a random
effects model such as that of Abrahamson and Youngs
(1992).

Residuals (eij) between the amplification “prediction” of
equation (3a) and ln(Fij) values were evaluated [eij �
ln(Fij)data � ln(Fij)model] for all data in category i to enable
evaluation of the mean residual, ei, and the standard devia-
tion of the residual, ri .

Ni
1

e � ei � ijN j�1i
(4a)

Ni
2(e � e )� ij i

j�1
r � ,i N � df� i i (4b)

where Ni � number of data points in category i and dfi �
number of degrees of freedom in regression equation for
category i (two in this case). The mean residual is always
zero, that is, ei � 0. Well-defined site categories would be
expected to have smaller values of ri than relatively broad
categories.

Example Results and Statistical Testing of Results

In this section, we present example results for the age-
only geologic classification scheme and describe the statis-
tical tests performed on the data. For each age category, we
plot in Figure 2 the spectral amplification at four periods—
peak horizontal acceleration (PHA), T � 0.3, 1.0, and 3.0
sec. Also plotted are results of regression analyses performed
according to equation (3a) (solid lines), � 95% confidence
intervals on the median amplification (dotted lines), and me-
dian regression � standard error, r (dashed lines). The re-
gression coefficients and standard error terms are listed in
Table 5. The estimation error terms for parameters ai and bi

in Table 5 are the half-widths of the �95% confidence in-
tervals on the parameters.

Reductions of amplification factors with increasing
PHAr are taken as evidence of sediment nonlinearity. This
nonlinearity is quantified by the bi parameter for each cate-
gory i. The statistical significance of the PHAr-dependence
of amplification factors is assessed two ways. The first sig-
nificance test consists of comparing the absolute value of bi
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Table 5
Regression Coefficients for Sa Amplification Factors, Age-Only Classification Scheme

Geology Period a b r

Rejection
Confidence for

b � 0 Model (%)

Holocene (H) PHA �0.24 � 0.14 �0.17 � 0.05 0.54 100
0.3 s �0.18 � 0.13 �0.15 � 0.05 0.53 100
1.0 s 0.24 � 0.15 �0.05 � 0.06 0.57 91
3.0 s 0.36 � 0.19 �0.05 � 0.08 0.64 82

Pleistocene (P) PHA 0.14 � 0.27 0.02 � 0.10 0.47 29
0.3 s 0.22 � 0.27 0.07 � 0.10 0.48 80
1.0 s 0.21 � 0.32 �0.02 � 0.12 0.52 23
3.0 s �0.03 � 0.37 �0.19 � 0.14 0.51 99

Tertiary (T) PHA 0.23 � 0.35 �0.02 � 0.14 0.62 21
0.3 s 0.09 � 0.37 �0.05 � 0.14 0.65 49
1.0 s 0.09 � 0.34 �0.05 � 0.14 0.58 55
3.0 s 0.10 � 0.45 �0.06 � 0.18 0.69 48

Mesozoic � Igneous (M � I) PHA �0.13 � 0.30 �0.08 � 0.12 0.52 78
0.3 s �0.46 � 0.33 �0.14 � 0.13 0.57 96
1.0 s �0.45 � 0.46 �0.12 � 0.19 0.75 78
3.0 s �0.74 � 0.63 �0.22 � 0.27 0.79 89

to the estimation error for bi (both indicated in Table 5).
When |bi| exceeds the estimation error, the nonlinearity is
considered significant. Secondly, sample “t” statistics are
compiled to test the null hypothesis that bi � 0 and ai �
overall data median. This statistical testing provides a sig-
nificance level � � that the null hypothesis cannot be re-
jected. For clarity of expression, we tabulate in Table 5 val-
ues of 1 � �, which we refer to as a “rejection confidence
for a b � 0 model.” Large rejection confidence levels (i.e.,
�95%) suggest significant PHAr-dependence in amplifica-
tion factors.

The results in Table 5 indicate for Holocene sediments
statistically significant PHAr-dependence of amplification
functions at small to intermediate periods (i.e., T � �1.0
sec). At short periods (PHA, T � 0.3 sec), the rejection con-
fidence for the b � 0 model is nearly 100%, and the esti-
mated values of |bi| exceed their prediction errors. Amplifi-
cation occurs for PHAr � 0.2g, and deamplification occurs
for PHAr � �0.2g. At longer periods (T � 1.0, 3.0 sec), the
nonlinearity is less statistically significant and amplification
occurs across the full range of PHAr. Nonlinearity is gener-
ally not statistically significant for age categories other than
Holocene.

A key issue when interpreting regression results for
different site categories is the degree to which the data for
different categories are distinct. This is evaluated using sta-
tistical F tests (Cook and Weiberg, 1999), which compare
submodels with a full model. For example, a pair of sub-
models could be the regression results in Figure 2 and Table
5 for Holocene (H) and Pleistocene (P). The full model in
this example would consist of a regression through all data
in the H and P categories. The F test is performed by cal-
culating the residual sum of squares (based on misfit from
the median model prediction) for the submodels (RSS1 and

RSS2) and the full model (RSSf). Since RSS measures lack
of fit, the submodels and full model are compared by ex-
amining the difference RSSf � (RSS1 � RSS2). If this dif-
ference is “small,” then the submodels and full model fit the
data about equally well. For well-populated submodel data
spaces, this would imply that the submodels do not describe
distinct data sets.

For normally distributed data sets, the F statistic is cal-
culated as

(RSS � (RSS � RSS ))/((df � df ) � df )f 1 2 1 2 fF � , (5)2r̂

where df i refers to the degree of freedom of regression fit i
(two in this case), and

RSS � RSS1 22r̂ � , (6)
N � (df � df )f 1 2

where Nf � number of data points in the full model. This F
statistic can be compared with the F distribution to evaluate
a significance level (p) for the test. Large values of p (e.g.,
p � 0.05) are often taken to imply that the submodels are
not distinct.

We compile the F statistic and significance level (p) for
the category pairs of Holocene-Pleistocene, Pleistocene–
Tertiary, and Tertiary–Mesozoic. These statistics are com-
piled in Table 6 for the geologic age-only classification
scheme. We judge the distinction between categories to be
significant for p � 0.05, moderate for 0.05 � p � 0.15, and
insignificant for p � 0.15.

Significantly distinct values of short period amplifica-
tion factors (PHA and 0.3 sec) are observed between Holo-
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Table 6
F-Statistics Indicating Distinction among Site Categories,

Age-Only Classification Scheme

PHA T � 0.3 sec T � 1.0 sec T � 3.0 sec

Categories F p F p F p F p

H-P 6.4 0.002 10.5 0.000 2.6 0.076 1.3 0.266
P-T 4.3 0.014 3.4 0.035 0.9 0.424 2.9 0.061
T-M�I 4.0 0.020 7.8 0.001 9.7 0.000 6.4 0.002

Table 7
F-Statistics Indicating Distinction among Site Categories

PHA T � 0.3 sec T � 1.0 sec T � 3.0 sec

Categories F p F p F p F p

Geology, Depositional Environment
Hlm-Ha 6.2 0.002 1.2 0.293 2.1 0.119 2.0 0.138
Ha-Pa 0.9 0.421 3.0 0.052 0.7 0.504 0.3 0.731
Hlm-Qa 7.3 0.001 1.8 0.175 2.4 0.089 2.2 0.114
Qa-T 3.1 0.044 0.6 0.571 3.0 0.049 3.3 0.037

Geology, Material Texture
Hc-Hm 6.5 0.002 3.7 0.025 2.1 0.121 2.1 0.121
Hc-Pc 0.7 0.499 0.1 0.886 0.7 0.499 0.6 0.561
Pc-Pm 0.2 0.851 0.3 0.748 2.9 0.061 0.3 0.756
Hm-Pm 3.6 0.028 1.1 0.328 1.7 0.178 1.2 0.308

NEHRP
B-C 0.3 0.774 2.8 0.064 4.6 0.011 1.3 0.288
C-D 5.2 0.006 5.7 0.004 8.6 0.000 12.4 0.000
D-E 6.8 0.001 6.2 0.002 10.5 0.000 4.2 0.016

Geotechnical Data
B-C 4.5 0.012 14.4 0.000 15.2 0.000 2.3 0.101
C-D 0.3 0.777 0.8 0.442 3.8 0.023 8.5 0.000
D-E 10.8 0.000 10.6 0.000 11.2 0.000 2.3 0.106

cene and Pleistocene sediments. Short period Pleistocene
amplification is significantly distinct from Tertiary, which
has larger amplification factors. Compilations of median
borehole velocity profiles by geologic unit by Silva et al.
(1999) suggest that the velocity gradient (i.e., increase of
velocity with depth) in Tertiary sediments is greater than old
alluvium (which we interpret as analogous to Pleistocene).
This higher gradient may explain the larger short-period
amplification factors in Tertiary. Medium- to long-period
(T � 1.0 and 3.0 sec) amplification levels for Holocene–
Pleistocene and Pleistocene–Tertiary sediments are moder-
ately or insignificantly distinct. The Tertiary and Mesozoic
� Igneous (M � I) categories (i.e., the categories encom-
passing the materials that would generally be considered
“rock”) have significantly distinct amplification levels at all
periods, with T amplification exceeding M � I.

Results

Synthesis of Results for Each Classification Scheme

The data analysis procedures described in the previous
section were repeated for data grouped according to the clas-
sification schemes listed in Tables 2–4. We identify here the
distinct categories within each scheme that emerged from
the analyses and discuss variations in the amplification fac-
tors across categories. Regression results for many individ-
ual periods are presented in the Appendix for recommended
categories. Some minor adjustments to the coefficients have
been made to smooth the variations between periods. Note
that in some cases, non-zero b-values given in the appendix
are not statistically significant, as discussed in the preceding
section and further below.

Table 7 presents F statistics and significance levels (p)
for category pairs associated with the detailed surface ge-
ology, NEHRP, and geotechnical data schemes. Table 8 pres-
ents regression results, standard error terms, and hypothesis
test results for distinct categories. Regression results for rec-
ommended categories are plotted against data in Figures 3–
6 for periods T � 0.3 and 1.0 sec (which were chosen to
represent results at short- and mid-periods).

For the age � depositional environment geologic clas-
sification scheme, regression analyses were performed for
the Holocene lacustrine/marine (Hlm), Holocene alluvium
(Ha), Pleistocene alluvium (Pa), and Quaternary alluvium
(Qa � Ha � Pa) categories. Regression analyses for other

categories listed in Table 2 were not performed due to sparse
data. The lack of distinction between Ha and Pa amplifica-
tion levels shown in Table 7 motivated the use of the Qa
category. Qa is significantly distinct from Hlm and Tertiary
(T) for PHA, but the distinction is reduced at longer periods.
Regression results for the Hlm and Qa categories are pre-
sented in Figure 3. Levels of amplification and nonlinearity
in the Hlm category, which includes a significant number of
sites from Imperial Valley and San Francisco bay–shore lo-
cations, are large at small periods and decrease gradually
with increasing period. However, nonlinearity for Hlm is
statistically significant across the full period range consid-
ered (T � 0.01–5 sec). Levels of nonlinearity in the Qa
category are less than Hlm but are statistically significant.

For the age � material texture geologic classification
scheme, regression analyses were performed within the Ho-
locene and Pleistocene age groups for coarse and fine/mixed
sediments (denoted Hc, Pc, Hm, and Pm). As shown in Table
7, Pleistocene categories Pc and Pm are insignificantly dis-
tinct at nearly all periods, and hence we considered subdi-
vision of Pleistocene according to material texture to not be
justified. The Hm category has significantly distinct varia-
tions from Hc at short period (PHA and 0.3 sec), but the sub-
categories are insignificantly distinct at longer periods (T �
1.0 sec). Regression results for the Hm and Hc categories
are presented in Figure 4 for periods of 0.3 and 1.0 sec.
Category Hm exhibits higher levels of weak-motion ampli-
fication and short- to moderate-period nonlinearity than Hc.

Regression results for NEHRP categories B–E (defined
in Table 3) are presented in Figure 5 for T � 0.3 and 1.0
sec. Regression analyses for Category A were not performed
due to sparse data. The data are also fairly sparse for Cate-
gories B and E; thus the confidence intervals on the ampli-
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Table 8
Regression Coefficients for Amplification Factors and Hypothesis Test Results

PHA 0.3 sec 1.0 sec 3.0 sec

Category a b r Rej C. a b r Rej C. a b r Rej C. a b r Rej C.

Hlm �0.59 �0.39 0.47 100 �0.39 �0.25 0.44 100 0.02 �0.22 0.45 100 0.29 �0.19 0.48 98
Qa �0.15 �0.13 0.52 100 �0.10 �0.11 0.51 100 0.20 �0.06 0.58 89 0.14 �0.14 0.65 99
Hc �0.11 �0.10 0.52 96 �0.08 �0.08 0.53 90 0.13 �0.06 0.57 71 0.00 �0.17 0.64 97
Hm �0.50 �0.33 0.51 100 �0.33 �0.24 0.46 100 0.10 �0.14 0.56 98 0.38 �0.09 0.55 80

NEHRP B 0.09 0.05 0.48 21 �0.16 0.08 0.44 33 �0.71 �0.13 0.78 32 �1.57 �0.54 0.36 99
NEHRP C �0.06 �0.05 0.55 65 �0.22 �0.09 0.64 89 0.07 �0.03 0.74 36 �0.01 0.00 0.90 2
NEHRP D 0.08 �0.07 0.57 89 0.11 �0.04 0.54 68 0.38 �0.02 0.48 32 0.44 �0.01 0.55 16
NEHRP E �0.60 �0.50 0.46 100 �0.49 �0.43 0.54 99 �0.24 �0.46 0.48 100 0.47 �0.18 0.46 77

Geot. B 0.07 0.07 0.55 51 �0.02 0.15 0.66 78 0.24 0.25 0.73 91 �0.41 �0.06 0.77 27
Geot. C 0.11 �0.04 0.60 51 �0.10 �0.12 0.62 97 0.04 �0.08 0.72 73 0.01 �0.03 0.83 28
Geot. D �0.02 �0.08 0.56 94 0.08 �0.04 0.51 67 0.41 �0.01 0.49 21 0.42 �0.03 0.59 45
Geot. E �0.82 �0.63 0.40 100 �0.89 �0.60 0.36 100 �0.27 �0.49 0.45 100 0.54 �0.13 0.48 64

Figure 3. Spectral acceleration amplification factors for categories in the age � depositional
environment classification scheme.

fication function are relatively wide. However, the results
are considered sufficiently statistically robust to enable com-
parisons of amplification levels across site categories. Am-
plification levels for Categories B and C are not distinct for
some individual periods (PHA, 3.0 sec), but are distinct at
mid-periods (0.3, 1.0 sec) with C amplification exceeding B.
The PHAr-dependence of amplification in NEHRP B is gen-
erally statistically insignificant. For C, the PHAr-dependence
is moderate at short periods (PHA, 0.3 sec), and insignificant
for T � �0.3 sec. Amplification levels for NEHRP Catego-
ries C-D are significantly distinct at all periods, with the
amplification being larger for NEHRP D than for C. The
NEHRP D category has moderate nonlinearity at short pe-

riods (PHA, 0.3 sec) but has no significant nonlinearity for
T � �0.3 sec. Amplification levels for NEHRP Categories
D-E are significantly distinct at all periods. Category E gen-
erally has the most significant PHAr-dependence of ampli-
fication factors and the largest weak motion amplification.
Nonlinearity for Category E has only moderate statistical
significance for T � 1.0 sec. These trends for Category E
are based on a small number of recordings (18) and are there-
fore tentative.

The amplification factors for NEHRP categories do not
exactly match those for surface geology categories because
there is not a one-to-one correspondence between Vs-30 and
surface geology. NEHRP B amplification factors are gener-
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Figure 4. Spectral acceleration amplification factors for categories in the age � material
texture classification scheme.

ally smaller than Mesozoic, which likely occurs because
many of the Mesozoic geology sites in our database have
Vs-30 smaller than the lower-bound NEHRP B threshold of
760 m/sec (e.g., among the 26 Mesozoic sites with NEHRP
classifications, 13 are C, 10 are B, and 3 are A). The results
for NEHRP C sites are generally intermediate between re-
sults for the geologic Pleistocene and Tertiary categories.
Results for NEHRP D sites are generally intermediate be-
tween those for Holocene and Pleistocene sediments. Results
for NEHRP E sites demonstrate more low-period nonlinearity
and higher weak-motion amplification than any geologic
category, including Hlm.

Regression results for Categories B–E in the Geotech-
nical Data classification scheme (Table 4) are presented in
Figure 6. Regression analyses for Category A were not per-
formed due to sparse data. Category B (intact rock) has sub-
stantial deamplification that is significantly distinct from
Category C at low- to moderate-periods (T � 1.0 sec).
Deamplification factors for B do not vary significantly with
PHAr, and are generally lower than those for the Mesozoic
� Igneous category in the age-only geology classification
scheme. For Categories C and D, short-period amplification
levels (T � 0.01 and 0.3 sec) are not distinct, while inter-
mediate to long-period amplification factors are significantly
distinct with D exceeding C. This result is a reversal of
trends discussed above in which intercategory distinction
was generally greater at smaller period and may be associ-
ated with a sediment depth effect on long-period spectral
ordinates (the geotechnical scheme is the only one that in-
corporates depth in the definition of the site categories, even
though the depths considered in the scheme are much

smaller than typical basin dimensions). The general levels
of C and D amplification at small periods are comparable to
those for Quaternary alluvial sediments. Nonlinearity is gen-
erally modest to weak in Categories C and D at small period
(T � 0.3 sec) and weak at longer periods. Data for Category
E indicate much larger weak-motion amplification and non-
linearity than C or D, however E nonlinearity is of only
moderate statistical significance for T � 1.0 sec. As with the
NEHRP E category, the trends for Geotechnical Category E
are based on a small number of recordings (18) and are there-
fore tentative.

Comparison to Previous Studies

Several previous studies have developed amplification
factors suitable for comparison to the results of this study.
In Figure 7a–c we compare our results for geologic cate-
gories to those of Steidl (2000), which were derived using a
non-reference site approach similar to that employed here
(Steidl’s amplification factors are derived relative to the Sa-
digh [1993] attenuation relationship for rock, which pro-
duces reference motions similar to those from Abrahamson
and Silva [1997] attenuation [Abrahamson and Shedlock,
1997]). Our Qa amplification factors (Fig. 7a) are similar to
those of Steidl for the Q (all Quaternary) and Qy (young
Quaternary) categories. For Tertiary sites (Fig. 7b), our re-
sults indicate similar levels of amplification to those of
Steidl, although a lower degree of short-period nonlinearity.
For Mesozoic materials, our results show comparable overall
amplification levels and degrees of apparent nonlinearity to
those of Steidl. However, as noted previously, nonlinearity
in the response of Mesozoic materials is not statistically sig-
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Figure 7. Comparison of results from this study and Steidl (2000) for (a) Quaternary
alluvium, (b) Tertiary sediments, and (c) Mesozoic and Igneous geology. For Steidl’s
results, symbol l denotes median, symbol rm denotes standard error of the median.

nificant because of the weak trend in the data relative to the
large data scatter.

In Figure 8, we compare our results for NEHRP C and
D sites to those of Borcherdt (2002), which were derived
using a reference site approach with data from the 1994
Northridge earthquake. To facilitate the comparison, our re-
sults are presented for this figure in terms of averaged re-
sponse spectral amplification levels across the period range
of T � 0.1–0.5 sec (denoted Fa) and T � 0.5–2.0 sec (de-
noted Fv). Our results show lower amplification levels and
less variation with PHAr than was found by Borcherdt. One
possible reason for the difference between our amplification
levels and those of Borcherdt is different reference site con-
ditions used in the derivation of amplification factors. We
used a rock-average reference site condition for active re-

gions (corresponding approximately to soft rock with Vs-30

� 520–620 m/sec), compared with a relatively competent
reference rock condition used by Borcherdt (Vs-30 � 850
m/sec). The bias introduced by the different reference site
conditions can be investigated with the Vs-30-based amplifi-
cation factors of Borcherdt and Glassmoyer (1994) and Field
(2000), which are linear (no dependence on PHAr). The rela-
tive amplification between Vs-30 � 850 m/sec and about 570
m/sec represents the approximate bias that would be ex-
pected between our results and those of Borcherdt. Using
the aforementioned references, these relative amplification
values are approximately 1.15 for Fa and 1.3 for Fv. The
average bias observed in Figure 8 (i.e., bias at PHAr � 0.1g)
for Fa is about 1.4, and for Fv is about 1.6. Accordingly, we
attribute much of the difference between our amplification
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Figure 8. Comparison of results from this study to those of Borcherdt (2002).

factors and those of Borcherdt to the difference in reference
site condition.

A third comparison is made between our surface
geology-based (age � depositional environment) median
amplification factors for T � 0.3 and 1.0 sec and the site
terms in the Abrahamson and Silva (1997) attenuation re-
lationship. These comparisons are shown in Figure 9a for
soil categories and Figure 9b for rock categories. Note that
the Abrahamson and Silva (A&S) site term is unity for rock.
Our median amplification factors depart significantly from
the A&S site terms for both rock categories (T and M � I)
and for the Hlm soil category. Conversely, our amplification
factors for Qa are very close to the A&S site term. Accord-
ingly, use of the amplification factors from this study would
have the greatest impact for geologic rock or soft soil site
categories (or related categories from alternative classifica-
tion schemes).

Magnitude- and Distance-Dependence of Results

In this section, we evaluate the magnitude and distance
dependence of amplification factors and the magnitude-
dependence of intra-category error terms. The regression
equation used in the above analyses (equation 3a) is based
on the assumption that amplification for a given site category
is a function of only reference motion amplitude. Due to the
finite time required for soil profiles to reach their steady-
state resonant response, some dependence of amplification
on the magnitude/duration of strong shaking might be ex-

pected. In Figure 10a we present residuals between individ-
ual amplification factors at T � 0.3 and 1.0 sec for Holocene
sites and amplification-adjusted reference motions (using the
regression results in Table 5). Also shown are the results of
regression analyses performed according to:

ln(e ) � e � f M � s , (7)ij i i ij

where ei and fi are regression coefficients for category i, M
is moment magnitude, and sij is an error term. The regression
results indicate a magnitude-dependence in amplification
factors at intermediate and long periods (e.g., T � 1.0 sec)
but not at short periods (e.g., T � 0.3 sec). The standard
error terms calculated from sij at long periods are not reduced
significantly from the values indicated in Table 5.

Plotted in Figure 10b are amplification-adjusted resid-
uals for Holocene sites versus site-source distance. Also
shown are linear regression analyses performed according to

ln(e ) � g � h lnr � c , (8)ij i i ij

where gi and hi are regression coefficients for category i,
r � site-source distance (in kilometers), and cij is an error
term. No significant trend in the residuals with r is observed.

The variation of standard error term (r) with magnitude
and site category is shown in Figure 10c for age-only geo-
logic categories, with the magnitude-dependent error terms
from Abrahamson and Silva (1997) also shown for compar-
ison. We find no significant magnitude-dependence in the
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Figure 9. Comparison of median results for surface geology categories (this study)
with site terms in Abrahamson and Silva (1997) attenuation relationship.

error terms but do find an increase of r with period. The
Abrahamson and Silva (1997) error terms decrease uni-
formly with magnitude for M 5–7 and also increase with
period. Typically, error terms from this study are smaller
than the Abrahamson and Silva terms for M �5.75 and
larger for M �5.75.

Inter-Category Error Terms

One of the objectives of this research was to quantify
the ability of different classification schemes to capture site-
to-site variations of spectral acceleration. This is evaluated
for a classification scheme using the inter-category standard
error (rR), which is calculated as follows:

M Nc i
2(e � e )� � ij i

i�1 i�1 ,r � (9)R Mc

( N ) � df� � i
i�1

where Mc � the number of categories in the scheme and
df � total number of degrees-of-freedom in regression
equations for the scheme (df � 2 � Mc). Intercategory stan-
dard error rR represents the average dispersion of data within
all categories belonging to a given scheme. This is calculated
for five classification schemes, three of which are based on
surface geology, one on near-surface shear-wave velocity
(Vs-30), and one on geotechnical data.

Intercategory standard error terms for the soil and rock
categories in each scheme are plotted as a function of period
in Figures 11a and 11b, respectively. For soil categories (Fig.
11a), the largest error terms at all periods are obtained from
the Vs-30-based and geotechnical classification schemes. The
smallest error terms are generally from detailed geology
schemes such as age � depositional environment or age �
material texture. Maximum differences in the category dis-
persion values are as large as 0.1 in natural logarithmic units.
These variations in dispersion are large enough to have an
important effect on seismic hazard calculations (Field and
Petersen, 2000). Also shown in Figure 11 for reference are
the error terms from the Abrahamson and Silva (1997) at-
tenuation relationship. Note that these error terms are
strongly magnitude dependent, an effect that was not ob-
served in this study (e.g., Fig. 10c).

For rock sites (Fig. 11b), the error terms are generally
minimized at intermediate to long period (T � 0.3 sec) for
the geology scheme (which is age-only for rock) and at short
period (PHA) for the Vs-30-based scheme. The rock error
terms for all schemes are larger than those for soil.

The data used to compile the inter-category error terms
in Figure 11a,b include motions from all classified sites.
These data sets are inconsistent to the extent that the various
schemes have different numbers of classified sites. Accord-
ingly, we compiled a list of 109 sites (with 187 recordings)
for which classifications are available by all five of the cat-
egorization schemes considered herein. The inter-category
error terms for this consistent data set are of a similar mag-
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Figure 10. (a) Variation with magnitude of spectral acceleration residuals calcu-
lated using amplification-adjusted reference motions. Data are for Holocene soil sites.
(b) Variation with site-source distance of spectral acceleration residuals calculated us-
ing amplification-adjusted reference motions. Data are for Holocene soil sites. (c) Vari-
ation of standard error term r with magnitude and geologic age. Compare to magnitude-
dependent term by Abrahamson and Silva (1997).

nitude and show similar trends to those for the full data set
(Stewart et al., 2001).

Conclusions and Recommendations

The identification of an “optimized” classification
scheme for strong motion studies should consider two fac-

tors: (1) the degree to which amplification factors defined
for categories within the scheme are capable of capturing
site-to-site variations in ground motion, as measured by the
dispersion of prediction residuals and (2) the degree to which
amplification levels among categories within the various
schemes are distinct from each other. With respect to the
first criterion, our results suggest that for soil sites, ampli-
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fication factors defined for detailed surface geology classi-
fication schemes minimize the average dispersion of predic-
tion residuals. Variations in dispersion between schemes are
as large as 0.1 in natural logarithmic units, a difference that
is sufficiently large to have an important effect on the results
of hazard calculations (Field and Petersen, 2000). For rock
sites, dispersion is minimized at short periods (PHA) with
the use of the NEHRP scheme and at long periods (T � 0.3
sec) with the use of age-only surface geology. With respect
to the second criterion, the NEHRP classification scheme (site
categories distinguished on the basis of Vs-30) is the only one
for which amplification levels between categories are gen-
erally distinct across a wide period range. At small periods,
detailed surface geology categories also have distinct am-
plification levels.

Based on the results for soil sites, classification schemes
based on detailed surface geology appear to provide an ef-
fective means by which to delineate site conditions for the
evaluation of site amplification factors for short-period re-
sponse spectral acceleration (e.g., PHA). The NEHRP scheme
is also effective, particularly for evaluating amplification
factors across a broad range of spectral periods. With regard
to surface geology schemes, recommended categories for
materials of Quaternary age are delineated on the basis of
depositional environment or material texture as follows:

Depositional Environment Material Texture
Quaternary alluvium Holocene coarse-grained
Holocene lacustrine/marine Holocene fine/mixed texture

Pleistocene

For rock sites (i.e., pre-Quaternary materials), geologic
classifications are based principally on age (i.e., the cate-
gories are T and M�I), and the dispersion of prediction
residuals is relatively large. Future studies may be able to
identify rock site categories defined on the basis of age �
fracture spacing/degree-of-weathering that reduce the large
dispersion at small periods. Lacking such data, however, the
NEHRP classification scheme appears to provide an effective
means of defining short-period amplification factors for rock
sites.

At moderate to long periods (T � 1.0 sec), our results
do not point to one scheme as being optimized with respect
to the two criteria listed above. We speculate that this finding
results in part from the fact that all of the classification
schemes considered herein are based on features of relatively
shallow geologic materials, which more significantly influ-
ence short-period components of ground motions than long-
period components. Consideration of basin geometric pa-
rameters such as depth or distance to basin edge may be able
to improve amplification models for soil sites, especially at
long period. Recent work utilizing southern California data
has been encouraging in this regard (Field, 2000; Joyner,
2000; Lee and Anderson, 2000; Steidl, 2000).

The results of this study can be applied to hazard anal-
yses through a probability density function (PDF) that de-
scribes spectral acceleration conditional on site category as
well as magnitude, distance, and other seismological vari-
ables. This PDF is usually log-normally distributed. The me-
dian of this distribution can be taken as the product of the
median from a rock attenuation model and the applicable
amplification factor. Rock attenuation models utilizing a
database and regression approach similar to that of Abra-
hamson and Silva (1997) are considered appropriate for use
with our amplification factors. Appropriate relations there-
fore include Abrahamson and Silva (1997), Sadigh et al.
(1997), and Idriss (1991). The recommended amplification
functions from this study are given by equation (3a) and the
coefficients in the Appendix. The median amplification fac-
tors are significantly different from the Abrahamson and
Silva site terms for rock categories (e.g., T, M�I) and soft

Figure 11. Intercategory standard error terms for
spectral acceleration (this study) and error terms de-
rived by Abrahamson and Silva (1997). Results apply
for categories within the respective schemes associ-
ated with (a) young sediments (soil) and (b) soft rock
and rock conditions.
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soil categories (e.g., Hlm). The standard error term (rhaz) for
the PDF can be taken as

2 2r � r � 0.23 , (10)�haz

where r is the appropriate category error term from this
study. The additional error term of 0.23 accounts for inter-
event variability, which was removed by use of the event
term during the derivation of reference motions in this study.
The value of 0.23 was obtained during the data regressions
of Abrahamson and Silva (1997).
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