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ABSTRACT

Spectral regression studies of four selected research groups, namely, Boore and co-workers at the
U.S. Geological Survey (USGS) in Menlo Park, California, Abrahamson and Silva at the Pacific Gas and
Electric Company (PG&E) in California, Trifunac and co-workers at the Strong-Motion Group of the
University of Southern California (USC) in Los Angeles, and Ambraseys and co-workers at the Imperial
College of Science, Technology and Medicine in London, England. Their scaling procedures are
described, and their approaches are compared. All regression equations reviewed depend upon magnitude,
distance, and local site conditions, though different groups used different database, definitions of
magnitude, distance and site conditions. Among the many differences, one stands out: Boore and co-
workers in 1997, Abrahamson and Silva in 1997, and later Ambraseys and co-workers in 2005 considered
using fault-type scaling variables to differentiate among the motions from different fault mechanisms,
while the USC Strong-Motion Group introduced a source-to-station path-type term.
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INTRODUCTION

In this paper a review of the selected regression equations for estimation of pseudo relative velocity
(PSV) response spectral amplitudes by various groups and organizations will be presented. The response
spectrum concept was first introduced by Biot (1932, 1933, 1934). Until the mid-1960s, when modern
digital computers became available, empirical regression analyses of spectral amplitudes were not
possible because there were only a few significant processed earthquake records (e.g., those recorded
during the 1933 Long Beach, the 1940 Imperial Valley, the 1952 Kern County, the 1966 Parkfield, and
the 1968 Borrego Mountain earthquakes). Also, the digitization and processing of strong-motion records
from analog instruments was a slow, manual process, requiring many hours of hand digitization
(Trifunac, 2006).

The San Fernando earthquake of February 9, 1971 changed all that. More than 250 analog
accelerometers in Southern California were triggered and recorded many excellent acceleration traces.
The earthquake strong-motion data processing program at the California Institute of Technology in
Pasadena, California, led by D.E. Hudson, then started to select, digitize, and process all significant
records, and by 1975 all of the records had been processed. The data were then distributed on magnetic
tapes and computer cards. A series of reports were published detailing the corrected and processed
acceleration, velocity, and displacement of each record, and the corresponding response spectral
amplitudes were calculated at 91 periods between 0.04 to 15 s for damping ratios of 0.0, 0.02, 0.05, 0.10,
and 0.20 (Hudson et al., 1970, 1971, 1972a, 1972b).

During the following 30 years, many well-recorded strong-motion earthquakes occurred worldwide,
including the three in California: the 1987 Whittier-Narrows, the 1989 Loma-Prieta, and the 1994
Northridge earthquakes. With an ever-increasing digitized database, various groups started to develop
regression equations for the empirical scaling of response spectral amplitudes. These equations were later
used for the computation of uniform hazard PSV spectra in the probabilistic site-specific analyses for
seismic micro- and macro-zonation (Trifunac, 1988, 1989d, 1990b). Those equations were also needed in
the probabilistic determination of the envelopes of shear forces and of bending moments in engineering
design (Amini and Trifunac, 1985; Gupta and Trifunac, 1988a, 1988b, 1990a, 1990b; Todorovska, 1994a,
1994b, 1995), and in the estimation of losses for buildings exposed to strong shaking (Jordanovski et al.,
1992a, 1992b).



40 Empirical Scaling and Regression Methods for Earthquake Strong-Motion Response
Spectra—A Review

In this paper, we review the contributions of four groups that performed systematic regression
analyses of the response spectral amplitudes. Three of these groups are in the U.S., and one is in Europe.
The three U.S. groups are all in California: the group at U.S. Geological Survey (USGS) in Menlo Park,
California (D. Boore and colleagues); N.A. Abrahamson at the Pacific Gas and Electric Company
(PG&E); and the Strong-Motion Group at the University of Southern California (USC) in Los Angeles.
The fourth group works in Europe, at the Imperial College of Science, Technology, and Medicine in
London. A summary of the main contributions of each group will be presented next, followed by a
comparison of their scaling equations. We will examine the following categories:
the database and data processing procedures,
site classification,
distance definitions used for attenuation relations, and
the regression equations.

There are many other groups and individuals in the world who have worked on the same and related
topics, but a comprehensive review of all of their contributions is beyond the scope of this paper.

SUMMARY OF THE WORKS OF THE USGS GROUP

1. The Database and Data Processing Procedures

The first set of equations by this group was for estimating the horizontal response spectra from
strong-motion data recorded before 1981 in western North America (Joyner and Boore, 1981, 1982). The
authors referred to these studies as JB8182. These data were later expanded to include the recordings
from the 1989 Loma Prieta, the 1992 Petrolia, and the 1992 Landers earthquakes. The data set was
restricted to shallow earthquakes in western North America with moment magnitudes greater than 5.0.
Shallow earthquakes are those with fault ruptures that lie mainly above a depth of 20 km. Most of the data
used by this group have been collected by the Strong-Motion Instrumentation Program (SMIP) of the
California Division of Mines and Geology (CDMG), and the National Strong-Motion Program of the
USGS. This database was also used in the subsequent work by Boore et al. (1993, 1994a, 1994b) and is
referred to as BJF93, BJF94a, BJF94b, or collectively as BJF9394. A summary of this work is presented
in the paper by Boore et al. (1997). The following points were emphasized in their work:

1. To avoid bias due to soil-structure interaction, the authors did not include data from structures three
floors or higher, from dam abutments, or from the bases of bridge columns.

2. No more than one station with the same site condition within a circle of 1-km radius was included,
and the station with the lowest database code number was chosen, while others were excluded.

3. A systematic effort was made to exclude records from instruments triggered by the S wave because it
was felt that in such cases a part of the strong motion might be missed.

4. To avoid bias toward larger response values, a distance cutoff for each earthquake was imposed,
beyond which all data from that earthquake were ignored. This was done to eliminate any bias by any
circumstance that might cause high values of ground motion. The cutoff distance was determined by
the geological conditions and the trigger level of the recording instrument.

The 1993 studies, as well as all previous studies, used the values for peak acceleration scaled directly
from the recorded accelerograms, rather than from the processed, instrument-corrected data. The authors
did this to avoid “bias” in the peak values from the “sparsely sampled” older data. This bias is not a
problem with the densely sampled data after the late 1960s. With few exceptions, the response data used
were all PSV response spectra data.

2. Site Classification

Originally, a binary classification, “rock™ and “soil”, was used to characterize the site by Joyner and
Boore (1981, 1982) (JB8182). Later, Boore et al. (1993) (BJF93) used a site classification based on the
shear velocity averaged over the upper 30 m, as shown in Table 1.

The measurements from boreholes at a site, if available, were used. In most cases when such
measurements were not available the site classifications were estimated by analogy with borehole
measurements at similar sites. This information was usually obtained from site visits, consultations with
geologists familiar with the area, and from various geological maps. Of the four site classes listed below,
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Class D is poorly represented in the data and thus was not included in the analyses here. Following points

may be noted:

e The authors pointed out that such classification was similar to the one that was incorporated into the
1994 edition of the code provisions of the National Earthquake Hazard Reduction Program (NEHRP)
(Boore et al., 1997), with 5 site classes (see Table 2). The two site classifications were referred to as
BJF93 and NEHRP, respectively.

e These two site classifications were modified again by Boore et al. (1994a, 1994b) (BJF94a, BJF94b)
when the site effects were changed from being a constant for each site class to a continuous function of

Vs (shear-wave velocity at the site) averaged over the depth of the top 30 m. The authors

recommended that the values of V; given in Table 3 be used for the NEHRP site classes B, C, and D,
and for typical rock and soil sites (Boore et al., 1997).

Table 1: Boore et al. (1993) Site Class versus Range of Shear Wave Velocities

Site Class | Range of Shear Wave Velocities
A > 750 m/s
B 360-750 m/s
C 180-360 m/s
D <180 m/s

Table 2: NEHRP Site Class versus Range of Shear Wave Velocities

NEHRP Site Class | Range of Shear Wave Velocities
A > 1500 m/s
B 7601550 m/s
C 360-760 m/s
D 180-360 m/s
E <180 m/s

Table 3: Boore et al. (1997) Site Class versus Average Shear Velocity

Site Class Average Shear Velocity Used
NEHRP Site Class B 1070 m/s
NEHRP Site Class C 520 m/s
NEHRP Site Class D 250 m/s
Rock 620 m/s
Soil 310 m/s

3. Distance Definition Used for Attenuation Relation
In the work of Boore et al. (1993) (BJF93), the “hypocentral” distance term used, », was defined as

r=~d>+h*, where d is the measured epicentral distance in km from the earthquake source to the site,

and 4 is a fictitious depth to be determined. Instead of using the actually estimated focal depth of the
earthquake focus, Boore et al. (1993) treated / as an unknown parameter to be determined by regression.
They performed a two-stage linear regression, where, in a departure from Joyner and Boore (1993), the
sum of square errors in the first stage was minimized with respect to the parameter 4 by a simple
numerical search, using the subroutine GOLDEN of Press et al. (1992). Note that at all spectral periods
used, this fitted fictitious depth # would be a constant for all records and earthquakes.

The regression equation of Boore et al. (1993, 1997) used the attenuation term b,r + b, Inr . The two

terms represent, respectively, anelastic and geometric attenuation. This was subsequently replaced by
b,Inr, which is just the geometric attenuation term. The authors pointed out that regressions that

included the anelastic b,r term resulted in values of b, greater than zero, which would lead to
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unreasonable estimates at large distances. The remaining geometric term, b, In7, is thus the only term
used by Boore et al. (1993, 1997) to characterize the attenuation of the spectral amplitudes from the
source to the recording site.

4. The Regression Equation

4.1 The 1993 Regression (Boore et al., 1993, 1997)

In their early studies (JB8182), Boore et al. (1993) presented equations for horizontal peak ground
acceleration, velocity, and response spectra as functions of earthquake magnitude, distance from the
earthquake source, and the type of material underlying the site. The regression equation of Boore et al.
(1993, 1997) takes the form:

logY =b, +b,(M —6)+b,(M —6)’ +b,r +b,logr+b,G, +b,G.+ €, + €, (1)

where Y is the ground motion parameter (in cm/s for response spectra, g for peak acceleration); M is the
moment magnitude; 7 =+/d 24+ h? ; dis the distance in km; 4 is a fictitious depth to be determined, as
described in the previous section; G,, G are the site classification variables; G, =1 for Class B and 0
otherwise; G. =1 for Class C and 0 otherwise (for Class A sites, both would be zero); &, is an
independent random variable that takes on a specific value for each record; and €, is an independent
random variable that takes on a specific value for each earthquake.

The coefficients to be determined are b, through b., A, and the variance of €,, and €,: o.and &,

respectively. Those are determined using a weighted, two-stage regression procedure. In the first stage,
the distance dependence is determined along with a set of amplitude factors, one for each earthquake. In
the second stage, the amplitude factors are regressed against magnitude using a weighting matrix to
determine the magnitude dependence (Joyner and Boore, 1993).

4.2 The Revised Equation (Boore et al., 1994a, 1994b, 1997)

In addition to the site classification revision, as described in the previous section, Boore et al. (1994b)
modified the equations to take into consideration different ground-motion estimates for strike-slip and
reverse-slip earthquakes. The revised ground-motion equation is

V
logY:bl+b2(M—6)+b3(M—6)2+b51nr+b,,ln7s 2)
A
where the same variables are used as in BJF93, except that
b s for strike-slip earthquakes;
b =1 b for reverse-slip earthquakes; (3)
b, ,,, for unspecified mechanism for earthquakes;

and Vg in m/s is the average shear-wave velocity to 30 m depth below surface. It is now scaled relative to

a “fictitious” wave velocity variable V', to be determined by regression.

birs> b 4y1> bys by, by, by by, and V. It may be noted

that the term b, +bslogr (=b,r +b,Inr in BJF93) is now replaced by bsInr. Also, Boore et al.
(1994a, 1994b, 1997) considered only the horizontal response spectra in their regression analyses.

The coefficients to be determined are b,
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SUMMARY OF THE WORKS OF ABRAHAMSON AND SILVA

1. The Database and Data Processing Procedures

The strong ground motion data used by Abrahamson and Silva (1997) is from shallow crustal events
worldwide, in seismically active tectonic regions. Subduction zones are excluded. The events included are
up through the 1994 Northridge earthquake in Southern California. The data set starts out with 853
recordings from 98 earthquakes and aftershocks with magnitudes above 4.5. All of the recordings with
either unknown or poor estimates of magnitude, source mechanism, distance, or site conditions are
excluded from the regression analysis. In the end, the final data used in the regressions is a set of 655
recordings from 58 earthquakes, starting with the 1940 Imperial Valley earthquake and ending with the
1994 Northridge earthquake. The majority of the earthquakes are from the western U.S., with not more
than ten events from Armenia, Canada, Iran, Italy, Mexico, and Russia. As in the studies by Boore et al.
(1997), it was pointed out that the data set is biased toward the larger motions because those have a higher
likelihood of being recorded.

Abrahamson and Silva (1997) summarize the procedures they used to reprocess all the records as

follows:

1. Interpolation of uncorrected, non-uniformly sampled data to evenly spaced data at 400 samples/s.
This should not be interpreted as implying a Nyquist frequency of 200 Hz, since most of the data are
from analog recordings with reliable frequency resolution up to about 25 Hz (Trifunac et al., 1973).

2. Low-pass filtering of the data using a causal 5-pole Butterworth filter. The corner cut-off frequency
for each record is selected by visual examination of the Fourier amplitude spectrum.

It may be noted that

o The Butterworth filter is an infinite impulse response (IIR) filter, which produces the output data
only from the input of past (earlier time) and present data. It is known that such filters distort the
phase of the filtered output data (Rabiner and Gold, 1975; Lee and Trifunac, 1984). Unlike finite
impulse response (FIR) filters, which can be implemented to have zero phase shift, these IIR
filters create phase distortions, so corrections to zero-phase output must be made. It seems that no
discussion is presented by Abrahamson and Silva (1997 or elsewhere) on whether their data were
corrected for this phase distortion.

e The selection of the cut-off frequency by visual examination of the Fourier spectra could be
subjective. The authors present no discussion on whether this was done by one or several
analysts, nor what the criteria of the selection process were.

3. Removing the instrument response (instrument correction).

It may be noted that no detailed information is included to describe this procedure. It can thus only be

assumed that this is similar to the “instrument correction” procedure outlined by Trifunac (1972) and

Trifunac and Lee (1973).

4. Decimating to 100 or 20 samples/s, depending upon the low-pass filter corner frequency.

5. Applying a time-domain baseline-correction procedure and a final high-pass filter. The baseline
correction procedure uses a polynomial of 0 or up to 10 degrees depending upon the initial
displacements obtained by integration. The high-pass filter used is that proposed by Grazier (1979),
based on an over-damped oscillator. This filter is applied in the time domain twice, forward and in
reverse time to produce an end result with zero phase shift. The high-pass filtering parameters are
selected by visual inspection.

It may be noted that

e As noted by the authors, correction of the phase shift created by the IIR filter is an important step
in the processing. Unfortunately, again no such phase correction appears to have been made in the
second step of processing above, where the IIR Butterworth filter was used for low-pass filtering
of the data.

e With the useful bandwidth of each record separately evaluated, it was found that there are more
above-average records than smaller records in the database. The smaller records are also often
contaminated with noise. The authors preferred to have some biased data rather than have no data
(for higher frequencies and longer periods) at all.
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2. Site Classification

Following the guidelines for the Geomatrix site classification, Abrahamson and Silva (1997) used the
classification given in Table 4. It may be noted that for most of their sites, they point out that the
quantitative information for soil velocity profiles is not available. Those sites were assigned a site
classification subjectively, using the table as a guide, rather than a scheme. This classification might be
misleading to some readers, with A, B as rock or shallow soil, and C, D, E as simply deep soil.

Table 4: Abrahamson and Silva (1997) Site Classification

Site Classification Description
A Rock (¥ > 600 m/s) or very thin soil (<5 m) over rock
B Shallow soil; Soil 5-20 m thick over rock
C Deep soil in narrow canyon; Soil > 20 m thick; Canyon < 2 km wide
D Deep soil in broad canyon; Soil > 20 m thick; Canyon > 2 km wide
E Soft soil (Vg <150 m/s)

3. Distance Definition Used for Attenuation Relation

Abrahamson and Silva (1997) adopted the definition of distance used by Idriss (1991) and Sadigh et
al. (1993)—namely, r

rup

the closest distance from the site to the rupture plane. They illustrated the

distribution of the data in terms of magnitude, M, and rupture distance for two soil types, deep soil,

r
> Trup o
and rock or shallow soil, at four natural periods, 7= 0.075, 0.2, 1.0, and 5.0 s.

4. The Regression Model
The regression model used by Abrahamson and Silva (1997) is of the form

InSa(g) = f,(M,r,,)+ Ef,(M) + HWf,(M,r.,) + Sf:(pga,,..) )

where
Sa(g) is the spectral acceleration in g;
M is the moment magnitude;

r. is the closest distance to the rupture plane in km;

rup

F is the fault type: 1 for reverse, 0.5 for reverse/oblique, and 0 otherwise;

HW is the dummy variable for hanging wall sites;

S is a dummy variable for the site class: 0 for rock or shallow soil, 1 for deep soil; and

ti» f5» f, and £ are the functions for attenuation, style-of-faulting factor, hanging wall effect, and site

response, respectively, with each being described below.

It may be noted that

e Abrahamson and Silva (1997) do not justify or explain how or why the fault type numbers of 1, 0.5,
and 0 were assigned respectively to reverse, reverse/oblique, and other fault types.

e Abrahamson and Silva (1997) considered the horizontal and vertical response spectra separately in
their regression analyses.

4.1 Attenuation Function, f (M,r, )

The function f,(M,r. ) for attenuation has the following form:

”C’up
a,+a,(M —c)+a,85-M)" +[a, +a,(M —c)|InR M <c,

5
a,+a,(M—c)+a,85-M)" +[a,+a,(M—c)|InR M > ¢ ©)

fl(M’rrup):{
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where R =,/ rrip +cf is a distance (similar to what is used by Boore et al. (1993, 1997)), at which the

¢, = h term can be interpreted as a representative depth. As in Boore et al. (1993), ¢, =/ is determined

by regression. What is different here from Boore et al. (1993, 1997) is that the coefficient for “In R” is
now magnitude-dependent. It may be noted that Abrahamson and Silva (1997) do not describe the

procedure used to define the parameter ¢, and the exponent » in the above equation.

4.2 Style-of-Faulting Factor, f,(M)

Abrahamson and Silva (1997) try to differentiate among the ground motions from strike-slip and
reverse faults, arguing that those show a difference in attenuation relations and they characterize this
difference using the style-of-faulting factor. Originally, a constant style-of-faulting factor was used, but
later, as in Sadigh et al. (1993), Campbell and Bozorgnia (1994), the authors included a magnitude and
distance dependence of this factor for peak acceleration. Boore et al. (1997) also included a period
dependence in the faulting factor. Combining all of these, the authors allow for a magnitude and period
dependence of the faulting factor:

as for M <5.8
f.(M) = ¢%+Qﬁiﬁﬁ for 5.8<M <c, ©)
¢ —5.8
ag for M > c,

It may be noted that

e The authors give no explanation on how or why the style-of-faulting factor is of the above form.

e The authors point out that the style-of-faulting factor has a strong magnitude dependence. For rock
sites, this effect is about 30% for large-magnitude events but almost a factor of 2 for small (M < 5.8)
events. Such strong magnitude dependence is driven by the sequence of Coalinga aftershocks, for
which 8 of the 11 reverse and reverse/oblique events with magnitudes M < 5.8 were considered.
Those produced above-average response motions at high frequencies, and the authors concluded that
this resulted in a large style-of-faulting factor for small-magnitude events.

4.3 Hanging Wall Effect, f,(M,r,,,)

Here, Abrahamson and Silva (1997) followed the approach of Somerville and Abrahamson (2000) to
model the differences in motions on a “hanging wall” and a “foot wall” of dipping faults. The functional

form is assumed to be separable into a magnitude and a distance term. Their functional forms are given in
Somerville and Abrahamson (2000) as

j;l(Mﬂrrup) = fHW (M)fHW (]/;fup) (7)
where
0 for M <5.5
Suw(M)=<M =5.5 for 5.5<M <6.5 ®)
1 for M >26.5
0 for 1, <4
lp =4
Clg T fOI' 4S7;upS8
and Siw () = a, for 8<r,, <18 )

hap —18
a,| 1-—= for 18<r, <25

0 for r. >25

rup
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This means that

e Data from earthquakes with magnitudes below 5.5 are not affected by the hanging wall effect.

e Only data from earthquakes with known rupture sizes between 4 and 25 km are included; all others
are not affected by the hanging wall effect.

4.4 Site Response, f (f/’G\Amck)

Following Youngs (1993), Abrahamson and Silva (1997) used the following functional form of site
response to accommodate non-linear soil response:

F:(PGArer) = ayy + a,, IN(PGApoek + C5) (10)
where @;‘ock is the expected peak acceleration on rock in units of g, as predicted by the median
attenuation relation with S = 0.

It is pointed out that the site response factor is dependent only upon the expected peak acceleration on
rock. This is an improvement over the models that have only a constant scale factor for the site effects.
The authors note that this does not include a magnitude dependence, and thus the model does not include
all of the effects that may be found in the detailed site-specific studies.

SUMMARY OF THE WORK OF AMBRASEYS ET AL. (1996, 2005a, 2005b)

1. The Database and Data Processing Procedures

Ambraseys et al. (1996) state that a large and uniform dataset was used. Their database consists of a
total of 422 records from 157 earthquakes in Europe and the Middle East, with surface wave magnitude

M between 4.0 and 7.9 and focal depth < 30 km. The smaller earthquakes are excluded because the
authors said that they are generally not of “engineering significance”.

All acceleration records available were first preprocessed (plotted and visually inspected, with
spurious points from bad digitization removed). A correction procedure was applied to all of the records
that involved reducing the noise in the high- and low-frequency ranges. For short records not exceeding
5 s, a parabolic baseline adjustment was made using a least-squares fit. For records longer than 10 s, the
data was re-sampled at 100 points/s, and an elliptical filter was applied, using a filter design proposed by
Sunder and Connor (1982). For records between 5 and 10 s long, both procedures were applied, and the
more effective correction was selected. However, this does not include instrument correction because a
large portion of the data are from accelerometers with no reliable information on natural frequencies and
damping. The authors claim that ““...the instrument characteristics only significantly distort the recorded
amplitude at frequencies > 25 Hz, and since the smallest response period considered is 0.1 s (10 Hz), this
contamination is not important...”.

The local magnitude, M, , which is the common magnitude scale used in California, was avoided

because the authors claimed that local magnitudes either were not used in some of the study areas
(Algeria, Iran, Turkey, and the former USSR), or if they were used the values were either unavailable or

not reliably determined because of differences in the calibration methods. The moment magnitude, M, ,

defined by Kanamori (1977), M, = % logM,—6, where M|, is the seismic moment in N-m, was

discussed, but the authors pointed out that Kanamori intended only to use this for large earthquakes of
magnitudes > 7.2. It was thus decided to use the surface wave magnitude, M ¢, instead.

Ambraseys et al. (2005a, 2005b) updated their earlier work to include 595 triaxial (three-component)
strong-motion records, from 135 earthquakes and 338 different stations in seismically active parts of
Europe and the Middle East. The magnitude scale used in this recent work is the moment magnitude,
M,, . They implemented the Basic Strong-Motion Accelerogram Processing (BAP) software (Converse
and Brady, 1992) for all time histories, which included the bi-directional, elliptical Butterworth filter to
low-pass the acceleration time histories after padding the data with zeros.
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2. Site Classification

As in Boore et al. (1993, 1997) and Abrahamson and Silva (1997), the site classification in
Ambraseys et al. (1996) uses the local soil conditions. Using shear wave velocity data available at 207 of
the 212 sites, for 416 of 422 records, they use four categories of soil given in Boore et al. (1993) (see
Table 5). The R, A, S, L soil classification used here is identical to the A, B, C, D site classification in
Boore et al. (1993, 1997). The same site classification was used in Ambraseys et al. (2005a, 2005b).

Table 5: Ambraseys et al. (1996) Site Class versus Range of Shear Velocities & Number of Records

Site Class Range of Shear Velocities | Number of Records
R (rock) > 750 m/s 106
A (stiff soil) 360 to 750 m/s 226
S (soft soil) 180 to 360 m/s 81
L (very soft soil) <180 m/s 3

3. Distance Definition Used for Attenuation Relation

As in the work of Boore et. al. (1993), the “hypocentral” distance term used, r, is defined as
r=4d’+ hg , where d in km is defined as the shortest distance from the station to the surface projection
of the fault rupture, and 7, is a fictitious depth to be determined. Instead of using the seismologically
determined focal depth, Ambraseys et al. (1996) treated, as in Boore et al. (1993), A, as an unknown

parameter to be determined by regression. They explained that /i, is a term that accounts for the fact that

the source of the peak motion is not necessarily at the closest point on the surface projection of the fault,
or at the hypocenter.

The attenuation versus distance used in the regression, as in Boore et al. (1993), is of the form,
...C,r+C,logr+..., which includes the anelastic and geometric distance terms, both of which are

magnitude independent. Here r=./d”+h,, where h, is determined in the first of the two-stage

regressions. 7, is assumed to be a constant for all records of all earthquakes. As in Boore et al. (1993),

the authors found that the distribution of the data is not sufficiently large to allow determination of both
the anelastic and geometric attenuation coefficients in “...C;r +C, logr +...” because a positive value

of C, is obtained. Furthermore, for some choices of /4, the coefficient C, can be less than zero, and

hence permissible, but it is too small to make any difference. The same distance definition was used in
Ambraseys et al. (2005a, 2005b).

4. The Regression Equation
Ambraseys et al. (1996) use a two-stage regression equation:
log(y)=C,+C,M +C,logr+C,S, +CS,+C,S;+0P (11)
where y is the parameter being predicted, which is either the peak ground acceleration in g or the spectral
amplitudes for 5% critical damping for periods in the range, 0.1 to 2.0 s. M =M is the surface wave
magnitude.
At first, the term C,;r was included in the regression equation. However, it was found to be

insignificant and was subsequently deleted. The first stage of regression determines the coefficients C,,

C, and C, (without C,), together with the term %, in 7 =+/d” + h; , and the same £, for “all” records
of “all” the earthquakes. In the second stage of regression, the residues
& =log(y,)-C -C,M, - C, log(r,) (12)

are fitted with the local site soil classification
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e =CS8,+CS, +C,S (13)

where S,, S, and S are, respectively, the indicator variables for the three soil sites: rock, stiff, and soft
soil sites, being 1 when the site is of the representative type and 0 otherwise. The standard deviation of
log(») is o, and the constant P takes on the value of 0 for mean estimates and 1 for 84-percentile values

of log(y). The o term is calculated using the residuals at the second stage of regression. It may be noted

that

e Ambraseys et al. (1996) considered only the horizontal response spectra in the above regression
analyses. Ambraseys et al. (2005a, 2005b), in their recent regression work, switched back to the one-
stage maximum-likelihood method of Joyner and Boore (1993). The equation takes the form,

log(y)=a,+a,M,, +(a, +a,M, )log+ld* +a.
+aSg +a,S, +aF, +a,F, +a,F,

(14)

where S and S, are, respectively, the indicator variables for the two soil sites: soft and stiff sites.

As in Boore et al. (1993) and Abrahamson and Silva (1997), Ambraseys et al. (2005a, 2005b) updated
their regression equation to include fault types. The last three terms are for the faulting mechanism,

and F,, F, and F,, are, respectively, the indicator variables for the three fault types: normal, thrust,
and odd faults. F), is equal to 1 for normal faulting earthquakes and 0 otherwise; F, =1 for thrust
faulting earthquakes and 0 otherwise; and F, =1 for odd faulting earthquakes and 0 otherwise.

e Ambraseys et al. (2005a, 2005b) considered both the horizontal and vertical response spectra in the
above regression analyses. As in Abrahamson and Silva (1997), they considered the horizontal and
vertical response spectra in separate equations in the above regression analyses.

SUMMARY OF THE WORKS OF THE STRONG-MOTION GROUP AT USC

The Strong-Motion Earthquake Research Group at the University of Southern California contributed
many papers and reports on the empirical scaling of strong-motion spectra. The examples include

1. 1970s: Trifunac (1973, 1976a, 1976b, 1976¢, 1977a, 1977b, 1977¢c, 1977d, 1978, 1979), Trifunac and
Anderson (1977, 1978a, 1978b, 1978c), Trifunac and Brady (1975a, 1975b, 1975¢, 1975d, 1975¢),
Trifunac and Lee (1978, 1979a);

2. 1980s: Trifunac and Lee (1980, 1985a, 1985b, 1985c, 1987, 1989a, 1989b), Lee and Trifunac (1985),
Lee (1989), Trifunac (1989a, 1989b, 1989c, 1989d), Trifunac and Todorovska (1989a, 1989b),
Trifunac et al. (1988);

3. 1990s: Lee (1990, 1991, 1993), Trifunac (1990a, 1990b, 1991a, 1991b), Trifunac and Lee (1990,
1992), Trifunac and Novikova (1994), Lee and Trifunac (1993, 1995a, 1995b), Lee et al. (1995),
Todorovska (1994a, 1994b, 1995), Trifunac and Zivcic (1991), Trifunac et al. (1991);

4. 2000s: Trifunac and Todorovska (2001a, 2001b).

They developed three generations of empirical regression equations for the scaling and attenuation of
spectral amplitudes. Semi-theoretical extrapolation functions for extension of these empirical equations to
both high and low frequencies had also been presented (Trifunac, 1993a, 1993b, 1994a, 1994b, 1994c,
1994d, 1994e, 1995a, 1995b). A review of and further details on the contributions of this group can be
found in Lee (2002). The following is a brief summary of all their work on the empirical scaling of
response spectral amplitudes only.

1. The Database and Data Processing Procedures

The database for the first generation of scaling equations of spectral amplitudes in the 1970s consisted
of 186 free-field recordings. This corresponds to 558 acceleration components of data from 57
earthquakes in the western U.S. The data had been selected, digitized, and processed while M.D. Trifunac
and V.W. Lee were at the Engineering Research Laboratory of the California Institute of Technology in
Pasadena. The earthquakes included in the list of contributing events started with the 1933 Long Beach
earthquake and ended with the San Fernando earthquake of 1971. The magnitudes of the earthquakes in
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the database ranged from 3.0 to 7.7, and all data were hand-digitized from analog records using a
manually operated digitizer (Hudson et al., 1970, 1971, 1972a, 1972b).

In 1976, the Strong-Motion Group moved to the University of Southern California in Los Angeles.
The automatic digitization and data processing of strong-motion records by a mini-computer were
developed and introduced in 1979 (Trifunac and Lee, 1979b; Lee and Trifunac, 1979), and the work on
the collection of strong-motion records (Anderson et al., 1981; Trifunac and Todorovska, 2001a)
continued. By the early 1980s, the second-generation database was expanded to 438 free-field records
from 104 earthquakes. Most of the contributing earthquakes were from northern and southern California,
and all were from the western U.S. All of these strong-motion records are documented in the first of a
series of USC reports entitled the Earthquake Strong-Motion Data Information System (EQINFOS)
(Trifunac and Lee, 1987).

By late 1994, the strong-motion database (third generation) grew to over 1,926 free-field records from
297 earthquakes and aftershocks. Those included the records from the main shock and aftershocks of both
the 1987 Whittier Narrows and the 1994 Northridge earthquakes in Southern California, and from the
1989 Loma Prieta earthquake in Northern California. Many accelerograms in Southern California were
recorded by the USC strong-motion array (Trifunac and Todorovksa, 2001b). If the analog records were
available, they were digitized and processed by the automatic digitization system using a PC in the
strong-motion laboratory at USC (Lee and Trifunac, 1990). Other records included were mainly those
from the Strong-Motion Instrumentation Program (SMIP) of the California Division of Mines and
Geology and from the United States Geological Survey. At each stage of the database processing, all data
were treated uniformly, using the standard software for image processing developed at USC (Trifunac and
Lee, 1979b; Lee and Trifunac, 1979, 1984).

2. Site Classification

The first geological site classification was introduced (Trifunac and Brady, 1975b) to describe the
broad environment of the recording station and was based on geologic maps. The recording sites were to
be viewed on a scale measured in terms of kilometers, in contrast to the geotechnical site characterization
viewed for the top several tens of meters only (Trifunac, 1990a). This geological site classification is
given in Table 6. Ideally, according to this approach, a site should be classified either as being on
sediments (s = 0) or on the basement rock (s = 2). However, for some sites having a complex
environment, an “intermediate” classification (s = 1) was assigned. Trifunac and Lee (1979a) later refined
the above classification and used the depth of sediments beneath the recording site, /, in km, as a site
characteristic. This new parameter was used in the second generation of empirical scaling equations in the
1980s.

Table 6: USC Strong-Motion Group Geological Site Classification

Geological Site Classification Description
0 Alluvial and Sedimentary Deposits
1 Intermediate Sites
2 Basement Rock

In the 1980s, additional parameters were introduced to refine the characterization of the local site
beyond the geological site condition, s, and the depth of sediments, 4. The first such parameter is the local

soil type, s, , which is representative of the top 100~200 m of soil (Trifunac, 1990a) (see Table 7).

Table 7: USC Strong-Motion Group Soil Type, s,

Soil Type, s, Description
0 “Rock” Soil Site
1 Stiff Soil Site
2 Deep Soil Site
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The second parameter added to site characterization was the average shear wave velocity, V, , of the

soil in the top 30 m. The soil velocity type variable, S, , was used as described in Table 8. In the scaling

equations, the velocity type was represented by indicator variables.

Table 8: USC Strong-Motion Group Soil Velocity Type, S,

Soil Velocity Type, S, Description
A V, >0.75 km/s
B 0.75 km/s > ¥, > 0.36 km/s
C 0.36 km/s > V, >0.18 km/s
D V, <0.18 km/s

3. Distance Definition Used for Attenuation Relation

In the 1970s, the functional form of the attenuation with epicentral distance R followed the definition
of local magnitude scale (Trifunac, 1976b), which states that the logarithm of the corrected peak
amplitude on a standard instrument is equal to the earthquake magnitude (Richter, 1958; Trifunac,
1991b). Hence, the functional form of attenuation,

log A,(R)+...—g(T)R (15)

was used, where log 4,(R) together with a term linear in epicentral distance at each period was intended

to account for the average correction for anelastic attenuation. A detailed description of this attenuation
function can be found in Trifunac (1976b).

In 1980s, Trifunac and Lee (1985a, 1985b) developed the first magnitude-frequency-dependent
attenuation function, 4¢£(A,M,T), a function of the “representative” distance A from the source to the

site, for magnitude M and for period T of strong motion. For a complete, detailed physical description of
such a function, the reader is referred to the above reference. Briefly,

Att(A,M,T) = A4,(T)log,, A

where

a+blog, T +c(log,, T)’ T<18s (16)

A(T) =
’ { ~0.732025 T>18s

with 4,(7'), a function in 7, approximated by a parabola for 77<1.8 s and by a constant beyond that,

where a =-0.767, b=0.272 and ¢ =-0.526. The source-to-station distance A, was defined as in
Gusev (1983):

17)

2 2 2
A:S(lnR +H +S ]

R*+H*+S;
where R is the surface distance from epicenter to the site, H is the focal depth, § =0.2+8.51(M —3) is
the size of the earthquake source at magnitude M, and S is the correlation radius of the source function.

It was approximated by S, =c,T /2, where ¢, is the shear wave velocity in the rocks surrounding the
fault.
In the 1990s, Lee and Trifunac (1990) modified this attenuation function to the following form:

4, (T)log,, (87 R<R,,

Att(A,M,T) = (18)
A R—-R
Ay (T)logy, ( m%) a max)zoo R> R,
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with A and R defined as above. A, and R,
has a slope defined by the Richter’s local magnitude scale M, . The new parameter, L = L(M), was

represent the distances beyond which 4t(A,M,T)

X

introduced to model the length of the earthquake fault. It was approximated by L =.01x10""" km

(Trifunac, 1993a, 1993Db). A/L is thus a dimensionless representative source-to-station distance.

4. The Source-to-Station Path Types

In the third generation of regression studies of spectral amplitudes in the 1990s, a new term (Lee et
al., 1995; Lee and Trifunac, 1995a, 1995b), r, 0 <r <1 (or 1007, as a percentage) was introduced. In this,
r is the ratio (or percentage) of wave path through geological basement rock relative to the total path,
measured along the surface from the earthquake epicenter to the recording site. Alternately, a generalized
path type classification was also used. It describes the characteristic types of wave paths between the
sources and stations for the strong-motion data available up to the early 1990s in the western U.S. At that
time, due to the limited amount of data, only eight such categories could be identified with a sufficient
number of recordings to be included in the regression analyses (see Table 9). Figure 1 shows a schematic
representation of the “geometry” of these path types. The eight path types in Figure 1 can further be
grouped into four path groups: “17, “2”, “3”, and “4”, as described in Table 10.

Table 9: USC Strong-Motion Group Source-to-Station Path Type

Path Type Description
1 Sediments-to-sediments (100%)
2 Rock-to-sediments, almost vertically
3 Rock-to-sediments, almost horizontally
4 Rock-to-rock (100%)
5 Rock-to-rock through sediments, almost vertically
6 Rock-to-sediments through rock and sediments, almost vertically
7 Rock-to-sediments through rock and sediments, almost horizontally
8 Rock-to-rock through sediments, almost horizontally

5. The Scaling Equations

Only the most recent (the third generation) scaling equations (Lee and Trifunac, 1995a, 1995b) for
spectral amplitudes will be illustrated here. A description of the complete set of scaling relations of all
three generations can be found in Lee (2002). The following regression equations illustrate the four
scaling models.

Model (i): Mag-site + soil + % rock path multi-step model

M + . 4tt(A,M,T)+b(T)M +b,(T)s +b,(T)yv+b,(T)+b,(T)M"
+ 2,5 (DS + (b (T)r + b7, (T)A=1))R.

where R_ =min (R, R ), and At+(A,M,T) were defined in the previous section (Equation (18)).

Substituting 4t (A, M ,T) into Equation (19) gives

log PSV(T) = (19)

M + 4y (T)logyy (87 )+ B (T)M + b,(T)s + by(T)v+ by (T) + by(T)M

+ 2, b (1S +(byy (T)r + by, (T)(1=1))R R<R,,

log PSV(T) = (20)

M +.4,(T) log,, (Am% j+b1(T)M +b,(T)s +by(T)v+b,(T) + by (T)M”

. , R—R
+ Zlbé(l)(T)Sél) +(b70 (T)l" +b71(T)(1_r))Rmax _% R > Rmax
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Fig. 1 Eight path types from source to recording station

Table 10: USC Strong-Motion Group Source-to-Station Path Groups

Path Path Types Description
Group Included
“1” 1 Earthquake source and recording site within the same sediment
ey 26 Earthquake source in basement rock, recording site almost vertically
’ above
s Earthquake source in basement rock close to the surface; Recording
3 3,7 . . )
site on nearby sediment, almost horizontally
“4” 4,58

Earthquake source in basement rock, recording site on the same
basement rock, with or without sediments in between

Model (ii): Mag-depth + soil + % rock path multi-step model

log PSV(T) = M + 4tt(A,M,T)+b,(T)M +b,(T)h+by(T)v+b,(T) +by(T)M* .
3 BOT)S 4 (b (Tyr+ by (Y1 )R, .
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Model (iii): Mag-site + no soil + % rock path multi-step model
log PSV(T) =M + Att(A,M,T)+b,(T)M +b,(T)s +b3(T)v+b4(T)+b5(T)M2

(22)
+ (b70(T)r +b, (T)(1- r))R<
Model (iv): Mag-site + no soil + % rock path multi-step model
log PSV(T) =M + Att(A, M, T)+b,(T)M +b,(T)h +b3(T)v+b4(T)+b5(T)M2 23)

+(b7o(T)’”+b71(T)(1_’”))R<

A description of the detailed steps required for the development of these regression equations, and
illustration of the results and comparison with the actual data can be found in Lee and Trifunac (1995a,
1995b), a brief summary of which can also be found in Lee (2002).

It may be noted that the equations of Lee and Trifunac (1995a, 1995b) (as with all previous USC
equations) considered the horizontal and vertical response spectral amplitudes simultaneously in the same

equation. These are differentiated by the term b,(7")v, where v = 0 for the horizontal components and v =

1 for the vertical component.

6. Scaling with Modified Mercalli Intensity (MMI)

Instead of using magnitude and distance to describe the strong earthquake motions, another alternate
scaling parameter used is the site intensity. In the U.S., the Modified Mercalli Intensity (MMI) scale is

used. To scale PSV spectra in terms of MMI, /

vy » the (first generation) scaling equations can take the

following form (Trifunac and Lee, 1979a):
log,, [PSV(T)]=b(T)1,,, +c(T)+d(T)h+e(T)v (24)

with /,,, being the discrete levels of the MMI scale at the recording site, and all other scaling

parameters, 2 and v, being the same as before. In the second generation, in the 1980s, the analysis was
carried out on the database of 438 free-field records from 104 earthquakes. For some of the free-field
sites, the reported MMI levels were not available, so estimated MMI levels were used instead. These
estimated MMI levels were calculated using the equation (Lee and Trifunac, 1985),

I,,, =1.5M —A—BInA—CA/100—Ds (25)

I,,,, was then used in place of /,,,, in Equation (24).

SUMMARY: COMPARISONS AND CONCLUSIONS

The scaling models of the four groups are next compared, and their differences and similarities are
discussed. Since a typical scaling model involves the database, the regression parameters, the dependent
scaling variables, and the scaling equation used in the regression, all these for all the groups will be
examined.

1. The Database

The main sources of earthquake records used in the regressions by Boore et al. (1993, 1997) are from
the Strong-Motion Instrumentation Program of the California Division of Mines and Geology and the
United States Geological Survey. The authors did not digitize and process any of the analog records
themselves, and the data collected (Boore et al., 1993, 1997) were restricted to shallow earthquakes with
moment magnitudes greater than 5.0. As stated in Boore et al. (1997), 271 two-component recordings
from 20 earthquakes were used to develop the equations for peak acceleration, and 112 two-component
recordings from 14 earthquakes were used for the response spectral equations. Of the 112 records, 109
were all from 11 earthquakes in California. Three earthquakes outside the continental U.S. that were also
used in the regression were in Alaska and Nicaragua (Boore et al., 1993), as shown in Table 11.

The sources of earthquake records used by Abrahamson and Silva (1997) are more “international”.
The final data used in their regression analysis consists of a set of 655 recordings from 58 earthquakes.
While the majority of the earthquakes are from the western U.S., the database does include 9 (of the 58)
events from other countries, including Armenia, Canada, Iran, Italy, Mexico, and Russia. In the order of
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occurrence, these non-U.S. earthquakes are given in Table 12 (Abrahamson and Silva, 1997). It may be
noted that all of these non-U.S. earthquakes, except for Event # 62, the Taiwan (SMART # 5: M = 5.7)
earthquake, have magnitudes > 6.

Table 11: Boore et al. (1993, 1997) Earthquake Database
Western U.S. (California) Earthquakes

Event No. Earthquake Year | Magnitude | Number of Records
8 Imperial Valley 1940 7.0 1
4 Kern Country 1952 7.4 4
32 Daly City 1957 5.3 1
50 Parkfield 1966 6.1 5
58 Borrego Mountain 1968 6.6 1
65 San Fernando 1971 6.6 4
146 Coyote Lake 1979 5.8 5
147 Imperial Valley 1979 6.5 19
328 Loma Prieta 1989 6.92 49
349 Petrolia 1992 7.1 6
352 Landers 1992 7.3 14
Total of 11 (all California) earthquakes with 109 records
All Other (Non-California) Earthquakes
Event No. Earthquake Year | Magnitude | Number of Records
76 Sitka, Alaska 1972 7.7 1
79 Managua, Nicaragua | 1972 6.2 1
144 St. Elias, Alaska 1979 7.6 1

Total of 3 (non-California) earthquakes with 3 records

Table 12: Abrahamson and Silva (1997) Non-U.S. Earthquakes

Event No. Earthquake Year | Magnitude
38 Friuli, Italy 1976 6.5
39 Gazli, USSR 1976 6.8
41 Friuli, Italy 1976 6.1
43 Tabas, Iran 1978 7.4
59 Victoria, Mexico 1980 6.4
62 Taiwan (SMART #5) | 1981 5.7
79 Nahanni, Canada 1985 6.8
82 Taiwan (SMART # 40) | 1986 6.4
93 Spitak, Armenia 1988 6.8

The sources of earthquake records studied by the Strong-Motion Group at USC are numerous, but so
far come from only four countries. The regression in the 1990s used 1,926 free-field records from 297
earthquakes and aftershocks, all from western U.S. Records from other parts of the world have also been
collected, processed, and documented in a series of USC reports referred to as EQINFOS, which were
later used in regression studies for scaling strong-motion amplitudes within the region contributing the
data (see Table 13).

Table 13: USC Strong-Motion Group EQINFOS Reports for Different Countries

Country EQINFOS Report Reference
USA Trifunac and Lee, 1987; Lee et al., 1995
Yugoslavia | Jordanovski et al., 1987
Bulgaria Nenov et al., 1990
India Gupta et al., 1993; Chandrasekaran et al., 1993
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In all of the USC studies, the records from different parts of the world were kept separately and were
never used together in one regression. This is because the records in different countries are on sites
situated on different tectonic regions and are from earthquakes with different fault characteristics.
Earthquake magnitudes in different countries are also defined differently (Trifunac, 1991a; Trifunac and
Ziv¢&ié, 1991; Trifunac et al., 1991), and therefore it is impossible to have a uniform database worldwide.
In general, no single attenuation law or common regression equation can satisfactorily be used to estimate
strong motions in different seismic regions. It is, thus, appropriate that different regression equations be
established for sites from different parts of the world. Readers interested in the regression equations for
different countries, using homogeneous data recorded within that country, will find such examples as
those listed in Table 14. The regression equations for the western U.S., developed at USC, used the
available data “from, and only from”, earthquakes in the western U.S.

Table 14: USC Strong-Motion Group Regression Work on Earthquakes in Other Countries

Country Regression Work
Yugoslavia | Novikova et al. (1993), Lee and Trifunac (1992),
Lee and Manic (1994)
India Das et al. (2002)

The data used in the regression of spectral amplitudes by the above three groups can be summarized
as given in Table 15. The sources of earthquake records used by Ambraseys et al. (1996) were in Europe
and the Middle East. A breakdown in percentage from various countries is shown in Table 16(a). The
sources of earthquake records used by Ambraseys et al. (2005a, 2005b) were again in Europe and the
Middle East. A breakdown in percentage from various countries is shown in Table 16(b).

Trifunac and Todorovska (1989a), and Trifunac et al. (1988), in their studies of the attenuation of
seismic intensities in Albania and Yugoslavia, described the differences in the attenuation of the
intensities for natural seismological zones of the Balkan Peninsula in southeastern Europe, as proposed by
Shebalin et al. (1974). The observed differences for these regions are significant, and are neither
adequately studied nor fully understood. It is, thus, unlikely that the attenuation of strong motions and
response spectral amplitudes in Italy, Greece, the former Yugoslavia, and the former Soviet Union, for
example, can all be described satisfactorily by just one common regression equation (Lee, 1997).

Having said all this, it is noted that there are many regions of the world where little or no recorded
strong-motion acceleration data exist. For those regions, it is natural to use the equations developed for
other regions. Care must be taken in doing so, and scaling equations may be considered from other similar
tectonic regions and with similar path and local site conditions.

Table 15: Summary of Regression Database of the Three Groups

Group Number of | Number of | Number of Earthquakes
Earthquakes | Recordings | outside Continent U.S.
Boore et al. (1993) 14 112 3
Abrahamson and Silva (1997) 58 655 9
Lee and Trifunac (1995a, 1995b) 297 1,926 0

Table 16(a): Ambraseys et al. (1996) Earthquake Database for Different Countries

Earthquakes in Europe and Adjacent Regions
Country Percentage (%)

Italy 42

Greece 19
Former Soviet Union 13

Former Yugoslavia, 12
Algeria, Azores, Bulgaria

Iran, Portugal, Turkey 14
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Table 16(b): Ambraseys et al. (2005a, 2005b) Earthquake Database for Different Countries
Earthquakes in Europe and the Middle East

Country Number Percentage (%)
Italy 174 29
Turkey 128 22
Greece 112 19
Iceland 69 12
Other 112 19

“Other” represents other countries contributing the records: Albania (1 record), Algeria (3),
Armenia (7), Bosnia and Herzegovina (4), Croatia (1), Cyprus (4), Georgia (14), Iran (17), Israel
(5), Macedonia (1), Portugal (4), Serbia & Montenegro (24), Slovenia (15), Spain (6), Syria (5),
and Uzbekistan (1).

2. Data Processing Procedures

As already noted, the sources of earthquake records used in the regression studies by Boore et al.
(1993, 1997) are mostly from CDMG and USGS. Different agencies use slightly different methods of
digitization and data processing, but any such differences usually cannot be taken into account in the
regression studies. Up to 1993, Boore and co-workers used the values for peak acceleration scaled
directly from the recorded accelerograms, rather than the peaks from the processed, instrument-corrected
data. They did this to avoid “bias” in the peak values from the sparsely sampled older data. Thus, the peak
values they used are from uncorrected, raw scaled data. The question that needs to be addressed, then, is
what the systematic differences are in the peak values, and what percentages of data come from
accelerographs that are known to have different natural frequencies (e.g., MO-2, AR-240, RFT-250,
SMA-1, etc.) (Trifunac and Todorovska, 2001a, 2001b).

Abrahamson and Silva (1997) used a common procedure to reprocess all of the records, which
included low-pass filtereing of the data using a causal five-pole Butterworth filter to remove the long-
period noises. As stated above, this filter is an infinite impulse response (IIR) filter, which produces the
output data from past (earlier time) and present inputs, with no participation from future inputs. Such
filters distort the phase in the output-filtered data (Rabiner and Gold, 1975; Lee and Trifunac, 1984).
Obviously, if the acceleration data after filtering is phase-distorted and then used as input for calculations,
the output response spectra will also be affected by those phase distortions, thus changing the shapes and
amplitudes of the spectra.

In the work of Ambraseys et al. (1996), for the records not longer than 5 s, a parabolic baseline
adjustment was made using a least-squares fit. For records longer than 10 s, an elliptical filter was
applied. An elliptical (Chebyshev-typed) filter, like a Butterworth filter, is also an IIR filter, which means
that the phase of the output data is distorted. IIR filters with these causal characteristics are useful in
communication theory, where the outputs need to be obtained concurrently (instantaneously) with the
inputs but are not suitable for processing of strong-motion accelerograms. Ambraseys et al. (2005a,
2005b) also used elliptical filters for low-pass filtering in the BAP software (Converse and Brady, 1992).

Ambraseys et al. (1996), like Boore et al. (1993, 1997), omitted instrument correction in their data
processing procedure. They claim: “the instrument characteristics only significantly distort the recorded
amplitudes at frequencies above 25 Hz, and their smallest response period included is from 0.1 s (10 Hz
or below), thus this contamination is not important”. However, as pointed out in the discussion by

Lee (1997), “The natural frequency of AR-240 accelerographs, for example, is f, ~ 18 Hz (natural
period of 7, ~0.556 s)”. The absolute acceleration spectral amplitudes are not affected significantly by
the instrument transfer function for f < f,, or T > T, , but the slope of the regression coefficients
C,, C, and C, in their regression equation (see Equation (11) above), versus period T would be affected

near the period 7' =0.1 s. This type of systematic bias becomes important and will lead to problems for
other studies, which start from the empirically scaled spectral amplitudes (e.g., Trifunac, 1995a, 1995b),
especially at high frequencies. The response spectral amplitudes predicted by Ambraseys et al. (1996), as
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calculated from uncorrected acceleration data, have biased trends and large residuals at high frequencies
due to the differences in the transfer functions of the recording instruments.

All of the data processing procedures of the Strong-Motion Group at USC used finite-impulse-
response (FIR) filters for band-pass filtering to remove the high-frequency noise and long-period errors
(Trifunac, 1972; Lee and Trifunac, 1984, 1990). The very first filter used, the Ormsby filter, was one such
filter (Trifunac, 1972). For these FIR filters, each point of the output data is determined from past,
present, and future inputs. In routine data processing for earthquake engineering, the entire input
acceleration is available in a computer file memory, and so the dependence of filters on future inputs
poses no problem.

The use of low-pass IIR filters was suggested by Sunder and Conner (1982), who claimed that the
elliptical-type filters have the unique characteristics of being optimal, in the sense that, for a given order
and ripple specifications, no other filters achieve a faster transition between the pass band and the stop
band. However, the filters they proposed cause phase distortion of the input acceleration, and thus they
are not acceptable in earthquake engineering (Lee and Trifunac, 1984). Note that the Ormsby-type (FIR)
filter used by the USC group performs a perfect phase-distortionless transmission between the input and
output data.

3. Site Classification

As stated in BJF93, Boore et al. (1993) performed the regression analysis using a site classification
scheme based on the average shear-wave velocity in the upper 30 m below the surface (see Table 1).
Boore et al. (1993) point out that such a classification is similar to, “but different from” the one
incorporated into the 1994 edition of the National Earthquake Hazard Reduction Program’s code
provisions (Boore et al., 1997), which has five site classifications. Boore et al. (1993) refer to that site
classification as the “NEHRP Site Class”. The possible confusion of the two site classifications was
avoided in their subsequent work, BJF94a and BJF94b, and in their revised reports (Boore et al., 1994a,
1994b), in which the site effect was changed from being a constant for each site class to a continuous

function of shear-wave velocity V, averaged to a depth of 30 m (Boore et al., 1997) (see Table 3). This

suggests that a discrete value of shear wave velocity may be used in the regression. In summary, the site
classification parameter used by Boore et al. (1993, 1997) is based completely, and only, on the shear-
wave velocity at the site, averaged to a depth of 30 m. No information on the overall geological
classification or on the depth of the soil and sediments below the site was included in their classification.

Abrahamson and Silva (1997) used the site classification given in Table 4. For most of their sites,
however, the quantitative information for the velocity of shear waves in the soil is not available, so the
sites are assigned a site classification subjectively, using the table as a guide, rather than being determined
through some quantitative analysis. Their classification is similar to that of Boore et al. (1993, 1997),
which is based only on the soil and not on the geological information below the surface.

Ambraseys et al. (1996, 2005a, 2005b) use a site scheme that is identical to that of Boore et al.
(1993), using soil site classification. They may confuse the reader by renaming the categories A, B, C,
and D, which are defined in Boore et al. (1993), as R, A, S, and L, respectively. This can become even
more confusing when the terms “rock™ and “stiff soil” are associated with their categories R and A. These
terms were originally proposed and used by Seed et al. (1974) and were also adopted by the Strong-
Motion Group at USC (Trifunac, 1990a). The terms “rock™ and “stiff soil” belong to a very different type
of classification from the A, B, C, and D classification in Boore et al. (1993). The latter are based only on
the average shear wave velocity in the top 30 m. The terms “rock” and “stiff soil”, in contrast, also
involve the size (depth) of soil deposits, as in Seed (1974) (see Table 17).

Table 17: Seed (1974) Soil Type Characterization

Soil Type, s, Characterization

0 (Rock) Soil with shear wave velocity > 800 m/s and depth <~10 m

1 (Stiff Soil) | Soil with shear wave velocity > 800 m/s and depth < 75-100 m
2 (Deep Soil) | Soil with shear wave velocity < 800 m/s and depth ~ 100200 m
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The Strong-Motion Group at USC first started with a completely different site classification. The
first, in the 1970s (Trifunac and Brady, 1975b), was proposed to characterize roughly the geological
environment of the recording station, using geologic maps. The geological sites were grouped as shown in
Table 6. This geological site classification was intended to be measured in “thousands (not hundreds), of
feet, or in kilometers (not meters)”. Thus, this is totally different from the soil classifications later
proposed by Boore et al. (1993, 1997) and Abrahamson and Silva (1997), which are for the soil deposits
below the surface, measured to only about “a hundred feet (not thousands) or meters (not kilometers)”. In
the late 1970s, Trifunac and Lee (1979a) refined their site classification and used the “depth of
sedimentary deposits beneath the recording site, 4, in km, as a geological site characteristic”. The
continuous parameter /, and the discrete geological classification s, were subsequently both used at USC
in the second and third generations of regression analyses in the 1980s and 1990s.

This was the trend in the 1980s—the groups of Boore, Abrahamson, and Ambraseys were all using
the surface soil information as a site characteristic, while the Strong-Motion Group at USC was using the
geological information below the surface and surrounding the site.

In the 1990s, the above differences in site classification and their effects on spectral amplitudes were
addressed in the third generation analyses of spectral regressions, in the reports by the Strong-Motion
Group at USC (Lee and Trifunac, 1993, 1995a, 1995b; Lee et al., 1995). It is conjectured that the
geological characteristics below a site affect the long-to-intermediate periods, or small-to-intermediate
frequencies of waves arriving at the site, while the surface soil characteristic at a site affects the short
periods (high frequencies) of motions. In the third generation of regressions at USC, two additional
parameters were introduced to characterize the local soil site in addition to the geological site effects. The

first one is the local soil type, s, , representative of the top 100~200 m beneath the surface (Trifunac,

1990a), defined as in Table 7. A second parameter used was the average soil velocity, ¥, , in the top 30 m

beneath the surface. This is the same parameter as was used by Boore et al. (1994a, 1994b) in their

revised site characterization. When this information was not available, a soil velocity type, S, was

T
adopted, defined as in Table 8. In each case, an indicator variable representing the velocity type is
assigned.

Thus, the Strong-Motion Group at USC is the only group that has used both geological and soil site
classifications in their latest generation of regressions of spectral amplitudes. They argued that both
classifications must be included “simultaneously” in the characterization of site-specific spectra because
ignoring the local geological conditions may lead to exaggerated factors “representing” the local soil
conditions.

A study of the response spectral amplitudes of recorded strong motions in California (Lee and
Trifunac, 1995b) concluded that the A, B, C, and D local soil classification based only on the average
shear wave velocity in the top 30 m, as proposed by Boore et al. (1993), becomes statistically

insignificant when used as a third parameter simultaneously with the soil (s, =0, 1 and 2) and geological

(s =0, 1 and 2) classifications. This suggests that when the depth of the soil deposit at a site is included in
the soil classification, this will out-perform the scaling equations based only on the soil information close
to the surface. Finally, we note that the systematic gathering of many of these site soil parameters is often
very expensive, difficult, and time consuming, but the geological site description in terms of s = 0, 1 and
2 is simple and easy to perform.

The site characterizations used in the spectral regressions in the 1990s for the four groups are
summarized in Tables 18(a) and 18(b).

Table 18(a): Comparison of Soil Site Characterizations Used by the Four Groups

Group : Soil lelssiﬁcat.ion
Site Class Soil Velocity | Reference
Boore et al. (1993) A,B,C,D |average30m V, Table 1
Abrahamson and Silva (1997) A,B,CD,E — Table 4
Ambraseys et al. (1996, 2005a, 2005b) R, A,S,L — Table 5
Lee and Trifunac (1995a, 1995b) s,:0,1,2 |average30m V, Table 7
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Table 18(b): Comparison of Geological Site Characterizations Used by the Four Groups

Group Geological Classification

Site, s | Alluvial Depth, /
Boore et al. (1993) No No
Abrahamson and Silva (1997) No No
Ambraseys et al. (1996, 2005a, 2005b) | No No

Lee and Trifunac (1995a, 1995b) Yes | Yes (see Table 6)

4. Distance Definition Used in Attenuation Relations
In the work of Boore et al. (1993), BJF93, the epicentral distance term used, r, is defined as

r=~d*+h*, where d is the measured epicentral distance in km from the earthquake source to the site,

and 4 is a fictitious depth to be determined. Instead of using the actual measured depth of the earthquake
source, Boore et al. (1993) treated / as an unknown parameter to be determined by regression. They first

used the attenuation term, b,7 +b, Inr, in their regression equation, but this was subsequently replaced

by bsInr. It was pointed out that a regression including the b,r term resulted in values of b, greater

than zero, which would lead to unreasonable behavior at large distances, and so the term was deleted. The
remaining term, b, Inr, is thus the only term used by Boore et al. (1993, 1997) to characterize the

attenuation of the spectral amplitudes from the source to the recording site.

In the work of Abrahamson and Silva (1997), the distance introduced by Idriss (1991) and Sadigh et
al. (1993)—namely, 7

rup 2

is the closest distance from the site to the rupture plane. The distance term is

then R =, /rj{p + cj , which is the same as in Boore et al. (1993), where ¢, is again a fictitious term to be

determined by regression. Unlike Boore et al. (1993), where the term ¢, is interpreted as a fictitious depth
term, Abrahamson and Silva (1997) pointed out that in their model the rupture distance 7, may include

the depth for dipping faults and for faults that do not reach the surface. It is not clear if ¢, can be
interpreted as a fictitious depth, but it is included in their distance definition. The attenuation term used is
[a3 +a,(M - cl)] In R, which is similar to that used by Boore et al. (1993), except that the coefficient is

taken to be dependent upon earthquake magnitude, M.

From the seismological and earthquake engineering points of view, the definition of the distance from
the earthquake source to the site is not as simple as it may seem. This is because the earthquake source is
not a point but a three-dimensional surface, which is often empirically correlated with the magnitude and
size of the earthquake. To execute a regression analysis, one has to decide on how to define a distance
between a rupture surface area and a recording site. The attenuation of the spectral amplitudes is, thus,
even more complicated because the attenuation will also depend upon the frequency of the motions.

In the 1980s, Trifunac and Lee (1985a, 1985b) developed the first frequency-dependent attenuation
function, 4tt(A,M,T) (see Equation (16)), a function of the “representative” distance A from the

source to the site, for magnitude M and period T of strong motion. For a complete, detailed description of
this function, the reader is referred to the above references. Here, A is the source-to-station distance of
Gusev (1983), selected to include the rupture size of the earthquake (see Equation (17)). In the 1990s, Lee
and Trifunac (1990) refined and modified the attenuation function to the form given in Equation (18).
This attenuation function aims to account for the complicated nature of the attenuation from the rupture
area to the site and is magnitude-, period-, and distance-dependent. Compared with the works of the other
three groups—Boore et al. (1993, 1997), Abrahamson and Silva (1997), and Ambraseys et al. (1996)—
this is a more detailed description of the attenuation from the source to the site.

5. Differences between the Models: Fault Type and Path Type

Boore et al. (1994a, 1994b, 1997), in their updated regression equation, introduced an earthquake-
fault term (see Equation (3)), as an indicator variable, which defines a constant term, one each for strike-
slip, reverse-slip, and unknown-slip earthquakes. This distinction of ground motions that result from
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strike-slip and reverse-slip faults is a feature that has been studied by others as well (Idriss, 1991; Sadigh
et al., 1993; Boore et al., 1993, 1997; Campell and Bozorgnia, 1994; Abrahamson and Silva, 1997).

Abrahamson and Silva (1997) introduced a similar term in their regression equation, which they
called the style-of-faulting factor, Ff,(M), where F is the fault type. It is 1 for reverse, 0.5 for

reverse/oblique, and 0 otherwise, and f;(M) is as defined in Equation (6) and fitted for each period T.

They, thus, allowed for magnitude and period dependence of the faulting factor. Following Somerville
and Abrahamson (2000), they introduced another term to account for the differences in motions from the

hanging wall and foot wall of dipping faults; they called this term, f,(M,r, ), as the “hanging wall
effect” (see Equations (7)-(9)).

Ambraseys et al. (1996) did not consider any fault-type parameters in their regression. Ambraseys et
al. (2005a, 2005b) did include the fault mechanism terms in their regression equations, as in Boore et al.
(1994a, 1994b, 1997).

The above indicates that different fault geometries and slip directions could generate different
motions at the site, which no one would dispute. If the motions that originate from the fault travel directly
to the site without scattering and diffraction, the resulting motions at the site should depend upon the type
of faulting and the type of motions at the source. In reality, however, the waves will not travel directly
from the source to the site because the medium between the source and the site is almost always very
irregular. The waves arriving at the site are thus a combination of waves traveling between different parts
of the source and the site along multiple paths, and, therefore, they have undergone significant changes as
a result of scattering and diffraction along the path. The arriving signals, besides being attenuated, can
thus be very different in phase and amplitude from those at the source.

> r;up

It may be argued and conjectured that such source and fault mechanism factors may have influence
mainly on the near-source records and, hence, on the resulting spectra. Further away from the source with
increasing distance, such kind of influence may become weaker and weaker. Up till now, there are very
few near-field records available in the database worldwide. In the future when more near-field records
become available, the question of whether to include a source-mechanism term in regression will be
determined by the data.

The strong-motion group at USC thus far did not consider earthquake fault-type terms in their
regression. Lee and Trifunac (1993, 1995a, 1995b), and Lee et al. (1995) conjectured that, instead, the
spectral motions are more dependent on the complicated path between the source and the site. They
introduced a generalized path type classification, which describes the different types of wave paths
between the source and stations (see Figure 1). As confirmed by the regressions, the path types are
significant factors for the resulting motions at the site. Therefore, a new term (Lee et al., 1995a, 1995b), r,
with 0 <» <1 (or 1007, in percentage) was introduced. r is the ratio (or percentage) of wave path through
geological basement rock to the total path, measured along the surface from the earthquake epicenter to
the recording site.

In summary, the use of fault type and path type parameters in the regressions of the four different
group is as given in Table 19.

Table 19: Fault Type versus Source-to-Station Path Type

Group Fault Type | Source-to-Station Path Type
Boore et al. (1993) Yes No
Abrahamson and Silva (1997) Yes No
Ambraseys et al. (1996) No No
Ambraseys et al. (2005a, 2005b) Yes No
Lee and Trifunac (1995a, 1995b) No Yes
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6. Other Differences between the Models

6.1 Frequency Band of Analysis

One additional difference among the various studies of spectral amplitudes has to do with the period
range of data in the regression. As noted by many in this field (Trifunac, 2005), the spectral amplitudes
are available only for a limited frequency range. This is because the input acceleration data recorded by
analog instruments are affected by the recording and digitization noise (Lee et al., 1982). In the 60’s and
early 70’s, the digitization process had to be performed manually. In fact, up to 1975, all the recorded
accelerograms from the 1933 Long Beach to the 1971 San Fernando earthquakes were processed in this
way.

The digitized data was not available at many points per second, and the high frequency data beyond
25 Hz (< 0.04 s) was out of reach. At the long period end, the Fourier and spectral data were dependent
on the amplitudes of the recorded acceleration, i.e., more dependent on the magnitude of the earthquake,
the location of the recording site relative to the earthquake source, and the level of digitization noise
associated with the frequency content of the input data. Figure 2 (Lee, 2002) is the PSV spectra for 5%
damping and 0.5 probability of exceedance for a site at epicentral distance R = 10 km and on rock (% = 0),
the source at depth H = 5 km, and for magnitudes M = 4, 5, 6 and 7. It shows the plot of the usable
frequency range of the spectral amplitudes for various amplitudes of the recorded data. The figure shows
that the uniformly processed high quality strong-motion data is available at periods from 0.04 second (at
or below 25 Hz) up to several seconds, and no more than 10 s (or no less than 0.10 Hz). The figure also
indicates the domain (see the lightly shaded area) where the empirical scaling equation can be used.

2 T T T
Edrapoleted PSV A Domain where Empiricd
Spect Scdi ucti |
Trifunac(19953) 'ng Equetions Apply
Qut-off fraquencies
f,=1/TN)
1 A -
M=8 [ g Trifunac(1995b)
M7 o 0
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M=5
Me 4 Digitization Noise
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Log (frequency) - Hz
Fig. 2 PSV spectra for 5% damping (from Lee (2002))
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This area is bounded by the spectra for M =4 and M = 7, and is between the period 7= 0.04 s and the
cut-off period, 7., increasing from 7. = 0.90 s for M =3 and 4 to 7. = 7.5 s for M = 7 (Trifunac,

1993a). In the figure, the dark shaded zone, extending from PSV ~ 0.1 in/s around 7 = 0.04 s to PSV ~
1 in/s around 7 = 10.0 s, represents the amplitudes of the recording and processing noise (Trifunac and
Todorovska, 2001a).

In many engineering applications, the spectral amplitudes need to be specified in a broad frequency
band, which is broader than the available band shown above, where the empirical regression equations are
valid. Trifunac (1993a, 1993b, 1994a) presented a method for extension of the regression equations of
spectral amplitudes to periods at both ends, namely, to the periods beyond just several seconds, and to
periods shorter than 0.04 s.

6.2 Component Orientation: Horizontal and Vertical Response Spectra

The regression equations of Boore et al. (1997) (see Equations (1) and (2)) have no terms indicating
the component orientation of the spectral amplitudes. This is because they considered only the response
spectra from the two horizontal components of recorded acceleration at each site. In a similar fashion,
Ambraseys et al. (1996) did the regression analyses only on the response spectra from the horizontal
components of motions.

Abrahamson and Silva (1997) did perform the regression analyses for both the horizontal and vertical
response spectra. The vertical components use the same functional form and multiple step procedure as
for the horizontal components. The authors listed the coefficients for the horizontal and vertical
components in their work. Since the regression procedure is performed separately for the horizontal and
vertical components at each period, the coefficients for them are different at each period, even though the
scaling equations used have the same form for both components. This means that the dependence of
spectral amplitudes on magnitude, distance, local site effects and fault type is different for the horizontal
and vertical components in their regression model. Ambraseys et al. (2005a, 2005b), as in Abrahamson
and Silva (1997), considered the horizontal and vertical response spectra in separate equations.

The strong-motion group at USC considered both the horizontal and vertical components of response
spectra in all their studies, the only difference being that the regression for both the horizontal and vertical
components were not performed separately, but together simultaneously in one equation (see Equations
(19)~23)). In each of the scaling model, the horizontal and vertical components were differentiated by

the term, b,(7")v, where v = 0 for the horizontal component, and v = 1 for the vertical component. Since

both of the components use the same scaling equation, the dependence of the spectral amplitudes on
magnitude, distance, path type and site effects are the same for both the horizontal and vertical
components of each recorded motion. The only difference between them is just one scaling factor

b,(T)v. This approach is more physical since the horizontal and vertical motions of the recorded

accelerations are just components of the total resultant motion at the site. They should thus have the same
dependence on magnitude, distance, path type and site effects.

A summary of the above is given in Table 20.

Table 20: Summary of Regression Works on Horizontal and Vertical Components of Motions

Group Horizontal | Vertical | Together?
Boore et al. (1993) Yes No —
Abrahamson and Silva (1997) Yes Yes No
Ambraseys et al. (1996) Yes No —
Ambraseys et al. (2005a, 2005b) Yes Yes No
Lee and Trifunac (1995a, 1995b) Yes Yes Yes

6.3 Scaling in Terms of Earthquake Intensity

Of the four groups, the strong-motion group at USC is the only group that has developed scaling
equations of response spectra in terms of earthquake intensity. The other three groups used only
earthquake magnitude in their regression analyses.
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