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ABSTRACT

We have derived equations for predicting the larger horizontal and the random hori-
zontal component of peak acceleration and of 2-, 5-, 10-, and 20- percent-damped pseudo-
velocity response spectra for 46 periods ranging from 0.1 to 2.0 sec. The equations were
obtained by fitting a functional form to empirical data using a two-stage regression method.
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. The data included a subset of those used in earlier studies
by us (Joyner and Boore, 1981, 1982), augmented by data from three recent earthquakes
with magnitudes close to 7: 1989 Loma Prieta, 1992 Petrolia, and 1992 Landers. Be-
sides the addition of new data, this study differs from our previous work in several ways:
records at distances equal to and greater than the distance to the first record triggered by
the S wave were not included (this resulted in eliminating 56 records from our previous
data set for peak horizontal acceleration and 19 records from our previous data set for
response spectra; in addition, 7 records providing peak acceleration values were removed
for a variety of other reasons), we used weighted regression in the second stage of the two-
stage regression, equations were evaluated at many more periods than previously and for
four values of damping, and the smoothing of the regression coefficients over period was
done by computer rather than by eye. In addition, we changed the way in which geologic
conditions beneath the site are classified. Our previous studies used a binary rock/soil
classification. In anticipation of future building code classifications, we now divide site
geology into four classes, depending on the average shear-wave velocity in the upper 30m.
Site class A includes sites where the average shear-wave velocity is greater than 750 m/s;
site class B sites where the velocity is between 360 and 750 m/s; site class C sites where
the velocity is between 180 and 360 m/s; and site class D sites where the velocity is less
than 180 m/s (site class D class was poorly represented in the data set and has not been

included in the analysis).

Compared to the predictions from our previous equations, the new results have a lower
variance and show differences between site classes at all periods, not just at periods longer
than about 0.3 sec. At distances within a few tens of kilometers the motions for our new

class B and class C are similar to those for our old rock class and soil class respectively;
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the motions for our new class A are lower than any of our previous predictions. At large
distances the new equations predict larger motions, larger at 80 km by a factor of two or

more.

INTRODUCTION

In earlier studies (Joyner and Boore, 1981; Joyner and Boore, 1982; and Joyner and
Boore, 1988) we presented equations for peak horizontal acceleration, velocity, and response
spectra as a function of earthquake magnitude, the distance from the earthquake source,
and the type of geologic material underlying the site. These equations were based on
data obtained through 1980, and they used a binary classification (“rock” and “soil”) for
the geologic materials. Many more data have been collected since 1980. In particular,
three earthquakes in California (1989 Loma Prieta, 1992 Petrolia, and 1992 Landers) have
provided data for a range of magnitude and distance, critical for engineering design, which
was poorly represented in our previous work. Furthermore, it is likely that future editions
of national building codes will use at least a four-fold classification of site geology, based
on average shear velocity to a depth of about 30 m. Our long-term goal is to develop
prediction equations incorporating all of the data recorded since our earlier work and to
reprocess all of the data for the sake of uniformity and to extend the period range covered
by the equations. We decided, however, that an interim report would be useful at this
time. Most of the post-1980 data that we are not including in this interim study are for
magnitudes and distances sampled relatively well in our previous studies, and we expect
that the results of our final study will not change greatly from those in this interim report.

In this report we give only brief discussions of those matters that were explained in

our previous reports; we concentrate instead on topics that are new in this study.

DATA

Ground Motion Data

The set of data to be used in the regression was chosen from the data used in our
previous studies combined with recordings of the 1989 Loma Prieta, the 1992 Petrolia, and
the 1992 Landers earthquakes. Most of the data were collected by the California Division
of Mines and Geology’s Strong-Motion Instrumention Program and the U.S. Geological

Survey’s National Strong-Motion Program.



As in our previous studies, we used values for peak acceleration scaled directly from
accelerograms, rather than the processed, instrument-corrected values.. We did this to
avoid bias in the peak values (e.g., Fig. 5 in Boore and Joyner, 1982) from the sparsely
sampled older data. This bias is not such a problem with the more densely sampled recent
data. With a few exceptions we used response spectra as provided by relevant agencies; the
exceptions are the data collected by Southern California Edison Company and by S. Hough
of the U.S. Geological Survey, for which we computed response spectra ourselves. (We use
the notation psv for response spectra, and all uses of the term “response spectra” refer
to pseudo-velocity response spectra, computed by multiplying the relative displacement
spectra by the factor 27 /T, where T is the undamped natural period of the oscillator
[the psv provided by the U.S. Geological Survey for the Loma Prieta earthquake used the
damped period, but in the worst case (20 percent damping) this amounts to a difference

in response spectra of only 2 percent].)

As we did previously, to avoid bias due to soil-structure interaction, we did not use data
from structures three stories or higher, from dam abutments, or from the base of bridge
columns. In addition, we include no more than 1 station with the same site condition
within a circle of radius 1 km. In such cases, we generally chose the station with the
lowest database code number and excluded the others. The radius of 1 km is a somewhat

arbitrary choice.

When a strong-motion instrument is triggered by the S wave, the strongest motion
may be missed. In this study, unlike previous studies, we made a systematic effort to

exclude records from instruments triggered by the S wave.

A strong-motion data set will be biased by any circumstance that causes low values of
ground motion to be excluded because they are low, as happens when the ground motion
is too weak to trigger the strong-motion instrument, when the groind motion is so weak
that an instrument triggers on the S wave, or when records are not digitized because their
amplitude is low. To avoid a bias toward larger values, we impose a distance cutoff for
each earthquake, beyond which we ignore any data available for that earthquake. This
cutoff should logically be a function of geologic condition and trigger level of the recording
instrument. We have ignored geologic condition in the determination of cutoff distance in

this report, but we have partially considered the effect of trigger level by distinguishing
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between those stations employing a trigger sensitive to horizontal motion and those that
were triggered on the vertical component of motion. Potentially, every earthquake could
have two cutoff distances, depending on the type of trigger used in the recorder. In fact,
this was only necessary for the 1971 San Fernando earthquake, which occurred during the
time of transition between older instruments that trigger on horizontal motion and newer
instruments that employ vertical triggers. For peak acceleration, the cutoff distance is
equal to the lesser of the distance to the first record triggered by the S wave and the
closest distance to an operational nontriggered instrument. For response spectra we chose
to presume that amplitude is a factor in deciding which records are digitized, and we set
the cutoff distance to the lesser of the distance to the first digitized record triggered by the
S wave, the distance to the closest non-digitized recording, and the closest distance to an
operational nontriggered instrument. The cutoff distances are given in Table 1. In Table 1,
the greater-than sign indicates that the cutoff distance is at an unknown distance greater
than that indicated. For the Landers earthquake the digitizing of the analog records is in
the early stages, and few records from digital instruments have been released. It is likely
that the cutoff distance for response spectra for the 1992 Landers earthquake will increase

in the future.

In our previous studies we ignored the possible bias introduced by including records
triggered by the S wave. Using the cutoff distances shown in Table 1 resulted in the elimi-
nation of 56 records from the peak acceleration data and 19 records from the peak velocity
data set, a significant fraction of the data used in our previous studies. In addition, 7
records were deleted because information was available only for one horizontal component,
because the record was obtained on a dam abutment, or because available information
indicated that the site was underlain by muskeg or peat. Table 2 contains a listing of the

records used in the previous study that were eliminated from the current analysis.

Because of the relatively low sampling rate of the older data (unevenly sampled, but
usually interpolated to 50 samples/s), the response spectra are not well determined at
periods less than 0.1 s. At longer periods, low signal to noise and filter cutoffs employed
in the processing limit the generally useful band to periods less than about 2 to 4 s (we
hope to extend this range in the future by reprocessing the data). We have used response

spectra for periods between a maximum range of 0.1 and 2 s.
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The recording of the 1992 Petrolia earthquake at the Cape Mendocino station provided
only lower bounds for the peak acceleration, and therefore the recording was not used for
peak acceleration. According to numerical experiments mentioned by Shakal et al. (1992a),
the high-frequency character of the acceleration trace associated with the peak motion
makes the displacement and velocity records insensitive to the actual value of the peak
motion. For this reason, we have used response spectra determined from the recording for

periods greater than 0.1 sec in our analysis.

Predictor Variables

As before, we use moment magnitude as the measure of earthquake size and a dis-
tance equal to the closest horizontal distance from the station to the point on the earth’s
surface that lies directly above the rupture. We estimated the moment magnitudes and
the areas of the rupture surface from a literature review of various published studies for
each earthquake.

Unlike the earlier studies, we use a site classification scheme based on the shear velocity
averaged over the upper 30m. This scheme, shown in Table 3, has been proposed by Roger
Borcherdt and Thomas Fumal and is now being considered for use in the 1994 edition
of the National Earthquake Hazard Reduction Program’s recommended code provisions.
When available, we used measurements from boreholes at the strong-motion sites. In most
cases such measurements were not available, and then we estimated the site classifications
by analogy with borehole measurements in similar geologic materials; the type of geologic
materials underlying each site was obtained from site visits, consultation with geologists
familiar with the area, and various geologic maps (in particular, the 1:250,000 scale maps
published by the California Division of Mines and Geology; see also Fumal, 1991, who
used more detailed maps). Although we expect that some of the site classifications will
change as more data become available, we do not anticipate any significant changes in the
regression coefficients as a result of such changes. Of the four site classes listed in Table 3,
class D was poorly represented in the data set and has not been included in the analysis.

The earthquake-station pairs and the corresponding predictor variables are given in
Tables 4 and 5 for peak acceleration and response spectra, respectively. The information
in Tables 4 and 5 is sorted by date, site class, and distance, in that order. The site class is

given in the column labeled G. In addition, Table 4 contains the peak acceleration values
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(space does not allow a comparable listing of response spectral values). In both tables
a borehole number is given if the site classification is based on a nearby borehole. The
borehole information is contained in Table 6. The distribution in magnitude and distance
space is shown in Figure 1, where the data used previously (but not wiinowed out of the
current data set) and the data from the three recent earthquakes are plotted with different
symbols. It is clear that the recent data fill an important gap in the previous data set. It

should also be noted that very few data are available for distances beyond about 80 km.

METHOD

The coefficients in the equations for predicting ground motion were determined using
a weighted, two-stage regression procedure (Joyner and Boore, 1993). In the first stage,
the distance dependence was determined along with a set of amplitude factors, one for each
earthquake. In the second stage, the amplitude factors were regressed against magnitude
to determine the magnitude dependence. The second-stage regression used a weighting
matrix with zero off-diagonal terms (equation (34) in Joyner and Boore, 1993); the value
of o, was determined by finding the value that satisfies (or the non-negative value that
most nearly satisfies) equation (33) in Joyner and Boore (1993).

We fit the following functional form to the data:

log ¥ = by + by(M — 6) + bs(M — 6)2 + byr + bs log r + bsGp + b:Gc + er + e, (1)

where
r = (d? + h?)/2), (2)

In this equation Y is the ground motion parameter (in c¢m/s for response spectra and g
for peak acceleration); the predictor variables are magnitude (M), distance (d, in km),
and site classification (Gp = 1 for class B and zero otherwise; G¢ = 1 for class C and
zero otherwise); €, is an independent random variable that takes on a specific value for
each record; and €, is an independent variable that takes on a specific value for each
earthquake. The coefficients to be determined are b, through b7, h, and the variance of e,
and ¢, (02 and 02, respectively). The earthquake-to-earthquake component of variability is
represented by 02, and all other components of variability are represented by 2. Note that

h is a fictitious depth that is determined by the regression. We present sets of equations

7



for predicting both the larger of the two horizontal components and a randomly-oriented
horizontal component of ground motion. To derive equations for the randomly-oriented
component, we used the geometric mean of the two horizontal-component amplitudes for Y’
in equation (1) rather than choosing one of the horizontal components randomly. This will
give the correct regression coefficients, but the variance of ¢, determined by the regression
program will be reduced below that expected for the prediction of a random component
of ground motion. To account for this, we computed the variance (%) of the horizontal
components from the following formula:

nrecs
1

Z {%[logylj—logYZj]z}, (3)

oc = nrecs
where Y;; is the ith component from the jth recording and the sum is taken over all records
for which both horizontal components were available. The few records that did not have
both horizontal components were not included in the sum, although the one available
component was used in the regression to determine the coefficients in equation (1)). The
variance o2 is then given by

03 = af + af, (4)

where o? is the variance from the first stage of our two-stage regression. The overall

variance is given by combining the individual variances:

alzogY = 012' + ‘73- (5)

RESULTS

Equation (1) was fit to the data period-by-period at the 46 periods between 0.1 and 2.0
s for which the response spectral values had been computed. These periods are distributed
in a generally logarithmic manner over the interval. The data and regression fit for the
second stage of the regression analysis are shown in Figure 2, for the random horizontal
component of peak acceleration and 5-percent damped response spectra; plots for the other
values of damping and for the larger of the horizontal components are similar and are not
included in this report.

Plots of the coefficients versus period showed them to have fluctuations that lead

to somewhat jagged spectra at a fixed distance and magnitude; the amplitude of the
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fluctuations is comparable to the uncertainty in the estimated coefficients. Because we
wish our equations to produce smooth response spectra, we have smoothed the coefficients
over period. After some experimentation with various smoothing schemes, we adopted
the least-squares fit of a cubic polynomial as the best representation of the smoothed
coefficients. The unsmoothed and smoothed coefficients for the 5-percent damped response
spectra for the random horizontal component are shown in Figure 3; figures for the other
dampings and for the larger horizontal component are collected at the end of the report
in a multipart figure labeled Al.

Comparisons of response spectra computed from the unsmoothed and the smoothed
regression coefficients are given in Figures 4, 5, and 6 for combinations of magnitudes, site
classes, and distances. These figures illustrate the jaggedness that motivated our smoothing

of the coefficients and also demonstrates the effectiveness of the smoothing procedure.

The smoothed coefficients for the random horizontal component and the larger hori-
zontal component are given in Table 7 and 8, respectively. Each table contains four parts,
corresponding to dampings of 2, 5, 10, and 20 percent. Note in the column headings for
the tables that the uncertainties 0, o¢, 0+, 0¢, and 015 y are represented by S1, SC, SR,
SE, and SLOGY , respectively. The coefficients for predicting peak acceleration are given
in Table 9.

Based on the magnitude and distance distribution shown in Figure 1, we stipulate
that our equations not be used to predict motions at distances greater than 100 km or

magnitudes less than 5.0 or greater than 7.7.

Several columns in Tables 7 and 8 have zero entries, for the following reasons. We
initially fixed b5 at -1, but this led to values of the coefficient b; greater than 0. Positive
values of b4 lead to unreasonable behavior at large distances. For this reason we set by = 0.0
and solved for the geometrical-spreading surrogate, bs. The “SC” column represents the
variance due to the difference in amplitude of the two horizontal components of motion at a
site; it obviously has no meaning when peak motions from the larger horizontal component

is being considered, and therefore the “SC” entries in Table 8 are set to zero.

Plots of selected ground motions against distance computed from the coefficients in

Tables 7b and 9 are shown in Figure 7.



RESIDUALS

An important step in a regression analysis is a study of the residual of the data about
the regression fits. We have already shown one such comparison (Figure 2), in which no
systematic departures from the assumed model can be seen. We have plotted residuals of
the logarithms of ground motion against distance for different site and magnitude classes,
and we again we see no systematic differences between the data and the predictions (Figure

8).

DISCUSSION AND CONCLUSIONS

How do the new equations compare to our previous equations? Because of the differ-
ence in site classification, we cannot make a direct comparison. Predicted psv from old
and new equations are shown in Figure 9 as a function of period for two magnitudes, with
different curves for the various site classes for distances of 0 and 20 km. In general, at
these distances the new site class A has lower motions than we would have predicted for
rock sites; the motions from the new site class C are similar to those from the old soil class
and the motions for the new site class B are similar to those for the old rock class. We
found that many of our previously-designated rock sites fell into the B class, and therefore
at first glance it is not surprising that the old rock and new class B predictions are similar.
On the other hand, our old soil class was made up of a combination of B and C sites,
and therefore Figure 9 suggests that the average ground motion from our new equations
and new site classes, for a specific collection of sites, would be lower than from our old
equations and site classes. Note also that the difference between the various site classes
persists to low periods, unlike our previous finding.

The new equations give higher values than the old equations at large distances. At 80
km the new equations give values for the average of site classes B and C that are a factor
of two or more greater than the values given by the old equations for soil (Figure 10).
To understand better the reasons for the higher values at large distances we performed a
series of analyses of the old data set. The results show that using weighted regression for
the second stage of the analysis, winnowing the data set on the basis of the distance cutoff
table, assigning new site classes to the older data, and including the new data from the

three recent earthquakes all contributed to increasing the values for large distances.
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Although not shown in the figure, the variance of the ground motions has been reduced
in our new results. This is shown in Table 10 for 5 percent damped psv at periods of 0.3
and 1.0 s. A series of analyses of the old data set shows that the primary cause of the
reduction in variance is the winnowing of the data set. The use of weighted regression for
the second stage also contributed to the reduction in variance.

Although this is not the place for an extended discussion of the variations in the coef-
ficients and their possible physical interpretation, we point out that a number of trends are
similar to those found in our previous work: with increasing T, the magnitude dependence
increases, as do the site factors and the variance. The coefficient h generally decreases

with increasing period.
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Figure 1. The distribution of the data in magnitude and distance space (each point
represents a recording). The data points labeled old data are the ones that were also used
in previous studies. The top frame is for the peak acceleration data set and the bottom is
for the response spectral data set.
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Figure 2a. The data and regression for the second stage of the analysis, for peak
acceleration and 5 percent damped response spectra at selected periods.

45



3 L] L] T LI Ll L L] LIRS I.l L} L
 T=15s ! ]

1 'l L 1 l 1

M M

Figure 2b. The data and regression for the second stage of the analysis, for peak
acceleration and 5 percent damped response spectra at selected periods.
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Figure 3a. The unsmoothed and smoothed coefficients (light and heavy lines, respec-
tively) for the 5 percent damped response spectra of the random horizontal component.
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Figure 3b. The unsmoothed and smoothed coefficients (light and heavy lines, respec-
tively) for the 5 percent damped response spectra of the random horizontal component.
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Figure 4. 5 percent damped, random component response spectra for magnitude 7.5
at 0 km distance, predicted from the unsmoothed and smoothed regression coefficients.
The three sets of curves are for site classes A, B, and C.
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Figure 5. 5 percent damped, random component response spectra for site class C at
0 km distance, predicted from the unsmoothed and smoothed regression coefficients. The
three sets of curves are for magnitudes 5.5, 6.5, and 7.5. .-
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Figure 6. 5 percent damped, random component response spectra for magnitude 7.5
and site class C , predicted from the unsmoothed and smoothed regression coeflicients.
The five sets of curves are for distances of 0, 10, 20, 40, and 80 km.
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Figure 9a. Comparison of random component, 5 percent damped response spectra
computed from our previous equations and our new equations for the various site classes.
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Figure 9b. Comparison of random component, 5 percent damped response spectra
computed from our previous equations and our new equations for the various site classes.

56



aal asl
10° - M=6.5 -
@ ] [
c
xe]
g
L)
[
O -
O -
< d
’4
[sY]
[}
o
— Oud
102 —ry -
10° 10" 102
Distance (km)
aal aal ] aal
102 - M=6.5 M=6.5
) T=0.3 sec ) T=1.0sec
2
§ 1
7 7] ;
o o
he) e
% g ‘l‘g 10" - -
o ] d
2 — New I $ 1 = New B
— oud S 1 ] — oud s
10° — ——rry R
10° 10’ 102 10° 10 10°

Distance (km)

Distance (km)

Figure 10a. Comparison of ground motions computed from our previous equations
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Figure Ala. Smoothed and unsmoothed regression coefficients.
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Figure Alb. Smoothed and unsmoothed regression coeficients.
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Figure Alc. Smoothed and unsmoothed regression coefficients.
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Figure Ald. Smoothed and unsmoothed regression coefficients.
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Figure Ale. Smoothed and unsmoothed regression coefficients.
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Figure A1f. Smoothed and unsmoothed regression coefficients.
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Figure Alg. Smoothed and unsmoothed regression coefficients.
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Figure Alh. Smoothed and unsmoothed regression coefficients.
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Figure Ali. Smoothed and unsmoothed regression coefficients.
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Figure Alj. Smoothed and unsmoothed regression coefficients.
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Figure Alk. Smoothed and unsmoothed regression coefficients.
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Figure A1l. Smoothed and unsmoothed regression coefficients.
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Figure Alm. Smoothed and unsmoothed regression coefficients.
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Figure Aln. Smoothed and unsmoothed regression coefficients.
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