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ABSTRACT

In this paper we summarize our recently-published work on
estimating horizontal response spectra and peak acceleration
for shallow earthquakes in western North America.
Although none of the sets of coefficients given here for the
equations are new, for the convenience of the reader and in
keeping with the style of this special issue, we provide tables
for estimating random horizontal-component peak accelera-
tion and 5 petcent damped pseudo-acceleration response
spectra in terms of the natural, rather than common, loga-
rithm of the ground-motion parameter. The equations give
ground motion in terms of moment magnitude, distance,
and site conditions for strike-slip, reverse-slip, or unspecified
faulting mechanisms. Site conditions are represented by the
shear velocity averaged over the upper 30 m, and recom-
mended values of average shear velocity are given for typical
rock and soil sites and for site categoties used in the Narional
Earthquake Hazards Reduction Program’s recommended
seismic code provisions. In addition, we stipulate more
restrictive ranges of magnitude and distance for the use of
our equations than in our previous publications. Finally, we
provide tables of input parameters that include a few correc-
tions to site classifications and earthquake magnirude (the
corrections made a small enough difference in the ground-
motion predictions that we chose not to change the coeffi-
cients of the prediction equations).

INTRODUCTION

The design of any engineered structure is based on an esti-
mate of ground motion, either implicitly through the use of
building codes or explicitly in the site-specific design of large
or particularly critical structures. Rarely are there a sufficient
number of ground-motion recordings near a site to allow a
direct empirical estimation of the motions expected for a
design earthquake. It is therefore necessary to develop rela-
tionships, expressed in the form of equations or graphical
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curves, for estimating ground motions in terms of magni-
tude, distance, site conditions, and other variables from the
body of strong-motion data from a large region or a particu-
lar tectonic serting. This is so for site-specific design as well
as for regional hazard mapping.

Our first equations for estimating horizontal response
spectra and peak acceleration were developed from strong-
motion data recorded before 1981 in western North America
{(Joyner and Boore, 1981, 1982); we will refer to these first
studies as “JB8182.” We are engaged in a long-term effort to
revise those equations, incorporating new data and extend-
ing the period range covered by the equations, which will
require reprocessing all of the data. Pending completion of
this wotk, we produced interim equations {Boore et al,
1993), based on the JB8182 data set augmented by data
from three large earthquakes in California {1989 Loma Pri-
eta, 1992 Perrolia, and 1992 Landers). These three earth-
quakes provided data for a range of magnitude and distance
which is critical for engineering design and which was poorly
represented in the original dara set.

The results in Boore er af (1993) were later revised
twice. In the first revision (Boore et 4f., 1994a) the site-effect
term was changed from a constant for each site class 1o a con-
tinuous function of shear-wave velocity at the site, averaged
to a depth of 30 m. The second revision {Boore er af,
1994b), which was widely distributed but never published,
modified the equations to give different ground-motion esti-
mates for strike-slip and reverse-slip earthquakes. The sec-
ond revision gave equations only for the random horizontal-
component of motion for peak acceleration and for 5-per-
cent damped oscillator response; the earlier versions (Boore
eral., 1993, 1994a)} gave equations for both the random hor-
izontal component and the larger horizontal component for
peak acceleration and for oscillator response for damping
values of 2, 5, 10, and 20 percent.

For conciseness, we refer to Boore et 2/ (1993), Boore ez

al (1994a), and Boore et af. (1994b) as “BJF93,” “BIF94a,”
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and “BJF94b,” respectively, or as “BJF94ab” or “BJF9394”
collectively, as appropriate.

This paper gives a brief description of the equations of
BJF93 for peak horizontal acceleration and the random hor-
izontal component for 5 percent damping, incorporating,
both revisions (BJF94a, BJF94b}. More complete informa-
tion can be found in the BJF9394 publications. We strongly
recommend the use of the BJF94ab equations in preference
to those of BJF93 because we believe that the BJF94a revi-
sion significantly improves the treatment of site effects. In
contrast with BJF9394, we use natural logarithms in this
paper and give response values as spectral acceleration in g,
for consistency with the other papers in this special issue.

DATA

Ground-Motion Data

The set of data on which the BJF9394 equations are based
was chosen from the data used in JB8182 combined with
recordings of the 1989 Loma Prieta, the 1992 Petrolia, and
the 1992 Landers earthquakes. Most of the data were col-
lected by the California Division of Mines and Geology'’s
Strong-Motion Instrumentation Program and the U.S. Geo-
logical Survey’s National Strong-Motion Program. The data
set was restricted to shallow earthquakes in western North
America with moment magnitude greater than 5.0, shallow
earthquakes being defined as those for which the fault rup-
ture lies mainly above a depth of 20 km.

As in JB8182, the BJF9394 studies 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 from the sparsely sampled older
data (e.g, Figure 5 in Boore and Joyner, 1982). This bias is
not such a problem with the more densely sampled recent
dara. With a few exceptions we used response spectra as pro-
vided by relevant agencies; the exceptions are the data col-
lected by Seuthern California Edison Company and by S.
Hough of the U.S. Geological Survey, for which we com-
puted response spectra ourselves,

The regression analysis for response spectra was done on
pscudovelocity response, which is computed by multiplying
the relative displacement response by the factor 2777, where
T is the undamped natural period of the oscillator (the
pseudovelocity response spectra provided by the U.S. Geo-
logical Survey for the 1979 Coyote lake, the 1979 Imperial
Valley, and the 1979 Loma Prieta earthquakes, and perhaps
other carthquakes as well, used the damped period, but in
the worst case [20 percent damping] this amounts o a
difference in response spectra of only 2 percent). In this
paper, for consistency with other papers in the issue, the final
equations were converted to give pseudoacceleration
response in g, where pseudoacceleration response is com-
puted by mulriplying the relative displacement response by
the factor (ZJI/T :

Asin ]BB182, to avoid bias due to soil-structure interac-
tion, the BJF9394 studies did not use data from structures
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three stories or higher, from dam aburments, or from the
base of bridge columns. In addition, we included 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 oth-
ers, The radius of 1 km is a somewhar arbitrary choice.

When a strong-motion instrument is triggered by the §
wave, the strongest motion may be missed. Unlike in
JB8182, the BJF9394 studies made a systematic effort to
exclude records from instruments triggered by the § wave
(some such records with very emergent § waveforms may
have slipped through, but records with emergent § wave-
forms would capture the peak values of acceleration and
spectral response even if they were triggered on ).

A strong-motion data set will be biased by any circum-
stance that causes 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
ground morion is so weak that an inscrument triggers on the
§ wave, or when records are not digitized because their
amplitude is low. To avoid a bias roward larger values, in
BJF9394 we imposed a distance cutoff for each earthquake,
beyond which we ignored any data available for that earth-
quake. This cutoff should logically be a function of geologic
condition and trigger level of the recording instrument. We
ignored geologic condition in rthe determination of cutoff
distance, but we have partially considered the effect of trig-
ger level by distinguishing 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 instru-
ments that trigger on horizontal motion and newer instru-
ments 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 spec-
tra we chose to presume that amplicude is a factor in decid-
ing which records are digitized, and we set the curoff
distance to the least of three distances: the distance to the
first digitized record triggered by the § wave, the distance to
the closest non-digitized recording, or the closest distance to
an operational nontriggered instrument. In Table 1, which
gives the curoft distances, the greater-than sign indicares that
the cutoff distance is at an unknown distance greater than
that indicated. For the 1992 Landers earthquake the digitiz-
ing of the analog records was not complete when we assem-
bled the data set for BJF93 and few records from digiral
instruments had been released. When additional data from
the Landers earthquake are added to the data ser the curoff
distance for response spectra for that earthquake will proba-
bly increase.

In JB8182 we ignored the possible errors introduced by
including records triggered by the § wave. Using the cutsff
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distances shown in Table 1 resulted in the elimination of 56
records from the peak acceleration data and 19 records from
the response spectral data set, a significant fraction of the
data used in JB8182. In addition, 7 records were deleted for
other reasons: information was available only for one hori-
zontal component, the record was obtained on a dam abut-
ment, or available informartion indicated that the site was
underlain by muskeg or peat (records for which only a single
horizontal component was available were not deleted if the
other component was not operational). BJF93 gives a listing
of the records used in the original study that were eliminated
from the current analysis.

Because of the relatively low sampling rate of the older
data (unevenly sampled, bur usually interpolated to 50 sam-
ples/sec), the response spectra are not well determined at
periods less than 0.1 sec. At longer periods, low signal-to-
noise ratios and low-cut filters employed in the processing
limit the generally useful band to periods less than about 2 to
4 sec {we hope to extend this range in the future by repro-
cessing the data). BJF9394 used response spectra for periods

berween 0.1 and 2 sec.
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TABLE 1A. TABLE 18.
Cutoff distances for peak acceleration Culoff Distances Used for Response Spectra
EQ#  Year Name Cutoft Dist. (km) EQ#  Year Name Cutoft Dist. (km)
8 1940 Imperial Valley >12.0 8 1940 Imperial Valley 5120
18 1952 Kern County 148.0 18 1952 Kern County 148.0
32 1957 Daly City >8.0 32 1957 Daly Gity >8.0
50 1966 Parkfield 63.6 50 1966 Parkfield 63.6
58 1968 Borrego Mt. 105.0 58 1968 Borrego Mt 105.0
64 1970 Lytle Creek 13.0 64 1970 Lytle Creek 13.0
65 1971 SanFernando 20.2 for H trigger; 65 1971 San Fernando 20.2 for H trigger,
>60.7 for V trigger >60.7 for V trigger
72 1972  Bear Valley 31.0 76 1972 Sitka 145.0
76 1972 Sitka 145.0 79 1972 Managua >5.0
79 1972 Managua >5.0 144 1979 St Elias >25.4
84 1973 Pt Mugu 50.0 146 1979 Coyote Lake 43.0
97 1974 Hollister >17.0 147 1979 Imperial Valley 64.0
109 1975 Oroville 8.0 328 1989 Loma Prieta 68.7
137 1978 Santa Barbara >14.0 343 1992 Petrolia 453
144 1979 5t Elias >25.4 352 1992 Landers 65.4
146 1979 Coyote Lake 43.0 ) .
0 | e e
153 1980 Livermore Vatley 1 >40.3 peak acceleration, and therefore the recording was not used
154 1980 Livermore Valley 2 >48.3 for peak acceleration. According to numerical experiments
155 1980 Horse Canyon 77 mentioned by Shakal et al (1992a), the high-frequency
. character of the acceleration trace associated wich the peak
3286 1989  Loma Prieta 80.9 motion makes the displacement and velocity records insensi-
349 1992 Petrolia 453 tive to the actual value of the peak motion. For this reason,
352 1992 Landers 119.9 BJF9394 used response spectra determined from the record-

ing for periods greater than 0.1 sec.

Predictor Variables

We use moment magnitude as the measure of earthquake
size and a distance equal to the closest horizontal distance
from the station to a point on the earth’s surface that lies
directly above the rupture (1:,-5). We estimated the moment
magnitudes and the areas of the rupture surface from a lirer-
ature review of various published studies for each earth-
quake. Table 2 gives the rake angles for the earthquakes in
the data set, using the convention of Aki and Richards
(1980) that reverse slip earthquakes have positive rake angles
and the absolute value of the rake for left-lateral slip is less
than 90 degrees. We define strike-slip earthquakes as those
with a rake angle within 30 degrees of horizontal. All of the
carthquakes in the data set are cither strike-slip or reverse-
slip except for the Daly City earthquake, which appears to be
normal-slip (Marsden ez al, 1995; Mary Lou Zoback, writ-
ten communication, 1996). With only one normal-slip
earthquake in the data sec we do not actempt to include nor-
mal-slip earthquakes in our equations for estimating ground
motion. Readers interested in estimating ground motion for
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TABLE 2.
Rake angles
Quake_Code Date Name Rake Reference
8 5/19/40 Imperial Valley 180  Richter (1958)
18 7/21/52  Kern County 38  Dunbar et af. {1980), Stein and Thatcher (1981)
32 3/22/57  Daly City -120  Marsden et al. {1995), Mary Lou Zoback (written commun., 1996)
50 6/28/66 Parkfield -160  McEvilly (1966)
58 4/09/68 Borrego Mountain 180  Allen and Nordquist (1972)
64 9/12/70  Lytle Creek 123 L. Jones (oral commun., 1993)
65 2/09/71  San Fernando 76 Whitcomb (1971), Langston (1978}, Heaton (1982)
76 7/30/72  Sitka 180  Schell and Ruff (1986)
79 12/23/72 Managua 0  Algermissen et af. (1974)
84 2/21/73  Point Mugu 54  Boore and Stierman (1976)
97 11/28/74 Hoflister 0 Lee (1974)
137 8/13/78 Santa Barbara 57  Corbett and Johnson (1982)
144 2/28/79 St Elias 90 Hasegawa ef al. (1980) and other papers in the same issue
146 8/06/79 Coyote Lake 177  Liu and Helmberger (1983)
147 10/15/79  Imperial Valiey 180  Archuleta (1984)
153 1/24/80 Livermore Valley —159  Cockerham et af, (1980)
154 1/27/80 Livermore Valley =176 Cockerham ef af. (1980)
155 2/25/80 Horse Canyon -169  Given (1983)
328 10/18/89 Loma Prieta 138  median of values summarized in Table 2 of Wallace et a/. (1991)
349 4/25/92  Petrolia 106  Oppenheimer et al. (1993)
352 6/28/92 Landers 176 Kanamori ef al. (1992)

normal-slip earthquakes should consult Spudich et 2/, (1997,
this issue).

Unlike JB8182, the BJF9394 analyses used shear-wave
velocity averaged over the upper 30 m as the variable to rep-
resent site effects (the value we use is a time-weighted aver-
age, Computcd by dividing 30 m by the S-wave travel time
from the surface to 30 m). The regression analysis was first
done by BJF93 using a site classification scheme based on the
shear-wave velocity averaged over the upper 30 m. This
scheme, shown in Table 3, was taken from a classification,
based on proposals by Borcherdt (1992, 1994), which was
adopted by a Workshop held at the University of Southern
California, November 18-20, 1992 to determine site provi-
sions for the National Earthquake Hazard Reducrion Reduc-
tion Programs (NEHRP) recommended code provisions.
The classification was incorporated into the 1994 edition of
the NEHRP provisions (BSSC, 1994), but, unfortunately,
the letter designations of the classes were changed as shown
in Table 4; to avoid confusion in discussing site classes it is
necessary to refer specifically to the BJF93 site classes or the
NEHRRP site classes (BSSC, 1994). In assigning site classifi-
cations we used measurements from boreholes at the strong-
motion sites where available. Where such measurements
were not available we estimated the site classifications by
analogy with borehole measurements in similar geologic
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TABLE 3.
Definition of Boore et al. (1993) site classes

Site Class Range of Shear Velocities*
A greater than 750 m/s
B 360 m/s to 750 m/s
C 180 m/s to 360 m/s
D iess than 180 m/s

* Shear velocity is averaged over the upper 30 m.

TABLE 4,
Definition of NEHRP site classes (BSSC, 1994)

Site Class Range of Shear Velocities”
A greater than 1500 m/sec
B - 760 m/sec to 1500 m/sec
C 360 m/sec to 760 m/sec
D 180 m/sec to 360 m/sec
E less than 180 m/sec

* Shear velocity is averaged over the upper 30 m.

January/February 1997

13




materials; the type of geologic marerials underlying each site
was obtained in a number of ways: site visits, consultation
with geologists familiar with the area, or 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 signif-
icant changes in the BJF9394 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 was not
included in the analysis.

In BJF93 the site effect was accounted for by determin-
ing average amplifications for the motions on BJF93 class B
and C sites relarive to class A sites (while accounting for dif-
ferences in distance and magnitude). The residuals (with
respect to the motions predicted by BJF93 at class A sites) at
those sites for which downhole shear-wave-velocity measure-
ments were available were then used by BJF94a to develop
an expression for the site effect directly in terms of the aver-
age shear-wave velocity to 30 m.

The earthquake-station pairs and the corresponding
predictor vatiables are given in Tables 5 and 6 for peak accel-
eration and response spectra, respectively. The information
in Tables 5 and 6 is sorted by date, site class, and distance, in
that order. The BJF93 site class is given in the column
labeled G. In addition, Table 5 contains the peak accelera-
tion values (space does not allow a comparable listing of
response spectral values). In both rables a borehole number is
given if the site classification is based on a nearby borehole.
The borehole information is given in BJF93 (with correc-
tions in BJF9%4a). The distribution in magnitude and dis-
tance space is shown in Figure 1, where the data used in
JB8182 (but not winnowed out of the current data ser) 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 original data set. It should also be noted
that very few data are available for distances beyond about
80 km.

With the equations of BJF93 as the starting point, revi-
sions by BJF94ab led to the development of the equations

summarized in this report. New information has become
available regarding the predictor variables for some of the
records in the data set. We have determined that the new
information would not have a large enough effect on esti-
mated ground motion to justify starting over again and
replacing the coefficients of the equations from BJF9394
with a new set. We have, however, updated Tables 4 and 5 of
BJF93 and Table 5 of BJF94a to reflect the new information;
these new tables are Tables 5, 6, and 2, respectively. The data
from which the coefficients were originally derived can be
found in the tables in BJF9394. The first source of new
information was a final report by Thiel and Schneider
(1993) which superseded a preliminary version that pro-
vided average shear-wave velocity data used by BJF93 1o
assign sites to the different site classes. The average velocity
changes produced changes in site class at four sites. Visits in
1994 to sites in the area of the 1992 Petrolia earthquake pro-
duced changes in site class at 5 sites. The most significant
change involved the magnitude of the 1978 Santa Barbara
earthquake, which was assigned a value of 5.1 by BJF93
based on a preliminary moment determination in an abstract
by Wallace and Helmberger (1979), which contained a typo-
graphical error. The value we now prefer is 5.87, based on
number of more recent determinations (Wallace e f, 1981;
Ekstrom and Dziewonski, 1985; Bent and Helmberger,
1991). The magnitude value for the Santa Barbara carth-
quake affects only the equations for peak acceleration not
those for response spectra (BJF9394 included no response
spectral values for the Santa Barbara carthquake, although
we probably will in our next study). If the coefficients were
revised to accommodate the change, the estimated peak
acceleration for linear magnitude scaling would decrease by
11 percent for a magnitude 5.5 reverse-slip earthquake and
by lesser amounts for all iarger magnicudes and for strike-slip
earthquakes. The discrepancy for a magnitude 5.5 earth-
quake would be 13 percent if quadratic magnitude scaling
were introduced. The difference at magnitude 5.5 did not
seem large enough to us large justify the incroduction of a
new set of coefficients, and, as discussed below, we recom-
mend that the equations not be used for magnitudes less

than 5.5.

TABLE 5.
Records Used in the Development of the Equations for Peak Acceleration

Date Earthquake M Dist Station Lat. Long. G Hole PA_H1 PA_HZ Reference*

19-May-40  Imperial Vall 7.00 120 E!CentroAsray Sta§ 32.794 115549 C 197 359 224 CIT. EERL 76-02
21-Jul-52  Kern County 740 420 Taft 35150 119460 B 201 196 177 CIT: EERL 76-02
21-Jul-52  Kern County 7.40 850 SantaBarbara 34420 119.700 B 96 135 .090 CIT: EERL 76-02
21-Jul-52  Kern County 7.40 109.0 Pasadena - Athenaeum 34140 118.120 B 92 .054 .048 CIT: EERL 76-02
2%-Jul-52  Kern County 7.40 107.0 Hollywood Storage Bldg PE Lo 34.080 118340 C 83 .062 044 CIT; EERL 76-02
22-Mar-57  Daly City 530 8.0 San Fran.: Golden Gate Park 37770 122480 A 173 27 105 CIT: EERL 76-02
28-Jun-66  Parkfield 610 16.1 Cholame-Shandon: Temblor 35710 120170 B 200 .411 .282  CIT: EERL 76-02
28-Jun-66  Parkfield 610 17.3 Parkfield: Cholame 12W 35.639 120404 B 072 066 CIT EERL 76-02
28-Jun-66  Parkfield 610 6.6 Parkfield: Cholame 2 35733 120288 C 228 509 CIT; EERL 76-02
28-Jun-66  Parkfield 610 9.3 Parkfield: Cholame 5W 35697 120328 C 197 467 403 CIT: EERL 76-02
28-Jun-66  Parkfield 6.10 13.0 Parkfield: Cholame 8W 35671 120359 C 198 279 276 CIT: EERL 76-02
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TABLE 5. (Cantinued)
Records Used in the Development of the Equations for Peak Acceleration

Date Earthquake M Dist Station Lat. Long. G Hole PA_H1 PA_HZ Reference*
9-Apr-68  Borrego Mount 6.60 450 EiCentroArray Sta§ 32794 115549 C 107 .142 061  CIT: EERL 76-02
9-Feb-71 San Fernando 6.60 17.0 Lake Hughes Sta 12 34570 118560 B 86 .74 .288  CIT: EERL 76-02
9-Feb-71 San Fernandc 6.60 25.7 Pasadena - Athenasum 34.140 118120 B 92 114 103 CIT: EERL 76-02
9-Feb-71 San Fernando 660 60.7 Wrightwood 34.360 117630 B 88 (57 .047  CIT: EERL 76-02
9-Feb-71 San Fernando 6.60 19.6 Lake Hughes Sta4d 34650 118478 C 71200 159 CIT: EERL 76-02
30-Jul-72  Sitka 7.70 450 Sitka 57.060 135320 A 10 080 USDC: USEQ72
23-Dec-72  Managua 6.20 5.0 Managua: ESSO Refinery 12145 86322 C 390 330 USGS: Circ. 713
21-Feb-73  Paoint Mugu 560 16.0 Port Hueneme 34.145 119206 C 130 08¢ USGS: Circ, 713
28-Nov-74  Hollister 520 17.0 Hollister - Sago Vault 36,765 121446 A .om .008  USGS: Brady
28-Nov-74  Hollister 520 80 SanJuan Bautista 26.846 121536 B 20 .00 USGS: Circ. 717-A
28-Nov-74  Hollister 520 10.0 Gavilon College Geol Bldg 36.873 121.568 B 140 100 USGS: Circ. 717-A
28-Nov-74  Hollister 5.20 10.0 Hollister City Hall 36.850 121400 C 70 100 USGS: Circ. 717-A
13-Aug-78 Santa Barbara 587 0.0 Santa Barbara 34.420 119.700 B 96  .210 100 CDMG: OSMS PR 22
13-Aug-78 Santa Barbara 587 11.0 UCSB: Physical Plant 34422 119.851 B 390 240 CDMG: OSMS PR 22
13-Aug-78 Santa Barbara 5.87 14.0 Goleta Substaticn 34,470 119.890 B 280 .240  CDMG: OSMS PR 22
28-Feb-79 St Elias 760 254 IcyBay 59,968 141.643 B 60 110 USGS: Circ. 818-A
6-Aug-7¢  Coyote Lake 580 9.1 Gilroy Array 1 36.973 121572 A 192 127 100 USGS: Circ. 854-C
6-Aug-79  Coyote Lake 580 1.2 Gilroy Array 6 37.026 12148 B 196 419 344 USGS: Circ. 854-C
6-Aug-79  Coyote Lake 580 17.9 SanJuan Bautista 36.846 121536 B 110 090 USGS; OFR 79-385
6-Aug-79  Coyole Lake 580 19.2 San Juan Bautista; Overpass 36.862 121.578 B 120 080 USGS: OFR 79-385
6-Aug-79  Covote Lake 580 30.0 Halls Valley 37338 121714 B .044 040 USGS: OFR 79-385
6-Aug-79  Coyote Lake 580 3.7 Gilroy Array 4 37.005 121522 C 185 257 236 USGS: Circ. 854-C
6-Aug-79  Coyote Lake 580 53 Gilroy Array 3 36.987 121536 C 184 267 .260  USGS: Circ. 854-C
6-Aug-79  Coyote Lake 580 7.4 Gilroy Array 2 36982 121556 C 193 263 196 USGS: Cire. 854-C
15-Qct-79  Imperial Vall 6.50 14.0 Parachute Test Site 32,929 115699 B 116 .200 110 USGS: OFR 78-1654
15-0ct-79  Imperial Vall 6.50 23.5 CQCerro Prieto 32420 115301 B A67 149 USGS: PP 1254
15-0ct-79  Imperiaf Vall 6,50 260 Superstition Mtn 32955 115823 B 210 120 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 6.50 5  ElCentro; Meloland Overpass 32773 115447 C 320 300 CDMG: OSMS PR 26
15-0ct-78  Imperial Vatl 6.50 6 ElCentro Array Sta 7 32.829 115504 C 105 520 360 USGS: OFR 79-1654
15-Cct-79  Imperial Vail 650 1.3 ElCentro Array Sta 6 32839 115487 € 104 720  .450 USGS: OFR 79-1654
15-0ct-78  Imperial Vat 650 1.4  Aeropuerto 32651 115332 ¢ 316 240 USGS: PP 1254
15-0ct-79  Imperial Vall 6.50 2.6 BondsCorner 32603 115338 C 97 810 660 USGS: OFR79-1654
15-0¢t-79  Imperial Vall 650 3.8 ElCentroArray Sta 8 32810 115530 C 106 .64C .500 USGS: OFR 79-1654
15-0c1-79  Imperial Vall 650 4.0 ElCentro Array Sta 5 32855 115466 C 103 .560 400 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 650 513 ElCentro: Diffarential Arra 32796 115535 C 112 510 370 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 650 6.2 ElCentrcArray Sta 8 32794 115548 C 107 .400 270 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 650 68 ElCentroc Array Sta 4 32864 115432 C 102 610 380  USGS: OFR 79-1654
15-0ct-79  Imperial Vall 650 7.5 Holtville 32812 115377 ¢ g9 260 220  USGS: OFR 79-1654
15-0ct-79  Imperial Vall 650 7.6 E!Centro: Imp. Cnty Cntr FF 32793 11556C C 113 240 .240  CDMG: OSMS PR 26
15-0ct-79  Imperial Vall 650 84 Mexicali SAHQP 32618 115428 C 459 311 USGS: PP 1254
15-0ct-79  Imperial Vall 650 8.5 ElCentro Array Sta 10 32.780 115567 € 108 .230 200 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 650 8.5 Brawley 32991 115512 € 114 220 170 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 6.50 106 Calexico J2.669 116492 C 280 220 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 6.50 12.6 ElCentro Array Sta 11 32,752 115594 C 109 380 380 USGS: OFR 79-1654
15-0¢1-79  Imperial Vall 6.50 129 Cucapah 32545 1165235 C 310 USGS: PP 1254
15-0ct-79  Imperial Vall 650 15.0 Westmorland 33.037 1156823 C 115 110 080 CDMG: OSMS PR 26
15-0c1-79  Imperial Vall 6.50 16.0 ElCentro Array Sta 2 32916 115366 C 100 430 330 USGS: OFR 79-1654
15-0ct-79  Imperial Vzll 6.50 17.7 Chihuahua 32484 115.24¢C C 267 263 USGS: PP 1254
15-0ct-79  Imperial Vall 6.50 18.0 El Centro Array Station 12 32718 115637 C 110 150 110 USGS: A

15-0ct-79  Imperial Vall 650 22.0 ElCentrc Array Sta 1 32960 115318 C 150 150 USGS: OFR 79-1654
15-0ct-79  Imperial Vall 6.50 22.0 ElCentro Array Sta 13 32708 115683 C 111 150 1200 USGS: A

15-0ct-79  Imperial Vall 6.50 23.0 Calipairia 33.130 115520 C 117 130 086 USGS: Porcella
15-0ct-79  Imperial Vall 6.50 23.2 Compuertas 32.572 115.083 C 188 149 USGS: PP 1254
15-0ct-79  Imperial Vall 650 32.0 Plaster City 32.790 115.860 C 086 .049  USGS: Parcella
15-0ct-79  Imperial Vall 650 327 Delta 32356 115195 C 349 235 USGS: PP 1254
13-0ct-79  Imperial Vall 650 36.0 Niland 33.239 115512 C 100 .070 CDMG: OSMS PR 26
15-0ct-79  imperial Vall 650 435 Victoria 32.289 115103 C 163 122  USGS: PP 1254
15-0ct-79  Imperial Vall 6.50 49.0 Coachella Canal Sta 4 33.360 115550 C 140 110 USGS: OFR 79-1654
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Records Used in the Development of the Eguations for Paak Acceleration

TABLE 5. {Continued)

Date Earthquake M Dist Station Lal. Leng. G Hole PA_H1 PA_H2 Reference*
15-Qct-7¢  Imperial Vall 6.50 60.0 Ocotillo Wells 33140 116130 C 049 043 USGS: Porcella
24-Jan-80 Livermore Val 5.80 208 Antioch 38015 121813 B 045 010 USGS+CDMG
24-4an-80  Livermore Val 5.80 33.1 Mission San Jose 37530 121919 B 224 056 050  USGS+CDMG
24-Jan-80  Livermore Val 5.80 40.3 APEEL Array Sta 3E 37.657 122061 B 158 .065 080  USGS+CDMG
24-Jan-80 Livermore Val 5.80 157 SanRamon: Eastman Kodak Bld  37.729 121928 C 154 060  USGS+CDMG
24-Jan-80  Livermore Val 580 16.7 San Ramon 37.780 121980 C 052 040  USGS+COMG
24-Jan-80  Livermore Val 580 285 Tracy 37.766 121421 ¢ .086 .050 USGS+CDMG
27-Jan-80 Livermora Val 550 101 Morgan Territory Park 37.819 121795 B 267 190 USGS+CDMG
27-Jan-80  Livermore Val 550 26.5 Antioch: Contra Loma Park 37972 121828 B 026 030 USGS+CDMG
27-Jan-80  Livermare Val 550 29.0 Mission San Jose 37.530 121.919 B 224 039 USGS+CDMG
27-Jan-80 Livermaore Val 550 30.9 Antioch 28.015 121813 B J12 050  USGS+CDMG
27-Jan-80 Livermore Val 550 37.8 APEEL Array Sta 3E 37.657 122.061 B 158 .065  .0400 USGS+CDMG
27-Jan-80  Livermore Val 550 4.0 Livermore: Fagundes Ranch 37.753 121772 C .259 220 USGS+COMG
27-Jan-80  Livermore Val 550 17.7 San Ramon: Eastman Kodak Bld ~ 37.729 121528 C 275 .090 USGS+CDMG
27-Jan-80  Livermore Val 550 22.5 San Ramon 37,780 121980 ¢ .058 .040  USGS+CDOMG
27-Jan-80  Livermore Val 5.50 48.3 0Oakland: 2-Story Office Bldg 37.806 122267 C 133 026 020 USGS+CDMG
25-Feb-80 Hcerse Canyon 5.30 58 Terwilliger Valley: Snodgras 33.480 116590 A 123 088  USGS: Circ. 854-8
25-Feb-80  Horse Canyon 530 12.0 Pinyon Flat Observatory 33.607 116.453 A 133 418 USGS: Circ. 854-3
25-Feb-80 Herse Canyon 530 121 Anza Fire Station 33.555 116673 A 073 087  USGS: Circ. 854-B
25-Feb-80 Horse Canyon 530 36.1 Sage 33.580 116.931 A A1 .084  USGS: Circ. 854-B
25-Feb-80  Harse Canyon 530 20.6 Hurkey Creek Park 33.676 116.680 B 097 076  USGS: Circ. 854-B
25-Feb-80 Horse Canyon 530 20.6 Rancho de Anza 33.348 116400 B 096 096  USGS: Circ. 854-B
25-Feb-80 Horse Canyon 530 25.3 PuertataCruz 33.324 116683 B 181 114 USGS: Circ. 854-8
25-Feb-80 Horse Canyon 530 36.3 Cranston Forest Sta 33.740 116.840 B 110 .094  USGS: Circ. 854-B
25-Feb-B0  Horse Canyon 530 4t.4 Borrego Springs: Air Ranch 33190 116280 B 040 032  USGS: Circ. 854-B
25-Feb-80  Horse Canyon 530 43.6 San Jacinto: Soboda 33.797 116,880 B 047 044 USGS: Circ. 854-B
25-Feb-80  Horse Canyon 530 444 N Palm Sprngs: P Q. 33.920 116540 B 022 017 USGS: Circ. 854-B
25-Feb-80 Horse Canyon 530 359 Thousand Palms 33817 116390 C .082 .050  USGS: Girc. 854-B
25-Feb-80 Horse Canyon 530 385 Indio: So. Calif Gas Co. 33.747 116214 C .094 .06G  USGS: Circ. 854-B
25-Feb-80 Horse Canyon 530 46,1 Hemet City Library 33748 116966 C 057  .046 USGS: Circ. 854-B
25-Feb-80 Horse Canyon 530 47.1 San Jacinto 33784 116948 C .080 .062  USGS: Circ. 854-B
18-0Oct-89 Loma Prieta 6.92 10.5 Gilroy Array 1 36.973 121572 A 192 500 430 CDMG: OSMS 89-06
18-0Oct-8% Loma Prigta 692 29.9 Hollister - Sago Vault 36.765 121446 A .060 040 USGS: OFR 89-568
18-0ct-89 Loma Prieta 692 325 Cherry Flat Reservoir 37.396 121756 A .090 .070  USGS: OFR 89-568
18-0ct-89 Loma Pricta 692 42.7 Monterey City Hall 36.597 121.887 A 209 070 070 CDMG: OSMS 89-06
18-0ct-89 Loma Prieta 692 67.6 5. SanFran.: Sierra PL. 37674 122388 A 220 110 060 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 690 BearValleySta?7 36.483 121.180 A .040 060 USGS: OFR 89-568
18-0ct-89  Loma Priefa 6.92 726 SanFran.: Fire Station 17 37.728 122.385 A 10 070 USGS: OFR 89-568
18-0ct-89 Loma Priefa 692 77.2 Piedmont Jr High Schl 37.823 122233 A 212 080 070 CDMG: OSMS 89-06
18-0ct-89  Loma Priefa 6.92 785 SanFran.: Rincon Hill 37.786 122391 A 213 .080 080 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 795 Yerba Buena lsland 37.807 122361 A 060 030 CDMG: DSMS 82-06
18-0ct-89  Loma Prieta 6.92 805 San Fran.: Pacific Heights 37790 122429 A 214 050 .060 COMG: OSMS 89-06
18-0ct-89  Loma Priefa 692 00 Corralitos 37.046 121803 B 130 .500 640  CDOMG; OSMS 89-06
18-0ct-89  Loma Prieta 6.92 102 Gavilon College Geol Bldg 36.973 121.568 B 370 330 COMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 11.7 Saratoga 37.255 122031 B .340 530 COMG: OSMS 85-06
18-0¢ct-89  Loma Prieta 6.92 12.0 Saratoga: West Valley Coll. 37.262 122.009 B 330 260 COMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 123 Gilroy: Old Firghouse 37.009 121.569 B 250 280  CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.52 125 SanfaCruz 37.001 122080 B 225 440 470 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 132 San.Jose: Santa Teresa Hills 37.210 121,803 B .280 270 COMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 199 Gilroy Array 6 37.026 121.484 B 196 170 130 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 20.0 Anderson Dam: Downstream 37166 121628 B 142 290 260  USGS: OFR 89-568
18-0ct-89  Loma Prieta 6.92 217 CGCoyote Lake Dam; Downstream 37.124 121551 B 180 170 CDMG: OSMS 89-06
18-0c1-38  Loma Prieta 692 341 SAGO South A 36,753 121366 B 211 070  .070 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 361 Calaveras Reservoir South 37452 121807 B 143 130 080  USGS: OFR 89-568
18-0ct-89  Loma Prieta 6.92 387 Woodside 37429 122258 B 132 .080  .080 CDMG: DSMS 89-06
18-0ct-88  Loma Prieta 6.92 42.0 Mission San Jose 37530 121919 B 224 110 130 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 46,4 APEEL Array Sta 9 37478 122321 B 1 110 120 USGS: OFR 89-568
18-0ct-89  Loma Prieta 692 465 APEEL ArraySta7? 37.484 122313 B 164 090 160 CDMG: OSMS 89-06

134 Seismological Research Letters Volume 68, Number 1

January/February 1997




TABLE 5. (Continued)

Records Used in the Development of the Equations for Peak Acceleration

Date Earthquake M Dist Station Lat. Long. G Hole PA_H1 PA_H2 Reference*
18-0ct-89  Loma Prieta 6.92 46.6 APEEL Array Sta 10 37465 122343 B 12 .09 100 CDMG: OSMS 83-06
18-0ct-89  Loma Prieta 6.92 487 Belmont 37512 122308 B 210 100 .110 CDMG: OSMS 89-06
18-0ct-89 Loma Prieta 6.92 49.9 Sunol Fire Station 37.597 121880 B 141 070 100 USGS: OFR 89-568
18-0ct-89  Loma Prieta 6.92 53.0 L.Crystat Spr. Dam; Downstr 37.529 122361 B .060 090 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 537 BearValleyStas 36673 121195 B 145 070 .070 USGS: OFR 89-568
18-0ct-89  Loma Prieta 6.92 56.0 APEEL Array Sta 3E 37.657 122061 B 158 .CB0  .080 CODMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 57.7 Hayward: BART Station FF 37.670 122.086 B 160 160 COMG: 0SMS 89-06
18-0ct-89  Loma Prieta 6.92 587 Hayward City Hall: N. FF 37679 122082 B 137 .060 .060 USGS: OFR 89-568
18-0ct-89 Loma Prieta 6.92 759 San Fran.: Diamond Heights 37.740 122433 B 216 120 100 CDMG: OSMS 89-08
18-0ct-89  Loma Prieta 6,92 77.6 Big SurState Park 36.265 121782 B .050 060 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 86 Capitola 36.974 121952 € 219 470 540 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 121 Gilroy Array 2 36.982 121556 € 193 330 370 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 14.0 Gilroy Array 3 36.987 121536 C 194 370 550 CDMG: OSMS 89-06
18-0ct-88 Loma Prieta 6.92 158 Gilroy Array 4 37.005 121522 € 195 220 420 CDMG: OSMS 89-06
18-0ct-88  Loma Prieta 692 24.3 Gilroy Array 7 37033 121434 C 131 330 230 CDMG: OSMS 85-06
18-0ct-89  Loma Prieta 6.92 254 Hollister: Alrport 36.888 121413 C 147 280 270 USGS: OFR 89-568
18-0ct-89 Loma Prieta 6.92 27.0 Agnew 37397 121952 C 221 160 170 COMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 275 Sunnyvale 37402 122024 C 136 220 190 USGS: OFR 89-568
18-0ct-89 Loma Prieta 6.92 27.8 Hollister: Gity Hall Anngx 36.851 121402 C 230 250 USGS: OFR 89-568
18-0ct-89 Loma Prieta 6.92 29.3 Halls Valley 37338 12114 C 10 130 CDMG: OSMS 89-06
18-0ct-89 Loma Prieta 6.92 31.4 Milpitas 37.430 121.897 C 00 140 COMG: OSMS 89-06
18-0ct-88  Loma Prieta 692 31.4 BSalinas 36.671 121642 C J20 090  COMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 34.8 Palo Alto; 2-Story Office B 37.453 122112 C 128 200 210 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 35.0 Stanford: SLAC Test Lab 37.419 122205 C 134 .290 190 USGS: OFR 89-568
18-0ct-89  Loma Prieta 692 424 Fremont 37535 121929 C 140 150  .200 USGS: OFR 89-568
18-0ct-89 Loma Prieta 6.92 509 BearValley Sta 12 36.608 121,249 C 144 170 160 USGS: OFR B9-568
18-0Oct-89  Loma Pricta 692 563 APEEL Array Sta 2E 37657 122.083 C 150 140 180 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 61.6 Dublin Fire Station 37.709 121932 C 08B0  .090 USGS: OFR 89-568
18-Oct-89  Loma Prieta 6.92 63.2 San Fran.; Airport 37622 122398 C 123 330 240 CDMG: OSMS 89-06
18-0ct-89 Loma Priefa 692 67.3 BearValley Sta 10 36,532 121143 C 146 100 130 USGS: OFR 89-568
18-0ct-89  Loma Prieta 692 68.8 Livermore: Fagundes Ranch 37783 121772 C 040 .040  CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 6.92 752 Alameda: Naval Air Station 37.785 122303 C 119 260 200 NCEL: Lew2
18-Oct-89 Loma Prieta 6.92 76.3 Qakland: 2-Story Office Bldg 37806 122267 C 133 200 260 CDMG: OSMS 89-06
18-Oct-89 Loma Prieta 6.92 78.6 LosBanos 37106 120825 C 050  .050 CDMG: OSMS 89-06
18-0ct-89  Loma Prieta 692 788 Qakland: Quter Harbor Wharf 37816 122314 C 122 290 270 CDMG: OSMS 89-08
18-Oct-89  Loma Prieta 6.92 805 Greenfield 36.321 121.243 C .080 .080 CDMG: OSMS 89-06
25-Apr-92  Petrolia 710 1.9 Bunker Hill FAA Site 40.498 124.294 A 210 180 USGS: Porcella
25-Apr-92  Petrolia 710 9.8 Centerville Beach 40.563 124348 B 480 320 USGS: Porcella
25-Apr-92  Petrolia 710 123 Rio Dell 40.503 124100 B 380 550 CDMG: OSMS 92-05
25-Apr-92  Petrolia 710 137 fortuna: supermarket FF 40.584 124145 B 120 120 CDMG: OSMS 92-05
25-Apr-92  Petrolia 7.10 14.6 Fortuna; Fire Station 40,599 124154 B .280 320 USGS: Porcella
25-Apr-92  Petrolia 710 17.6 Loleta Fire Station 40.644 124219 B .260 260  USGS: Porcella
25-Apr-92  Petralia 710 239 Coll. of the Redwoods 40,699 124200 B 180 140 USGS: Porcelta
25-Apr-92  Petrolia 710 326 Shelter Cove 40,026 124.069 B 180 .240 CDMG: OSMS 92-05
25-Apr-92  Petralia 710 0.0 Petrolia 40,324 124,286 € .690 .620 CDMG: OSMS 92-05
25-Apr-92  Petrolia 710 10.0 Ferndale Fire Station 40576 124,262 C .300 370 USGS: Porcella
25-Apr-92  Petrolia 710 27.8  South Bay Union School 40.735 124207 C 200 150 USGS: Porcella
25-Apr-92  Petrolia 7.10 358 Eureka: Apartment Bldg FF 40.801 124148 C A70 160 CDMG: 0SMS 92-05
28-Jun-92 Landers 7.30 21 Upper Johnson Valley 34568 116612 A 880 630 SCE

28-Jun-92  Landers 7.30 27.6 Whitewater Cyn 33.989 116655 A 120 120 USGS: OFR 93-557
28-Jun-92  Landers 730 376 Snow Creek 33.888 116684 A .060 .050 CDMG: OSMS 92-07
28-Jun-92 Landers 730 41.9 Twentynine Palms 34.021 116.009 A 090  .070 CDMG: QSMS 92-07
28-Jun-92  Landers 7.30  51.3 Silent Valley {Poppet Flat) 33.85% 116.852 A .060  .050 CDMG: OSMS 92-07
28-Jun-92  Landers 7.30 56.2 Keenwild 33.707 116716 A 208 .030 .030 WSGS: OFR 93-557
28-Jun-92  landers 7.30 601 Lake Cahuilla 33.628 116.280 A .050 060 CDMG: OSMS 92-07
28-Jun-92 Landers 7.30 60.8 Pinyon Flat Observatory 33607 116453 A .040 050 USGS: OFR 93-557
28-Jun-92  Landers 7.30 68.2 Tripp Flats 33602 116.755 A .042 053 USGS: OFR 93-557
28-Jun-92 Landers 7.30 683 Amboy 34560 115.743 A 150 120 CDMG: OSMS 92-07
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TABLE 5. (Continued)
Records Used in the Development of the Equations for Peak Acceleration

Date Earthquake M Dist Station Lat. Long. G Hole PA_H1 PA_H2 Reference*
28-Jun-82  Landers 730 697 Red Montain 33.630 116847 A 060  .080 USGS: OFR 93-557
28-Jun-92  Landers 7.30 70.2 Anza Fire Station 33.555 116673 A 030 020 USGS: OFR 93-557
28-Jun-92  Landers 7.30  78.0 Winchester: Hidden Valley 33.681 117.056 A 030 040 CDMG: OSMS 92-07
28-Jun-92  Landers 7.30 787 Sage 33.580 116.931 A 40 130 CDMG: OSMS 92-07
28-Jun-92  Landers 7.30  83.7 Winchester, Bergman Ranch 33.640 117.094 A .050 060  CDMG; OSMS 92-07
28-Jun-92  Landers 7.30 86.0 Mills Filter Plant 33.920 117.320 A .040 .050  USGS: OFR 83-557
28-Jun-92  Llanders 7.30 890 Chihuahua Valley 33.382 116690 A .030 030 USGS: OFR 93-557
28-Jun-92  Landers 7.30 894 Murrieta Hot Spr 33599 117132 A .040 040  CDMG: OSMS 92-09
28-Jun-92 Landers 7.30 894 Hinds Pumping Plant 33.709 115628 A 050 040  USGS: OFR 93-557
28-Jin-92  Landers 7.30 933 Palmdale: Black Butte 34586 117.728 A 040 040  CDMG: DSMS 92-07
28-Jun-92  Landers 7.30 959 Riverside: Santa Ana R. Brdg 33,068 117447 A 050 030  USGS: OFR 93-557
28-Jun-92 Landers 7.30  97.4 Palamar Mtn 33.353 116.862 A 020 020 CDMG: OSMS 92-07
28-Jun-92  Landers 7.30 976 Rancho Cucamonga: Deer Gyn. 34169 117579 A .080 080 COMG: O8MS 92-07
28-Jun-92 Landers 7.30 994 Wrightwood: Jackson Flat 34381 117737 A 040 050 CDMG: OSMS 92-07
28-Jun-92 Landers 7.30 100.1 Mt Baidy 34233 117661 A .050 050 CDMG: OSMS 92-07
28-Jun-92  Landers 7.30 104.8 Paradise Springs Camp 34.397 117805 A 030 .030 USGS: OFR 93-557
28-dun-92  Landers 7.30 112.2 Pearblossom: Pallet Creek 34458 117909 A 040 .060 CDMG: QSMS 92-07
28-4un-92  Landers 7.30 117.9 Littlerock: Brainard Canyon 34486 117.980 A .030 040 CDMG: OSMS 92-07
28-Jun-92  Landers 730 113 Joshua Tree 34131 116314 B .290 .280  CDMG: OSMS 92-07
28-Jun-92  Landers 730 17.7 Morongo Valley: MVB 34.049 116576 B 207 188 USGS: OFR 93-557
28-Jun-92  Landers 7.30 225 Desert Hot Springs 33962 116508 B A70 150 CDMG: OSMS 92-07
28-Jun-92  Landers 730 228 Coolwater Generating Station 34.852 116.858 B 430 280 SGE
28-Jun-92  Landers 7.30 258 Fun Valley 33.925 116388 B 220 220 USGS: OFR 93-557
28-Jun-92  Landers 7.30  27.7 North Palm Springs 33924 116547 B 136 134 USGS: OFR 93-557
28-Jun-92  Landers 7.30 27.8 Mission Creek Fault 33905 116419 B 137 .087  USGS: OFR 93-557
28-Jun-92  Landers 7.30  37.7 Barstow 34,887 117.047 B .150 140 CDMG: 0SMS 92-07
28-Jun-92  Landers 7.30 454 Big Bear Lake - Civic Cntr G 34.238 116935 B 180 70 CDMG: 0SMS 92-07
28-Jun-92  Landers 7.30 454 ForestFalls 34088 116919 B 100 120 USGS: OFR 93-557
28-Jun-92  Landers 730 57.0 Mill Creek 34080 117.044 8 130 140  USGS: OFR 93-557
28-Jun-92  Landers 7.30 578 Hurkey Creek Park 33676 116.680 B 040 060 USGS: OFR 93-557
28-Jun-92  Landers 7.30 59.5 Cranston Forest Sta Garage 33.738 116838 B 050 070 USGS: OFR 93-557
28-fun-92  Landers 7.30  61.7 San Jacintc Tunnel 33.821 116.567 B 070 050 USGS: OFR 93-557
28-Jun-92  Landers 730 624 Gamer Valley 33.616 116627 B .080  .090 USGS: OFR §3-557
28-Jun-92 landers 7.30 626 Hesperia 34405 117311 B 060 060 CDMG: OSMS 92-07
28-Jun-92 tanders 7.30 641 Mentone 34.068 117120 B .080 080 USGS: OFR 93-557
28-Jun-92  Landers 7.30 85.0 Fort Irwin 35.268 116.684 B 120 410 CDMG:; OSMS 92-07
28-Jun-92  Landers 7.30 65.6 Pine Meadow Ranch 33578 116.589 B 050 050  USGS: QFR 93-557
28-Jun-92  Landers 730 66.9 SanBern. E. Highlands Pint 34122 117158 B 080 060  USGS: OFR 93-557
28-Jun-92  Landers 730 719 Highland 34.136 117.213 8 .080 090  USGS: OFR 93-537
28-Jun-92  Landers 730 748 Reche Caryon 34.004 117.223 B .040 050  USGS: OFR 93-557
28-Jun-92  Landers 7.30 76.0 SanBern.:N. FSt 34.183 117,295 B 120 120 USGS: OFR 93-557
28-Jun-92 Landers 7.30 761 Loma Linda: North FF 34.051 117.248 B 080 080 USGS: OFR 93-557
28-Jun-92 Landers 7.30 775 Phelan 34,467 117.520 B 100 090 CDMG: 0SMS 92-07
28-Jun-92  lLanders 7.30 79.0 Cahuilla Valley 33512 116800 B {050 080  USGS: OFR 93-557
28-Jun-92  Landers 7.30 794 Tule Canyon 33461 116642 B 050 .030 USGS: OFR 93-557
28-Jun-92  Landers 7.30 B80.6 Devore Water Dept. 34235 117407 B 060 060  USGS: OFR 93-557
28-Jun-92  Landers 7.30 81.2 SanBern.: S.B. Valley Coll 34.086 117.309 B A00 110 USGS: OFR 93-557
28-Jun-92  Landers 7.30 83.7 Colton: 1-story gym 34.072 117335 B {060 COMG: OSMS 92-07
28-Jun-92 Landers 7.30 847 SanBern. RialtoF S. 34134 117.368 B {060 060 USGS: OFR 93-557
28-Jun-92  Landers 7.30 857 ivtle Creek 34.251 117.490 B .080  .080 USGS: OFR 93-557
28-Jun-92  Landers 7.30 B6.4 Wrightwood: Nielson Ranch 34314 117545 B 080 .090 COMG: OSMS 92-07
28-Jun-92  Landers 7.30 B8.3 Baker 35.272 116.066 B 10 110 CDMG: DSMS 92-07
28-Jun-92  Landers 7.30 B9.6 Ranchode Anza 33.348 116.400 B 070 030 USGS: OFR 93-557
28-Jun-92  Landers 7.30 924 Boron 35.002 117650 B .090 130 CDMG: OSMS 92-07
28-Jun-92  Landers 7.30 931 Wrightwood: Swarthout Valley 34369 117658 B 88 .080 120 CDMG: OSMS 82-07
28-Jun-92  Landers 7.30 950 PuertalaCruz 33.324 116683 B .050 050 CDMG: OSMS 92-07
28-dun-92  Landers 7.30 962 Riverside Airport 336851 117.446 B .040 050 CDMG: OSMS 92-07
B

28-Jun-92 Landers 7.30 952 Etiwanda 34.091 117.527 100 050 CDMG: OSMS 92-09
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TABLE 5. (Continued)
Records Used in the Development of the Equations for Peak Acceleration

Date Earthquake M Dist Station Lai. Long. G Hole PA_H1 PA_H2 Reference*
28-Jun-92  Landers 7.30 101.7 Ranche Cucamanga: Law Gntr 34104 117574 B 120 070 COMG: OSMS 92-07
28-Jun-92  Landers 7.30 105.7 San Antonio Dam 34,156 117675 B .040 050  USGS: OFR 93-557
28-Jun-92  Landers 7.30 1074 Valyermo 34.444 117851 B 080  .0B0O USGS: OFR 93-557
28-Jun-82  Landers 7.30 116.1 Weymouth Filtr Pint 34115 117.778 B 070 050 USGS: OFR 93-557
28-Jun-92  Landers 7.30 118.2 Littlerock: Post Office 34522 11799t B 77 060  .0B0 USGS: OFR 93-557
28-Jun-92  Landers 730 263 Yermo 34,503 116823 C 250 150  CDMG: OSMS 92-07
28-Jun-92  Landers 7.3¢  36.7 Palm Springs 33829 116501 C 090 08¢ CDMG: 0SMS 92-07
28-Jun-92  Landers 7.30 377 Thousand Palms 33.817 116380 C 120 100 USGS: OFR 93-557
28-Jun-92  Landers 7.30 496 indio: Jacksen Road 33746 116.215 C 130 290  USGS: OFR 93-557
28-Jun-92 Landers 7.30 526 indio: Fairgrounds 33715 116.221 ¢ 100 .080 CDMG: OSMS 92-09
28-Jun-92  Landers 7.30 549 Indio - Coachella Canal 33717 116156 ¢ d20 100 CDMG: OSMS 92-07
28-Jun-92 Landers 7.30 655 SanJacinte: Valley Cemetary 33.760 116,960 C .050 050  CDMG: OSMS 92-07
28-Jun-92  Landers 7.30 66.8 Hemet City Library 33.748 116966 C .050 070  CDMG: OSMS 92-07
28-dun-92  Landers 7.30 691 Hemet Fire Station 33729 116.979 C 100 080 CDMG: OSMS 92-07
28-Jun-92 Landers 730 726 Mecca Fire Station 33.572 116.076 G .090 070 USGS: QFR 93-557
28-Jun-92  Landers 7.30 727 Redlands 34066 117.214 C 120 100 CDMG: OSMS 92-07
28-Jun-92  Landers 730 775 Mecca - CVWD 33.564 115987 C 120 120 CDMG: OSMS 92-07
28-Jur-92  Landers 7,30 79.0 SanBern.: Cnty Gov. Cntr FF 34106 117.287 C 060 070  USGS: OFR 93-557
28-Jun-92 Landers 7.30  79.6 San Bern.: 1-story commrcl b 34.098 117.283 C 220 110 CDMG: OSMS 92-09
28-Jun-92 Landers 7.30 79.9 SanBern.: E & Hospitality 34.065 117.292 C 090 080 CDMG: OSMS 92-07
28-Jun-92 Landers 7.30 868 Salton Sea: Park Hg (N. Shor) 33.504 115913 C 140 110 COMG: OSMS 92-07
28-Jun-82  Landers 7.30 87.3 Desert Shores 33426 116.078 C 050 050 CDMG: 0SMS 92-09
28-Jun-82  Landers 7.30 987 Temecula 33.496 117149 C .080 070 CDMG: OSMS 92-07
28-Jun-92 Landers 7.30 987 Durmid 33421 115831 C .60 100 CDMG: 0SMS 92-09
28-Jun-92  Landers 7.30 105.6 Saiton City 33.280 115884 C 130 150 COMG: OSMS 92-09
28-Jun-92  Landers 7.30 106.2 Borrego Springs: Clinic 33.202 116326 C 040 030 USGS: OFR 93-557
28-Jun-92  Landers 7.30 115.3 Prado Dam 33.888 117640 C 090 080 USGS: OFR 93-557
28-Jun-92  Landers 7.30 117.6 Pomona 34.056 117,748 C 050 070 CDMG: QSMS 92-07
* Expanded References for Table &:

ShortRef LongRef

COMG: OSMS BS-06
CDMG: O5MS 92-05
COMG: OSMS 92-07
CDMG: OSMS 92-09
CDMG: O3SMS PR 22
COMG: OSMS PR 26
CDMG: OSMS PR 28
CIT: EERL 76-02

Shakal et al. {1989)

Shakal et al. (1992a)

Catif. Div. Mines and Geology (1992)
Shakal ef al. (1992b)

Porter {(1978)

McJunkin and Ragsdale (1980a)
McJunkin and Ragsdale (1980b)
Calif. Inst. of Technology (1976)

NCEL: Lew2 T K. Lew (1990)

SCE S. Cal. Edison memorandom dated July 30, 1992, from T. A, Kelly

USDC: USEQ72 U. S. Dept. of Commerce (1974)

USGS+CDMG PGA_H1 from USGS: Circ. 914; the pthers are from GDMG; OSMS PR 28,
USGS: A horiz. from USGS: OFR 79-1654; vert. scaled by R. L. Porcelia

USGS: Brady A. G. Brady (U.S. Geological Survey, written commun., 1977)

USGS: Circ. 713 U.S. Geological Survey (1974)

USGS: Circ, 717-A
USGS: Circ, 818-A
USGS: Circ. 854-B
USGS: Circ, 854-C
USGS: Circ, 914
USGS: OFR 79-1654
USGS: OFR 79-385
USGS: OFR 89-568
USGS: OFR 93-557
LUSGS: PP 1254
USGS: Porcella

U.S. Geological Survey (1975}

U.S. Geological Survey (1979)

U.S. Geological Survey {1980a}

U.S. Geclogical Survey (1580b)

U.S. Geological Survey (1981)

Porcella and Matthiesen {1979} .
PGA_H1 provided by R. L. Porcefla (written commun.); other values in Porcella et ai. (1979)
Maley ef af (1989)

Etheredge f /. (1993)

Brune et a/. {1982)

R. L. Porcetta (U.S. Geological Survey, written commun., various years)
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TABLE 6.

Records Used in the Development of the Equations for Response Spectra

Source

Date Earthquake M  Dist Station Lat. long. G Hole *
19-May-40  Imperial Vail 700 12.0 ElCentro Array Sta 9 32.794 115549 C 107 n
21-Jul-52  Kern County 740 420 Taft 35.150 119460 B 201 n
21-Jui-52  Kern County 7.40  85.0 Santa Barbara 34.420 119.700 B 96 n
21-Jul-52  Kern County 7.40 109.0 Pasadena - Athenasum 34.140 118120 B 92 n
21-Jul-52  Kern County 7.40 107.0 Hollywood Storage Bldg PE Lo 34.090 118340 C 63 n
22-Mar-57  Daly City 5.30 8.0 San Fran.; Golden Gate Park 37.770 122480 A 173 n
28-Jun-66  Parkfield 610  16.1 Cholame-Shandon: Temblor 35710 120170 B 200 n
28-Jun-66  Parkfield 6.10  17.3 Parkfield: Cholame 12W 35.639 120404 B n
28-Jun-66  Parkfield 6.10 6.6 Parkfield: Cholame 2 35733 120288 C 228 n
28-dun-66  Parldield 6.10 9.3 Parkfield: Cholame 5W 35.697 120328 C 197 n
28-Jun-66  Parkfield 6.10  13.0 Parkfield: Cholame 8W 35.671 120359 C 198 n
9-Apr-68 Borrego Mount  6.60  45.0 El Centro Array Sta 9 32.794 115549 C 107 n
9-Feb-71 San Fernando 6.60 17.0 Lake Hughes Sta 12 34570 118560 B 86 n
9-Feb-71 San Fernando 6.60 257 Pasadena - Athenaeum 34.140 118120 B 92 n
9-Feh-71 San Fernando 6.60 60.7 Wrightwood 34.360 117630 B 88 n
9-Feb-71 San Fernando 6.60 19.6 Lake Hughes Sta 4 34.650 118478 C 71 n
30-Jul-72  Sitka 7.70  45.0 Sitka 57.060 135320 A n
23-Dec-72  Managua 6.20 9.0 Managua: ESSOQ Refinery 12145 86322 ¢ n
28-Feb-79  St. Elias 7.60 254 lcy Bay 59.968 141643 B n
6-Aug-79  Coyote Lake 5.80 9.1 Gilroy Array 1 36.973 121572 A 192 n
6-Aug-79  Coyote Lake 5.80 1.2 Gilroy Array 6 37.026 121484 B 195 n
6-Aug-79  Coyote Lake 5.80 3.7 Gilroy Array 4 37.005 121522 C 195 n
6-Aug-79  Covyote Lake 5.80 5.3 Gilroy Array 3 36987 121536 ¢ 194 n
6-Aug-79  Coyote Lake 5.80 7.4 Gilroy Array 2 36.982 121556 C 193 n
15-0ct-79  Imperial Vall 6.50 14.0 Parachute Test Site 32929 115689 B 116 n
15-0¢t-79  Imperial Vall 6.50 26.0 Superstition Mtn 32.955 115823 B n
15-0ct-79  Imperial Vall 6.30 .6 ElCentro Array Sta 7 32.828 115504 C 105 n
15-0ct-7%  Imperial Vall 6.50 1.3 El Centro Array Sta 6 32.839 115487 ¢ 104 n
15-0ct-79  Imperial Vall 6.50 2.6 Bonds Corner 32693 115338 ¢ 97 n
15-0ct-79  Imperial Vall 6.50 3.8 ElCentro Array Sta 8 32.810 115530 C 106 n
15-0ct-72  Imperial Vall 6.50 4.0 El Centro Array Sta 5 32.855 115468 C 103 n
15-0ct-79  Imperial Vall 6.50 5.1 £l Centro: Differential Arra 32796 115535 C 112 n
15-0ct-79  Imperial Vall 6.50 6.8 El Gentro Array Sta 4 32.864 115432 C 102 n
15-0ct-79  Imperial Vall 6.50 7.5 Holtville 32.812 115377 ¢ 99 n
15-0ct-79  Imperial Vall 6.50 8.5 El Centro Array Sta 10 32780 115567 C 108 n
15-0ct-79  Imperial Vall 6.50 8.5 Brawley 32.991 115512 C¢ 114 n
15-0ct-79  Imperial Vafl 6.50 106 Calexico 32.669 115492 C n
15-0ct-79  Imperial Vall 6.50 12.6 ElCentro Array Sta 11 32.752 115594 C 109 n
15-0ct-79  Imperial Vall 6.50 16.0 El Centro Array Sta 2 32.916 115366 C 100 n
15-0ct-79  Imperial Vall 6.50 18.0 El Centro Array Station 12 32718 115637 ¢ 110 n
15-0ct-79  Imperial Vall 6.50 22.0 ElCentro Array Sta 1 32.960 115319 C n
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TABLE 6. (Gontinued)

Records Used in the Development of the Equations for Response Spectra

Source

Date Earthquake M Dist Station Lat. Long. G Hole *
15-0ct-79  Imperial Vall 6.50 22.0 ElCentro Array Sta 13 32709 115683 C 111 n
15-0ct-79  Imperial Vall 6.50 23.0 Calipatria 33130 115520 ¢ 117 n
18-0ct-89  Loma Prieta 6.92 10.5 Gilroy Array 1 36.973 121572 A 192 c
18-0ct-89  Loma Prieta 6.92 29.9 Hollister - Sago Vault 36.765 121446 A u
18-0ct-83  Loma Prieta 6.92 32.5 Cherry Flat Reservoir 37.396 121.756 A u
18-0ct-89  Loma Prieta 6.92 427 Monterey City Hall 36.597 121.897 A 209 ¢
18-0ct-89  Loma Prieta 6.92 676 S.SanFran.: Sierra Pt. 37.674 122388 A 220 ¢
18-0ct-89  Loma Prieta 6.92 0.0 Corralitos 37046 121803 B 130 c
18-0ct-89  Loma Prieta 6.92 10.9 Gavilon College Geo! Bldg 36973 121568 B c
18-0ct-89  Loma Prieta 6.92 11.7 Saratoga 37.255 122031 B c
18-0ct-89  Loma Prieta 6.92  12.0 Saratoga: West Valley Coll. 37.262 122009 B c
18-0ct-89  Loma Prieta 692 123 Gilroy: Old Firehouse 37.009 121569 B C
18-0ct-89  Loma Prieta 692 125 SantaCruz 37.001 122060 B 225 C
18-0ct-89  Loma Prieta 6.92 13.2 SanJose: Santa Teresa Hills 37.210 121803 B c
18-0ct-89  Loma Prieta 6.92 19.9 Gilroy Array 6 37026 121484 B 196 c
18-0ct-89  Loma Prieta 6.92 20.0 Anderson Dam: Downstream 37166 121628 B 142 u
18-0ct-89  Loma Prieta 6.92 21.7 Coyote Lake Dam: Downstream 37124 121551 B c
18-0ct-89  Loma Prieta 6.92  34.1 SAGO South A 36.753 121396 B 211 C
18-0ct-89  Loma Prieta 6.92 36.1 Calaveras Reservoir South 37452 121807 B 143 u
18-0ct-89  Loma Prieta 6.92 387 Woodside 37429 122258 B 132 c
18-0ct-89  Loma Prieta 6.92 42.0 Mission San Jose 37530 121919 B 224 ¢
18-0ct-89  Loma Prieta 6.92 46.4 APEEL Array Sta 9 37.478 122321 B 1 u
18-0ct-89  Loma Prieta 6.92 46.5 APEEL Array Sta7 37.484 122313 B 164 c
18-0ct-89  Loma Prieta 6.92 46.6 APEEL Array Sta 10 37465 122343 B 12 c
18-0ct-89  Loma Prieta 6.92 48.7 Belmont 37512 122308 B 210 c
18-0ct-89  Loma Prieta 6.92  49.9 Sunol Fire Station 37.597 121.880 B 141 u
18-0ct-89  Loma Prieta 6.92 53.0 L. Crystal Spr. Dam: Downstr 37.529 122361 B c
18-0ct-89  Loma Prieta 6.92 537 BearValley Sta s 36.673 121185 B 145 u
18-0ct-89  Loma Prieta 6.92 56.0 APEEL Array Sta 3E 37.657 122061 B 158 G
18-0ct-89  Loma Prieta 6.92  57.7 Hayward: BART Station FF 37670 122086 B c
18-0ct-89  Loma Prieta 6.92 587 Hayward Gity Hall: N. FF 37679 122082 B 137 u
18-0ct-89  Loma Prieta 6.92 8.6 Capitola 36.974 121952 C 219 ¢
18-0ct-89  Loma Prieta 6.92 12.1 Gilroy Array 2 36.982 121556 C 193 e
18-0ct-89  Loma Prieta 6.92 14.0 Gilroy Array 3 36.987 121536 C 194 c
18-0ct-89  Loma Prieta 6§92 15.8 Gilroy Array 4 37.005 121522 C 195 c
18-0¢t-89  Loma Prieta 6.92 24.3 Gilroy Array 7 37.033 121434 C 131 ¢
18-0ct-8¢  Loma Prieta 6.92 254 Hollister: Airport 36.888 121413 C 147 u
18-0ct-89  Loma Prieta 6.92 27.0 Agnew 37397 121952 C 221 c
18-Cct-89  Loma Prieta 6.92 275 Sunnyvale 37402 122024 C 136 u
18-0ct-89  Loma Prieta 6.92 27.8 Hollister: City Hall Annex 36.851 121402 C u
18-0ct-89  Loma Prieta 6.92 29.3 Halls Vailey 37.338 121714 C c
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TABLE 6. (Conlinued)

Records Used in the Development of the Equations for Response Spectra

Source

Date Earthquake M  Dist Station Lat. Long. G Hole *
18-Oct-89  Lama Prieta 6.92 31.4 Milpitas 37.430 121897 C c
18-0ct-89  |.oma Prieta 692 31.4 Salinas 36.671 121.642 C c
18-0ct-8%  Loma Prigta 6.92  34.8 Palo Alto: 2-Story Office BI 37.453 122112 C 128 c
18-0ct-89  Loma Prieta 692 35.0 Stanford: SLAC Test Lab 37.419 122205 C 134 u
18-0ct-89  Loma Prieta 6.92 424 Fremont 37.535 121.928 ¢ 140 u
18-0ct-89  Loma Prieta 692 509 Bear Valley Sta 12 36.658 121249 C 144 u
18-0ct-89  Loma Prieta 6.92 56.3 APEEL Array Sta 2E 37.657 122.083 C 150 c
18-0ct-89  Loma Prieta 6.92  61.6 Dublin Fire Station 37.709 121932 ¢C u
18-0ct-89  Loma Prieta 6.92 63.2 San Fran.: Airport 37622 122398 C 123 c
18-0ct-89  Loma Prieta 6.92  67.3 BearValley Sta 10 36.532 121143 ¢ 146 u
25-Apr-92  Petrolia 7.10 0.0 Cape Mendocino 40.348 124352 A c
25-Apr-92  Petrolia 710  12.3 Rio Dell 40.503 124100 B c
25-Apr-92  Petrolia 7.10  13.7 Fortuna: supermarket FF 40.584 124145 B c
25-Apr-92  Petrolia 710  32.6 Shelter Cove 40.026 124.069 B c
25-Apr-92  Petrolia 7.10 0.0 Petrolia 40.324 124286 C c
25-Apr-92  Petrolia 710  35.8 Eureka: Apartment Bldg FF 40.801 124148 C c
28-Jun-92  Landers 7.30 2.1 Upper Johnson Valley 34568 116612 A S
28-Jun-92  Landers 730  41.9 Twentynine Palms 34.021 116.009 A c
28-Jun-92  Landers 7.30  51.3 Silent Valley (Poppet Flat) 33.851 116.852 A C
28-Jun-92  Landers 7.30  11.3 Joshua Tree 34131 116314 B c
28-Jun-92  Landers 7.30  17.7 Morongo Valley: MVB 34.049 116576 B g
28-Jun-92  Landers 7.30  22.5 Desert Hot Springs 33.962 116509 B c
28-Jun-92  Landers 730  22.8 Coolwater Generating Station 34.852 116858 B s
28-Jun-92  Landers 7.30  27.7 North Palm Springs 33.924 116547 B g
28-Jun-92  Landers 7.30  27.8 Mission Creek Fault 33.905 116.419 B g
28-Jun-92  Landers 7.30  37.7 Barstow 34.887 117.047 B c
2B-dun-92  Landers 7.30  65.0 Fort Irwin 35,268 116.684 B c
28-Jun-92  Landers 7.30 263 Yermo 34.903 116823 C c
28-Jun-92  Landers 7.30  36.7 Palm Springs 33.829 116501 ¢ c
28-Jun-92  Landers 7.30  54.9 Indio - Coachella Canal 33.717 116156 C c

* Referneces in the Source column are as follows:
¢. Response spectra from the California Strong-Motion Instrumentation Program.
0: Response spectra computed from digital uncorrected acceleration time series recorded on tempaorary deployments of GEQS instru-

ments; data provided by S. Hough.
n.  Response spectra from tapes distributed by tha World Data Center A for Solid Earth Geophysics, National Geophysical Data Center,

Boulder, Colorado; primary data providers are the U.S. Geological Survey and the Catifornia Strong-Metion Instrumentation Program.
. Response spectra cemputed from digital uncarrected acceferation time series provided by Denris Ostram of the Southern California

Edison Company.

u: Response spectra from U. 8. Geological Survey computer files, provided by P. Mork.
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A Figure 1. The distribution of the data in magnitude and distance (each point represents a recording). The data points labeled old data
are the ones that were also used in JB8182. The top frame is for the peak acceleration data set, and the bottom is for the response spec-
tral data set.

METHOD

b for strike-slip earthquakes;

The ground-motion estimation equation is b =<{bgs for reverse-slip earthquakes; (3)

b,4;;  if mechanism is not specified.

InY =& +b, (M —6)+ b5 (M - G)* +5slnr+bvln$ (1)

9 In this equation ¥ is the ground-motion paramerer (peak

horizontal acceleration or pseudoacceleration response in g);

where the predictor variables are moment magnitude (M), distance
('}'br in km), and average shear-wave velocicy to 30 m (V, in
m/sec). Coefficients to be determined are &g &40 b14110
r= 'rjbz + 42 (2) by b3, b5, b, by, and V. Note that 4 is a fictitious depth that

is determined by the regression.
The coefhicients in the equations for predicting ground

and . . . .
motion were determined using a weighted, two-stage regres-
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sion procedure (Joyner and Boore, 1993, 1994). In the first
stage, the distance and site-condition dependence were
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 magni-
tude dependence.

In a deparwure from Joyner and Boore (1993) the sum of
square ersors in the first stage was minimized with respect to
the parameter 4 by a simple numerical search (using the rou-
tine GOLDEN [Press et af, 1992]) rather than by lineariza-
tion. The second-stage regression used a weighting matrix
with zero off-diagonal terms (equation (34) in Joyner and
Boore, 1993); the value of 0, was determined by minimizing
the square of the difference between the left and right sides
of equation (33) in Joyner and Boore (1993).

We tried replacing the term &slnr, which can be thought
of as representing geometrical spreading for a simple point
source, with &4 — Inr (this would correspond to simple 1/r
spreading in addition to anelastic attenuation). Doing so,
however, led to values of 4, greater than zero. This result tells
us that the motions attenuate less rapidly than 1/, at least at
distances within 100 km, perhaps because of the effect of
critical-angle reflections from layers within and at the base of
the crust. Positive values of 4, in such an expression lead to
unreasonable behavior at large distances, so we changed to
the form in equation (1).

When the two-stage regression was run by BJF93, fault
mechanisms were not differentiated and the site effect was
represented by average values for BJF93 classes B and C
{with class A as reference). In the first revision of the resule-
ing equations (BJF94a) we took residuals with respect to the
equations (for reference class A) at sites where shear velocity
had been measured downhole and used the residuals to
determine &, and V, in equation (1). In the second tevision
(BJF94b) we took residuals with respect to the BJF93 equa-
tions for strike-slip earthquakes and reverse-slip earthquakes
aIHd used the residuals to detcrmine Ehe paral’neters élss and
&, gs- In the analysis of residuals for both the first and second
revisions the same two-stage regression procedure (Joyner
and Boore, 1993, 1994) was used as in the analysis of the
original data (details are given in BJF94a). Strictly speaking,
the revision taking account of fault mechanism should have
been done first and then the revised equations used in doing
the revision involving site shear velocity, but we have deter-
mined that the results would nor differ significantly and thus
are not changing the coefficients given by BJF94ab.

The coefficient that controls the shear-velocity depen-
dence of response spectral amplification as determined from
the data in Table 6, which came entirely from North Amer-
ica, is compared in Figure 2 with the values obtained by
Midorikawa er af,, (1994) from data in Japan. Also shown
are the coefficients proposed by Borcherdt (1994} for deter-
mining short-period and mid-period amplification factors in
building codes; these were determined from Fourier ampli-
tude spectra of recordings from the 1989 Loma Prieta earth-
quake.
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The mean plus one sigma value of the natural logarithm
of the ground-motion value from equation (1} is In¥ + 6,5
where 0y, is the square root of the overall variance of the
regression, given by

2 2 2
Oy =0, +0,, (4)

where o, represents the earthquake-to-earthquake compo-
nent of che variability and is determined in the second stage
of the regression, and &2 represents all other components of

variability.

ol =0l +0?, (5)

where 0'12 is the variance from the first stage of the regres-
sion and 0’3 represents the correction needed to give the
variance corresponding to the randomly-oriented horizontal
component.

In deriving equations for the randomly-oriented com-
ponent, we used the geometric mean of the two horizontal-
component amplitudes for ¥ in equation (1) rather than
choosing one of the horizontal components randomly. This
gives the correct regression coefficients, burt the variance 0'12
determined by the regression program is reduced below that
appropriate for the random horizontal component, To
account for the reduction, we computed che variance O'f
of the horizontal components from the following formula:

o-fz ) 1 r:rra(]nYU —lnYzj)2 ’ ©)

nrecs T7) 2

where Y;-j is the /th component from the jth recording and
the sum is raken 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 they were used in the regression to determine
the coefficients in equation (1).

We strongly recommend the use of equation (1) with
estimated shear-wave velocity values in preference to the
equations of BJF93, which are based on site classes. Values of
average shear-wave velocity to be used in equation (1) for
estimating ground motions for the NEHRP site classes B, C,
and D (BSSC, 1994) and for typical rock and soil sites are
given in Table 7. The values given for the NEHRP site classes
B, C, and D are simply the geometric means of the velocity
values at the boundaries of the site classes. Values are not
given for NEHRP classes A and E because they are open-
ended. The velocity values for rock and soil come from an
analysis by Boore and Joyner {1997) of downhole dara illus-
crated in Figure 3.

The ground-motion prediction equations in this report
were obtained with a  two-stage maximum-likelihood
method. One-stage maximum-likelihood methods have
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A Figure 2. The coefficient that controls the shear-velocity dependence of response spectral amplification, as determined in BJF94a's
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(1994) for determining short-period and mid-period amplification factors in building codes; these were determingd from Fourier ampli-

tude spectra of recordings from the Loma Prieta earthquake.

TABLE 7.
Recommended values of average shear velocity* for use
in equation {1)

NEHRP site class B 1070 m/sec
NEHRP site class C 520

NEHRP site class D 250

Rock 620

Soil 310

* Shear velocity is averaged over the upper 30 m.

been proposed (for example, Brillinger and Preisler, 1984,
1985; Abrahamson and Youngs, 1992). The one-stage and
two-stage methods were compared by BJF94a who, for the
one-stage method, used the procedure described in Joynet
and Boore (1993), and the results were shown to be very
similar.

Seismological Research Letters  Volume 68, Number 1

RESULTS

Equation (1) was fit to the data period-by-period ar the 46
periods between 0.1 and 2.0 sec for which the response spec-
tral values had been computed. These periods are distribured
in a generally logarithmic manner over the interval.

Plots of the coefficients versus period showed them to
have fluctuations thar lead to somewhar jagged spectra at a
fixed distance and magnitude; the amplitude of the fluctua-
tions is comparable to the uncertainty in the estimated coef-
ficients. Because we wish our equations to produce smooth
response spectra, we smoothed the coefficients over petiod.
After some experimentation with various smoothing
schemes, we adopred the least-squares fit of a cubic polyno-
mial as the best representation of the smoothed coefficients.
Plots comparing smoothed and unsmoorhed coefficients are*
given by BJF93.

Comparisons of response spectra computed from the
unsmoothed and the smoothed regression coefficients are
given in Figure 4 for a magnitude 7.5 strike-slip earthquake
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A Figure 3. Histograms of shear-wave velocity averaged over the
upper 30 m, from downhole surveys in boreholes, Many of the
boreholes did not quite reach 30 m, and for the sake of estimating
representative velocity distributions, small extrapolations of the
travel time to 30 m were used in computing the average velocities.
(From Boare and Joyner, 1997.)

at a soil site for distances of 0, 5, 10, 20, 40, and 80 km. Fig-
ure 4 illustrates the jaggedness that motivated our smoothing
of the coefficients and also demonstrates the effectiveness of
the smoothing procedure. Pseudovelocity response spectra
(psv) are plotted in the figure even though pseudoaccelera-
tion spectra are estimated in equation (1), because pseudove-
locity spectra are more convenient for plotting.

Smoothed coefficients for estimating the random hori-
zontal-component pseudeacceleration response by equation
(1) are given in Table 8. The coefficients for estimating peak
horizontal acceleration are entered in Table 8 as the entries
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for zero period. The values of 0y, 0, 0, G, and 6, are the
same as those in BJF94b, after correcting for the difference
between common and natural logarithms. BJF94a contains
coefficients for the larger horizontal-component motions,
but only for undifferentiated focal mechanisms, We do not
have tables of the larger horizontal-component motions for
specified mechanisms.

Figures 5, 6, and 7 compare ground-motion estimates
from the equations in this report with JB§182. Pseudoveloc-
ity response spectra computed from the parameter values in
Table 8 are compared in Figure 5 with spectra given by JB82
for magnitude 6.5 and 7.5 earthquakes, mechanism unspec-
ified, at zero distance at a soil site. Our results at zero dis-
tance appear to be relatively stable exceprt in the vicinity of 2
sec period. The difference at 2 sec occurs only ar small dis-
tance. We have no explanation for the difference, except that
it must reflect different data. Since the JB82 data set con-
tained few points at small distance, the addition (or subtrac-
tion) of data at small distance can make a relatively large
change in the estimates.

A similar comparison is given in Figure 6 for a magni-
tude 6.5 earthquake, mechanism unspecified, at a distance of
20 km at rock and soil sites. Again, there is relatively good
agreement except at short periods where our present work
shows amplification at soil sites and our original work did
not. We suspect that the Loma Prieta earthquake, which was
well recorded over a range of site conditions, is ar least partly
responsible for the difference in short-period amplification
shown by the present work.

Curves of peak acceleration with distance compured
from the parameter values in Table 8 are compared in Figure
7 with curves given by JB82 for magnitude 6.5 and 7.5
earthquakes, mechanism unspecified, at a soil site. The two
sets of curves are similar at small distances but the new
curves are a factor of two higher than the old curves at 70
km. Comparison of response spectral curves shows the same
pattern. In order to understand the reasons for the higher
values ar large distances we performed a series of analyses of
response spectra starting with the old data ser. The results
showed that both the winnowing of the old data set (which
included the elimination of the records that triggered on the
§ wave) and including the new data from the three recent
carthquakes contributed to increasing the values for large
distances. {The reasons given in BJF93 for the higher values
at large distances were not all valid, as we discovered in reex-
amining our earlier results.)

Although not shown in the figures, the variance of the
ground motions predicted using the results of BJF9394 has
been reduced compared to predictions using JB8182. A
series of analyses starting with the old data set showed that
the primary cause of the reduction in variance was the win-
nowing of the data set. The use of weighted regression for the
second stage also contributed to the reduction.

The equations in BJF94b (given in Table 8) allow for
the effect of fault mechanism. The effect, which is small, is
illustrated in Figure 8, which compares pseudovelocity
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TABLE 8.

Smoothed coefficients for use in equation (1) to estimate pseudoacceleration response spectra (g) for the random horizantal
component at 5 percent damping. The entries for zero period are the coeflicients for peak horizontal acceleration.
The equations are to be used for M 5.5-7.5 and d no greater than 80 km.

Period Biss By B B B, B; By Va h o4 o7 o, O¢  Ony
0.000 ~0.313 -0.117 -0.242 0527 0000 -0.778 -0371 1396. 557 0431 0226 0486 0184 0520
0100 1.006 1087 1.059 0753 -0.226 -0934 -0212 1112 627 0440 0.189 0479 0.000 0479
0116 1.072 1164 1130 0732 -0.230 -0.937 -0211 1291, 665 0437 0200 0481 0.000 0.481
0120 1109 1215 1174 0721 -0.233 -0939 -0215 1452 691 0437 0210 0485 0000 0485
0130 1128 1246 1200 0711 -0.233 -H939 -0221 1596. 708 0435 0216 048 0000 0.486
0.140 1135 1261 1208 0707 -0.230 -0938 -0228 1718. 718 0435 0223 048% 0.000 0.489
0150 1128 1264 1.204 0702 -0.228 -0.937 -0.238 1820. 723 0435 0230 0492 0.000 0.492
0160 1112 1257 1192 0702 0226 -0.935 -0.248 1910, 724 0435 0235 0495 0.000 0495
0170 1.090 1242 1473 0702 -0.221 0933 -0.258 1977. 721 0435 0239 0497 0.000 0497
0.180 1.063 1222 1151 0705 -0.216 -0930 -0.270 2037. 716 (0435 0244 0499 0.002 0.499
0190 1.032 1198 1122 (709 -0.212 -0927 -0.281 2080. 710 0435 0.24% 0501 0.005 0.501
0.200 0999 1170 1.089 0711 -0.207 -0.924 -0292 2118. 702 0435 0251 0502 Q.009 0502
0.220 0925 1104 1.019 0721 0198 -0.918 -0315 2158. 683 0437 0258 0508 0.016 0508
0.240 0.847 1033 0941 0732 -0.189 04912 -0338 2178, 662 0437 0262 0510 0.025 0511
0260 0.764 0958 0861 0744 0180 -0906 -0.360 2173. 639 (437 0267 0513 0032 0514
0.280 0681 0831 0.780 0758 -0.168 -0.899 -0.381 2158. 617 0440 0272 0517 0.039 0518
0.300 0598 0803 0700 0769 -0.161 -0.893 -0.401 2133. 594 0440 0276 0519 0.048 0522
0320 0518 0725 0619 0783 0152 0888 0420 2104 572 0442 0279 0523 0.055 0525
0340 0439 0648 0540 0794 0143 -0.882 -0438 2070. 550 0444 028t 0526 0064 0530
0360 0361 0570 0462 0806 -0.136 -0.877 0456 2032. 530 0444 0283 0527 0071 0532
0.380 0.286 0495 0385 0820 -0127 -0.872 -0472 1995 510 0447 0286 0530 0.078 0536
0.400 0212 0423 0311 0831 -0120 -0.867 -0.487 1954, 491 0447 0288 0531 0.085 0538
0.420 0140 0352 0239 0.840 0113 -0.862 -0.502 1919 474 0449 0280 0535 0.092 0542
0.440 0.073 0282 0169 0852 -0108 -0858 -0516 1884, 457 0449 0292 0536 0099 0545
0.460 0005 0217 0102 0863 -0.101 -0.854 -0529 1849 441 0451 0295 0539 0104 0549
0.480 -0.058 0151 0.036 0373 -0.097 -0.850 -0541 1816. 426 0451 0297 0540 0411 0551
0.500 -0.122 0.087 -0.025 0.884 -0.080 -0.846 -0.553 1782. 413 0454 0299 0543 0115 0556
0550 -0.268 -0.063 0176 0907 -0.078 -0.837 0579 1710 382 0456 0302 0547 0129 0562
0.600 -0.401 -0.203 -0.314 0.928 -0.069 -0.830 -0.602 1644 357 0458 0306 0551 0143 0569
0.650 -0.523 -0.331 0440 0946 -0.060 -0.823 -0.622 1592 336 046t 0309 0554 0154 0575
0.700 -0.634 -0452 -0555 (0.962 -0.053 -0.818 -0.639 1545 320 0463 0311 0558 0.166 0.582
0.75¢ -~0.737 -0562 -0.661 0979 -0.046 -0813 -0.653 1507. 3.07 0465 0313 0561 0175 0587
0.800 -0.829 ~0.666 -0.760 0.992 -0041 -0.809 -0.666 1476 298 0467 0315 0564 0184 0593
0.850 0915 -0761 -0851 1.006 -0.037 -0.8058 -0676 1452 292 0467 0320 0567 0191 0598
0.800 -0.993 -0.848 0933 1.018 -0.035 -0.802 -0.685 1432 289 0470 0322 0570 0200 0604
0.950 -1.086 -0.932 -1.010 1.027 -0.032 -0.800 -0.692 1416 2.88 0472 0325 0573 0.207 0.609
1.000 -1.133 -1.009 -1.080 1.036 -0.032 -0.798 -0.698 1406 290 0474 0325 0575 0214 0613
1300 -1.249 1145 -1208 1052 -0.030 -0795 -0.706 1396. 299 0477 0329 0579 0226 0.622
1,200 -1.345 -1.265 -1315 1.064 -0.032 -0.794 -0.710 1400 314 0479 0334 0584 0235 0629
1300 -1.428 -1.370 -1.407 1.073 -0.035 -0793 -0.711 1416, 336 0487 0338 0588 0.244 0637
1400 -1.495 -1.460 -1.483 1.080 -0.039 -0794 -0.709 1442 362 0484 0341 0592 0251 0643
1500 -1552 -1538 -1550 1.085 -0.044 -0.796 -0.704 1479 392 0486 0345 0596 0256 0.649
1.600 -1.598 -1608 -1.605 1.087 -0.051 -0.798 -0.697 1524, 426 0488 0348 0599 0262 0.654
1.700 -1.634 -1.668 -1.652 1.08% -0.058 -0.801 -0.689 1581, 462 0480 0352 0.604 0267 0.660
1.800 -1.683 -1.718 -1689 1.087 -0.067 -0.804 -0.679 1644 5.01 0493 0355 0607 0.269 0664
1.900 -1.685 -1.763 -1.720 1.087 -0.074 -0.808 -0.667 1714 542 0493 035 0610 0274 0669
2.000 -1.699 -1.801 -1743 1085 -0.085 -0812 -0655 1795. 585 0495 0362 0613 0276 0.672
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response spectra for strike-slip and reverse-slip earthquakes
for magnitude 7.5 at soil sites at distances of 0, 5, 10, 20, 40,
and 80 km.

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 80 km or
magnitudes less than 5.5 or greater than 7.5. These limits are
more restrictive than given by BJF9394.

DISCUSSION

Differences between our Relationships and Others

There are three different ways in which our relationships dif-
fer from those of most other authors. The first of these is the
choice of distance definition. We use a distance 7, equal to
the closest horizontal distance from the station to a point on
the earth’s surface that lies directly above the rupture, and we

do the analysis in terms of

=, rjzl,+h2 .

where 4 is determined in the regression. Some authors (e.g.,
Abrahamson and Silva, this issue) use the closest distance in
three dimensions from the station to the rupture. Campbelt
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{this issue) uses the closest distance to what he calls the “seis-
mogenic rupture,” the top of which lies at a depth of 3 km
or more, He introduced the concept of seismogenic rupture
in recognition of the fact that the earth has less strength at
shallow depth and may not be able to sustain the stress nec-
essary for energetic rupture. Our point of view is that since
the distribution in depth of source strength is unknown, we
are better off using the horizontal source distance in con-
juncrion with an effective depth, chosen to fir the strong-
motion data. Our definition of distance leads automatically
to higher ground-motion values over the hanging wall of
dipping faults than over the footwall, in agreement with the
analysis of Somerville and Abrahamson (1995). One poten-
tial problem with our definition, however, is that it may lead
to overestimates of the ground motion at sites directly over
the downdip edges of faults that extend to depths near 20
km (earthquakes that extended to significantly greater depch
are excluded from our data set). No simple definition, how-
ever, will be free of drawbacks, and, all things considered, we
continue to prefer our choice.

The second important difference between our results
and others is that our relationships have the same magnitude
scaling at all source distances. Most other relationships have
smaller magnitude scaling at short distances than at long dis-
tances. In BJF94a we examined the question of magnitude
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scaling at short distances by Monte Carlo simulation and
also by examining the magnitude dependence of residuals to
our relationships at distances less than 10 km. Both
approaches indicated that the magnitude scaling at short dis-
tances is not significantly different statistically from what we
found for the whole data set.

The third important difference is that we do the regres-
sion analysis of response spectra at each period indepen-
dently. Some analysts do regression analysis on spectral
ordinates normalized by peak acceleration and then multiply
the results by the value of peak acceleration given by regres-
sion analysis of acceleration data. Abrahamson and Silva
(this issue) do a multiple-step regression analysis. Peak accel-
eration is fit in the first step and some of the paramerer vatues
are then fixed for subsequent steps in which response values
are fit. Our approach requires that the regression coefficients
be smoothed over period, but we consider the smoothing to
be beneficial rather than detrimental.

Dependence of Variance on Magnitude and Amplitude

A number of authors have suggested that the variance of
peak horizontal acceleration depends on magnitude (eg,
Idriss, 1985, and Youngs et 4/, 1995, who show that the
dependence is statistically significant). Others have sug-
gested that the variance of peak horizontal acceleration
depends on the value of peak acceleration (Donovan and
Bornstein, 1978; Campbell and Bozorgnia, 1994). We have
examined these suggestions for our data both for peak accel-
eration and response spectra. We summarize the results
briefly here; a more complete discussion can be found in
BJF94. For peak acceleration we, like Youngs ¢t 2/ (1995),
find that 6y, decreases with increasing magnitude and we,
like they, find that most of the effect appears below magni-
tude 6.0. (Some of the increase in 0,y below magnitude 6.0
in our data may reflect the incorrect magnitude assigned to
the 1978 Santa Barbara earcthquake.) We also find for peak
acceleration, like Campbell and Bozorgnia (1994), that g,y
decreases with increasing peak acceleration. Most of the
effect for peak acceleration with our dara set comes from
records with peak values less than 0.1 g. For response spectral
values we see no significant dependence of variance on either
magnitude or amplitude. The difference between the results
for peak acceleration and response spectral values is probably
due, at least in part, to the relatively few records in the
response spectral data set from earthquakes with magnitude
less than 6.0 (1 and 5 records from earthquakes of magni-
tude 5.3 and 5.8, respectively; see Figure 1) and relatively
few low-amplitude records in the response spectral data set.

Contribution of Coeflicient Uncertainty to Estimation Error
The quantity 6, in Equation (4) and Table 8 is the standard
deviation of the data about the prediction equarion and is
part of the error of a single estimate. The equation itself
issubject to error resulting from uncertainties in the coeffi-
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cients, and that error represents an additional contribution
to the estimation error. To evaluate that contribution we
used Monte Carlo simulations (Press ez af., 1992). We did
the simulations with the equations of BJF93, but the results
should also be applicable to the equations of this report. We
started with a ser of coefficients determined by fitting the
observed data. We took the magnitude, distance, and site-
condition values from the observed data and used the coefh-
cient set in equation (1) of BJF93 to estimate a mean value
of the natural logarithm of the ground motion correspond-
ing to cach record in the data set. Using a pseudorandom-
number generator, we generated a Gaussian random number
with mean zero and standard deviation &, for each record
and a Gaussian random number with zero mean and stan-
dard deviation ©, for each earthquake. Adding the random
numbers to the estimated mean values gave an artificial data
set of ground-motion values, which we analyzed by the two-
stage method to obtain a set of simulated coefhcients; we
used 100 simulations and thus obtained 100 sets of simu-
lared coefficients. We then used each ser of simulared coeffi-
cients to predict peak horizonrtal acceleration and response
spectra at 5 percent damping and each of 8 periods from 0.1
to 2.0 sec at BJF93 Class Csites for M =6.5and 7.5 at 4= 0
and 20 km. For each magnitude and distance the mean of
the 100 estimates of cach measure of ground motion pro-
vides a measure of the bias in the method, and the spread in
the values is a measure of the uncertainty in the ground
motions due to stochastic uncertainty in the regression coef-
ficients. The means of the estimates of ground motion from
the sets of simulated coefficients wete within 8 percent of the
ground-motion values predicted from the set of coefficients
determined from the observed data for all of the magnitude,
distance, and period combinations (including peak accelera-
tion) and were much closer in most cases. This agreement
indicates that there is no bias introduced by the particular
distribution of the data set over magnitude, distance, and site
condition and no bias introduced by the analysis method.
The contribution to prediction error from stachastic uncer-
tainties in the coefficients is measured by the standard devia-
tion of the logarithm of the ground-motion parameters
calculated from the simulated data sets. The contriburion
varies substantially with magnitude, distance, and period. It
is largest for M = 7.5 at d = 0, where it ranges from 19 per-
cent for peak acceleration to 45 percent ar 2.0 sec period.
The scarcity of data points in the vicinity of M = 7.5 and
d = 0 accounts for the large error contribution. For M = 6.5
and 4 = 20, where data are more plentiful the contribution
ranges from 9 percent for peak acceleration to 21 percent at
2.0 sec period. For all the magnitude, distance and petiod
combinations the contributions are small compared to the
standard error of an individual prediction. (The numbers
given in this paragraph differ slightly from those in BJF94a
because of an error in an input file for a computer run used
as a basis for results cited in BJF94a.)
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LIMITATIONS OF THE PRESENT WORK AND
PROSPECTS FOR IMPROVEMENT

Few response spectral data below magnitude 6.0
Earthquakes with magnicudes less than 6.0 are pootly rep-
resented in the response-spectral data set, which includes
only one record from a magnitude 5.3 earthquake and six
records from a magnitude 5.8 earthquake. Prediction of
ground motion for the smaller earthquakes is less impor-
tant, of course, but it would be desirable to increase the
number of data for small earthquakes. This will be accom-
plished when we add all the recently recorded earthquakes
to the data set.

Effect of site conditions on short-period mation

The equarions developed from our currenr data set show
differences between site classes for peak acceleration and for
response spectra at all periods, while the original equations
showed litte or no difference for peak acceleration or for
response spectra at periods 0.3 sec and smaller. The change is
the result of adding new data, and it is an improvement in
the sense that the new dara set includes a broader range of
site conditions. The particular way in which site conditions
affect short-period motions, however, may depend on vari-
ables not included in the prediction equations. For example,
two sites may have the same average shear velocity over the
upper 30 m, but they may be underlain by different
thicknesses of atrenuarting material. For a large enough thick-
ness, the effect of anelastic attenuation on short-period
motions may largely offset, or even reverse, the effect of
amplification. When we add all the recenty-recorded
earthquakes to the darta set and compile all the available geo-
logic site data, we will try adding a variable representing the
thickness of attenuating material to the equations.

Averaging veloecity over 30 m

The use of average shear-wave velocity to a depth of 30 m as
a variable to characterize site conditions is a choice dictated
by the relative unavailability of velocity data for greater
depths. The ideal parameter would be average shear-wave
velocity to a depth of one-quarter wavelength for the period
of interest, as was used by Joyner and Fumal (1984; see also
Boore and Joyner, 1991, 1997). By the quarter-wavelength
rule, 30 m is the appropriate depth for a period of 0.19 sec
for the typical rock site (average velocity 620 m/sec) and for
a period of 0.39 sec for the typical soil site (average velocity
310 m/sec). The use of shear-wave velocity averaged over 30
m may work reasonably well for other periods, because it will
have a high correlation with the average over other depths.
We hope, however, to develop estimates of average shear-
wave velocity to greater depths at a sufficient number of sites
so that we can ultimately provide ground-motion predicrion
equations in terms of average shear-wave velocity to a depth
of one-quarrer wavelength.
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Distance limitations

There is greater uncertainty in ground-motion estimates at
large distances due to the scarcity of data, probably aggravated
by regional diffetence in wave propagation caused by varia-
tions in crustal strucrure and Q. Uncertainty in estimates for
large distances is not as important as for smaller distances, but
in some circumstances can still be important. There are very
few recordings in our data set for distances greater than 80
km, and we recommend that the equations not be used for
greater distances. Such a limitation is inherent in the strong-
motion data set as long as it is dominated by conventional
triggered instruments. In our future work we hope to extend
the range of our predictions to larger distances by using weak-
motion data recorded on seismographic networks in combi-
nation with stochastic methods {e.g, Hanks and McGuite,
1981; Boore, 1983, 1996) to obtain the attenuation of
ground motion with distance and strong-motion dara to
define the magnitude scaling for short distances. The magni-
tude scaling at distances beyond about 100 km may be some-
what greater than at closer distances for two reasons: the
petiods controlling the oscillator response may increase
because of anelastic attenuation, and the energy radiated by
the carthquake may be spread over a longer duration. An
example of the distance-dependence of the magnitude scaling
can be seen in Figure 9 of Atkinson and Boore {1990).

Basin-generated surface waves

Surface waves have been recorded by strong-motion instru-
ments at sites in deep sedimentary basins (Hanks, 1975).
These waves arrive later than the S body waves and have peri-
ods in the general range of 3-10 sec. In some, perhaps most,
cases these waves are generated at the margins of the sedi-
mentary basins by conversion from body waves in the high-
velocity material bounding the basin (Liu and Heaton,
1984; Vidale and Helmberger, 1988; Frankel et 2/, 1991).
At some sites the largest amplitudes at long periods may be
due to surface waves. Surface waves are probably not signifi-
cant for the periods covered by the equations in the present
repott {two seconds and less), but they represent an impor-
tant issue in ground-motion prediction for longer periods.

Effect of dislance cutoffs thal are independent of geology
and azimuth

The limits on the distance range within which our equations
may be used for predicting ground motion are made more
severe by our attempt to avoid bias due to instruments that
do not trigger. To avoid that bias, we exclude from the data
set for each earthquake all records obtained at distances
equal to or greater than the closest operational instrument
that did not trigger or that triggered on the § wave. We use
differenc curoff distances for stations employing a trigger
sensitive to horizontal motion and those with a trigger sensi-
tive to vertical motion, but for simplicity we use cutoff dis-
tances independent of geologic site conditions and
independent of azimuth. Because amplitude depends on site
conditions and on azimuth through the effects of radiation
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pattern and directivity, the use of cutoff distances indepen-
dent of geology and azimuth may result in the unnecessary
exclusion of records. We choose simplicity and objectivity,
however, over increasing the number of records in the data
set, and we believe avoiding bias is far more important than
increasing the number of data. Alternative methods of avoid-
ing bias are available that do not require the exclusion of
records {Toro, 1981; McLaughlin, 1991). Although these
methods add significantly to the complexity of the analysis
we may consider these methods in our future work. They
will become largely unnecessary, however, if we have func-
tions giving ground-motion distance dependence developed
by stochastic methods with the help of data other than
strong-motion data, as described above.
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ERRATUM
Seismological Research Letters, Vol. 68, No. 1, pp. 128-153, January/February 1997

Equations for Estimating Horizontal Response Spectra and Peak Acceleration

from Western North American Earthquakes: A Summary of Recent Work
D. M. Boore, W. B. Joyner, and T. E. Fumal

Equation (6) for the contribution to the variance of the predicted random component of
ground motion due to component-to-component variation is in error by a factor of 2. The
proper equation is

1 S (InYy; — ln¥y,)®
2 J ¥
nrecs Z 4 ’ (6)

i=1
The same erroneous equation appears as equation (3} in Boore et al. (1993). As a result
of the error, the column labeled “oc” in Table 8 is too large by a factor of v/2, and the
error carries through to the columns labeled “o,” and “oy,y”. The corrected Table 8 is
included here, with an added column giving the ratio of the corrected and erroneous values
of the total standard deviation of the predicted value of the random component of ground
motion (g,y; for brevity the column in the table is labeled “n/o” for "new” divided by
“old”). Because the component-to-component variance is smaller than the variance of the

[

geometric mean (compare columns “oc” and “o1”), and because variances are added to
obtain the total variance, the impact of the error on the total standard deviation is minor.
(The ratios of the standard deviation of the random-component ground motion to the
geometric-mean ground motion, sometimes used in seismic hazard calculations, differ by
amounts almost identical to the “n/o0” column in the table included in this erratum. For
example, at 1 sec. period the ratio is 1.18 and 1.09 for the erroneocus and corrected values

of o, respectively, with a ratio of the ratio equal to 0.92.)

The error also propagated to two Spudich ef al. papers (1997, 1999). The o3 values in
Table 3 of Spudich et al. (1997) and Table 2 of Spudich et al. (1999) are too large by a
factor of v/2.
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TABLE 8 (corrected)
{("n/o" stands for the ratio of the new {corrected) and old (erroneous) values of o ,y)
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1.900
2.000
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1.164
1.215
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1.257
1.242
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1.198
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0.423
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-1.460
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1.200
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1.204
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0.700
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0.482
0.385
0.311
0.239
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0.036
-0.025
-0.176
-0.314
-0.440
-0.555
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-0.851
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-1.080
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-1.315
-1.407
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-1.550
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-1.689
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-1.743

B,
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0.753
0.732
0.721
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0.707
0.702
0.702
0.702
0.705
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0.721
0.732
0.744
0.758
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0.794
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0.852
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-0.161
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-0.101
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-0.090
-0.078
-0.069
-0.060
-0.053
-0.046
-0.041
-0.037
-0.035
-0.032
-0.032
-0.030
-0.032
-0.035
-0.039
-0.044
-0.051
-0.058
-0.067
-0.074
-0.085

8
-0.778
-0.934
-0.937
-0.939
-0.939
-0.938
-0.937
-0.935
-0.933
-0.930
-0.927
-0.924
-0.918
-0.912
-0.906
-0.899
-0.893
-0.888
-0.882
-0.877
-0.872
-0.867
-0.862
-0.858
-0.854
-0.850
-0.846
-0.837
-0.830
-0.823
-0.818
-0.813
-0.809
-0.805
-0.802
-0.800
-0.798
-0.795
-0.794
-0.793
-0.794
-0.796
-0.798
-0.801
-0.804
-0.808
-0.812

8y
-0.371
-0.212
-0.211
-0.215
-0.221
-0.228
-0.238
-0.248
-0.268
-0.270
-0.281
-0.292
-0.315
-0.338
-0.360
-0.381
-0.401
-0.420
-0.438
-0.456
-0.472
-0.487
-0.502
-0.516
-0.529
-0.541
-0.553
-0.579
-0.602
-0.622
-0.639
-0.653
-0.666
-0.676
-0.685
-0.692
-0.698
-0.708
-0.710
-0.711
-0.709
-0.704
-0.697
-0.689
-0.679
-0.667
-0.655

Va

1396
1112
1291
1452
1596
1718
1820
1910
1977
2037
2080
2118
2158
2178
2173
2158
2133
2104
2070
2032
19895
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1919
1884
1849
1816
1782
1710
1644
1592
1545
1507
1476
1452
1432
1416
1406
1396
1400
1416
1442
1479
1524
1581
1644
1714
1795

H
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6.27
6.65
6.91
7.08
7.18
7.23
7.24
7.21
7.16
7.10
7.02
6.83
6.62
6.39
6.17
5.94
5.72
5.50
5.30
510
4.91
474
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4.41
426
413
3.82
3.57
3.36
3.20
3.07
2.98
2.92
2.89
2.88
2.80
299
3.14
3.36
3.62
392
4.26
4.62
5.01
5.42
5.85

a4y
0.431
0.440
0.437
0.437
0.435
0.435
0.435
0.435
0.435
0.435
0.435
0.435
0.437
0.437
0.437
0.440
0.440
0.442
0.444
0.444
0.447
0.447
0.449
0.449
0.451
0.451
0.454
0.456
0.458
0.461
0.463
0.465
0.467
0.467
0.470
0472
0.474
0477
0.479
0.481
0.484
0.486
0.488
0.490
0.493
0.493
0.485

Tc
0.160
0.124
0.141
0.148
0.153
0.158
0.163
0.166
0.169
0173
0.176
0177
0.182
0.185
0.189
0.192
0.195
0.197
0.199
0.200
0.202
0.204
0.205
0.206
0.209
0.210
0.211
0.214
0.216
0.218
0.220
0.221
0.223
0.226
0.228
0.230
0.230
0.233
0.236
0.239
0.241
0.244
0.246
0.249
0.251
0.254
0.256

al
0.460
0.460
0.459
0.462
0.461
0.463
0.464
0.466
0.467
0.468
0.469
0.470
0.474
0.475
0.476
0.480
0.481
0.484
0.486
0.487
0.491
0.491
0.494
0.494
0.497
0.497
0.501
0.504
0.507
0.510
0.513
0.515
0.517
0.519
0.522
0.5625
0.527
0.531
0.534
0.537
0.541
0.544
0.547
0.550
0.553
0.555
0.557

0&
0.184
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.005
0.009
0.016
0.025
0.032
0.03¢9
0.048
0.055
0.064
0.07
0.078
0.085
0.092
0.009
0.104
0.111
0.115
0.129
0.143
0.154
0.166
0.175
0.184
0.191
0.200
0.207
0.214
0.226
0.235
0.244
0.251
0.256
0.262
0.267
0.26¢
0.274
0.276

Tiny

0.495
0.480
0.459
0.452
0.461
0.463
0.464
0.466
0.467
0.468
0.469
0.470
0.474
0.475
0477
0.482
0.484
0.487
0.491
0.492
0.497
0.499
0.502
0.504
0.508
0.510
0.514
0.520
0.526
0.533
0.539
0.544
0.549
0.553
0.559
0.564
0.569
0.577
0.583
0.590
0.596
0.601
0.606
0.611
0.615
0.619
0.622

ne

0.95
0.96
0.95
0.95
0.95
0.95
0.94
0.94
0.94
0.94
0.94
0.84
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.83
0.93
0.93
0.92
0.82
0.93
0.92
0.92
0.93
0.93
0.93
0.93
0.93
0.92
0.83
0.93
093
093
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.92
0.93



