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ABSTRACT

Empirical strong motion recotdings from large magnitude (M=6)
tvents are reprocessed using procedures that emphasize preserving
the long period motions and determining the reliable period range for
each recording. An empirical attenuation relationship for 5%
damped response spectral values js derived for the period range 1-20
second and rupture distances of 1 to 100 km. Numerical simulations
are used to guide the selection of the functional form of the regres-
sion equation and the extension of the attenustion relations up 1o 3
period of 20 scconds.

INTRODUCTION

For seismic isolation systems, the critical frequency band for
seismic ground motions is shifted from short periods to low frequen-
cics. This has lead 1 increaszed interest in anepuation relations for
jong pericd ground motions. The major difficulty in estimating long
period spectral attenuation relations from cmpirical data is that uch
of the processed data may be unrcliable at periods greater than
several seconds. To address this problem, strong motion recordings
from Jarge magnitude earthquakes are reprocessed using a procedure
that is directed at recovering the long period motion. In addition, a
new procedure for evaluating the relinble long period range for
strong motions based on the Fourier phase spectrum is devéloped
and applied,

Based on our analysis, at periods greatcrthan 10 seconds, very few
of the accelerograms contain energy above the noise lovel. We used
numerical modeling to guide the extension of the attenuation rela-
tions to periods up to 20 seconds. This paper describes the long
period attenuation relations derived using recordings from large
magnitude ¢vents (M=6).

DATA BASE
The strong motion data base for this study consisis of 201

recordings from 18 events with magnitude greater orequal to 6.0 and
distance jess than 100 km. Distance is defined a5 closest distance
to the rupture zope and magnitude is moment magnitude. The events
used in this study are listed in Table 1. The geometric average of th
horizontal components is used. :

Bsscd upon site response analyses using broad categories and
generic site profiles (Silva, 1991), the sites were initially classified
as rock, shallow soll (<250 £t), intermediate depth soil (250-1000 ft),
deep soil (»1000 ft), and alluvium of unknown depth. There are
Insufficient recordings in the shallow and intermedistc calegones to
evaluate these categories scparatcly, Therefore, we combined the
data into two groups: soil < 250 ft and soil > 250 ft. The “alluvium
of unknown depth” was put into the soil > 250 ft group. The
distribution of recordings in magnitude and distance is shown in
Figure 1. The Nahanni earthquake recordings were only used for the
absolute spectral levels and not for peak acceleration because they
are more representative of Eastern U. S. rock conditions than
Western 1. 8. rock site conditions,

CORRECTION PROCEDURE

In order to extend the strong motion data base to the longest
periods as possible, all of the records were reprocessed. The
correction procedure includes both a high-pass filter in the frequency
domain and a polynomial baseline correction in the time domain
(Gaizer (1979). The details of ithe correction procedure are given in
Sjlva and Abrahamson (1993).

The judgement whether long period metion for a given record is
realistic depends on the consistency of the amplitudes and timing of
the long period energy with that of the higher frequency motior. One
way to quantify the consistency of the timing of the long petiod
motions is by examining the phase spectrum. The phaze spectrum
controls the timing 2nd shape of the waveform. Seismic groand
motion arc expecied to have a consistent phase structure at long
periods whereas noise will have random phase.
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TABLE 1. 5TRONG MOTION DATA BASE

Event M R § I D ATotal
1940 El Centro 71 1 1
1952 Kem County 14 4 1 5
1966 Parkfield 61 2 4 6
1968 Borrego Mtu. 6.6 1 1
1971 San Femando 66 10 1 1 3 1 16
1976 Gazli 6.8 i 1
1976 Friuli 62 i 1 2 4
1978 Tabas 74 2 2
1978 Sanua Barbara 60 1 1 2
1979 Imperial Valley 65 2 21 8 3
1980 Mexicali Valley 64 1 4 5
1983 Coalings 65 21 17 1 4 43
1984 Margan Hill 62 6 2 1 1 6 22
1985 Nabanni 68 3 3
1987 Superstition Hills A 6.2 1 1
1987 Supegstition Hills B 6.6 2 2
1988 Spitak 7.0 1
1989 Loma Prista 70 28 4 3 15 5 55
Total %™ 25 5 62 31201

R=rock, Sshallow soil, I=intermediate depth soil, D=deep soil,
Asaliuvivm of unknown depth.
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FIGURE 1. DISTANCE AND MAGNITUDE DISTRIBUTION
OF THE DATA BASE,
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FIGURE 2A. SAMPLE ANALYTICAL PHASE DERIVATIVE.
IN THIS CASE, THE PHASE DERIVATIVE 18 WELL BE-
HAVED FOR PERIODS UP TO 20 SECONDS.
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FIGURE 2B. SAMPLE ANALYTICAL PHASE DERIVATIVE.
INTHIS CASE, THE PHASE DERIVATIVE BECOMES MORE
RANDOM AT A PERIOD OF ABOUT 1.5 SECONDS,
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Specifically, we examine the analyiical derivative of the phase
with respect to frequency (Tribolet, 1977). Examples of the phase
derivative axe shown in Figures 20 and b. Figure 2a shows » case
where the phase derivative is well behaved to periods of 20 seconds.
In contrast, Figure 2b shows a case where the phase derivative
becomes much more random at a period of about 1.5 secopds. The
final comrecied acceleration time histories are evaluated for long
period noise contamination by examining the analytic phase deriva-
bive.

The high-pass filter comer frequencies used in the comection
procedure and the behavior Gf the phase derivative arc uscd tQ limit
the longest reliable period for each record. The response spectral
values are only used in the regression for frequencies that are greater
than 1.25 times the high-pass filter comer frequency. Alse, response
spectra values are only used for periods less thao the shortest period
atwhich the phase derivative is not well behaved. The size of the data
base for each period isliated in Tabje 2. These restrictionson the data
set will tend to bias the regression o larger speciral values because
the larger motions will be above the noise level more often than
smaller motions. In this study, we do not try 1o correct for this bias,
but simply note that this conservatism is inherent 1 our procedure.

REGRESSION ANALYSES

The regression analyses vsc the random effects model following
the algorithm of Abrahamson and Youngs (1992). This model
explicitly accounts for the correlation between recordings from the
same carthquake. It handles uneven sampling of the earthquakes in
@ slatistically optims] manner. This method partitions the variance
into inter-cvent (t7) and intra-event (02) tepms.

The regression is performed for peak acceleration (pga) and
response spectral values  The regression for response spectral
values uses the speciral shape (Sa/pga) because itis more stable than
the absolute spectral values. The final response spectral attenuation
is found by combining the spectra shape model with the pga model.
The standard ciror of the spectral attenuatjon relation is computed
using the absolute spectral values.

Eeak Acceleration

The horizontat peak acceleration on rock is modeied by:

In pgaoq(e) =6, + GIM + Oqln(rtexp(6,+68,M)) + 8, F, (1)
and the horizontal peak acceleration on soil is modeled by

In pgag(B) =85+ 6;M + Bgin(r+exp(By+8,,M)) + 8y, F; (2)

where ris the cosest digtance 1o the rupture zone inkm, M is moment
magnitudo, and F, is the fault type (F 21 for reverse and zero for
strike-slip or normal).

‘The estimated cocfficients for average horizontal pga are listed in
Table 3. The resulting pga attenuation relations are shown in Figure
3

Soectral Shape

The functional fotm for the average horizontal spectral shape was

TABLE 2. SIZE OF RELIABELE DATA BASE

FOR DIFFERENT PERIODS
Perdod (sec) Events Records
Q.0 18 201
1.0 18 200
1.5 18 197
2.0 18 180
3.0 18 173
4.0 17 161
5.0 12 85
7.5 11 77
10.0 6 31
15.0 5 29
20,0 1 22

TABLE 3, AVERAGE HORIZONTAL PGA COEFFICIENTS

8, -4.364
iD] 1.016
03 -1.283
04 -3.34
85 0.79
g -8.698
8y 1.654
Bg -1.166
Oy -6.80
910 1.40
611 6.17
c 0.44
T 0.00
OTotal 0.44

guided by results from numerical simulations and previous empiri-
cal studies. Depending on the assumptions regarding the seismic
source pamumieter values, numerical simulations suggest that strike-
slip events maybe move likely to show pear-field directivity effects
atlong periods than dip-slip ¢vents. The functional form is selected
50 that it can accommodate this effect. The normalized spectrum
model is given by

In(Salpga)soil =€) + o2 (8.5-M)* + cor 3
+ c5 (1-tanh{(r-gg)c10)) (1-F2)
and
In(Sa/pgalrock =3+ c4(8.5-M)B + co1 “®

+¢5 (1-tanh((r-ca)/ex0)) (1-F2)

where Fa=0 for strike-slip events and Fz=1 for dip-slip events. The

last term accommodates a near-field effect for strike-slip events.
The analysis of the data showed that the near-field effect for

strike-~slip events decrcascd for cvents with magnitude less than 6.5,
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FIGURE 3. STRIKE-SLIP HORIZONTAL PEAK ACCELERA-
TION ATTENUATION RELATION FOR MAGNITUDES 6, 7,
AND 8. THE SOLID CURVES ARE FOR ROCK SITES AND
THE DASHED CURVES ARE FOR SOIL SITES.

Therefore, the functional form was modified for events between
magnitude 6 and 6.5 to taper out the near-field effect for strike-slip
events. For 6.0sM<6.5, the normalized spectrurn is modeled by

In{Sa/pga)sait = 61 + €2 (B.5-M)*® + cgr (3)
+ 2(M-6) 5 (1-tanh{({r-co)/c10)) (1-F2)

In(Sa/pgBlock = €3 + €4 (8.5-M)*8 + cor (6)
+ 2(M-6) cs (1-tanh((t-cg)/c10)) (1-F2)

The coefficients computed for the rock/shallow soil and deep soil
site conditions are listed in Table 4. The nearfield term, cs,
corresponds to up to a 30% difference in long period spectral shape
at short distances betwoen strike-slip and dip-slip events. The
empirical data could only be used for periods up to 7.5 seconds
becauge there were not enough records that were reliable for periods
of 10 seconds or greater 1o yield a stable regression result (Tabie 2).
Based on numerical simulations, the response spectrum js approxi-
mately flat to spectral displacement at petiods greater than B seconds
for magnitudes less than 7.5. Therefore, the spectral atienustion
relations were extended to 20 scconds assuming constant spectyal
displacement. For magnitudes laxger than 7.5, this extension may
not be appropriate.

‘The standard ermors of the absolute spectral acceleration based on
the cambined pga and spectral shape attenuation relations are listed
in Table 5. In contmast to the pga standard error, the Jong period
spectral standerd errors have a significant inter-event component
(), generally about the same size as the intra-event component (q).

TABLE 4. COEFFICIENTS FOR HORIZNTAL
SPECTRAL SHAPE

per ¢, < < L, < < G 66
10 05331 008 00259 -0.103 013 00025 0009 2.5 10
1.5 01004 -0.08 -04264 -0.105 0.13 0.0025 0.009 2.5 1@
2.0 02137 -0.08 -0.7692 -0.118 0.13 0.0025 0.009 25 1D
3.0 08873 -0.08 -1.3057 -0.14 0.13 0.0025 0.009 2.5 10
4.0 -1.3105 -0.11 -16072 -0.17 013 00025 0009 25 10
50 -1.4497 -0.15 -1.8304 -0.21 0,13 0.0025 0.009 235 10
7.3 -22523 Q.15 -2.6086 -0.21 0.3 0.0025 0009 25 10
10.0 28235 045 -3.1675 029 013 0.0025 0.009 2.5 10
15.0 -3.6344 .15 -39785 -0.21 013 00025 0.009 2.5 10
20,0 ~4.2098 -0.15 -4.3538 -021 043 00025 0009 25 10

W W G W W W W W

TABLE 5. STANDARD ERRORS FOR HORIZONTAL SA

Per (sec) a T L S
1.0 0.53 0.49 0.72
1.5 0.50 0.49 Q.70
2.0 (.48 (.43 0.64
30 0.51 0.44 0.67
40 0.48 0.50 0.69
50 0.52 0.47 0.70
7.5 0.58 0.43 0.72

10.0 0.72*

150 0.72*

20.0 Q. 72*

* Assumed Value

At periods greater than 7.5 seconds, the total stapdard error is
assumed (o be the same as the 7.5 second Jevel.

The resulting spectral displace ment attenuation relation forstrike-
slip events is plotted as a function of period in Figures 43 and b for
distance of 1 and 10 km, respectively. A 1 km, the difference
between soil and rock is small due to the larger pga for rock at shost
distances (Fig. 3). A110km, the £0il spectyal displacement becomes
significantly larger than the rock spectra] displacement. The attenu-
ation rclations arc shown as a function of distance for a period of 2
seoconds in Figure 5.

The recent Lander Earthquake (M~7.5) was recorded at the
Lucerne station operated by Southern California Edison. Tt was
located about 1.8 km from the fault rupture on rock. A final corrected
vession of this record is not yet availabie. A prelimipaty corrected
record was produced using the same baseline correction procedure
that was used 10 cosrect the data for this study. The resulling
geometric average horizontal spectral displacement is compared to
the attenustion relation in Figure 6. The attenuation refation
overpredicts the Luceme recording. The larger horizontal compo-
nent of the Lucemne record is up to a factor of 2 larger than the
geometric average. Large differences between the two horizontal
componcnts have been observed for other recordings at short dis-
tances (Sadigh et al., 1993; Somerville and Graves, 1993),
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FIGURE 4A. MEDIAN 5% CAMPED SPECTRAL DISPLACE-
MENT FOR STRIKE-SLIP EVENTS WITH MAGNITUDES 8,
7,AND BAT ADISTANCE OF 1 KM. THE SOLID LINES ARE
FOR ROCK AND THE DASHED LINES ARE FOR SOIL.
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FIGURE 4B. MEDIAN 5% DAMPED SPECTRAL DISPLACE-
MENT FOR STRIKE-SLIP EVENTS WITH MAGNITUDES 6,
7, AND 8 AT A DISTANCE OF 10 KM. THE SOLID LINES
ARE FOR ROCKAND THE DASHEDLINES ARE FOR SOIL.
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FIGURE 5. MEDIAN 5% DAMPED SPECTRAL DISPLACE-

MENT AT A PERIOD OF 2 SECONDS ON ROCK FOR
MAGNITLIDES €, 7, AND 8.
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FIGURE 6. COMPARISON OF THE PREDICTED AVERAGE
HORIZONTAL SPECTRUM FOR A M=7.5 STRIKE-SLIP
EVENT ON ROCK (THIN LINES} WITH A PRELIMINARY
ESTIMATE OF THE HORIZONTAL SPECTRUM FROM THE
LUCERNE RECORDING OF THE 1932 LANDERS EARTH-
QUAKE (HEAVY LINES). THE AVERAGE HORIZONTAL
COMPNENT IS SHOWN BY THE SOLID LINE AND THE
INDIVIDUAL HORIZONTAL COMPONENTS ARE SHOWN
BY THE DASHED AND DOTTED LINES.
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