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STATE~OF-THE-ART FOR ASSESSING EARTHQUAKE
HAZARDS IN THE UNITED STATES

DURATION, SPECTRAL CONTENT, AND PREDOMINANT PERIOD OF STRONG
MOTION EARTHQUAKE RECORDS FROM WESTERN UNITED STATES

PART I: INTRODUCTION
1. This investigation evaluates the duration, spectral content,
and predominant period of strong motion records from western United

States for parameters that are significant in earthquake design.

Previous Work

2. Gutenberg and Richterl presented the following equation for

duration as a function of magnitude:

log t, = -1.b + 0.32 M (1)
where
to = time of duration in seconds at point of origin. |
1 M = magnitude in the Richter scale '

Their source of data was the standard torsion seismograms. Esteva
and Rosenblueth2 described the duration of an equivalent ground motion

with uniform intensity per unit time by the equation:

0.74 M

; s = 0.02e + 0.3A (2)
4 where
! s = duration in seconds

A = source to station distance in kilometres

Housner3 suggested an upper bound for duration of ground shaking during ]

E large earthquakes by a linear law expressed as i
)




D=11.2 M - 53 for M>5 (3)

where D represents duration in seconds. If M equals 8.5, the dura-
tion is about 45 sec. The study of Bolth for the "bracketed duration"
D of acceleration greater than 0.05 g as a function of M yields the

formula:
D = 17.5 tanh (M - 6.5) + 19.0 for f£f > 1 Hz (L)
D=17T.5tanh (M - 6.0) + 7.5 for £ > 1 Hz (5)

Relating magnitude to duration for threshold values of 0.05 g,
Kbbaya.shi5 gave this equation

log) t0.0S = 0.50 M - 2.26 sec (6)

An effort was made by Husid,6 to compute the effective duration of
shaking based on the concept of energy (Arias7). In their approach,

the digitized acceleration values were squared, and the sum of the
values was accumulated. A plot (Figure 1) of the accumulated value
against time (adopting the 95 percentile time interval) has a shape re-
sembling a cumulative distribution curve and provides a direct graphical
representation of the duration effects.

3. It should be noted that the site effects on duration were not
evaluated in any of the above-mentioned papers.

L, Recently, Trifunac and Brady8 attempted to give a modified
definition of the duration of strong earthquake ground motion from the
concept of Husid.6 They défine the duration of the recorded strong
motion to be that time inferval during which the mogt significant
contribution is made to an integral of the form lj,'fQ(t)dts’T
f(t) stands for acceleration a(t) , velocity v?t) , or displacement
i d(t) , and T is finite or infinite. They arbitrarily delete the first

5 percent and the last 5 percent of the amplitudes of these integrals

where
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Figure 1. Graph of cumulative squared
acceleration values versus time for
Pacoima (1971) and E1 Centro (1940)
records; the durations are 12.0 and
25.8 sec, respectively (both durations
agree with the results in Appendix B)

and define the remaining 90 percent as the "significant" or "strong-
motion" contribution. Their definition of duration is closely related
to seismic energy and associated spectral amplitudes. Correlations
were established among the foilowing parameters: duration, velocity,
displacement, Modified Mercalli (MM) intensity, earthquake magnitude,
site geology, and epicentral distance. Hays9 studied the durations of
earthquakes and nuclear explosions and then defined duration as absolute
acceleration > 5 percent g. Site geology was completely ignored.

Dobry et al.lo conducted a study of duration of horizontal records in

the western United States on site conditions from rock to soft clay




based on the definition of Trifunac and Brady. They found a consistent

correlation between duration on rock and magnitude and distance to the
source. Vanmarcke and La.ill proposed a strong-motion duration that is
nearly proportional to the quantity Io/gﬁax , in which _ is the
maximum ground acceleration, and I° is the integral of the squared
accelerations. The proportionality factor is weakly dependent on the
predominant period of the ground motion. Housner (1975)12 suggested two
parameters to describe the severity of the earthquake ground motion:

(a) the spectrum intensity plus the duration of strong shaking, or

(b) the average power of the input during the strong phase of shaking
plus the duration of this input.

5. Little is presently known of the frequency variations in time
history of earthquake motions. As a consequence, such properties are
not usually included in the specification of earthquake motions for
structural design. Bolt,h in his study of durations of strong earth-
quake motion, presented bracketed duration in the range of 0.5-10.0 Hz.
The predominant frequency range was within 2-5 Hz. The observed
frequency range of ground motions using the SMAC Accelerograph in Japan
is approximately between 0.25 and 7.0 Hz (Kobayashi).13 A systematic
analysis of strong motion accelerograms for the western United States
since the Long Beach Earthquake (California) of 1933 has been performed
and published in Volumes III and IV of a report series (Volume I con-
tains uncorrected accelerograms and Volume II corrected data) by the
California Institute of Technology (CIT).lh Volumes III and IV deal
with response spectra and Fourier amplitude spectra, respectively. The
undamped response spectra of O percent critical damping and Fourier
amplitude spectra are in good correlation. The response spectral data
for the period range between 0.04 and 15.0 sec, or 0.06 and 25.0 Hz,
have been presented both graphically and numerically. Based on the
presentations of Fourier amplitude spectrum of acceleration in Volume IV,
the predominant peaks at 95 percent confidence level are within 0-5 Hz;
however, there are some cases where the 95 percent confidence level
extends to about 10 Hz.

6. Newmark15 established the frequency bands of the response

6
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spectra at the critical damping ratio of 0.5, 2.0, 5.0, and 10.0 per-
cent. They are used for averaging the amplifications of displacement,

velocity, and acceleration as follows:

Horizontal displacement 0.2-0.4 Hz
Horizontal velocity 0.4-2.0 Hz
Horizontal acceleration 2.0-6.0 Hz
Vertical displacement 0.1-0.3 Hz
Vertical velocity 0.3-3.0 Hz
Vertical acceleration 3.0-10.0 Hz

These values indicate that the predominant frequency range of the strong
earthquakes is within 0.1-10.0 Hz. The site condition is completely
ignored.

T- Blume16 studied the response spectrum shapes for 33 signifi-
cant and different accelerograms generated by 12 major earthquekes with
damping ratios of 0.005, 0.01, 0.02, 0.05, 0.0T, and 0.10. He found
that the effect of duration on the shape of the response spectrum is
small for frequencies greater than 2 Hz and that the dynemic amplifica-
tion factor at longer periods, however, tends to be higher for long

duration motions than for short ones.

Definition of Duration and Scope

8. The "bracketed" duration is defined as the time interval be-
tween the first and last peaks of acceleration equal to or greater than
0.05 g for the strong earthquake record. This definition has been used

7 and Bolt.h Durations in Appendix B were computed in

by Page et al.
this manner. Figure 1 (Husid6) shows the "effective durations," formed
by summing the squared digitized accelerations and the values accumu-
lated against time, for the horizontal components of the Pacoima Dam
record of the San Fernando Earthquake (California), 9 February 1971, and
of the El Centro record of the Imperial Valley Earthquake (California),
18 May 1940. The durations are 12.0 and 25.8 sec, respectively. Ap-

pendix B presents approximately the same values of duration for these




two earthquake records, probably a coincident case. For a general case,
further investigation is needed.

9. Values for the duration of strong earthquake shaking are
determined by magnitude, amplitude, distance, site geology, and wave

frequency. These factors will be examined in the following paragraphs.

Definition of Spectral Content

10. Fourier spectrum and relative response spectrum are two use-
ful tools for defining the frequency content of a time signal. Since
earthquake engineers are familiar with the response spectrum technique
(RST), this method will be used in this study. The frequency bands of
the response spectra, established by Newmarkl5 within 0.1-10 Hz for ac-
celeration, velocity, and displacement, are also to be adopted. However,
only the relative response spectral peak amplitudes, i.e., acceleration,
velocity, and displacement of the predominant peak frequencies, will be
considered and reduced to the ground surface by dividing the peak
amplitudes by the dynamic amplification factor (DAF) or 1/2h , where

h is the critical damping ratio. This relationship can be expressed as

Ground peak — Relative response peak amplitude spectrum
amplitude spectrum DAF

There are two important justifications for this relationship. First,
the peak amplitudes of the discrete predominant frequencies at the
ground surface or base could be summed to obtain the approximate re-
sultant amplitude by assuming them in phase, if this computed resultant
amplitude is in agreement with the observed maximum amplitude in a
seismogram. In this way, the critical damping ratio at a different
geological site-model (soil or rock) can be compared. The resultant
peak amplitude will be conservative, i.e., an overestimate. For an
actual ground motion, the phase angle between the various frequencies
should be considered. Secondly, an arbitrary seismogram of any fre-

quency content and duration could be generated using the principle of

il bl i




mode superposition. Tentatively, the critical damping ratios of 5.0,
T.5, and 10.0 percent will be assigned to the response spectra for the
soft (soft alluvium or soil), intermediate (sedimentary rock), and
hard rock (basement or crystalline rock) sites, respectively, as
classified by Trifunac and Brady.8 Usually, the frequencies of seismic

waves in rock are higher than in soil; the amplitudes are attenuated

19

more rapidly in the former than in the latter (Duke et al.,18 Donovan,
20
)

and Seed et al.




PART II: TECHNIQUES FOR DATA PROCESSING

11. The theoretical background of RST can be found in Housner,21

23 2k,25

; 22
Biot, Housner et al., and Hudson. The functions of the RST com-

puter program and the data collection are discussed below.

Computer Program

12. The Nigam and Jennings' integration and response spectral
computer programs26 were modified to obtain the following:

a. The time interval between the first and last peaks of

acceleration in the frequency bank of 0.1-10.0 Hz was
equal to or greater than 0.05 g for each strong motion
accelerogram recorded in the western United States during
the past four decades. (The corrected accelerograms in
CIT Volume II were used.)

|o

The peak amplitudes (acceleration, velocity, and dis-
placement) of the relative response spectra and the
frequencies corresponding to those peaks were compiled
in the sequence of magnitude, distance, and site condi-
tions shown in Appendix B.

c. The relative peak amplitudes of the response spectra were
reduced to ground surface by dividing by DAF, or 1/2h ,
where h 1is the critical damping ratio. The critical
damping ratios of 0.05, 0.075, and 0.10 were assigned to
each recording site in accordance with its classification
as soil (soft), intermediate, and hard rock, respectively.
This information was provided by the Earthquake Engineer-
ing Research Laboratory, CIT (Appendix A). The DAF for
0.05, 0.075, and 0.10 percent critical damplng are 10.0,
6.66, and 5.0, respectively.

Data Collection

13. All strong-motion accelerograms (acc > 0.05 g) recorded on
the free-field and basement of a building for the western United States
(from the Long Beach Earthquake, 10 March 1933, to the San Fernando
Earthquake, 9 February 1971) were included in this study. These data
represented 25 of the 57 earthquakes (Appendix A), 10T recording sta-

tions, 201 horizontal accelerograms, and 54 vertical accelerograms.

10




Appendix A and Appendix B list the items of information, such as the
record file (CIT system), station location, date of earthquake, epi-
central distance, Richter magnitude, M intensity (Krinitzsky and
Chang,27) local MM intensity, and site condition (information provided
by Dr. Brady, formerly of CIT).

14k, The data in Appendix B, compiled from the output of the modi-~
fied Nigam and Jennings' integration and response spectra computer
programs,26 include the record file (column 1 of Appendix A), instrument
component, peak acceleration, duration, predominant period of accelera-
tion, velocity, and displacement peaks. CIT prepared digitizations of
the accelerograms on magnetic tape.

15. The spectrum shapes were computed for a period range of

0.1-10.0 sec or a frequency range of 0.10-10.0 Hz.

11




PART III: DATA ANALYSES

16. The data listed in Appendixes A and B have been processed

for the analysis of duration, spectral content, and spectral shape.

Analyses of Durations

17. The duration data in Appendix B have been plotted as a
function of frequency, magnitude, intensity, distance, and site
condition.

Duration as a
function of frequency

18. Generally, the range of the predominant frequency content
in the strong-motion earthquake accelerograms does not vary greatly
with duration, magnitude, and site geological conditions. Figures 2-6
show these relationships. The frequency band between 0.1 and 6.66 Hz
was encompassed in the duration. On alluvial sites, the long-period
or low-frequency waves (<2 Hz) appear to be dominant. Also, durations
are longer in soil sites than in rock sites. Long-period Rayleigh
waves (<1 Hz), which contain about two thirds of the total wave energy,
(Miller and Pursey ), are propagated as guide waves and cause motions
in the surface soil layer. Rayleigh waves msy be the main cause of the
longer duration and higher damage potential in alluvium rather than in

rock.

12
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Duration as a function of

magnitude in the near field

19. Figure T shows duration as a function of magnitude. The top
line is the upper~bound duration for soil, and the second line is the
upper-bound duration for hard rock. Based on this figure, the linear E
relationship between the peak duration and magnitude can be stated as
follows:
Duration (>0.05 g, sec)

Magnitude Rock Site Soil Site
5.0 i 8
5.5 6 32
6.0 8 16 1
6.5 11 23
T.0 16 32
T.5 22 45
8.0 31 62
8.5 43 86

It is clear that the ratio of duration for the soil site to the rock
site is about 2 to 1. The durations of Page et al.,l7 Bolt,h and this
study are plotted in Figure 8 for comparison. Page et al. compare
favorably for soil but not for rock. Bolt's values compare well with
those for rock. The upper-bound duration by linear extrapolation for
the soil site in Figure 7 and Kobayashi's datas in Figure 9 show a good
agreement, although Kobayashi's duration of ground motion exceeds 30 gal
(1 gal = 1 cm/sec). The data for Tokachioki Earthquake of 16 May 1968,
which had a magnitude of 7.9 and was recorded on an alluvial site,

are useful in this interpretation because there is no such strong-
motion record in the western United States. Since the duration data

in Figure 7 are plotted in the near field, apperently, the duration

for rock site could be interpreted as at the source (or focus); the

soil site is in the epicentral region. Of course, the duration is
longer on the ground surface than at the source. Based on this inter-
pretation, Housner's maximum duration3 of L5 sec and Bolt's duration

18
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of 35 sec (*#20 percent) for the magnitude 8.5 can be explained as

the duration at the source (focus) of a rock site, but Page et al.
and Kobayashi's maximum duration for the magnitude 8.5 corresponds to
the upper-bound duration of this study for a soil site in an epicen-
tral area.

Duration as a function of site in-
tensity in the near and far fields

20. TFigures 10 and 11 present duration as a function of MM in-
tensity in the near field and far field, respectively. The boundary of
the near field and far field has been defined by Krinitzsky and Chang.27
The upper-bound durations for the soil and rock sites in the near field

are tabulated below. (The average MM intensity and site conditions
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were defined by CIT and shown in Appendix B):

Local Duration, sec
MM Intensity Rock Site Soil Site

v 6.4 17.5

VI 1«3 20.0

VII 8.3 23.0
VIII 9.6 26.5

IX 11.0 30.0

X 1205 35.0

XI 1k,5 k0.0

XII 16.5 46.0

The ratio of duration for the soil site to the rock site in the near
field is nearly 3 to 1. An important factor to be noted is that local
MM intensity at the recording station is attenuated rapidly in the near
field as is the duration. However, in the far field, the intensity
and duration are attenuated much more slowly.

Duration as a
function of distance

21. Figure .2 shows the duration of the strong motion
(acc > 0.05 g) ot th~ San Fernando Earthquake of 9 February 1971 as
a function of epicentral distance. The duration decreases as the dis-
tance increases. A generalized relationship between the duration and
epicentral distance as a function of earthquake magnitudes is shown
in Figure 13 for the soil site and in Figure 14 for the rock site. The
extrapolations of other magnitudes are based on Figure T and Figure 12.

Duration as a
function of site condition

22. The effect of site geological condition on duration is pre-
sented in Figures 2-8 and 10-14. TFigure 12 shows the duration for soft
versus hard rock to be about 2 to 1. Recently, Arnold and Vanmarcke29
studied the average intensity of the San Fernando Earthquake, 1971,
derived from the power spectral density. The values show approximately

a linear attenuation with distance from the epicentral area in the
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range of 50 km. Beyond this distance, the intensity seems to be more
nearly constant. Since the duration of strong motion is related to
peak intensity, the upper-bound line of duration in the near field
(Figure 10) shows a linear decrease as the MM intensities decrease with
distance. The durations are truncated in the far field of the s0il site
(Figure 13). Figure 15 also shows that the durations at 119.5 and

126 km are zero for the Kern County Earthquake (M = 7.7).

Analyses of Spectral Content

23. The digitized earthquake accelerograms (acc > 0.05 g) of the
western United States on magnetic tapes of CIT were processed through
the modified Nigam and Jennings' double integration and response spectra
computer programs,26 and principal peaks in the response spectra were
chosen. The predominant peaks of acceleration, velocity, and displace-
ment at the ground surface and their corresponding frequencies are
listed in Appendix B. These data, and the related data in Appendix A,
will be considered as major parameters for the spectral content analyses.
The data processed in Appendix B were in the frequency range of 0.1-

10 Hz. The frequencies of higher than 10 Hz have little effect on
structures.
Frequency range chosen

24, Figures 15-1T7 show the response spectra of acceleration,
velocity, and displacement, respectively, at the ground surface for
the Kern County Earthquake, 21 July 1952 (M = T7.7). A total of
L48~period data points were chosen and processed. The periods are
from 0.01 to 0.1, 0.1 to 2.6, 2.6 to 5.0, 5.0 to 6.0, and 6.0 to 9.0 sec
with respective increments of 0.01, 0.1, 0.2, 0.5, and 1.0 sec. Fig-
ure 15 shows the amplitudes of acceleration in a wide frequency range
of 0.1-50 Hz, but the predominant peak accelerations are within 1-~10 Hz.
Above 10 Hz, the amplitudes of response spectrum become a constant
value at the distance range of 43-126 km. The integrated particle
velocities and displacements of Figures 16 and 17 do not present any
information in the frequency range over 10 Hz. Evidently, the higher

28
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frequency range above 10 Hz recorded in the accelerograms does not af-
fect or influence the particle velocity and displacement. Based on this
relation, the frequency range of 0.1-10 Hz for this study is appropriate.
All data in Appendix B were processed in this range. The incremental

intervals for the 48 periods chosen were taken as follows:

Period Increment
sec sec
0.1 - 0.8 0.05
0.8 - 1.6 0.10
1.6 - 2.0 0.20
2.0 - 2.6 0.10
2.6 - 5.0 0.20
5.0 - 6.0 0.50
6.0 - 9.0 1.00

Appendix C lists the 48 periods and the corresponding frequency com-
ponents, which were employed to define the spectral content.

25. The spectra dependent effects of magnitude, distance, record-
ing site condition, and path are discussed in the following sections.
The discussions are based mainly on the data presented in Appendixes A,
B, and C.

Spectra dependent effect of magnitude
26. The acceleration peak spectra of the San Fernando Earthquake

of 9 February 1971, which has a magnitude of 6.5, are plotted in Fig-
ures 18 and 19 for the soil and hard rock sites, respectively. Fig-
ures 20 and 21 show plots of the other earthquekes of magnitudes that
range from 5.3 to 5.9 and 5.7 to 6.0, respectively, with soft and in-
termediate site conditions. Figure 22 presents the El Centro Earthquake
of magnitude 6.7 (1940) and Western Washington Earthquake of magnitude
7.1 (1949), and Figures 15-1T, the Kern County Earthqueke of magnitude
7.7 (1952). An examination of the above-mentioned figures shows that
the predominant frequencies are within the range of 1-6.67 Hz for all
earthquakes used.

27. No relationship was found between frequency and magnitude.
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Effect of distance on spectra

28. The acceleration response spectra of Figures 18-~22 do not
show any notable increase of the predominant period with distance
(6.6 km < A < 126 km). Apparently, a reverse case is indicated in Fig-
ures 18 and 20. Of course, the distance was limited to within 90 km
in this study due to the criteria of time duration (acec > 0.05 g). The
peak acceleration spectrum has a wide frequency range from 1.0 to 7.0 Hz
at a short epicentral distance.

Effect of site geology on spectra

29. A comparison of the acceleration spectra of Figures 18 and
19 for the soil and rock sites of the San Fernando Earthquake shows the
soil site with a wider frequency range of maximum acceleration than the
rock site, but the rock site has higher accelerations in the near field.
The dispersion phenomena are more pronounced in the low-frequency (f)
range (0.5 Hz > £ > 0.1 Hz) for the soil site than for the rock site;
the amplitude range for the soil site is between 0.0001 and 0.03 g and
for the rock site between 0.001 and 0.1 g. However, it is noted that
the maximum displacement is in the low-cycle region between 0.1 and
0.4 Hz (see paragraph 38). Kasiraj and Yao (1968)30 presented the re-
sults of a theoretical variation of parameter study that investigated
damage based on & low-cycle fatigue damage factor using an inelastic
model, which included a low-cycle fatigue hysteresis loop. A similar
process probably influences the soil site more so than the rock site, so
that the maximum displacement, low frequency, and longer duration are
affected and show up as important damage criteria.
Spectra-dependent effect
of path and topography

30. The effect of wave transmission path and topogrephy, from the

earthquake source to the recording station, on the ground motion history
is well known. Especially, after the recording of 1.25 g at the

Pacoima Dam during the San Fernando Earthquake, an extensive study of
the effect of topography on the ground motion was made. Chang3l found
a linear relationship between the ground motion and the elevation in

the San Fernando Valley region of the San Fernando Earthquake. He used
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this new relationship, elevation gradient method, to predict the
acceleration of 2.29 g at the top of Kagel Mountain, which was also con-
firmed by the after-shock study.

31. In Figure 19, the acceleration response spectra recorded at
the Santa Anita Reservoir, Arcadia (distance = 43.3 km), and the Lake
Hughes Array No. 1, Califorania (distance = 29.6 km), both on rock,
have different characteristics in comparison with other paths. The
former shows a linear increase in acceleration between 0.5 and 7.0 Hz
and is nearly constant under 0.5 Hz; the latter shows maximum accelera-
tions that changed from the usual spread of 2-T Hz for other paths to
a range of 1-2 Hz., The duration for the former is longer at the far
distance than the near distance. Also, the accelerograms of the Lake
Hughes Array (distance from 26.6 to 29.6 km) have lesser durations
than those for other paths. The site of the Santa Anita Reservoir is
nearly at the southeastern front of the San Gabriel Mountain range
and the source-station path is almost entirely within the crystalline
mass of the San Gabriel Mountains. The site of Lake Hughes Array No. 1
is at the northern edge of the San Gabriel Mountain range and on the
north side of the San Andreas rault. The source-station path for Lake
Hughes Array No. 1 is probably not entirely within the more uniform
basement complex, and also the discontinuity of the San Andreas Fault
might cause the difference in wave spectra.

Spectra dependent effect of integra-

tion process (on acceleration, parti-
cle velocity, and particle displacement)

32. The integration procedures tend to smooth out the rapid oscil-
lations of the acceleration and allow the lower frequencies to become
predominant. As an example, let us consider the Kern County, California,
Earthquake of 21 July 1952 (magnitude T7.T).

33. The highest frequency of the acceleration response spectra
in Figure 15 is 50 Hz. However, the accelerations reached a constant
value at 14 Hz; the effective frequency was from 0.1 to 10 Hz. Fig-
ure 15 also indicates that the predominant frequencies of the accelera-

tion response spectra are between 1 and 5 Hz because the maximum
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accelerations are in this frequency range. Figures 16 and 17 show that
the predominant frequencies of the velocity response spectra and the
displacement spectra are between 0.5 and 1.5 Hz and 0.1 and 0.4 Hz,
respectively. Newmark's tripartite logarithmic response spectra tech-

5

nique™” is based on these predominant frequency ranges. This also
explains why the frequencies of maximum acceleration, maximum velocity,

and maximum displacement cannot be correlated.

Average and Upper-Bound Spectral Shape

34. The spectral shape is dependent on magnitude, focal mechanism,
propagation path, distance, duration, site geology, and damping ratio.
At the present time, there is not enough instrumental data of strong
earthquakes for a sufficient analysis of the above-mentioned parameters.
Based on the total horizontal components of 201 in Appendix B, gen-
eral average horizontal response spectra of acceleration, velocity, and
displacement for the soil, intermediate rock, and hard rock sites are
presented in Figures 23, 24, and 25, respectively. The upper-bound
spectral shape can thus be extrapolated for the respective sites.
Epicentral distances are in the range of 6-90 km. About TO percent of
these data were collected from the San Fernando, California, Earthquake
of 9 February 1971. The amplitudes of acceleration, velocity, and
displacement listed in Appendix B are not the relative amplitudes of
response spectra, for they have to be multiplied by the dynamic ampli-
fication factor of 10, 6.67, and 5 for the soft, intermediate rock, and
hard rock sites, respectively, to get the relative response spectral
amplitudes. However, the average spectral shape is not changed. The
processed spectral frequency range is between 0.1 and 10 Hz (see Appen-
dix C), but the effective spectral peak frequency range is between
0.111 and 6.667 Hz (see Appendix B - predominant frequency range).

Average acceleration-peak spectra

35. Figures 23, 24, and 25 show the acceleration-peak distribu-
tions within the frequency range of 0.111-6.667 Hz for the magnitudes of

5.3-T.7 at soil, intermediate rock, and hard rock sites, respectively.
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The average acceleration curves of Figures 23-25 are presented in Fig-
ure 26, which shows a narrow frequency band of maximum peak accelera-
tions between 2.5 and 5 Hz for the hard rock site and a wider frequency
band between 2 and 6 Hz for the intermediate rock and soil sites. The
differences between intermediate rock and soil sites are slight.

36. The general pattern of the three average acceleration curves
of Figure 26 indicates that the amplitude increases from the lowest at a
frequency of 0.11 Hz to the highest at 4 Hz for the soil site and 5 Hz
for the intermediate and hard rock sites. In the frequency range of
0.1-2.0 Hz on the average acceleration spectrum foi: the hard rock site,
the acceleration seems to increase linearly with frequency, but the
intermediate rock and soil sites do not. The acceleration distribution
is between 0.00003 g at 0.11 Hz and 0.4 g at 5 Hz for the soil site and
0.00008 g at 0.11 Hz and 0.45 g at 5 Hz for the hard rock site, accord-
ing to the extrapolation of the upper-bound envelopes. Both 0.4 and
0.45 g at the discrete frequency of 5 Hz are probably the upper-bound
or near upper-bound accelerations for the soil and rock sites at or
near the fault rupture. At this point, it should be noted that the
1.25 g of the Pacoima record was the resultant amplitude obtained from
the sum of the amplitudes of the predominant frequencies.

Average velocity-peak spectra

37. Figures 27-29 present the upper-bound velocity-peak and the
average velocity-peak curves for the western United States strong
earthquakes. The maximum average velocity peaks are located in the
frequency range of 0.2-1.5 Hz (Figures 27 and 28) for soil and inter-
mediate rock sites and 0.2-2.5 Hz (Figure 29) for the hard rock site.
The ground-surface peak-amplitudes are within the range of 0.4-25 cm/sec
for soil and intermediate rock sites, and 0.6 to 36 cm/sec for the hard
rock site. In general, the soil and intermediate sites have the ap-
proximate same characteristics in average velocity spectral content, but
the hard rock site has a different characteristic, which shows three
peak-regions of 0.2-0.3, 0.7-0.8, and 2-3 Hz. Since the soil and in-
termediate rock sites have common spectral characteristics, they can

be combined into a single representative alluvial or sedimentary site.
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The highest particle velocity of 36.5 cm/sec at 0.71L4 Hz (1.4 sec) was
recorded on granite at the Pacoima Dam, about 9 km from the epicenter
of the San Fernando Earthquake (magnitude 6.5).

Average displacement-peak spectrum
38. Figures 30-32 show the upper-bound displacement-peak

envelopes and the average displacement-peak curves that indicate a
general pattern of displacement spectra for soil, intermediate, and
hard rock sites, respectively. The average displacement curve in-
creases from a low of 6.67 Hz to a high in the range of 0.167-0.2 Hz
and then decreases to about 0.1 Hz. The distribution of displacement
amplitude is between 0.02 and 8 cm for soil and intermediate sites and

between 0.015 and 16 cm for the hard rock site.
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PART IV: DISCUSSION

39. Figure 8 indicates that duration is taken to be the time in-
terval between the first and last peaks of acceleration equal to or
greater than 0.05 g, and that it is strongly dependent on the magnitude
and site geology in the epicentral region (i.e in the near field). The
upper-bound duration for a soil site has been extrapolated to 86 sec at
magnitude 8.5. The corresponding upper-bound duration for rock is
L3 sec at the source. Another interpretation is that the lower bound
for duration is in the focal region and is the rupture time in rock
along the fault plane. The upper bound for duration is on the soil site
in the epicentral region. If the average duration of 75 sec is taken
for the Alaska Earthquake (M = 8,3) and 65 sec for the San Francisco
Earthquake (M = 8.2), then both durations of these earthquakes fit the
curve of upper-bound duration on the soil site very well. Evidently,

the curves of Bolth and Page et al.,17

below magnitude T, correspond
approximately to the riean durations of this study. Above magnitude T,
the duration of Page et al. agrees with our upper-bound curve for a
soil site, and Bolt's curve bends toward our duration for a hard rock
site.

40. In comparison with the duration from worldwide data, Fig-
ure 9 shows the duration curves of Gutenberg and Richter, Housner,
Ambraseys and Sarma, and Kobayashi. Kobayashi's duration data5 for the
Tokachioki Earthquake of 16 May 1968 (M = 7.9) are especially in favor
of our upper-bound duration for the soil site. However, Kobayashi5
obtained the duration (acc > 0.05 g) of 63 sec for the Tokachioki
Earthquake at Hachinohe Harbor, Japan, located about 180 km from the
hypocenter.

41. All response spectral amplitudes of discrete frequencies were
reduced to the ground motion or free-field motion, using the value of
the critical damping ratio assigned to the rectording site. The summa-
tion of the predominant peak amplitudes (acceleration, velocity, or
displacement) of the corresponding discrete frequencies will approxi-

mately equal the maximum amplitude in time history. This is based on
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the theory of the one degree of freedom system with the base shaken by

a single frequency at a given time. Therefore, the relative response
spectral amplitude does not contain mixed frequencies. This technique
provides a simple decomposition procedure to separate the wave fre-
quencies from a seismogram and to provide clues to determine the equiva-
lent damping ratio of various geological sites. Since the equivalent
damping ratio is a basic, important factor in earthquake engineering,

if the equivalent damping ratio of the site is not known, then the
response spectra cannot be considered adequate.

L2. A complete analysis of response spectra of acceleration for
the San Fernando Earthquake, 9 February 1971, as a function of distance,
site geology, and duration, has been made in this report. The data of
other moderate and strong earthquakes with magnitudes of 5.3-T.T7 in the
western United States have also been analyzed and presented.

43, The upper-bound and average curves of the mixed data of ac-
celeration, velocity, and displacement for all magnitudes (5.3 < M < T.7
including San Fernardo Earthquake) are presented in Figures 23-25 and
27-32 for different site conditions. Since about TO percent of the
total data were cclilected from the San Fernando Earthquake of magnitude
6.5, and the average magnitude between 5.3 and 7.7 is also 6.5, the
average curves of acceleration, velocity, and displacement are naturally
represented by the magnitude 6.5. If the magnitude, epicentral distance,
site condition, maximum amplitude, and duration of a design earthquake
are given, a synthetic seismogram of displacement could be predicted by
the following simple equation of free vibration at any point on the
ground surface:

-nip.t

2
vty P;» Ny, ¢, and ci) = I; c,e sin (pit + ¢i) L)

where
y = amplitudes of the time history of a synthetic seismogrem
t = time duration (it is assumed that all predominant frequencies
have the same duration)
p; = 2 m times the frequency of vibration of the ith mode (pre-

dominant one)
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ratio of damping in i¥™ pode to eritical demping (small

N
* demping); but in this case, it is assumed that all predominant
frequencies have the same damping
¢i = phase angle of the ith normal mode
¢ = amplitude or coefficient of each predaominant frequency in the

time history
In this equation, s can be chosen from the average smoothed ground-
motion curves for different magnitude earthquakes, ¢i is the only
parameter not known. Since it is assumed that all predominant fre-~
quencies are harmonic motions and have the same duration, or that all
frequencies start to vibrate at the same time, then ¢i can be de~
termined from the complex Fourier coefficients. An alternate way to
compute ¢i is by a simple oscillator procedure, which is suggested by
Khattri and Paul.32
strong earthquakes (5.3 < M < 7.7) is found approximately in the range

The predominant frequency band of all moderate and

of 0.1-7 Hz. Therefore, the frequency content in a synthetic seismo-
gram should be evenly diétributed in this range.

LY, The networks of strong-motion instruments for the United
States are growing. Eventually, it will be practicable to have all of
the representative response spectra for the entire country. For the
present, the data used in this report are restricted to the western

United States and are of limited extent.
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PART V: CONCLUSIONS

45, From the investigation of the strong-motion data

(ace 2 0.05 g) of western United States earthquakes, the following

conclusions may be reached:

8.

b.

[e]

|+

The bracketed duration generslly decreases with increas-
ing distance.

The duration is generally greater on soil sites than on
rock sites.

The maximum duration at the source (focus) in rock for
the magnitude 8.5 was extrapolated to be about 43 sec
but the duration is twice as long on soil or alluvium.

The effective frequency content for all geological sites
can be limited to a narrow range of 0.1-6.67 Hz. The
possible maximum acceleration was found to be about

0.5 g at near-surface faulting for the discrete frequency
range of L4-5 Hz.

The predominant frequency bands for maximum ground motions
of acceleration, velocity, and displacement are estab-
lished as follows:

Horizontal acceleration for the 2.0-6.0 Hz
soft and intermediate sites

Horizontal acceleration for the 2.5-5.0 Hz*
hard rock site

Horizontal velocity for the 0.3-2.0 Hz
soft and intermediate sites

Horizontal velocity for the 0.5-2.5 Hz
hard rock site

Horizontal displacement for the 0.15-0.3 Hz
soft and intermediate sites

Horizontal displacement for the 0.1-0.5 Hz
hard rock site

The acceleration response spectra do not positively in-
dicate that the predominant periods increase with
distance.

The displacement response spectra do show the predominant
periods increasing with distance.

* Bolth found 10 Hz for Pacoima record.
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APPENDIX A: STRONG MOTION DATA, EARTHQUAKES OF WESTERN
UNITED STATES*

Date Epicentral Richter Maximum Local
of Epicentral Distance Magnitude M M Site
Record Station Location Earthquake Location km M Intensity Intensity Conditions*+
Al El Centro Site Imperial Valley 5-18-40  32°LL'N 9.3 6.7 X VIII s
1u5°27'w
A2  Northwest California Earthquake, 10-7-51  40°17'N 56.3 5.8 VII v 1
Ferndale City Hall 124°48'w
A3 Kern County Earthquake, California, 7-21-52 35°00'N
Cal Tech Athenaeum 1ng°0e'w 126.0 7.7 XI VII s
Al Kern County Earthquake, California, T-21-52 35°00'N 43.0 451 X1 8
Taft Lincoln School 119°02'W
AS Kern County Earthquake, California, 7-21-52  35°00'N 89.5 7.7 XI s
Santa Barbara Courthouse 119°02'w
A6 Kern County Earthquake, California, T7-21-52 35°00'N 19.5 7.7 X1 s
Hollywood Storage Basement 119°02'w
3 A8  Eureka Earthquake, 12-21-54 32°38'N 24.0 6.5 VII I
Eureka Federal Building 117°07'W
A9  Eureka Earthquake, 12-21-54  32°38'N 40.0 6.5 T
Ferndale City Hall 117°07'W
Al0 San Jose Earthquake, 9-4-55 37°22'N 9.8 5.5 s
San Jose Bank of America Basement 121°53'W
Al5 San Francisco Earthquake, 3-22-57  37°LO'N n.8 5.3 I
San Francisco Golden Gate Park 102°29'W
Al6 San Francisco Farthquake, 3-22-57 37°LO'N 1.6 5.3 T
San Francisco State Building 122°29'W
Basement
Al8 Hollister Earthquake 4L-8-61  36°LO'N k0.0 5.6 s
121°18'W
Al9 Borrego Mt. Earthquake 4-8-68 33°09'N 69.8 6.5 VI s
116°08'W
B21 long Beach Earthquake, 3-10-33 33°35'N 47.8 6.3 X VI s
Vernon CMD Building 17°59'W
Be?  Southern California Earthquake, 10-2-33 33°47'N 38.2 5.4 vI v s
Hollywood Storage Building 118°08'W
Penthouse
Poli Lower California Earthquake, 12-30-34 32°12'N 60.8 6.5 X vI S
El Centro Imperial Valley 115°30'W
B25 Helena, Montana, Earthquake, 10-31-35 LE3T'N 6.6 6.0 VIII VII I
Helena, Montana, Carroll College 111°58'w
B26  First Northwest California Earthquake, 9-11-38 Lo°18'N 55.3 5.5 vI VI I
Ferndale City Hall 124°48'W
B°8  Western Washington Earthquake, L-13.49  LE°06'N 57.8 7:1 VIII VIIT s
District Engineers Office at 122°42'W
2 Army Base, Seattle
B29 Western Washington Earthquake, 4-13-49  LE°O6'N 16.8 7.1 VIII VIIT ]
Olympia, Washington, Highway 122°42'W
Test Lab
B30 Northern California Earthquake, 9-22-52 Lo°12'N L3.2 5.5 VvII VI s
Ferndale City Hall 124°25'W
B31 Wheeler Ridge, California, 1-12-54 35°00'N L3.0 5.9 VIII VI S
Earthquake, Taft Lincoln School 119°01'W
Tunnel
B3? Puget Sound, Washington, Farthquake, 4-29.65  LTP2L'N 61.1 6.5 VIII VII s
Olympia, Washington 122°18'W
B33 Parkfield, California, Earthquake, 6-27-66  35°54'N 31.9 5.6 VII vII s
Cholame, Shandon Array No. ? 120°54 'W
B34  Parkfield, California, Earthquake, 6-27-66 32.4 5.6 VI s
Cholame, Shandon Array No. 5
B35 Fparkfield, California, Earthquake, 6-07-66 3.1 5.6 vI s
Cholame, Shandon Array No. 8
B36 Pparkfield, California, Earthquake, 6-27-66 36.5 5.6 vI S
Cholame, Shandon Array No. 12
B37 Parkfield, California, Earthquake, 6-07-66 31.0 5.6 VII H
Temblor No. 2
ckl  San Fernando Earthquake, 2-9-71  34°2U'N 9.1 6.6 X1 X H
Pacoima Dam 118°23'k2"W
C48  San Fernando Earthquake, 22.4 VII s
1 82LL Orion Boulevard, First Floor
i Holiday Inn
€51 San Fernando Earthquake, 42.8 VIt s
250 E. First Street Basement,
Los Angeles
c54  San Fernando Earthquake, k1.9 VII I
LU5 Figueroa Street Subbasement
los Angeles
D5€  San Fernando Earthquake, 28.6 VI I
01d Ridge Route, Castaic
D57 San Fernando Earthquake, 37 vII s
Hollywood Storage Basement
D58  San Fernando Earthquake, WL N 37.1 VI s
Hollywood Storage P. E. Lot 18°23.7'w

* Uniformly processed at California Institute of Technology.
** Site conditions: & = soft, T - intermediate, and H = hard rock.
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Date Epicentral Richter Max {mum Locel
of Epicentral Distance Magnitude M M Site
Record Station Location Earthquake Location Y M Intensity Intensity Conditions -

D59 San Fernando Earthquake, 2-9-T1 342k 'y 39.8 6.6 XI VIT 8
1901 Avenue, the Stars Subbasement 118°23.7'W
D62 San Fernando Earthquake, L2.8 g
1640 S. Marengo Street, First

E Floor, Los Angeles
3 D65 San Fernando Farthquake, Lo.0
3710 Wilshire Boulevard Basement, |

2]

D68 San Fernmando Earthquake, 35.0 s
7080 Hollywood Boulevard Basement,
Los Angeles

E72 San Fernando Earthquake, 39.5 8
4680 Wilshire Boulevard Basement,
Los Angeles

E75 San Fernando Earthquake, 40.1
3470 Wilshire Boulevard Sub-
basement, Los Angeles

E78 San Fernando Earthquake, k2.5 1
Water % Power Building Basement,
Los Angeles

E81 San Fernando Earthquake, 3.9 VI 1
Santa Felicia Dam, California,
Outlet Works (Piru)

E83 San Fernando Earthquake, 40.0 VII
3407 6th Street, Basement,
Los Angeles

P86 San Fernmando Earthquake, L49.4 v s
Vernon, CMD Building

©

[}

L G

F88 San Fernando Earthquake, 3.1 VII I
633 East Broadway, Glendale

F89 San Fernando Earthquake, k.0 s
808 5. Olive, los Angeles

F92 San Fernando Earthquake, 43.1 I
2011 Zonal Avenue Basement,
Los Angeles

F95 San Fernando Earthquake, 37.4 s
120 N. Robertson Boulevard Sub-
basement, Los Angeles

F98 San Fernando Earthquake, k2.7 s
646 5. Olive Avenue Basement,
Los Angeles

F103 San Fernando Earthquake, u5.4 v s
{ Pumping Plant, Pearblossom,

California

F104 San Fernando Earthquake, 52.2 v 1
Oso Pumping Plant,
Gorman, California

F105 San Fernando Earthquake, 38.7 vII
UCLA Reactor Lab (Boelter Hall),
Los Angeles

G106 San Fernando Earthquake, 36.1 H
Seismological Lab, CIT,
Pasadena

G107 San Fernando Earthquake, 39.8 s
A , CIT, pasad

0

G108 San Fernando Earthquake, 39.8 s
Millikan Library, CIT,
Pasadena

G110 San Fernando Farthquake, 31.5 I
Jet Propulsion Laboratory, CIT,
Pasadena

G112 Can Fernando Earthquake, w25

s 611 W. Sixth Street, Los Angeles

Y G114 San Fernando Earthquake, 3.3 vI s
Fire Station, Palmdale

H115 San Fernando Earthquake, 29.3 vIT
15250 Ventura Boulevard,
Los Angeles

©»

o0

H1?1 San Fernando Earthquake, 43.1 VII s
900 5. Fremont Avenue, Alhambra

T128 San Fernando Earthquake, 36.0
435 N. Oakhurst Avenue,
Beverly Hills

1131 San Fernando Earthquake, 38.2 VI s
450 N. Roxbury Drive, Beverly
Hills

T134 San Fernando Farthquake, 38.9 V11 s
1800 Century Park East,
los Angeles

1137 San Fernando Earthquake, 29.0 vII s
15910 Ventura Boulevard,
Los Angeles
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Date Epicentral Richter Max {mum mcu
cf Epicentral Distance Magnitude M Site
Record Station location Earthquake Location km M tensity itx Conditions*+

J141  San Fernando Farthquake, 2+9-T1 W24 'N 29.6 6.6 XT VI H
Lake Hughes Array No. 1 118%23.7'W

J142  San PFernando Earthquake, 26.8 H
Lake Hughes Array No. 4

J143  San Fernando Farthquake, 26.6 H
Lake Hughes Array No. 9

J144  San Fernando Earthquake, 23.3 1
Lake Hughes Array No. 12

J145 San Fernando Earthquake, 34.9 vII s
15107 Vanowen Street, Los
Angeles

J148 sSan Fernando Earthquake, 39.9 I
616 5. Normandie Avenue,
Los Angeles

L1166 San Fernando Earthquake, 30.8 I
3838 Lankershim Boulevard,
Sheraton Universal Hotel,
Los Angeles

M176 San Fernando Earthquake, u2.9
1150 S. Hill Street,
Los Angeles

N185 San Fernando Earthquake, 75.6 v b¢
Carbon Canyon Dam, Brea

N186 San Fernando Earthquake, 5h.1 vI s
Whittier Narrows Dam,
Whittier

3

N187 San Fernando Earthquake, 72.1 V1 s
San Antonio Dam, Upland

N188 San Fernando Earthquake, 38.9 VI S
1880 Century Park East,
Los Angeles

N192 San Fernando Earthquake, Lo.7 1
2500 Wilshire Boulevard,
Los Angeles

0198  San Fernando Earthquake, 34.0 H
Griffith Park Observatory,
Los Angeles

0199 San Fernando Earthquake, k2.0 s
1625 Olympic Boulevard,
Los Angeles

0207 San Fernando Earthquake, 32.8 vI H

P214  San Fernando Earthquake, 36.2 vII I
4867 Sunset Boulevard,
Los Angeles

P217 San Fernando Earthquake, %o.0 vII s
3345 Wilshire Boulevard,

P221 can Fernando Earthquake, 43.3 vI H
Santa Anita Reservoir, Arcadia

P223  San Fernando Earthquake, 65.0 v H
Puddingstone Reservoir,
San Dimas

Q233 an Fernando Earthquake, 29.3 vII s
1k72h Ventura Boulevard,
Los Angeles

Q236 San Fernando Earthquake, 34.9
1760 N. Orchid Avenue,
Los Angeles

Q239 San Fernando Earthquake, 38.0 S
9100 Wilshire Boulevard,
Los Angeles

Q241  can Fernando Earthquake, 4.8 1
800 w. First Street, Los Angeles

R2k4  san Fernando smhqm k1.9 I
222 Figueroa Street, Los Angeles

©w

0

R246  San Fernando Earthquake, 5.7

R248  San Fernando Earthquake, 35.7 S

7}

R249  San Fernando Earthquake, 39.2

R251 San Fernando Earthquake, 41.8 1

2]

R253 San Fernando Earthquake, 42.0
533 S. Fremont Avenue, Los Angeles

$255 can Fernando Earthquake, 38.9 I
6200 Wilshire Boulevard,
Los Angeles
5258 San Fernando Earthquake, } Ly.6
University Awmn, Los Angeles




Date Epicentral Richter Maximum Local

3 of Epicentral  Distance Magnitude w M Site
Record Station Location Earthquake _Location m M Intensity Intensity Conditions
S261 San Fernando Earthquake, 2-9-T1  3°24'N 39.6 6.6 X1 vII s
1177 Beverly Drive, los Angeles 118°23.7'W
S262 San Fernando Earthquake, 39.0 1
5900 Wilshire Boulevard,
Los Angeles
$265 San Fernando Earthquake, 39.9 e
3411 Wilshire Boulevard, ;
Los Angeles 4
$266 San Fernando Earthquake, ko.0 s
3550 Wilshire Boulevard, g
Los Angeles
S267 San Fernando Earthquake, 52.0 VI s
5260 Century Boulevard,
Los Angeles
U297 Helena, Montana, 11-28-35  L6°37'N 5.8 VI VI H
Federal Building 111°58'W
U299 Santa Barbara Courthouse, 6-30-41  34°22'N 35.9 5.9 VIIT VIII g
California 119°35'W
U301 Northern California Earthquake, 3- 9-b9  37°06'N 29.3 5.3 VII vII s E
Public Library, Hollister, 121°18'w |
California 3
! U305 Central California Earthquake, b-25-54  36°L8'N 36.2 5.3 VII vI s
Public Library, Hollister, 121°L8'W
California
U308 Northern California Earthquake, 6- 5-60  LO°LY'N 60.3 5.7 vI vI :d
Ferndale City Hall 124055
U309 Central California Earthquake, 4- 8-61 36°30'N Lo.0 5T VII VII s
Public Library, Hollister, 121°18'W
California
U312  Northern California Earthquake, 12-10-67  L40°30'N 30.6 5.8 VI VI s
City Hall, Ferndale 124°36'w
V321 San Francisco Earthquake 3-22-57  37°kO'N 24.3 5.3 vII v s
122229'W

Ak




b T

e -“*’mf

APPENDIX B: DURATIONS AND FREQUENCY CONTENTS OF STRONG MOTION
RECORDS, EARTHQUAKES OF WESTERN UNITED STATES*

Veak Duration rredominant Acceleration Feaks Predominant Velocity Peaks Predominant Displacement Peaks
Instrument Acceleratjon sec Frequency (Period) Amplitude Frequency (leriod) Amplitude Frequency /feriod Amplitude
“ecord Direction cm/sec” Ace 2 0. Hz (sec) (&) Hz (sec) cm/sec Hz (sec) cm
AL S00°E 341.7 25.86 4.000 (0.25) 0.0922 1. (1.00) 9.0595 0.%00 (7.50) 2,737
1.818 (0.55) 0.0916 1.818 (0.55) 8.0128 0.111 (9.00) 2.5968
0.625 (1.60) 0.0195 0.351 (2.80) 8.0061 0.167 (6.00) 2.3915
0.435 (2.30) 0.0194 1.k29 (0.70) 6.8986 1.000 (1.00) 1,078
0.167 (6.00) 0.0027 0.111 (9.00) 3.8040 0.833 (1.20) 1.1797
4.000 (0.25) 3.4109 1.538 (0.65) 0.7738
890°W 210.1 25.40 2.000 (0.50) 0.0638 0.476 (2.10) 8.cko2 0.143 (7.00) 5.6332
4.000 (0.25) 0.0530 0.333 (3.00) 7.7652 0.227 (4.40) 3.731€
1.250 (0.80) 0.0435 0.18 (5.50) 6.9010 0.476 (2.10) 2.4310
0.833 (1.20) 0.0348 0.278 (3.60) 6. 0.833 (1.20) 1.2374
0.476 (2.10) 0.0023 0.208 (4.80) 6.8131 0.667 (1.50) 1.0593
up 206.3 13.26 2.875 (0.35) 0.0236 1.538 (0.65) 1.7490 0.111 (9.00) 1.3927
1.667 (0.60) 0.0181 0.385 (2.60) 1.6416 0.227 (L.k0) 0.838
1.250 (0.80) 0.0088 0.143 (7.00) 1.6103 0.385 (2.60) 0.5817
0.909 (1.10) 0.0063 0.18 (5.50) 1.5422 0.667 (1.50) 0.2520
4 0.769 (1.30) 0.0050 0.227 (L.L0) 1.379 0.909 (1.10) 0.1864
; 0.667 (1.50) 0.0045 0.500 (2.00) 1.3579 1.538 (0.65) 0.1684
0.556 (1.80) 0.00k4 1.000 (1.00) 1.2935 1.111 (0.90) 0.1591
0.476 (2.10) 0.0041 2.857 (0.35) 1.2765 2.500 (0.%0) 0.0786
A2 Shkow 102.0 0.4%0 5.000 (0.20) 0.0296 2.500 (0.40) 1.5364 0.111 (9.00) 0.4698
2.500 (0.40) 0.02k42 1.333 (0.75) 1.1972 0.357 (2.80) 0.24k1
3.333 (0.30) 0.0183 5.000 (0.20) 0.9226 1.429 (0.70) 0.1k407
1.429 (0.70) 0.0116 0.455 (2.20 0.8226 0.667 (1.50) 0.1135
0.714 (1.k0) 0.0023 0.294 (3.40 0.6449 2,222 (0.45) 0.1090
; N6°W 109.5 2.48 3.333 (0.30) 0.0327 2.222 (0.45) 1.8545 0.143 (7.00) 0.4031
. 2.500 (0.40) 0.0289 0.455 (2.20) 1.4768 0.476 (2.10) 0.2949
5.000 (0.20) 0.0273 3.333 (0.30) 1.4753 1.250 (0.80) 0.15Th
1.250 (c.80) 0.0100 1.250 (0.80) 1.3100 0.909 (1.10) 0.1488
0.909 (1.10) 1.0593 2.222 (0.45) 0.1347
0.111 (9.00) 0.7457 3.333 (0.30) 0.0730
Al N21°e 152.7 19.50 2.857 (0.35) 0.0585 1.429 (0.70) 4.4133 0.111 (9.00) 0.9739
1.429 (0.70) 0.0383 1.250 (0.80) 3.8653 0.250 (4.00) 0.9384
2.000 (0.50) 0.0380 0.833 (1.20) 3.5364 0.357 (2.80) 0.9109
5.000 (0.20) 0.0347 2.857 (0.35) 2.8761 0.227 (L.L0) 0.8119
g 1.250 (0.80) 0.0308 2.000 (0.50) 2.8670 0.556 (1.80) 0.6682
2 S69°E 175.9 15.12 2.222 (0.45) 0.0573 0.625 (1.60) L. 0.111 (9.00) 1.7483
2.857 (0.35) 0.0L48 2.220 (0.45) 3.9551 0.278 (3.60) 1.10k%
5.000 (0.20) 0.0427 1.111 (0.90) 3.7878 0.238 (4.20) 1.0859
1.538 (0.65) 0.0305 0.313 (3.20) 3.3328 0.625 (1.60) 1.0493
1.250 (0.80) 0.0286 0.435 (2.30) 2.9u47 0.200 (5.00) 0.9558
0.625 (1.60) 0.0166 1.667 (0.60) 2.8562 0.833 (1.20) 0.5200
0.833 (1.20) 0.0146 0.263 (3.80) 2.8279 1.111 (0.90) 0.4866
Up 102.9 13.54 2.857 (0.350) 0.0359 0.263 (3.80) 1.8927 0.111 (9.00) 1.3029
6.667 (0.150) 0.0270 2.857 (0.35) 1.8127 0.263 (3.80) 0.8152
4,000 (0.25) 0.02L6 0.625 (1.60) 1.7067 0.200 (5.00) 0.759%0
1.667 (0.60) 0.0161 2.222 (0.45) 1.6663 0.L35 (2.30) 0.3482
0.833 (1.20) 0.0077 1.429 (0.70) 1.6081 0.625 (1.60) 0.3355
1.000 (1.00) 0.0064 1.667 (0.60) 1.539% 1.333 (0.75) 0.1666
AS NL2°E 87.8 13.64 2.000 (0.50) 0.0321 0.625 (1.60) L L5uL 0.667 (1.50) 1.0869
2.500 (0.40) 0.0253 0.400 (2.50) 3.2212 0.417 (2.%0) 1.0288
0.909 (1.10) 0.0217 0.476 (2.10) 2.9104 0.200 (5.00) 0.7357
0.714 (1.40) 0.0212 1.250 (0.80) 2.5313 0.167 (6.00) 0.7242
; 1.429 (0.70) 0.0211 2.000 (0.50) 2.4006 0.250 (4.00) 0.5544
- 1.250 (0.80) 0.0210 1.429 (0.70) 2.2841 1.250 (0.80) 0.3325
1 4.000 (0.25) 0.0209 0.167 (6.00) 1.0752 1.818 (0.55) 0.2025
Sh8°e 128.6 8.62 1.111 (0.90) 0.0343 0.500 (2.00) 6.0188 0.500 (2.00) 1.774%0
2.000 (0.50) 0.0273 1.000 (1.00) 5.0649 0.217 (4.60) 1.4349
3.333 (0.30) 0.0047 0.333 (3.00) 2.850k 0.250 (%.00) 1.34k7
0.625 (1.60) 0.0184 0.182 (5.50) 2.8211 0.357 (2.80) 1.0548
0.500 (2.00) 0.0180 2.857 (0.35) 1.0558 0.143 (7.00) 0.8u83
4 A8 LW 164.5 3.80 2.500 (0.40) 0.0652 0.263 (3.80) 8.5207 0.217 (4.60) L.Lg51
3.333 (0.30) 0.0618 0.217 (L.60) 7.8930 0.125 (8.00) 3.4626
2.000 (0.50) 0.0521 0.833 (1.20) 7.25T1 0.556 (1.80) 1.5033
0.909 (1.10) 0.0u27 0.500 (2.00) 5.5037 0.833 (1.20) 1.3163
0.357 (2.80) 0.0142 1.667 (0.60) L4.8079 1.667 (0.60) 0.L007
0.313 (3.20) 0.0139 2.500 (0.40) 3.8885 2.500 (0.k0) 0.2555
NT9°E 252.7 6.02 2.500 (0.k40) 0.1064 0.500 (2.00) 8.L706 0.238 (4.20) 3.6028
3 1.667 (0.60) 0.0861 1.538 (0.65) 8.L621 0.111 (9.00) 3.0650
3 0.556 (1.80) 0.0222 0.263 (3.80) 7.6352 0.500 (2.00) 1.8511
3 0.182 (5.50) 7.ko02 1.538 (0.65) 0.8774
' 2.222 (0.k5) 6.9u66 2.222 (0.45) 0.5183
i up 81.3 0.80 €.667 (0.15) 0.009% 1.1 (0.90) 1.L8k0 0.1i1 (9.00) 1.7858
b 2.000 (0.50) 0.0118 0.111 (9.00) 1.2076 1.000 (1.00) 0.2023
1.333 (0.75) 0.0118 0.714 (1.L0) 1.1297
1 0.313 (3.20) 0.0017 3.333 (0.20) 0.8150
A9 NULOE 155.7 10.04 2.500 (0.k0) 0.0473 0.625 (1.60) 10.0196 0.18 (5.50) 3.2016
1.333 (0.75) 0.0435 1.333 (0.75) L.6121 0.227 (L.40) 34
0.667 (1.50) 0.0400 2.500 (0.40) 2.639% 0.278 (3.60) 2.8530
2,000 (0.50) 2.2559 0.55€ (1.80) o820
NUEOW 197.3 8.50 1.250 (0.80) 0.0450 0.71k (1.k0) €.9396 0.667 (1.50) 1.6063
1.818 (0.55) 0.0415 1.000 (1.00) 5.7930 0.111 (9.0) 1.5355
6.667 (0.15) 0.0397 0.357 (2.80) 3.5270 0.357 (2.80) 1.4590
A 2.857 (0.35) 0.0306 1.818 (0.55) 3.4673
. 2.500 (0.k0) 1.4639
A10 N31°W 100.2 0.8 3.333 (0.30) 0.0417 3.333 (0.30) 17404 0.111 (9.00) 0.7209
1.667 (0.60) 0.0137 1.333 (0.75) 1.6648 1.111 (0.90) 0.1867
0.111 (9.00) 1.1959 2,500 (0.k0) 0.1055
N5PE 105.8 0.k2 5.000 (0.20) 0.0L50 5.000 (0.20) 1.3687 0.111 (9.00) 0.0580
E- 0.909 (1.10) 0.0013 2.000 (0.50) 0.5576 2.857 (0.35) 0.0541
: 0.625 (1.60) 0 4505 0.667 (1.50) 0.0493

* All data processed from Tape NIS 130, 131, and 13" of California Tnstitute of Technology.
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In accordance with letter from DAEN-RDC, DAEN-ASI dated
22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Chang, Frank K

State-of-the-art for assessing earthquake hazards in the
United States; Report 8: Duration, spectral content, and
predominant period of strong motion earthquake records from
western United States / by Frank K. Chang, Ellis L. Krinitzsky.
Vicksburg, Miss. : U. S. Waterways Experiment Station ; Spring-
field, Va. : available from National Technical Information
Service, 1977.

58, £24z p. : ill. ; 27 cm. (Miscellaneous paper - U. S.
Army Engineer Waterways Experiment Station ; S-73-1, Report 8)
Prepared for Office, Chief of Engineers, U. S. Army, Wash-

ington, D. C.
References: p. 56-58.

1. Earthquake engineering. 2. Earthquake hazards. 3. Earth-
quake resistant structures. 4. Earthquakes. 5. Ground motion.
6. State-of-the-art studies. 1I. United States. Army. Corps of
Engineers. 1II. Krinitzsky, Ellis Louis, joint author.

III. Series: United States. Waterways Experiment Station, Vicks-
burg, Miss. Miscellaneous paper ; S-73-1 Report 8.

TA7.W34m no.S-73-1 Report 8




