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|.  SUMMARY OF MAJOR FINDINGS AND
RECOMMENDAT | ONS

A. SCOPE

The major objectives of the studies described in this reporl were to analyse
and evaluate a number of significant earthquake records and to utilize the re-
sults to develop ''standardized' design spectrum shapes to be used in the seis-
mic desicn of nuclear power plant facilities. Because earthquak~s are complex
phenomena, and since it is not possible to exactly predict the nature of seis=-
mic ground motions, statistical'analyses of recorded ground motions must be
used. The msjor findings and recommendations from the studies based on such
statistical analyses, along with brief discussions of the data and the ana-

lytical approaches used, are discussed in this chapter,

B. DATA USED

Response spectrum shapes for thirty-three significant and different accelero-
grams generated by twelve major earthquakes were developed for damping ratios
of 0.005, 0.01, 0.02, 0.05, 0.07, and 0.10. The Culifornia Institute of Tech-
nology prepared most of the accelerogram digitizations, which are consistent
and reliable reproductions of the actual ground motions. The remaining digit-
izations were obtained from the State of California Office of Architecture and
Construction, Los Angeles, and the Seismological Field Survey, NOAA, San fran-
cisco. The thirty-three accelerograms for purposes of this study are termed

the ensemble.

The respohse spectrum shapes were studied as an ensemble and as groups cate-
gorized according to peak grond accelerations, site soil characteristics,
epicentral distances, and geographical locale of the recording stations.
These studies were made to determine the influence of the various character-
istics on the shape of the response spectra. Pertinent literature was
searched to cnllect the most reliable available data concerning these earth-

quakes and their recording stations.

€. ANALYTICAL APPROACH

The following approach was used for the statistical analyses:



Spectrum shape statistics, such as mean, median, and standard de-
viation were develope? for the ensemble of all accelerograms and
for each of the groups to providé.indica;ions of the central ten-

dencies and uncertainties associated with the corresponding groups.

A statistically acceptable probability model suitable for the com-
plete ensemble of spectrum shapes was determined. Smooth ''stan-
dardized" design spectrum shapes were derived on the basis of this

probability model.

Comparisons were made belween the recommended spectrum shapes and
the currant Atomic Energy Commission (AEC) regulatory criteria,

Newmark, Housner, and Blume F-factor spectrum shapes.

Period-time amplitude plot studies of eight accelerograms generated
by four important earthquakes were made to investigate the effects

of earthquake duration,

The probabilistic approach was used because it was considered to be most .

rational, realistic, and appropriate for seismic design, especially of crit-

ical installations such as nuclear power plants. Previocus studies ond pre-

dictions of the frequency characteristics of seismic ground motions have usu-

ally been based on the analysis of only a few records. The results of the

present studies are particularly significant for the following reasons:

The studies are based on the analyses of thirty-three different

accelerorrams, a larger number than used in other studies.
The accelerogram digitizations are the most reliable anes available,
The studies are comprehensive because they include the effects of a

number of parameters, detailed statistical analyses; and effects of

earthquake duration.

D. HAJOR FINbINGS AND OBSERVATIONS

. The following major findings resulted from the studies:




e Statistical predictions of spectral characteristics of future seis-

mic ground motions are plausible and desirable.

Smooth ''standardized' design spectrum shapes can be used to represent

probable severity of seismic motions., Recommended spectrum shapes de-

veloped from these studies are presented in Figures 4 through 6 for

large, small, and negligible probabilities of being exceeded.

The approach of using spectrum shapes derived from analyses of the
ground motion with peak acceleration normalized to unity was vali-
dated because there was low correlation between the peak ground ac-
celerations and the spectrum shape values. Separate treatment of

these two as independent variables in these studies was therefore

abpropriate.

The foflowing significant observations can be made from the results of group

analyses:

Various seismic parameters appear to influence response spectrum

shape.

Larger spectral amplifications can be expected to occur a: a softer
site, The predominance of long period motion for softer sites and

of short period motion for firmer sites was not confirmed or rejected.

Distance from epicenter did not appear tc influence spectrum shape.
Predominance of long period motion at longer epicentral distances did

n.t seem conciusive. HNeither, however, was there sufficient basis to

reject this possibility.

The studies by geographic grouping revealed minor variatiaons in the
central tendencies as indicated by the means and medians, although
there were significant varialiohs in the standbfd deviations or un-
certainties. Thc'éhsemble reprcscnted-a wide-range of ffequcncy’con—
tent much better than any othér-gfcup and thus, it was adopted as the

basis for the_récommendéd.spectrum_shapes.
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The following observations can be made from the comparisons betweun the rec-
ommended spectrum shapes and the AEC, Newmark, Housner, and Blume F-factor

shapes for a 2% damping ratio:

e The current AEC design spectrum shape is below the small probability
of excecdance shape for periods shorter than 0.5 sec, and those

longer than 0.9 sec.

e The Newmark spectrum shape is consistently above the small probabil-
ity of exceedince shape, except for a short interval in the vicinity

of zero period.

e The Housner spectrum shape is below the large probability of exceed-
ance shape for periods shorter than 0.4 sec, and it is above the

latter for longer periods,

e The Blume F-factor spectrum shape for a standardizad ncrmal variable
value of 1.0 is consistently highar than the small probability of ex-

ceedance shape.

From the period-ampiitude-time studies, the following observations can be

made:

o The earthquake duration effect on the response spectrum shape is
small for periods shorter than 0.5 sec, the period range significant
for the nuclear power plant structures. The dynamic amplification fac-
tor (DAF) at longer periods, however, would generally tend to bc iigher

for long duration motions than for those of short duration.

E. RECOMMENDATIONS

Because risk minimization is ihe basic rationale for the seismic design of
critical installations such as nuclear power plants, the seismic load criteria
should consider risk variability with such factors as regional Seismfcity,
geotectonics, etc. Thus, desiyn spectrum shapes rcpresenting variable sever-
ity of seismic loadings should be specified to achieve approﬁriate minimiza-

tion of the total risk.




The following recmmmendations pertinent to the design spectrum shaues are con-
sistent with this seismic cdesign objective. Other ground motion character-
ist?cs, such 1s peak grourd acceleration and strong rotion duratior {in the
case of time-history analyses; should be thoroughiy considered to fully satisfy
the seismic desian objective. The curves in Figures b through 6 are spectrum

shapes, not response spectra themselves. To derive pseudo absolute accelera-

tion response spectra, it is necessary to evaluate the jeint probabilities for

peak ground acceleratiuns and the spectrum shape values.

e The large probability of exceedance spcctrum shapes shown in Fig-

ure U should be considercd as lower bound spectrum -hapes.

e For sites associated with relatively low risks, e.qg., located in
low seismic’ *y areas, the de.vign spectrina shapes for different
damping ratios shou'd not he l!ower than the smali probability of

exceedance spectrum shapes shcwn in Figure 5.

& For sites associated with relatively high risks, e.g., located in.
high seismicity areas, the design spectrum shapes for different
damping ratios should nct be lower than the negiigible prosability

of exceedance spectrum shapes shown in Figure 6.

it must be noted, however, that the negligible excecedance prob-
abilitly spectrum shapes reprcsent'extreme grdund motion amplifica-
tion. An inappropriate use of these shapes could result in an ex-
tremely low probability seismic exposure and the corresponding de-
sign could be ultracontervative. For example, if a very high peak
ground acceleration estimated deterministically ¢ the basis of an
extreme earthquake expected to occur at a very short distance (say,
at a point on the nearby fault) from the cite were to be combined
with the negiigible probability shape, an extremely low orobability
seismic exposure wiuld resultl. The corresponding design would be
ultraconservative because the risk éonsidera:ions would then be ua-.
necessari!y duplicated by first assuming a highly improbable earth-"
“quake occurrence (because the probability of an extreme earthquake
occurring z 1 given point is cxtrcmciy ;mall) and then, determinis-

tically combining the estimated peak ground acccleration with the

_5-




spccler shape. Therefore, it is recormended that for the sites
associatued with relatively high.riskh, the above recormmendation
for the ncgligible probability shape bu applied in conjuncticn
wlith an approhriatc procedure for probabilistically estimating

the total seismic exposure.

For sites judged to be significantly responsive to gfound mot ion
compoients with periods longer than 0.5 scconde, the above shapes
should not be used without appropriate modificotions for the par-

ticular site conditions.




1. INTRODUCTION

A, GENERAL

Earti.quakes are complex phenomena that impose severe loadings on enginecred
structures. The earthquake phenomena primarily consise of large energy
releases in limited volumes of the earth's crust and propagation of signif-
icant barts of these released energies as seismic body and surface waves.
Engineered structures located in the propagation path of these waves re-
spond with vibratory motioﬁs. These vibrations generate forces in the struc-
tures which have to be safely resisted. Instances of inadequate structural
resistance to seismic loadings with disastrous consequcnées occur frequently,
Some of the major earthquakes that czused considerable damage are: San Fer-
nando (1971), Tokachi-Oki (1968), Lima (1966), Alaska (1964), #ern County
(1952), El Centro (1940), Long Beach (1933), San Francisco (1906, Charles-
ton (1885), and New Madrid (1811-12).

The severity of vibralofy structurol response to seismic motion largely de-
pends on the seismic groﬁnd molion characteristics and the structure's dy-
namic craracteristics. Some of the important ground motion characteristics
are the peak motion parameters, such as aécelcratinn. velocity, and displace-
ment, and the frequency content of the ground motion. The ground motion fre-
quency contenl can be generally described as a measure of relative predomi-
nance o different fr.quencies present in the ground motion, Spectrum shabcs
are one nf thé measures of the ground motiop.frequency content and are im-

portant in estimating seismic structural response.

tluclear power plants are cfitica!fy important structures, énd as such must
be designed for appropriate seismic conditions. Because evarthquakes are
complex phenomena and exact predictions of seismic ground motions arc not
possible, it is appropriate to base the scismic design criteria on statis-
tical predictions of these motions. Variocus ground shaking intensity
levels and the probabilities of their being exceeded should be cstébl?shed.
and the seismic levels assbciated with appropriate probabilities of exceed-

ance should he used in the design,



One approach to developing statistical predictions of'seismic_loadings is
to determine probabilities of occurrence of ground motion freduenCy char-

acteristics.,

The study described herein analysed the frequency distribution of qround mo-
tions generated by a number of major carthguakes. The results were then used

to develop “'standardized' design spectrum shapes.

8. SCOPE

The s:tudies in this report were oriented ioward the delineation of appro-
priate shapes of earthquake response spectra to te recommended for seismic
design purposcs, based on the rationale described above. The project wa§
adthorized in the USAEC Division of Reactor Standards letter dated August

18, 1971, The major steps in the studies were as follows:

e Develop response spectrum shapes for the hr.-lzontal ground motion

components of s number of selected major earthquakes.

e Study the effect of earthguake duration on spectrum shape by de-
termining the relationship between the spectrum shape and nunber of

cycles at predominant periods.

® Perform statistical studies of the spectrum shapes, including group~
ing of the spectra according to various earthquake and site charac-

teristics.

® Recommend spectrum shapes appropriate for seismic design and evalua-

tion of nuclear power plant facilities.

e Compare the results of the above analyses with the current AEC seis-

mic design review procedures.

Studies of each of the above items and the results are discussed in the follow-

ing text.




111, RESPGNSE SPECTRUM SHAPES

A, IHVAOUUL I ION

A number of important and reliable earthguake records of horizontal ground
motion components were selected, response spectrum shapes developéd, and sta~
tistical studics made of the ensemble of response spectrum cshapes., A fairly
large cnsemble was used to derive significant results from the studies. The
devélopment of the spectra shapes and the statistical studies are discussed
in this chapter. A number of important and reliable earthquake records of -
horizontal ground motion components were selected and response spectrum shape
were developed. The ensemble of response spectrum shapes developed from. the
selected earthquake accelerograms and the corresponding statistical studies
are presented in this chapter. To derive significant results from the sta-
tistical studies, a fairly large ensembie of important ground motions was

analysed.

B. SELECTION OF HISTORIC EARTHQUAKES

A total of thirty-three accelerograms generated by twelve different major
carthquakes with peak ground accelerations exceeding 0.ig were selected

for the analysis (Table 1). Different magnitude ratings for an earthguake

are sometimes reported in the literature because the values reported are usu-
ally averages cf the values estimated at several recording stations. The mag-
nitudes given in Table | were selected because they have been quoted most fre-

quently. The rationale for selecting the earthquake records was as follows:

® The accelerograms were considered to be reliable rocords of the
ground motions because most were recorded recently, Those not
recorded recently, such as El Centro and Helena, have been ex-

tensively and reliably documented.
@ The accelerograms were associated with fairly intense ground shaking.

® A widé-range of response spectra characteristics was represented by
the selected accelerograms. The Lima and Hachinohe records were in-

cluded tecause the Lima records contain a predominanf high-frequency




content and the Hachinohe records a predominant low-frequency con-
~tent. Inclusion of these records ihus increased the range of dif-

ferent spectrum shape characteristics.

® The accelerograms included eight different and important records

from the 1971 San Fernando carthgquake.

o The accelerograms comprise a reasonably large ensemble, thus yield-

ing a higher degree of confidence and reliability to the studies.
@ The effects of geographical variations were included because the
accelerograms were recorded at a number of different geographical

locales.

c. ANALYT {CAL ASPECTS OF A RESPONSE SPECTRUM

A response spectrum is defined as a plot of the maximum values of a response
parameter of a family of linearly elastic single-degree-of-freedom systems
with different frequency characteristics and with a given ratio of system
darping to critical damping wher subjectcd to a ground motion time-history
versus the frequency characteristics (such as natural periods or frequencies)

of the systems,

For the purposes of thié report, the pseudo absolute acceleration response
spectrum shapes for damping ratios of 0.005, 0.01, 0.02, 0.05, 0.07, and 0.10
were developed for the selected accelerograms.

Figure | shows a model of a single-degree-of-freédom system. The spring is
linearly elastic with stiffness k and the dashpot indicates a viscous damper

with a damping coefficient c.
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FIGURE 1. SINGLE-DEGREE-OF-FREEDOM SYSTEM

The equationr of motion of this system is:

m% + Cox + ux = 4m;q (1)

in which

m = mass [M]#

x = displacement relative to the ground [L]
. dx . . . [’T-l‘
x = 5T ¢ velocity relative to the ground | L7
2
x = 4 X = acceleration relative to the ground [.772]
g’

¢ = damping constant [ ]
. -2
k = 'spring constant [ MT - ]‘

. ' -3 .
x = ground motion acceleration {ur ‘]

# [M] indicates the dimension of the quantity. The basic dimensions

are mass, M; length, L; time, T.



Equation (1) can be rewritten as:

% + Drw¥ b gt B =X (2)
9
in which
w = % a circular frequency [ T-I]
[

al
¥

= S = damping ratio

The solution of Equation (2) is given by

t
x(t) = _'/f h(t-t) ;q(t)ir (3)
0 . .
in which
h{t} = impulse rusponse function ['T]
= %e:-;:: [—”,«‘..’] sin(wt) . {b)
W .
and
- . -1
w = dJdamped circular frequency [ T ]
= w4yt -¢?

For a mcderate amount of damping, w nearly equ~ls w., As example, for
a relatively high damping value of 20%, w is equal to 0.98.s. Because
the damping values for most of the dynamic analyses of nuclear power
plant elements are considerably less than 20%Z, the difference between
wand w is negligible. Thus, w will be used in place of w. The

system spring force, F, at an instant, t.:is given by

kx{t) = mw?«(t) ' (s)

F{t) =
Let ‘z‘p(:) = wix(t) (6)
Then F(t) = m ED(L) AN

;p has the dimensions of acceleration, [LT—Z], and is termed pseudo
absolute acceleration. Comparison of Equation (6) with Equation (2)

indicates the recason for this quantity being termed ''pseudo’, namely,

- 12 -




the'magnitude of Ep differs from that of the real absolute acceleration by

a quantity, 2fux. The pseudo relative velocity, ip, is defined by
: -1 ' '

Then, accepting Z = wu,

+

T (9)

p

[}
[
<.
e .
n
3
r~
~

in accordance with the definition of a response spectrum, the pscudo absolute

acceleration response spectrum, Sa, is given by

SO(T,n,x ) = eax |Eﬁ (?.a.;3)| _ (10)

in which

ratural period [?]

Yo
-

= ———
o

S3 depends on the system period, I, the system damping ratio, 7, and the in-

putl ground motion, ;,. Equation {11) is derived from theoretical considera-

tions and Equation (8

~
‘e

Sa (O,C;Ig) = may ‘? ‘ = a : (l))
Thus, for a rigid system (w=e, 1=0), the_pséudo absolute acceleration spectrum
value equals the maximum ground acceleration, a. This is one reason why nor=
~malization of ground motion by peak ground acceleration is convenient. The
spectrum value generated from the ground motion normalized by the peak accel-
eration is actually the dimensionless ratio of the pseudo absolute acceleration
spectrum value to the peak ground acceleration and is termed dynamic amplifica-

tion factor (DAF) for pseudo absolute acceleration.

-‘3-



Let D(T,c,;c) dynamic amplification factor (DAF) for pseudo
4

absolute acceleration

541,0,= )
3] H

i (12)

4

Then U(1,6,% )

and D(&,7,% ) = 1.0 (13}

Thus, for zero period, U equals §.7. :

D. RESPONSE SPECTRUM SHAPES FROM HISTORIC EARTHOUAKES

.
i
i
i

The objrctive of the studies was to analyze the shabes of the rcsLunse specs
tra, not the response spectra themselves. To facilitate the cvmp#rison of

the spectrum shapes, the accelerograms were rormalized to a peak!gruund_a;cc!-
¢ration of 1.0g. ihus, the spectral vaiues obtained are dimensionless ratios
of spectral acceleration to peak nround-accélcration.'or dynamicéaﬁpiiffcétiun
factors (DAF). The response spectra generated from such normé{izcd ground
motions are termed responsc <pectrum shapes, or OAF; ‘The response Spécteri
shapes are useful for comparing the relative predominance of_differcnt.fre‘
quencies ir an individual accelerogram and for different accelerograns. Accel-
erograms can be normalized by several different methods. For tie purposes of
this study, normalization by peak ground acceleration was considered most use-
ful and counvenient, especially for the statistical predictions of response

spectrum shapes.

A recursive algorilhm“ was used to compute the response spectrum shapes of
the selected historic earthquakes for damping ratios of 0.005, 0.01, 0.02,
0.05, 0.07, and 0.10. Because the method of digitizeiion of acceleragrams
significantly affects the response spcctrn,7 the most receat and most reli-

able accelerogram digitizations were used in the anialyses.

The spectrum shapes were computed for a period range of 0.0k sec to 2.5 sec,
or a frequency range of 0.4 cps to 25 cps, which was considere sufficient

to encompass the frequency characteristics of nuclear power plant components.
This range of frequency characteriatics was discretized by using 108 points

to obtair good frequency resoiution of the spectra.




The Fourier content of digitized accelernogram data may be acca?afafup to,

~ about 25 cps.® and thus thc_uppcf bound on the frequency range of the'apCu-
tra wds set at 25 cps. Most of the accelerogram data were as described in
Reference | and hence the accelerogram corrections, such as smoothing of the
fixed trace, smoothing of the timing marks, and the root-mean=-square minimi-
~zation of acceleration were applied to the data. Generally, the accelero-
grams are also corrected by shifting and/or rotating the base line ur using

a band-pass filter. Such corrections are necessary only for computing ground
motion velocities and displacements. Becausc.lhcy do not significantly af-
fect the computation of the pseudo-abéélulc acceleration response,” " these

corrections were not considered necessary.

Linear plots of the spectrum shapes are presented with period as abscissa and
alternatively with frequency as abscissa in Appendix A as Figures Al through
A66. These two waye of plotting complement each other, representing the spec-
trum details more fully. Frequency-plots were used in determining the spectral
values for the high-frequency elements and period-plots were used for the lorg

period elements,



Earthquake

El_Centro

£1 Centro
Kern County
Olympia
Helena

‘San Francisco
Parkfield
Parkfield
Tokachi-0ki
Lima

San Ferhando
Saﬁ'Fernando
San Fernando
San Fernando
Eureka
.Olympia

Parkfield

TABLE 1

SALIENT CHARACTEKISTICS OF

SELECTED ACCELEROGRAMS

1966

Yoar Recording Station
1940  E1 Centro,
. CaYifornia
1934 E1 Centro,
California -
1952 Taft,
: Califurnia
1949 Olympia,
Wasnington
1935 - Helena,
Montana _
1957  Golden Gate Park,
o California
1966  Cholame-Shandon # 2,
: © California
1966 Cholame-Shandon # 5,
California
1968 Hachinghe,
Japan
1966  Lima, Peru |
19N Castaic, ORR,
- California
1971 Bank of Calif.,
California.
1971  Universal-
Sheraton, Calif,
1971 V.N. Holiday
Inn, California
1954 . Eureka,
‘California
1965 Olymoia,
Hashington
Temblor,

California

Peak Ground

Acceleration,
Magnitude Component g Units

7.0 NS 0.33
EW 0.22
6.5 %S 0.26
W 0.18
7.7 N21°E © 0.18
R S69°E 0.16
7.1 NA°W 0.19
S86°W 0.31
6.0 NS .13
oW 0.16
5.3 NID®E . 0.1
- NBO°W . 0.13
5.6 N6S°E . 0.51

. S25°%W . Not Recorded

5.6 NG W ©0.40
- NBSUE 0.47
1.8 s 0.19
oW 0.23
7.5 NBOE 0.42
N82°W 0.27
6.6 N21°E 0.34
| $69°F 0.29
6.6 N11°E 0.23
- N79°W 0.14
6.6 NS 0.18
6.6 NS 0.28
EW 0.15
5.6 N79°F 0.26
N11°W 0.18
6.5 S4°F 0.20
S86°W 0.16
5.6 NE5°HW 0.28
' N25°E

' NOTE:' Information presented in the above table is compiled.from

- References 1, 2, 3, 4, and 5.

-
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IV. STATISTICAL ANALYSES OF SPECTRUM SHAPES

A, INTHODUCT ION

The analyses in this chapter were oriented toward statistical predictions of
the characteristics of future ground motions. Spectrum shape statistics such
as mean, median, and standard deviation were computed for the complete en-
semble of spectrum shapes discussed in Chapter lIl. These statistics were

also computed for the accelerograms grouped in four different ways:

» maximum'ground acceléfaiion,

® soil characlerislicﬁ at the rccard€n§ site,

° epiéentral distance, and

e geographical locale of the recording stations.
The médian and mean vélues indicate the central tendency of a sample. The
~standard deviation measures uncertainly associated with the sample. In most

of the cases, the combination of either the mean or median and the siandard_u

deviation suffices for statistical predictions.

"B, STATISTICAL ANALYSIS TECHNIQUES

In an ensemble of r response spectrum shapes, shown in Figure 2, let 3;(3;.1)

dencte the spectral ordinate of the ith spectrum shape for the pericd, I;; and

the damping ratic, . Then, the mecan, mﬁ(7,,g). and standard deviation,

-

.,%), are computed by the following cquétions:

-

Suii

DT T ‘ o
m:‘_'ﬂ;l's) = ;1' Z i..";(':,.',,' (lk)
izt ?
A ' _ -
- 1 . -1
S-{ .,-",) = u—— - - T . » .
7 - Z [a;mj,.,) r..i.}(.j,,,)! l (15)
i=1 .



o

The median of the ensemble, m (1.,2), is determined as follows: First, the
l

- spectral values, Dilfj,a), i 2, ..., n, are rearranged in a descending

order. Then, if n is an even number,

——r
r

AP AL A N SIS e | - (16a)

:.‘ .
N — ~ -‘-‘l M

If = is an odd number,

SIS BT SRS | (165)

The mean spectrum shape, r, (%%, the median spectrum shape, ¥. (%!, and the stan-
dard deviation spectrum sh;pe Ji%), are constructed by comﬁuting means , me-
dians, and standard deviations for 108 pernods in the period range under con-
sideration. The mean and median spectrum shane values for zero period equal
unity and the standard deviation spectrum value fcr zero period equals zero be-
cause the DAF value for zero period is constant and equals unity. From Equa-
tions (14) and (16), the actual values of the mean and median shapes will not

be équal, if there is a skew in the data,

€. STAT[STICS OF SPECTRUM SHAPE EHSEMBLE

The mean, median, and ,tandard deviation response spentrum shapes for Lhc cum=
plete ensemble of the sclected accc!erograms and for all damping ratxos were
‘computed as described abovc and are pre‘enled in Appendlx 8 as anuncs Bl
through BI8. The following ubservations regarding these Jpectruw shauv,.arc'

pertinent:

® The mean and median spectrum shapes, indicators of the cantral ten-
dency of the ensemble, are similar for cach damping ratio., The
small quantitative difference between these two sitatistics i~dicates
that the DAF data has some skewness, Sece Chapter VI for a detailed

discussion of the DAF Jdistributions.

® The mean and median spectrum shapes are smooth, s expected, the

smoothness increases with the damping ratins,

- 18 -




As the period approaches zerg  the mean and redian shape values

approach unity and the siandard deviation apprteches sers, as
vxpected.  The standard deviaiion decreases as the perisd increases.

This decrease, however, is much smaller than the correspording ge-

crease ia the mean and median shapes, lhus, the reiative uncerlaginty

€ -
¢

or cerisds |

in the DaF increases with the puriod, especially longer

than 3.25 sec. FTor gerican tunger than 0.9 sec, tne relatiee un-
certainty is substantially larger than for the whorter periags, and

1% fairly capi¢ upware trend continues te 2.5 sec pericd.

The main rru;mn'fnr the incTease inogncartainty «ith period inotnal
the vosemple containsg severg! acweleronram, with cither snort or
lang strong ground motion Auration, s L] 20 derorgiragteg in
Crapter ¥, the stort duration socnteragrams show o prodorisance uf
short periods only, whereas those with lang duration show the proe-
dgorinance of buth short ang long pecisds. Thus, the central ten-
dency of the ensemble is accertudled i0 the $hoarl Seriogd range

argd cons iderably subuned 0 the lang poerind rarge. DJoo o reia-
tively Jarge deviations of DAF's in the long pericd range, howcver,
the relative uncurlainly Yo 10l range "4 greater than for e
short period range,

The mean and median spectrun shapes decrease ane dreume fFlatter with
increasing damping ratios, which indicates relatively greater de-
crease fo,o the short perioos than for the leng periods.  The stan-
gard deviation speclrum shapes also decrease and becomes flatler with
increasing damping ratio.  This decrease iy smaller, however, than |
in the mean and median and is especially true for the long period,
which results in greater flatness. Thus, the relative uncertainty
in DAF values remains practically indifferent 1o the (hanges in
domping ratio. Increasea domping tends 1o atlenuale responss more

for short periods than for long periods.



D. SIATISTICS OF GROUPED SPECTRUM SHAPES

1. Gezneral

The rationale of the grouping approach will be briefly discussed first

so that the group statistics may be appropriately interpreted.

A number of earthquake characteristics could influence response spectrum
shapes .Y Grouping of the records by a selected characteristic halps to
investigate and estimate the influence of such characteristics on re-
sponse spectrum shapes. Such an investigation has maximum significance'
if performed under the ideal condition that onlysthe-characteristic under
consideration is variad while others are kept constant, It is apparent
fron the sparsity of the available ground motion data, however, that this
is not feusivle, It is helpful, nevertheless, to understand what infor- .

mation could be cbtained from the grouping approach under ideal conditions.

~Assume that a seismic characteristic, s, in the range, 5y ¢ % < 3., favors

a frequency range, f < i < f_, over other frequencies. Then, the mean,

§ ;
median, and standard deviation spectrum shapes faor the accelerograms in
the group, 51 © g o« LR would be expected to display the following char-
acteristics:

® in the frequency range, 51 S fz, the mean and median spectrum
values for this group will be generally higher than those for the
other groups, indicating the preference of this group. The same be-
havior will be expected when the ensemble mean and median are com-

pared with the group mean and median.

° In the frequency range, fi <« f < f2' the standard deviation spectrum
shapes will be generally lower than those for the other groups, in-
dicating a smallar degree of uncertainty associated with the spectrum
values for the preferred fréquencies. The same behavior will be ex-
oected when the_standard dgviation shapes of the ensemble are compared

with those of the group.

Higher spectrum shape values for the prazferred frequency range will be

more probable than for the other frequencies. The reliability.of such

-20-




an interpretaticn depends on two factors, namety, the number of accel-
erogram samples in the group, and the range of seismic parameter values
defining the group. The reliability will increase with an increzse in
the number of samples, and decrease with an increase in the range of

seismic parameter values.

Statistics of the spectrum shapes grouped in four different ways were com-
puted to investigate the influence of different earthquake characteristics

on the response spectra. The accelerograms were grouped according to:

e the maximum recorded ground acceleration (Table 2),
@ the soil characteristics at the recording station (Table 3),

L) the epicentral distarn.e of the recording station
(Tabie 4), and '

° the geographical locale of the recording stations (Tables 5, 6, 7,
and 8).

The specific details of the groups and the analytical results are signif-
icant. Different values for a characteristic of an earthquake are some-
times reported in the literature. |In such cases, an apparently reascn-
able value of the characteristic was adopted in the analyses without
further investigating the adthenticity of the value. 1t would be worth-
while, however, to canduct such an investigation to improve the reliabil-

ity of the available information.

2. Haximum Ground Acceleration

Table 2 lists a grouping of accelerograms according to maximum ground ac-
celerations. This yrouping of accelerégrams described below achieves a

reasonable balance between group size and range of accelerations.

Maximum Humber of
Group Ground Accelerction, a Accelerograms
Al | a > 0.3g 8
A2 0.29 <a < 0.39 ) 10
A3 a < 0.29 18
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The mean, median, and standard deviation spectrum shapes for the three
groups of accelerograms for a 0,02 damping ratio are presented in Appen-
dix € as Figures Cl through C9. The following are pertinent observations

regarding these spectrum shapes:

e The Gron Al mean and median shapes are generally somewhat lower than
the mean and median'shapes of the Groups A2 and A3 (Figures Cl.'CZ,
C4, €5, C7, and C8). The Group Al standard deviation spectrum shape
for periods longer than 1.0 second is considerably lower than the ones
of the other groups for the same period ranée (Fiqures €3, C6, and
C&). This means that higher DAF values for Group Al are less probable
than they would be for Groups A2 and A3.' This is particularly true
for periods longer than 1.0 second; in other words, higher DAF values

occur for accelerograms with 2 < 0.3q.
e No cluar trends are apparent for the Groups AZ and A3.

in spite of the first observation above, the maximum ground accelerations
of the accelerograms generally have low correlation with the correspond-
ing DAF values. Thus, probabilities for the DAF values, as discussed in
Chapter VI, may be considered independent of those for the macimum ground

accelerations. This conclusion leads to this important result:

From Equation (12),

[9]

a(Tj.c,;g) = a-D(TJ,a,xg) an
Thus, the probabilities of exceedance for the spectral ordinate, ﬁa' used
for computing response of structures, can be derived by a rather simple
combination of the probabilitiés for the peak ground acceieration, a, and
the DAF for pseudo absolute acceleration, D. This method of combination

of probabilities is discussed further in Chapter VI.

Soil Characteristics

. The following site characteristics could influence the response spectlrum

shape:

- 22 -




@ Soil density

® Soil layering

® Layer thicknesses

® Depth to firm rock

® Water table elevation at the site

® Soil moisture content

e Shear and compressional wave velocities in the soil

o Nature of soil behavior -- linear or nonlinear

it is apparent from the above list that the influence of the soil char-

acteristic§ on the response spectrum shape is a compiex phenomenon. In-
vestigation of this phenomenon is and has been treatecd as an independent
field.}! Thus, the subject can be treated only in an approximate way in

the present analysis.

It was shown !1:12 that the soil impedance, 1, is determined by Equa-
tion (18) is one of the factors of considerable importance in this kind

of analysis,

= v 1
1 v | (18)
in which
p = specific soil density
VS = vyelocitly of shear wave in soil

in the present analysis, soil impedances of the top layrrs at the record-
ing stations were used as the basis for grouping of the accelerograms. '
In the case of a site with a rnumber of shallow soil layers, an overall
average value of impedance was used. For the selected accelerograms, in-
formation on the soil characteristics at various recording sites is sparse
and contains 5 high degree of uncertainty. More detailed soil, geological
" and geophysical investigations of various recording station sites are
needed to form a Firm basis for the kind of analysis described in Sub-
section | of this chapter.

_23-



The grouping of accelerograms according to their site impedance in
Table 3 can be condensed as follows:

o Number of
Group Impedance, I, (ft/sec)x!0’ Accelerograms
81 _ 4,0 « 1 < 5.5 13
82 1 <3.9 16

The accelerpgrams recorded at Helena and Temblor are not included in
these groups because the estimated impedance values for these sites,
based on the available data, are considerably higher than those of the
other sites and could result in &n anomalous influence on the analysis.
The hean, median, and standard deviation spectrum shanes for the accel-
erograms in these two groups for .02 damping ratio valuc are presented

in Appendix C as Figures Cl0 through Cl15.
The following are pertinent observations regarding these spectrum shapes:

® The mean and median shapes for cach group are generally similar

to each other,

® The mean shape of the Group Bl is generally lower than that of the
Group B2. ' '

e No clear trend is seen in the standard deviation shapes.

It has been found!” that the accelerograms recorded at firmer sites gen-
erally show lower DAFs than those for the accelerograms recorded at
softer sites., This is indicated by the second observation above. It
would seem reasonable that ground motions recorded at soft sites would:
show a predominance of lower frequencies and those recorded at.firm
sites would have higher predominant frequencies., Such a trend was not
strongly indicated by the results of this analysis because of the uncer-
tainty associated with the soil characteristics data, however, these re-

sults should not be considered as a negation of this belief.
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4, Epicentral Distances of Recording Stations

The accelerograms were arranged according to the epicentral distances

of the recording stations as follows (Table 4):

Epicentral Distance, D Number of
Group Milz.s Accelerograms
cl 15 <D < b5 _ 14
c2 U< 15 | 15

The accelerograms recorded at Hachinohe and Lima were not included in
the analysis because the reported epicentral distances for these rec-
ording stations are much longer than those for the other stations and

hence could have an anomalous influence on the analysis.

The mean, median, and standard deviation spectrum shapes for the accel-
erograms in the Groups C! and C2 for a 0.02 damping ratio are in Appen~
dix C as Figures C16 through €21, The following are pertinent observa-

tions regarding these spectrum shapes:

© The mean and median shapes for cach group are similar to each other.
e The mean shapes for both the groups are approximately equal.

@ The standard deviation shape for the Group Cl is considerably lower

than for the Group C2 for periods longer than 0.5 second.

Although the comparisons of the median spectrum shapes da not clearly in-
dicate preqominance 6f lower frequencies for accelerograms recorded 3t
longer epicentral distances or predominance of higher frequencies in
records with shorter epicentrsl distances, the third observation aboﬁe
would tend to confirm these effects. As other parameters, such as soil
characteristics, would also influence the response spectrum shapes, the
absence of ciear trends in this grouping are riot unexpected. |In addition,
epicentral distanca per se may not be a significant factor with respect

to the response spcctrum shapes. This may be particularly true for earth-

quakes associated with fairly lory fault breaks. In such cases, the
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distance between the station and the nearest point of surface rupture
might be more appropriate. Also, the reported epicentral distances may
not be the actual ones because epicenters cannot be located exactly.

E. GEOGRAPHIC GROUPING OF SPECTRUM SHAPES

The selected accelerograms were recorded at a number of different geographical
locales in seismically active areas of the world. The accelerograms were gen-
erated by earthquakes that originated in different geological settings and per-

haps by different earthquake source mechanisms.

In all, spectrum shapes for five different geographic groups of accelerograms,

including the ensemble, were statistically analyzed as follows:

Number of
Group . Geographical Locale Accelerograms
l San Fernando Valley - 8
earthquake
t Southern California 19
P California 23
v Western U.S.A, 29
v Wor ldwide 33

The salient characteristics of the thirty-three accelerogram ensembie are

listed in Table | (Chapter 111); those for the remainder of the above groups
are reproduced in Tables § through 8.

Mcan, median, and standard deviation spectrum shapes for Groups | through V
for 0.02 damping ratio are presented in Appendix C as Figures €22 through
€33. Ensemble spectrum shape statistics for 0.02 damping ratio (Group V) are

in Appendix B as Figures B7 through B9,

A number of pertinent observations regarding comparisons uf the spectrum shape

statistics for a geographical grauping can be made:

e The mean and median shapes for each group are similar to each other.

The mean shapes are generally smoother than the median shapes.
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The Group | mean spectrum shape is generally higher than those for
the other groups, especially for tiie period ranges of 0.2 - 0.4 sec
and 0.7 - 2.5 sec. In the latter period range, this shape is sub-
stantially higher than those for the other groups which indicates

a3 strong predominance of long period motion. In the short period
range, 0.04 - 0.02 sec, the Group | shape is slightly lower than

the Group V mean shape.

The Group Il mean spectrum shape is somewhat higher than those for
Groups 11, 1V, and V. This tendency is more pronounced for the
longer period range (greater than 0.5 sec). This shape is slightly
lower than the Group IV and V shapes in the short period range, 0.0k

- 0.2 sec.

The mean spectrum shapes for Groups Jif, IV, and V are close to each

other.

The standard deviation spectrum shapes show more variations than the

mean shapes.

The Group | standard deviation spectrum shape is higher than those
for the other groups in the period ranges of 0.2 - 0.4 sec and 1.0
- 2.5 sec, with the exception that the Group V shape is substantially

‘higher in the range of 1.0 - 1.25 sec but lower than the others in

the remaining period ranges.

The Group ! and 111 standard-deviations_are similar. Both are sub-
stantially lower than those for Group IV and V in the short period

range, 0.04 - 0.1 sec.

The Group IV standard deviation shape is similar to that for Group
V except it is lower than the latter in the period ranges of 0.0L -
0.1 sec and 0.8 - 1.2 sec.

The ground motions recorded in Califorvia are predominart in the
period ranges of 0.2 to 2.5 sec. This is particularly true for

the accelerograms generated by the San Fernand: earthquake. Incor-
poration of the spectrum shapes from the other parts of the western
U.S.A. and worldwide results ‘n predominant dynamic amplification

in the short period range, 0.04 - 0.2 sec.
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It appears appropriate to develop standardized design spectrum shapes on

the basis of the ensemble spectrum statistics for the fbllqwing réasons:

® The ensemble mean and standard deviatidn spectrum shapes appeaf to
er.compass broader ranges of frequency content than those of any
other group. Thus, the predictions based on the ensemble statistics
would better represent the conditions not yet recorded in local areas

in addition to those recorded.

e The reliability of the statistical measures and the predictions
based on them increases with the sample size. The ensemble consists
of more earthquake records than any other group. Therefore, the
ensemble statistics and predictious based on them would be more re-

liable than those for any other group.

F. SUMMARY OF FINDINGS

Statistical analyses of the ensemb}e of response spectrum shapes and the
grouped spectrum shapes were presented in this chapter. The spectrum shapes
were grouped in four ways; by maximum ground acceieratian, by epicentral
distance, by soil characteristics, and by geographical locales. The major

findings were:

® The mean and median spectrum shapes for the groups are smooth in com=
parison with the shapes for individual accelerograms, and they are
similar to each other. The median shape is less smooth than the

mean and shows small quantitative variations from the mean, indica-

ting some skewness in spectrum shape data.

e The mean and median shape values decrease for longer periods and
higher d>mping. The rate of decrease with longer periods, however,
decreases with higher damping, resulting in flatter shapes for

higher damping.

¢ The standard deviation spectrum shapes show greater variations than

the mean and median, indicating greater variability of uncertainty.
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The standard deviation shapes also generally decrease with longer

period and higher damping. However, tk2 rates of decrease are rela-
tively smaller than those for the means and medians, indi;ating in-
creased relative uncertainty for longer periods and an irdifference

of relative uncertainty with respect to “.mping.

The influences of various seismic parameters on response spectrum
shape were indicated from the grouping approach, The significance
of the results of this part of the study, however, would be enhanced

if the following conditions could be met:

1. The uncertainties associated with some of the available data

are investigated and minimized,

2. A large number of reliable accelerograms are available so as to
‘allow variation of only one parameter while the others are hkept

constant.

Because reliable ground motion data are sparse, it is difficult to satisfy the

second condition. The following significant observations, however, can be made

from the results of group analyses:

o

The approazn of using spectrum shape derived from the ground motion
analysis by normalizing the.peak ground motion to unity was confirmed
because the peak ground accelerations and lhé spéctrum shape values
had low correlation. Separate treatment of these two as indebendnnt

variables was therefore appropriate.

Spectral amplification at a soft site can be expected to be larger
than at a firm site. The expected long period predominance for soft
sites and short period preaominance for firm sites were not confirmed

or rejected.

The influence of epicentral distance on spéctrum shape diminishes
with the increasing epicentral distances. Tne expected long period
predominance at longer epicentral distances was not indicated: nei-

ther was the rejection of this belief indicated.
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® The results of the geographic grouping revealed that the central ten-
dencies of the groups, indicated by means and medians, do not vary
significantly with different geographical locales. Although the un-
certainties or standard deviations did show significant variations,
the ensemble represented a wide—range of frequency content much bet-
ter than any other group. Thus, the ensemble was adopted as the

basis for the recommended spectrum shapes.
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TABLE 2
GROUPING OF ACCELEROGRAMS ACCORDING TO MAXIMUM GROUND

ACCELERATIONS
Maximum Ground
Acceleration,
Number Accelerogram Component g Units
1 Parkfield #2 NGS°E 0.51 )
2 Parkfield #5 HB5°E 0.47
3 Lima HB°E 0.42
4 Parkfield 45 H5°W 0.40 _
5 Castaic ORR N21°E 0.3 [~ Grouwp A
6 £l Centro, 1940 NS 0.33
7 Temblor ' N25°E . 0.33
8 Olympia, 1949 S86°W. 0.31 )
9 Castaic ORR S69°E 0.29
10 V.N. Holiday Inn . NS 0.28
11 Temblor HGS°W 0.28
12 Lima NB2°W 0.27 &»
13 E1 Centro, 1934 NS 0.26 Group A,
14 Eureka N79°E 0.26 R
15 Hachinohe EW 0.23
16 Bank of California N11°E 0.23
17 £1 Centro, 1940 EW 0.22
18 Olympia, 1965 - S4°E 0.20 _)
19 Olympia, 1949 NA°W 0.19 ")
20 Hachinohe o NS 0.19
21 E1 Centro, 1934 EW 0.18
22 Taft © N21°E 0.18
23 Universal-Sheraton NS . 0.18
24 Eureka N11°W 018\ oup A#
25 Taft S69°E 0.16 . '
26 Helena EW 0.16
27 Olympia, 1965 S86°H 0.16
28 V.N. Holiday Inn EM 0.15
29 Bank of California N79°W 0.14
30 Helena - NS 0.13
31 Golden Gate Park HBO°W 0.13
32 Universal-Sheraton EW 0.13
33 Golden Gate Park N10°E 0

A1 ) “
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TABLE 3 |
GROUPING OF ACCELEROGRAMS ACCORDING TO THE
SOIL IMFEDAMCE AT THE RECORDING STATIONS

Number Recording Station Impedance, 1
. {-é( x 10¢
1 Helena 19.1
2 Temblor 10.3
3 Golden Gate Park | 5.4 )
4 ~ Cholame-Shandon =2 4.3
g Cholame-Shandon =5 4.3 L : :
6 Hachinche 4.3 P~ Group 81
7 Castaic, ORR 4.3 '
8 Eureka 4.3
9 Lima - 4.2
10 Van Nuys Holiday Inn 3.0 )
11 Olympia 2.1
12 Bank of California 1.6 > Group B2
13 Universal-Sheraton 1.6
14 Taft 1.3
15 E1 Centro 1.1 _J

Note: Information presented in the above table is deduced
and/or compiled from References 5, 11, 13, 14, 15,
16, 17, 18 and 19.
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TABLE 4
GROUPING OF ACCELERCGRAMS ACCCRDING 70
EPICENTRAL DISTANCE OF THE RECORDING STATIONS

Epicentral
Distance,
Number Recording Station __Miles
1 Hachinohe 100
2 Lima _ 106
3 Taft ag )
4 Olympia, 1965 \ 35
5 Olympia, 1949 _ 3t
6 E) Centro, 1934 20 > Group Cl
7 Castaic ORR 18
8 Bank of California 18
9 Universal-Sheraton 18 W,
10 Eureka 15 )
11 £l Centro, 1940 . 13
12 Van Nuys Holiday [nn . 13
13 Golder Gate Park, S.F. 8
14 Helena 4 >'Gr°UP €2
15 Temblor 4
16 Cholame-Shandon #5 3.3
17.

Cho)ame-Shandon #2 0.05*_/
* Shortest distance from the San'Andreas fault

Note: Information presented in the aboVe tab1e'is compiléd
frrom References 2, 3, 4, 5, 13, and 14,
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TABLE 5
GEQGRAPHIC GRQOUP I:
SAN FERNANDO VALLEY EARTHQUAKE

Peak Ground

Acceleration,

Earthquake Year Recording Station Magnitude Component g Units
San Fernando 1971  Castaic, ORR, 6.6 . N21°E 0.34
California S69°E 0.29
San Fernando 1971 Bank of California, 6.6 N11°E 0.23
California , N79°H 0.14
San Fernando 1971 Universal- ' 6.6 NS - 0.18
- Sheraton, Calif. _ EW 0.13
San Fernando 1971 V.H. Holiday, 6.6 NS 0.28
0.15

Inn, California  EW
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TABLE 6
GEOGRAPHIC GROUP 11:
SCUTHERN CALIFORHIA

Peak Ground

Acceleration,

Earthquake Year Recording Station Magnitude Component g Units
E1 Centro 1940 E1 Centro, 7.0 NS 0.33
California EW 0.22
E1 Centro 1934  E1 Centro, - 6.5 NS 10.26
California EW 0.18
Kern County 1952 Taft, 7.7 N21°E 0.18
California S69°E 0.16
Parkfield 1966 Cholame-Shandon #2 5.6 " H65°E 0.51
California Hot Recorded
Parkfield 1966 Cholame-Shandon 58 5.6 N5°W 0.40
California : : NB5°E 0.47
San Fernando 1971  Castaic, ORR 6.6 N21°E 0.34
California S69°E 0.29
San Fernando 1971 Bank of California, 6.6 N11°E 0.23
' California N70°W 0.14
San Fernando 1971 Universal- 6.6 NS 0.18
Sheraton, Calif. EW 0.14
San Fernando 1971 V.N. Holiday, 6.6 NS 0.28
Inn, California EW -0.15
‘Parkfield 1966 Temblor, 5.6 N65°W 0.28
. California N25°E 0.33



TABLE 7
GEOGRAPHIC GROUP I1I:

CALIFORNIA
Peak Ground
Acceleration,

_Earthquake Year Recording Station Magnitude Component g Units
E1 Centro 1940 E1 Centro, 7.0 NS 0.33
California EW 0.22
E1 Centro 1934 E1 Centro 6.5 NS 0.26
California EW 0.18
Kern County 1952 Taft, 7.7 N21°E 0.18
California ) S69°E 0.16
San Francisco 1957 Golden Gate Park, - 5.3 N10°E 0.11
California : N9O° W 0.13
Parkfield 1966  Cholame-Shandon #2, 5.6 - N65°E 0.51

o California Not Recorded

Parkfield 1966 Cholame-Shandon #5, 5.6 N5°W - 0.40
California ' - NB85°E 0.47
San Fernando 1971 Castaic, ORR, 6.6 N21°E 0.34
California S69°E 0.29
San Fernando 1971 Bank of California, 6.6 N11°E 0.23
California : N79°W 0.14
San Fernando 1971 Universal- 6.6 NS 0.18
Sheraton, Calif. EW 0.14
San Fernando 1971 V.N. Holiday, 6.6 NS 0.28
Inn, Califorma EW 0.15
Eureka 1954  Eureka, 6.6 N79°E 0.26
California . N11°W 0.18
Parkfield 1966 Temblor, 5.6 N65°W 3.28
.33

California ' N25°E

- 36 -




Earthquake
E1 Centro

E1 Ce'.tro
Kern County
Qlympia
iielena

San Francisco
Parkfield
_Parkfie]d
San Fernando
San Fernando
San Fernando
San Fernando
Eureka
Olympia

Parkfield

TABLE 8

GEOGRAPHIC GROUP 1V:

WESTERN U.S.A.

Year Recording Station
- 1940 E1 Centro,

California

1934 El Centro,
Caiifornia

1952 Taft,
California

1949 Olvmpia,
Washington

1935 Helena,
Montana

1957 Golden Gate Park,
California

1966 Tholame~Shandon #2,
California

1966 Cholame-Shandon #5,
California

1971 Castaic, ORR,
California

1971 Bank of California,
California

1971 Universal-
Sheraton, Calif.

1971 V.N. Holiday,
Inn, California

1954 Eureka,
Ca]ifprnia

1965 Olympia,
Washington

1966 Temblor,
California
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Magnitude Component

7.0 NS

EW
6.5 NS

tW
7.7 N21°E

S69°E
7.1 N4° W

586°W
6.0 NS

EW
5.3 N10°E

N8O° W
5.6 N65°E

Not Recorded
5.6 No°W

HB5°E
6.6 N21°E

S69°E
6.6 NI1°E

N79°W
6.6 NS

EW
6.6 NW

EW
6.6 N79°E

NLI°W
6.5 S4°E

S86°W
5.6 N65°W

_ N25°E

Peak Ground
Acceleration,
7 Units

0.33
0.22

0.26
0.18

0.18
0.16

0.19
0.31

0.13
0.16

0.11
0.13

0.51

. &
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j Period, T (sec)

J Period, T (sec)

FIGURE 2. ENSEMBLE OF n RESPONSE SPECTRUM SHAPES

-38_



V. EFFECTS OF EARTHQUAKE DURATION

A.  GENERAL

It is generally thought that long duration shaking is more damaging to build-
ings than short ddration shaking, even though the amplitues may be equal. Al-
though the duration of strong shaking may not directly affect tke onset of
damage, damage could be increased by continued strong motion. Thus, it seems
reasonable to postulate tha( damage potential of an earthquake is directly
dependent on the response levels induced and their duration., For this reason

the effects of duration of strong seismic motion were included in this study.

The response spectrum, which is normally.used to define seismic input motion,
is a plot of the maximum values of a specified response paramecter. The re-
sponse spectrum permits ready evaluation of the frequency content of the
seismic input motion. However, the duration of the maximum responses and
their frequency of occurrence are not discernible from the spectrum curve.

It is therefore possibfe that response levels smaller than the maximums may
exist, which might induce greater structure damage. The study was structured
so as to investigate response levels, in addition to the maximums, that might
be significant from the viewpoint of potential damage, and how these levels
and their duration are affected by the earthquake duration.

Detailed information regarding the relationship between building damage and
structural response levels and durations is not available. Attempts, however,
are being made to estimate the influence of structural response level and its

duration on building damage by low-cycle fatigue.20

B. ANALYTICAL APPROACH

A recently developed technique of period-amplitude-time {PAT) contour mapping®!

of response time-histories was used in these studies,

The pseudo absolute acceleration response time-histories of a family of single-
. degree-of-freedom systems with different natural periods and 22 damping
ratio subjected to a ground motion were generated and the response amplitudes

enveloped to obtain response envelope time-histories. The response envelope
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contours corresponding to a number of response levels were then plotted on a
period-elapsed time plane, The PAT plots thus generated were advantageous in
studying the duration of various response levels for each earthquake. The num-
ber of cycles at a given response level were approximately determined by first
obtaining the total time extent of the response level contour for a given per-

iod and then taking the ratio of the time extent to the period,

c. PAT PLOT STUDIES AND RESULTS

Eight different accelerograms generated by four important earthquakes were
selected for the PAT plot studies (Table 9). The PAT plots for these accel-
erograms, normalized to a |.0g maximum ground acceleration, for a 0.02 damp-
ing ratio are in Appendix D as Figures Nl through DB. It can be seen from
Table 9 that the El Centro aﬁd Taft accelerograms have a fairly long'strong
motion duration and the Helena and Golden Gate Park have relatively short dura-
tions. The PAT plot studies of these accelerograms are indicative of the dura-

tion effects of a range of strong motion durations,

The resulis of the PAT plot studies of the selected accelerograms arc sum-
“marized in Tables 10 through 17. The predominant periods for these accel-
_erograms are those with fairly large DAFs (see the response spectrum shapes
in Appendix A). The total durations of different response levels for each
period were scaled from the PAT plots. The DAF values corresponding to the

periods are also listed.

D. OBSERVATIONS

® Although Helena and Golden Gate Park records are dominant in the 0.10
to 0.20 sec period range, El Centro (NS) is also strong in this

range.

® All records participate in the_O.lOILo 0.50 sec period range.

e El Centro and Taft are dominant for periods longer than O.S sec.
e The number of cyclés decreases with period, as expected.

o Normalized responses as ¢reat as 4.0 or more appear out to 0.5 sec

period.
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The above observations lead to the following interpretation:

Both the short and long duration motions show significant and compar-
able dynamic amplification for periods shorter than 0.4 sec. Thus,
the duration effect on the response spectrum shape for periods shorter
than 0.5 sec -- a significant period range for nuclear power f:iant
structures -- can be considered relatively small. For longer periods,
however, the short dufation records show significantly smaller dyna-
mic amplification than the long duration records. The spectrdm shapes
for longer periods would thus generally tend to be higher for long
duration motions than the short duration motions. This trend is reason-
able because short duration shaking cannat contain significant long
period motion nor permit the longer response build-up times required

for major response of long period structures.

The total durations of various normalized'resbonse levels for a given
period are generally longer for the long duration accelerograms than
those for short duration motion., This indicates that the almost-
free vibrations that ensue after the strong shaking are quickly
damped out and thus would not result in a prolonged large-amplitude

response .

The above obscrvations confirm the higher overall damagé potential of

long duration earthquakes because they would excite structures over a

much wider range of frequencies. Large-amplitude structural responses

would be more prolonged for'long duration earthquakes, and damage once

started, would tend to progress.

SUMMARY OF MAJOR FINDINGS

The earthquake duration effect on the response spectrum shape for
periods shorter than 0.4 sec -~ a significant period range for nuclear
power plant structures -- is small, The shape for longer periods,
however, would generally tend to be higher for long duration motions

than for short duration motions.
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Long duration earthquakes could be potentially more damaging than
those of short duration because of the following reasons:

1. Long duration earthquakes would excite structures ‘and structure

components over a much wider range of frequencies.

2. Large-amplitude structural responses would be more prolonged
for long duration earthquakes, and once damage is started, it

would tend to progress.

3. Short duration earthqbakes appear to induce significantly fewer
cycles of damaginu response for periods less than 0.4 sec, than
do longer duration earthquakes. For the purpose of this compari-
son, response accelerations greater than 0.59 are assumed to be

damaging.

4., Long duration earthquakes also induce a significant number of

cycles of damaging response in periods greater than 0.4 sec.
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TABLE 9
STRONG MOTION DURATIONS3 OF THE ACCELEROGRAMS
SELECTED FOR THE PAT PLOT STUDIES

Strong Motion

Number | Accelerogram Component Duration, sec

1 E1 Centro, 1940 NS 24
EW

2 Taft N21°E 17
S69°E

3 Helena NS 4
_ _ EW

4 Golden Gate Park, S.F. N10°E L 3

N9Q°W -
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TABLE 10
RESULTS FROM PAT PLOT STUDIES
OF EL CENTRO, 1940, NS

Norma)ized
Predominant Response in  Total Duration,  No. of
Humber  Period, sec  Excess of sec Cycles DAF
1 0.136 1.0 2.90 21 3.63
2.0 0.90 7
3.0 0.15 1
2 Nn.248 1.0 4.10 17 3.55
) 2.0 0,90 4
3.0 0.20 1
3 0.451 1.0 10.00 22 3.49
2.0 5.00 1
3.C 1.10 2
4 0.551} 1.0 6.80 12 3.43
2.0 4.40 R
3.0 g.70 1 i
5 0.900 1.0 8.5 10 2.12
_ TABLE 11
RESULTS FROM PAT PLOT STUDIES
OF EL CENTRO, 1940, EW
Normalfzed
Predominant  Response fn  Total Duration, Ho. of
Number Period, sec Excess of __sec Cycles DAF
i 0.248 1.0 17.4 0 4.3
2.0 7.0 28
3.0 2.7 3]
4.0 0.8 k]
2 0.302 1.0 211 70 2.90
2.0 3.3 i
k| 0.45} 1.0 12.4 28 3.84
a 0.551 1.0 7.1 14 379
' 2.0 6.7 12
3.0 2.5 5
5 0.744 1.0 " 16.7 22 2.27
. 2.0 5.6 8
6 1.226 1.0 18.1 15 2.25
2.0 3.7 3
0 8.5 4 1.47

-
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.
L
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 TABLE 12
RESULTS FROM PAT PLOT STUDIES
OF TAFT, N21°E

Normalized ’
Predominant Respunse in  Total Duration, No. of
Humber Period, sec Excess of sec Cycles DAF
1 0.244 1.0 9.6 a3 . 3.67
2.0 2.2 10
3.0 1.2 5
2 0.369 1.0 10.3 28 4.30
2.0 5.0 14
3.0 3.2 ]
4.0 0.3 1
3 0.499 1.0 9.0 18 2.87
2.0 2.0 4
4 0.673 1.0 1.8 18 3.28
2.0 0.8 1
5 0.822 1.0 18.1 22 2.3
' 2.0 2.9 4
TABLE 13
RESULTS FROM PAT. PLOT STUDIES
OF TAFT, S69°E
Normalized
Predominant Response in  Total Duration, No. of
Number  Period, sec  €Excess of  sec Cycles DAF
1 0.203 1.0 12.2 60 3.58
2.0 8.8 43
3.0 0.8 4
2 0.334 1.0 18.1 54 - 4,25
. 2.0 5.3 16
) 3.0 1.2 4
4.0 0.2 0
3 0.45) 1.0 12.4 28 8,58
2.0 4.0 9
3.0 2.2 5
4.0 0.6 1
3 0.€09 1.0 10.7 18 2.3
2.0 0.7 1
S 0.822 1.0 7.2 9 2.1
2.0 1.8 4

]
£~
AV, ]
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TABLE 14

RESULTS FROM PAT PLOT STUDIES

OF HELENA, NS

: Normalized
Predominant Response in  Total Duration, No. of
Number Period, sec Excess of sec Cycles
1 ' 0.1 1.0 3.6 32
2.0 1.6 14
3.0 0.1 1
2 0.150 1.0 3.8 25
2.0 1.9 13
3.0 1.1 7
4.0 0.6 4
3 0.408 1.0 5.4 13
2.0 1.7 4
TABLE 15
RESULTS FROM PAT PLOT STUDIES
OF HELENA, EW
Normalized _
. Predominant Response in  Total Duration, to. of
Number Period, sec Excess of " sec Cycles
1 0.183 1.0 3.5 19
2.0 2.5 13
3.0 0.5 3
2 0.274 1.0 3.2 12
2.0 1.3 5
3.0 0.8 3
3 0.369 1.0 5.1 14
2.0 1.9 5
3.0 0.6 2

DAF

3.33

5.09

2.45

DAF

3.86
3.64

3.28




T7BLE 16

RESULTS FROM PAT PLGT STUDIES

- OF_GOLDEN GATE PARK, M10°E

Hormalized
Predominant  Response in  Total Duration, No. of
Number Period, sec Excess of sec Cycles
1 0.111 1.9 3.0 27
2.0 1.3 1
2 0.150 1.0 2.6 17
2.0 ‘1.8 12
3.0 0.5 3
3 0.248 1.0 3.8 - 15
2.0 2.4 10
3.0 1.2 5
TABLZ 17
RESULTS FROM PAT PLOT STUDIES
OF GOLDE!! GATE PARK, N8O°W
- Normalized
Predominant  Response in  Total Duration, Ho. of
Humber Period, sec Excess of sec Cycles
] 0.136 1.0 1.6 12
2.0 1.3 10
3.0 1.0 )
4.0 0.6 4
2 0.244 1.0 4.1 18
" 2.0 2.0 9
3.0 1.1 5
4.0 0.5 yd
3 0.408 1.0 2.3 €
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VI. RECOMMENDED SPECTRUM SHAPES

A, INTRODUCTION

Nuclear power plants are structures of .ramount importance because they are
sources of power and because enurmous.potcntial risks are involved in the
case of partial or total structural failure due to inadequate seismic resis-
tance, ldeally, statistical predictions of seisnic forces, structural be-
havior, and potential damage and loss should form a basis for design oplimi~
zation to achieve minimum potential risk.”? Designs of nuclear power plant
structures, based on seismic design conditions having sufficiently low prob~
abilities of exceedance considerably reduce or climinate the risks of struc-

tural faiture.

Pseudo atsolute acceleration recponce spectra are gquite important in represent-
ing the scverity and Freduency content uf the seismic ground motions. As noted
‘previcusly, they are also useful in determining the seismic forces incvced in
a3 structure. “Statistica! asredictions of pseudo absolute acceleratinn response
spectra should therefore brovidé a rational basis for probabilistically esti-

mating the seismic input motion for structural designs.

Selection of sp:cter shapes (i.e., pseudo absolute acceleration response
spectra for ground motions nnrmalized by the peak ground accc!era(ion) is an
important step in deriving the pseudo absolute acceleration response sbectra.
Recommendations for the use of spectrum shapes for damping ratios 0,005, G.O1,
0.02, 0.05, 0.07, and O.IOIare presented at the end of this chapter. The
'recommended'spcétruh shapes are based on the probébiiity distributions consi~-

dered suitable for the spectrum shape ensemble data.

B. «ECOMMENDED SPECTRUM SHAPES

In view of the relationship between lthe pseudo absolute acceleration spectrum
and the DAF, probabilistic estimation of the seak ground accelerations and the
spectrum shape values is necessary for predicting the pseuda absolute accelera-
tion spectra. Such peak ground accelerations and spectrum shapes then should
be combined probabilistically to derive the spectra. 1t must be noted that

deterministic estimates of very high peak ground accelerations based on a
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postulated extreme earthquakc cccuarrence when directly combined with spectrum

shapes representing fairly .us probabilities of exceedance could result in ex-
treme seismic conditions ind nerce unduly conservative designs. Pscudo abso-

lute acceleration response sp2ctra,  , for different probabiliticé of exceed-
ance can be derived by using prababil;ty density functions (zc¢f) of peak

ground accelerations (2) ang DAFs () os discussed herein,

Let random variables 7, =, and 7 represent id, &, and &, respectively. Then,

Equation ('7) can be rewritten as:
Zo= K.Y (19)

Because of the low correlation between * and Y noted ia Chapter 1V, these
variables can be considered independent and their joint oof can be derived

by Equation (20).

£ (>, v) foled f‘r.(‘." (20)

in which

£ (x, v) = joint podf of ¥ and Y

* = A, a2 0
fx( ) | pdf of =, » z I

I
D

'fY(y) = pdf of Y, ¥y

tiow, the =df of 7, f.(z) can be derived by Equation (21j.

YZ(Z) = E‘-‘—- f f fx,y(("m de dn}, o o0 ' (21)
A y

‘-

in which
‘t,.,n = dummy variables of integration

The oct of I or Sa can be used to derive different probabilities for :a'
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Probabilistic estimation of the peak ground accelerations is not within the
scope of the present study. Probability estimation for DAFs are presented

below.

® Probability Estimation for DAF

As 4iscussed in Chapter 111, the spectrum shape ensemble statistics, such
as mean, median, and standard deviation were compu.ed for 108 different

periods in the period range under consideration. The coefficient of skew-
ness, or third moment, and the coefficient of kurtosis, or fourth mument,

were also determined ror these periods. It is not surprising that the

third and fourth moments varied considerably from period to period in
view of the nature of response spectrum shapes, which tend to have pro-

nounced peaks and valleys, especislly at low damping values.

The shewness coefficients.bre positive, which indicates a distribution
with a pronounced tail to the right, in this case away from ihe zero
value. This is acceptable because response spectra are constructed with
absolute peak values. The values of s:ewness vary widely between the
general limits of O and 4, .However, the middle period range of, say

0.02 to 0.75 seconds, has skewness values much less than either the shorter
or longer periods, indicating for this range that the distribution is
closer to the normal distribution symmetry. Over a range of damping val-
ues, the skewness coefficicnt averages about 0.3 to 0.4 for periods from
0.10 to 0.75 scconds and about 1.00 to l;ho.for other périods. Thc.co-
efficient of l.irtosis or flatness also is less in the middle period range
with average values of about 2.3. This indicates more peaked distribu-
tion tﬁan normal. At the other periods, however, the kurtosis coefficient

averages greater than 3, indicating flatter than the normal peaks.

These data, plus comparisons of mean and median values, indicate that
there is more variation in the short and long period ranges than between
0.20 and 0.75 seconds. In general, a skewed distribution, with a zero

lower limit, occurs over the whole period range of interest.

It is apparent from these observatinns that any one of several distri-
butions would be effective. Three of these distributions, namely normal

or Gaussian with appropriate truncation in view of the postulated abso-
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lute value for DAF, log normal, and extreme type )|, were tried on the

DAF ensemble for 0.02 damping ratio. All of these distributions are

statistically acceptable within the range of the data.

The log normal distribution, given by Equation (22), was considered the

most desirable hcecause it

is convenient to use and has been found effec-

tive for ground motions generated by underground explosions.??

D (T., ¢; y)
j Y

in which

DU(T., ¢; y)

— y
(T ,0 [e ., c)] (22)

standardized normal variable

geometric deviation for period, Tj' and damp-

ing ratio, ¢

median DAF for period, Tj' and damping ratio,

{, computed by using the mean and standard

.deviation of DAF (as shown below). It differs

only slightly from the median described in

Chapter 11|

DAF_for period, Tj, and damping ratio, r, asso-

ciated with the standardized normal variable, y.

The parameters,'ﬁb ¢nd B are computed by using the ensemble mean and stan-

dard deviation as shown in Equations (23) and (24).

0

in which

m

D

™ = - L2
Ty € = my(T o) exp [ - 4s207,00] (23)

TRy
£(T.,5) =  exp Jﬁn ._Q_‘J._. + 1 (24)
' mD(TJ.,C)

(Tj,c) = mean DAF for period, Tj' and damping ratio, ¢
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fn

sD(TJ,;) standard deviation DAF for period, Tj’ and dampling

ratio, ¢

in

natural logarithm

exp = exponentiation

The parameters, ﬁb and B were computed for all 108 different periods to

DAF, D

-—

1.0

¥

derive the spectrum shapes for different y values of 0.0, 1.0, 1.645,
and 2.0 corresponding to probabilities of exceedance of 50%, 15.8%, 5%
and 2.3%, and for al) demping ratios. These spectrum shapes are pre-
sented In Appendix E as Figures E} through E6. Equation (22) shows

that the y = 0 curve is the median shape.

These spectrum shapes are smooth when compared with spectrum shapes of
individual accelerograms and form the basis for the recommended spec-

trum shapes.

The spectrum shapes in Appendix E for the above y values consistently

follow a baslic shape shown in Figure 3.

Period, T sec

FIGURE 3. BASIC SPECTRUM SHAPE
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C.

A moderate amount of smoothing was required to derive cmooth spectrum
shapes from those in Appendix E. The amouﬂt of smoothing decreased rap-
idly with smaller y values, longer periods, and higher damping ratios.
it is noted that these spectrum shapes were not obtained by enveloping

b1t by appropriate visual fitting to the different ,-value curves.

Three spectrum shapes, defined as large (50%), small (fS.B%),'and neg-.
ligible (2.3%) probabilities of being exceeded, were developed corre~
sponding to y-values of 0.0, 1.0, and 2.0 and are presented in Figures
4 through 6. Four-way log plots of the shapes are presented in Fig-
ure 7. In addition, numerical data for the shapes, including the con-
trol points,hA, B8, and C, and parameters b and 4 are listed in Table

18 to facflitate the reconstruction of these curves. The curves in the

vicinity of point A are extrapolaticns of the .-curves in Appendix E

- because the original shapes, due to limitation of the input data, werce

computed to 25 cps frequency or 0.04 sec period. These extrapolations,

however, do not result in any significant errors.

Comparisons of the reconmended spectrum shapes for a C.02 damping ratio
with the current AEC criteria and other shapes proposed by Newmark ="

Housnerzs, and Blume are presented in Figure 8.

The usefulness of the recommended spectrum shapes is demonstrated”” hy
the féct that a timé-history generated to match a spectrum curve for one
dampino-ratio shape matches quite well with the curves for other damping
ratios. Such matching of spectrum shapes for diffcrcnt damping ratios
by a single time-history has not been satisfactorily'obtaincd $0 far

and indicates the appropriateness of the recommended shapes with respect

to damping ratio relationships.

MAJOR FINDINGS

The major findings from these analyses are:

° The log normal, truncated normal, and extreme type |1 probability
distributions were found statistically acceptable for the spectrum
shape ensemble data. The log normal distribution was adopted for

the further analyses because it is the most convenient to use.
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) The current AEC design spectrum shape for a 2% damping ratio is
below the small probabllity of exceedance shape for periods shorter

than 0.4 sec and for periods longer than 0.9 sec.

Y The Newmark spectrum shape is consistently above the small probabil-
ity of exceedance shape, except for a short interval in the vicinity

of zero period.

® The Housner spectrum shape is below the large probability of exceed-
ance shape for periods shorter than 0.4 sec, and it is above the latter

for longer periods.
e The Blume F-factor spectrum shape for a 2% damping ratio and stan-
dardized normal variable value of 1.0 is consistently higher than

the small probability of exceedance shape.

D. RECOMMENDATIONS

To minimize risk in the seismic design of important installatiuas, such as
nuclear power plants, the seismic load criteria should incorporate such fac-
tors as regional seismicity, geotectonics, etc. The fcllowing recommenda-
tions, pertinent to the spectrum skapes described herein, are intended to
partly achieve the seismic design objective. Other ground motion charac-
teristics, such as peak ground acceleration and strong motion duration, in
the case of time-history analyses, should be given thorough consideration

to fully satisfy the design dbjective. The following are recommended:

o The curves shown in Figure 4 should be considered as lower bound

spectrum shapes for any site.

e For sit2s associated with relatively low risks, e.g., sites lo-
cated in low seismicity areas, the design spectrum shapes for
different damping ratios should not be lower than the small

probability of exceedance spectrum shapes shown in Figure 5.

® For sites associated with relatively high risks, e.g., sites lo-

cated in high seismicity areas, the design spectrum shapes for
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different damping ratios should not be lower than the negligible
probability of exccedance spectrum shapus shown In Figure 6. Ee-
cause these curves represent extreme ground motioh amplification,
their use should be carefully coordinated with the selection of
the peak ground acceleration. Care must be exercised to ensure
that the total seismic exposure for a site is compatible with the

risk exposure involved and not unduly conservative.

For sites judged to be significantly responsive to ground motion
components with periods longer than 0.5 seconds, the above shapes
should not be used without appropriate modifications for the par-

ticular site conditions.
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TABLE 18

NUMERICAL DATA FOR RECOMMENDED SPECTPUM SHAPES

.030
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Probability . Point A Point B Point C Parameters for,
of Being Damping the curve, bT
Exceeded Ratio T DAF T DAF T DAF b 9

0.005 0.03 1.0 0.12 3.2 0.35 4.0  1.20 1.46

0.01 0.032 1.0 0.12 2.8 0.35 3.5 1.08 1.16
 Large 0.02  0.034 1.0 0.2 2.5 0.35 2.9 0.93 1.075
(50%) 0.05° 0.03 1.0 0.12 2.0 035 2.3 0.76 1.053
0.07 0.038 1.0 0.12 1.8 0.35 2.0 0.67 1.038

0.10 0.040 1.0 0.12 1.7 0.35 1.75  0.59 1.032

0.005 0.028 1.0 0.1t 5.1 0.35 6.2 2.34 0.928

0.01 0.029 1.0 0,11 4.1 0.35 5.0 2.00 0.872

small 0.02 0.030 1.0 0.1 3.5 0.3 4.2 1.73 0.843

(15.8%) 0.05 0.031 1.0 o017 2.6 0.35 3. 1.35 0.794

- 0.07 0.032 1.0 O0.11 2.2 035 2.6 1.13 0.730

0.10 0.033 1.0 0.11 2.0 035 2.3 1.02 0.776
0.005 0.025 1.0 0.09 8.1 0.35 9.6 4.32 0.761
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Response Spectrum Shapes
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APPENDIX B
Ensemble Spectrum Statistics

Figures B1 through B18




MEAN RESPONSE SPECTRUM

‘g 15 .6

\ DAMPING RATISD = 0.0065

z . _

5 GROUND MOTION NORMALIZED TO 1.0 G '

— ot

po 12.5

%

Lt

—ad

!

o g5 .d

& 3.7

158

b

D

—d

U .G -

& .

= MAN

-

D

(WT] 3.6' ] 1 v '

9] i

Q. J\’\\
_. P

S’GL —* st l —t -+ - L “L

5.0 v 1.0 1.9 2.0 2

FIGURE = B1 PERIGD, SEC

&3]




DAF

15,0 MEDIAN RESPONSE SPECTRUM
. DAMP. RATIO = .00S

GROUND MOTION NORMALIZED TO 1.0 G
12 .G '

PSEUDD RBSOLUTE ACCELERATION -

‘\*M\MW”JW‘&%
9.6 - + - ¥-+~*~~f-~~-4--~- e e s g o s e ~-—:--~~ -------- -+
0.0 5 1.0 1.5 2.0 2.5

FlouRe 82 . R PERIOD, SEC




2.50 STD. DEU. REGSPONSE SPECTRUM
DAMP . RATIO = ,005 |

2 .00 ﬁ GROUND MOTION NORMALIZED TO 1.0 G

| |
| | f\ AL
l.SQL f (il { r
[

| |
1.0G H ! \,./{\/\ﬂ\

\/\ _

PSEUDDO RBSOLJUTE ACCELERATION - DAF

0.0G——— Jd H i )

4
4
1
4

G.C .S | 1.0 1.5 2.0
meeln. | | | - PERIDD,SEC




MEAN RESPONSE SPECTRUM

£ 15.0

. DAMPING RATIO = 0.010

&

E 12 .0 GROUND MOTION NCRMALIZED TO 1.0 G

X

bl

_l.

W

O

9 9.9

Ll

P—.

2

_I

S 6.0 t i

m T

a-

g

a |

o 2.0

Q.
.0 + —t e +— + T g + S SR SE—
0.0 N 1.0 1.5 2.0 - 2.5




15 .G . MEDIAN RESPONSE SPECTRUM
CAMP. RATIC = .010

GROUND MOTION NORMALIZED TO 1.0 G

-
~N
]

W
Q

n
&

s
5

PSEUNO ARSOLUTE ACCELERRTION - oaf

\"M

0. 4 ¥ ¥ - + ¥

0.0 .S 1.0 1.5 2.0
FIGURE 85 | PERICD» SEC |




.50 STD. DEU. RESPONSE SPECTRUM
DAMP. RATIO = .C10 |

GROUND MOTION NORMALIZED TO 1.0 G

5%

€
7
| I

PSEUDD RABSOLUTE RCCELERRTION - paAF
H
o
L)
="
D
p

OI.O- i d g i i > b ¥ — ¥ i d

c.o .5 1.0 1.5 2.0 2.5
FIGURE 86 | PERIGOs SEC |




PSEUDO ABSOLUTE ACCELERATION - DAF

15.5 MEAN RESPONSE SPECTRUM
| DAMPING RATIO = 0.020
GROUND MOTION NORMALIZED TO 1.0 G |
12.0
9.0
6.0
3.0
/T
S
0. - -+ -+ + . -+ S -+ -+
g9.0 5 1.0 1.5 2.0 2
FIGURE 87 PERICD) SEC

.t




5 15.9 MEDIAN RESPONSE SPECTRUM

' DAMP . RATIO = .020

& R

E 12 .0 GROQND MOTI_QN NORMALIZSD T01.06G

a |

(i

~1

(§¥

S

o 9.0

L .

'——

e

-

S s.0 —

e

(81

o .

3 | | o |
6 d A . | ]
0.0 - A ¢ 1.5 2.0 2.5

FIGWRE 88 - o PERIOD SEC




e —

DAF

AN

n
D

STO. DEUVU., RESFONSE SPECTRUM

‘ DAMP . RATIO = ,020
z

|

Py GROUND MOTION NORMALIZED TG 1.0 G
= 7.00

(@t

(8%

L

i

Lad

(- ] !

(] - T

Pat 1. J[}

Led

F,—

L

1850
}_.
(o
L]
R
- oy —
f
T:f:“rﬁa S
4
’/iw
B e
r:‘“l‘"w
(.,’
\\L%n)
1
-

~
i
-

PSEUDD

[ — §

¢ [ . -
;:} L L“ e ’ JR - [—— e e - e -

g.i — 1.0 1.5 2.0

[aW)
1

FIGURE B9 ' . PERIDD,SEC



DAF
| Ao
O
5

MEAN RESPOMSE SPECT
QVDI\IL RETIO = 0.0

GRCUND MOT 10N NCRMALIZED TO 1.0 G

0N

12.%

CCELERAIL

o
.
Y

A

(&8
(9]
l}

CPYEUDD ABSCLUTE

|
|
~ ]

g

4
]
4
P
"

«
N
o

1

(W]
o

W
?‘

R PERIGGHSEC
: fF]GURE 810




15.G MEDIAN RESPONSE SPECTRUM
| DAMP. RATIOD = .050

DAF

N 12 .0 GROUND MOTION MORMALIZED TO 1.0 G

PSEUDD ABSODLUTE ACCELERATICN -

3.6 O VPO SO |
IRV L |
0 - -+ -+ — - e -+ - -

N
fo]
N

0.0 .S 1.0 1.5

CFIGURE B11 PERIDD, SEC




.50 - STD. DEV. RESPONSE SPECTRUM
| DAMP . RATIO = .050

GROUND MOTION NORMALIZED TO 1.0 G

<

jan]

z

o

-

—

a 2.00

14

w

I

Ll

a

Q 1.sd

w

l.-s

-

=t

[#)) 1-00" -
m .

a | | |

o | /\Jn\ﬁvv/”\\nl\\w~\\’/,\
Y WA\ ' SAN
7Y . /[ V . \
Q. - | - - ]

[
Q
[}
f o
[

1.5 2.0 2.5

FIGURE BI2 B _ PERIOD,SEC




MEAN RESPONSE SPECTRUM
DAMPING RATIO = 0.070

GROUND MOT|ON NORMALIZED TO 1.0 G

v 15.G
o
}
=z
]
H
— |
- 12.95
(0’4
(W8}
|
5%
<
Q ri
a 9 n'J
L1
}..
2
-
-
A 6 . (3
ol
a
4
a-
D
ut 3.
i9p
a.
5.0
6.9

FIGURE 813

4
4
4
4
-

1.0 1-5 ) 2.0
PERIMGD, SEC




£ 1s.0  MEDIAN RESPONSE SPECTRUM
: DAMP, RATIO = .070 '
Z
= GROUND MOTION NORMALIZED TO 1.0 G
= 12,6 -
a
(0’4
L
i
Lel
8.
9 9.g
Ly
P"
|
-1
o 6.4
m
a
[
0
o 3.0
w

)

O. -+ -+ + +—— + + + + —
n.n .5 1.0 1.5 2.0 2.5

FIGURE B4 | PERIND» SEC




.........-.-.-.....I...-..H.I-I-III-II.-.-.-.-.

 2.5G STOD., DEVU. RESFONSE SPECTRUM

. DEMP ., RATIO = .070

z . |

8 - GROUND MOTION NORMALIZED TO 1.0 G

= 2.0G ' :

a

1874

L}

~

L

(-

© 1.50

W

[

3

-

5 1.006 -

€«

- : ' .

(8] A ; .

UDJ- .SG- ) w/-‘\-/ L”\’A\k Y | ’

w W _ \ -

¢ MY - )
_ | |

5.0 .5 1.0 1.5 2.0 2.5

FIGURE 815 o FERIGD, SEC



MEAN REISPONSE SPECTRUM

L 150

. DAMPING RATIDO = 0.100
Z

= _ '

- GROWLNG MOTION NORMALIZED TO 1.0 G

= i2.0 :

a

1474

L

-

L

S

9 3.4

L

—

2

__J.

9 6.0
R #

a

o

g..

(9]

Q_.

0.0 ~t- ~r R LA - “+ )
o, 1.0 1.5 2.0 2.5

_ FIGURE B16 | ~ PERIOD,SEC




'

a 15.6
!

z

O

~

k- -
p 12 .0
(%

w

-

w

o

a 9.0
Cw

b .

o

a

m' evo
m

a

()

() 5
23,
w0

Q.

MEDIAN RESPONSE SPECTRUM
DAMP. RATIO = .100

GROUND MOTION NORMALIZED TO 1.0 G

a

~ FIGURE 817

-+ - . -+

-l},

 PERIOD,SEC

+4




e

2.50 STD. DEU. RESPONSE SPECTRUM
DAMP . RATID = ,100
2. Oi'_},, GROWND MOTION NORMALIZED TO IO G

PSEupo “BSDLUTE.QCCELERQTIUN~ DAF

C.

FIGURE

 PERIDC)SEC




APPENDIX C
Group Spectrum Statistics
Figures Cl1 through C33




© 15.% MEAN RESPONSE SPECTRUM

' DAMPING RATIO = 0.020

z GRUUP A1 r

{—: 12.0 GROUND MOTION NORMALIZED TO 1.0 G

a |

L

-

L

0

8 S.x

L

}—-.

5

J

3 6.0

@

a

o

3

bed 3'0' - .
0.0——+ : + _—.T + et
0.0 1.0 1. 2.0

FIGURE C1 PERIOD SEC -




& 15.4 GRGOUP A1 RESPONSE SPECTRUM
o NAMP ., RATIO = .020
Z MEOIAN
O
b
12,0
& .
L_LJJ GROUND MOTION NORMALIZED TO 1.0 G
L
O
O 3.c
Led
-
S5
- B
= 6.0 + 4
1 : '
CE b
3 :
5 | .
o 3.0 N i | i
o : _
:fi.GL~-—~----—+—~—~-~~—J-~-~~-m~~+~-~w BSOS it i — S ulaiinno SN
0.0 & 1.0 1.8 2.0 2.5

"FIGURE C2 ' - PERILCC,SEC




DAF

2.5 GROUP A1 RESPONSE SPECTRUM
. DAMP. RATIO = .020
STRNCRRE CEVIATICN |

~ GROUND MOTION NORMALIZED TO 1.0 G

PSEULY) ARSMOLUTE ACCELERATION
(N
P

T

| \é
hf\“;/\”“/ _ \/\’ B
N

O

O
O o
5]

{

¥
wn

'

i

|

¥ g
1 ot " -+

1.0 1.5

CFlowRE 3 " PERIGD,SEC




- DAF
R o
N
o

12.¢

RCCELERATION -

MEAN RESPONSE SPECTRUM

DAMPING RATID = 0.020
GROUP f2 - |

GROUND MOTION NORMALIZED TO 1.0 G

ABSOLUTE
O
)

o

©
[
-
3
1
i
P

. FIGURE b

i . )
. :
' : E :
e :
A e v B e ————— O o AT S e
.

PERICC,SEC

. !
i : i \
| ; g ‘
N ; S
e N ; !
e p—— —WT-"~-W.- “~W-;wwwxmmj
- —— e e+ 1 N~ e e e e i + i g -
1.0 1.5 2.0 2.



5 15.G GROUP A2 RESPONSE SPECTRUM
' DAMP ., RATID = .C20
Z MEDIAN
(an}
i
E 12 o GROUND MOTION NORMALIZED TO 1.0 G
64
(93]
o |
L
O
o S.0
(83
P—..
-
a
A 6 U}. — -.__T . ...,..,‘.......T.
m ; :
ay
. |
9 | \ |

3.0 AWVARV :
n | i M/\\
Q. |

| S S —
O-CF“‘ - L T -+ T -4 -3 ~4 e -t
0.0 S 1.0 1.5 2.0 2.5

FIGURE C5



5 2.59 GROUP A2 RESPONSE SPECTRUM
o oAMP, RATIO. = .,020
Z STANDARD DEVUIATIMAN
E 2 .00 : . GROUND MOT{OM MORMALIZED TO 1.0 G
" ;
-
Ll
Q
< i.x0 , ]
wl " i !
= | 7
5 4. og /\fwxg/\ \A\V,//g\\ |
ST N
] ' . : '
= | | 1 _
a C G / \ R o f \‘\\-.,,'__,//—// o
o | |
J.,00 — L &; e o i e e = e o e e S U S, -
0.0 .5 1.0 . 1.5 , 2.0 2.5

* FIGURE c6 N | PERIDD, SEC




15 .03 . MEAN RESPONSE SPECTRUMN

w

8

! DAMPING RATINLN = 0.020

= GROUP A3

E 12 .0% GROUND MOTION NOﬁMALIZED T0 1.0G6

%

w

-~

L

&

O

g 9.0

Lt i

o

= .

o €. ]

@®

a

o

a

o 3.0 ;

0 !

a
0.0 + + d‘; :
0. 1.5 _ 2.

 FlGURE ¢7 I PERIND, SEC

t



GROUP A3 RESPONSE SPECTRUM

pAMP ., RATIOD = .,020
MEDIAN

GROUND MOTION NORMALIZED TO t.0 G

A

PR &

PSEUDD AB3OLUTE RCCELERATION - par

15.0
12.0
5.0
6.0
3.0-)/IV
0

0.0

FIGURE (8

T

PERIDSsSEC




FIGURE

DAMP RATIO = -020
STANDARD DEUIATIoN

| GROUND MOT 0N NORMALIZED Tg l.06

PERIDD, SEC




5 18.0 MEAN RESPONSE SPECTRUM
' DAMPING RATIO = 0.020
GROULP B1
12 .03 - | GROUND MOTION NORMALIZED TO 1.0 G

PSEULE RABSCLUTE ARCCELERRTION

b
J
(

O g™ " - M
o P hy -+ . ng r ~+ 1 at -+ -+

D.O . 05 . 1-0 .5 2:0 2.5

|

FIGURE €10 PERITD> SEC




& 15.9 GROUP Bl RESPIONSE SPECTRUM
. DAMP . RATIO = .020
y MEDIAN
o |
—
E- 12.0r GROUND MOTION NORMALIZED TO 1.0 G
T
w
w
o
o 9.4
Ly
l—-
)
a .
w 6.8.
e
@
o
=B . '
3. vl e e i S
" 1 \/
Lo + e = + + + 4 +
c.c | .5 1.0 1.5 2.0 2.5

FIGURE CI1 | | o 'PERIND;SEC



N
nE
P Q

GROUP B1 RESPONSE SPECTRUM

DAMP, RATID = .020
STANCARC CEVIATICN

GROUND MOTION NORMALIZED TO 1.0 G

1.0q

-PSEUDO RABSOLUTE RCCELERATIDON - parF

<a J
"o.oi» + il i l : I ] 1 !
0.0 1.0 1%5 2.0 2.5

FIGURE C12

PERIOD,SEC




w
< .
< .
1s.G MEAN RESPONSE SPECTRUM
DEMPING RRTIOD = C.C20
z GRCUP §2
—
E 12.0+
o .GROUND MOTION NORMALIZED TO 1.0 G
5
'] .
K
2 s.dg
W
*——
o
|
S 6.G
4]
¢4
«
o .
a 3,0
3] o
0.
O'O ) - It o
. O-G . . 55 1-0 . - 105 2.0 2.

FIGURE C‘3 . . .I B | PERICD’SEC




1s.0 GROUP B2 RESPONSE SPECTRUM

U.

8

' DAMP . RAT1I0 = .,020

£ MEDIAN

(W]

-

E 12.0 GROUND MOTION NORMALIZED TO 1.0 G

w -

)

tay

o

g 9.0

(T7]

[,

o

0

v 6.0’

o

a

o

= 4\ | |

3.G .

Q "\/\\/\ .

.. I ) - — ; !
0.0-———-———-—~~._————-~-«~~g——-~~-—-~l-—‘--—--~~+—~-—~~~-~-—-+ + -r - -+
0.0 .S ' 1.0 1.5 . 2.0 2.5
FIGURE C14 ' PERIDD,sSEC




S 2.50 GROUP B2 RESPONSE SPECTRUM
' DAMP ., RATIO = .020
z STANDARD DEUIATION |
— GROUND MOTION NORMALIZED TO 1.0 G . ' '
- 2'.00’
a
(074
@
-
u;
O
O 1.50 ——t—mmmf
(78] :
o . ' N " 1
= 1 |
8 1.00 M...-U{ ' i SRS S | o
! N P
O . '
R J . 2 r*\\,/ ™ AT p—
!
0.0 .S 1.0 1.5 2.0 2.5

FIGURE C15 PERIOD,SEC



MEAN RESPONSE SPECTRUM

£ 15.9
' DAMPING RATIO = 0.020
Z GROUP C1 '
g8 )
. ] :
E 12 .13 o
a GROUND MOTION NORMALIZED TO 1.0 G
§F
-]
d
(88
U 9.0'
(an
Ll
|
D
-
S  6.G
m
a -
o
,, . | , !
5.0 .S | 1.0 1.5 2.0 - 2.5
FIGURE C16 | | PERIOD, SEC




DAF

PSEURD ABSCLUTE RCCELERRTICN -

FIGURE

15.

J.

}

GROUP C1 RESPONSE SPECTRUM

DAMP . RATIO = .020
MEDIAN

GROUND MOTION NORMALIZED TO 1.0 G

B S

.0 , - | L T
0.0 S 1.0 1.5 2.
17 FPERIOD, SEC




TRUM
—

-~
I
{
b
|
|
!

N

S
9
N
.
-

E

G
~4
02

! )
! (WH]
N\ 5 (i

N
B LT RO DI, W—

3

~
l

AN
I

[Re]
z o
(4] - / : (8
s D ] . trl
o ;
t— = o e e st e e e e+ e e e e o} G
o 2 F r~ : b u
— a “
B 3 u
1 R
ul R
(7o Z Pt
S > , .
= R
(o = i
(= e g :
——— ﬁl‘ — .
i3z = :
. o o~ r
(v, (T C 2 .
DO e c ,_
& ;
SN
S D ¢
!
et At { 4
i e o -}
2 :
ll..ﬂuﬂvxh“!:ih.ﬂnﬂ..] ;
—f e~ | !
.%J?ﬁhfr .

.rln lllll..i E!. l...l.l! ll|||:|s.:.\sl!..i..... :...I..l(.ﬁ{..!i! liz. ...?s:t!:a'..l!\.;...!.:. .
5 5 5 ™ o i
D T e o tyh [

Faal

c18

QY 1Y o i h

VQ - NOTIWA4313)20 41N710588 H0N%4

FIGURE

"

R o]

g Sar ey

oy e

R STyt 3 gy T o oy
T T L e T L TR G T Kb b T M

T Ty T S

e s i s———— o o Y 557,




MEAN RESPONSE SPECTRUM

DAMPING RATIGO = 0.020
GRCUP C2

GrOUND MOTION HORMALIZED TO 1.0 G

PERIDD,SEC




R GROUP C2 RESPIONSE SPECTRUM

- ~ DAMP. RATIO = .020
L | MEDIAN

. ; _ : GROUND MOTION NORMALIZED TO 1.0 G

.0 1.5 2.0 2.5

PERIDD, SEC




S GROUP C2 RESPONSE SPECTRUM

DAMP . RATIO = .020
STQNDQRD DEUIATION
s - i GROUND MOT ION NORMALIZED TO 1.0 G
- ' |
[ o - E
,f/\
_ | !
R \/nu \
é.x %N- | |
| év x\vf\\//\\“““\\j
-l Nf || | AN
| | |
gl
{;d" MR o —+ ~+— ~+ -+ -+ ~+ ~ +
7,0 .S | 1.0 1.5 2.0

CiouRe Cat PERICD, SEC



4.00 | MEAN RESPONSE SPECTRUM
A DAMPING RATIO = 0.020

\Nf GROUP I |

S Wl |

1
i
) J—
}

]
- i !
LA

GROUND MOTION NORMALIZED TO 1.0 G

i
, ’1.(:-%_:{ [

S : i ? ! ="

. ; '

| o s

| f i |

¥ ‘ , |

Lo 00w ! + ¥ -t '

0.0 5 1.0 1.5 2.0 2.5

| FIGURE €22 PERIDD!SEC




P

GBSOLUTE ACCELEAD ! I5n

PSEUDD
48]
Q

[
ty
(o9
"

MEDIAN RESPONSE SPECTRUM

DAMP ING
GROUP

RATIO = 0C.020

GROUND MOTION "IORMALIZED TO 1.0 G

4G

4_.

N

FIGURE ' €23

+
4

. PERIGD,:SEC

L

n



"PSEUDD ABSOLUTE ACCELERATION-

RESPONSE SPECTRUM

< 4.0G
DAMPING RATIO = 0.020
STANDARD DEVIATION
GROUP I
3.20
GROUND MOTION NORMALIZED TO 1.0 G
2.40
1 . GG’ \J
LHG— ' 'A/\\j/\‘\ T —T \ |
/VUV | \\\\/r\\\// | el
0.0 J -+ o+ -+ + . + +
0.0 1.0 1.5 2

~ FIGURE (24

PERIOD, SEC




4.00 ~| MEAN RESPONSE SPECTRUM

DAMPING RATIO = 0.020
GROUP II N
3,20~ A :
/ V : GROUND MOTION NORMALIZED TO 1.0 G

PSEUDOD ABSOLUTE ACCELERATINN - OAF
A
»
Sp—
|
A—\}‘”*,
- .’“5

o : \\\\\‘ - 1 |
| e
5.0 1.0 - 1.5 - 2.0, 2.5

S PERICD, SEC
TIGURE (€25 :




DAF

W
| Y]
(]

MEDIAGN RESPONSE SPECTRUM

DAMPING RATID = 0.020
GROUP II |

GROUND MOTION NORMALIZED TO 1.0 G

- ]

\,\N

PSEUDD ABSDLUTE ACCELERATION -

8g : '
\.,//\ .
5.0 + j —+ f + + + 'r .
O .O . » 5 1.0 . 1.5 2'0 ]

" FIGURE (€26

PERIDOD, SEC




-—-—--ni--ri--------n-q_--------—-—-——————————————

DAF

4.56 i. RESPONSE SPECTRUM

DAMPING RATIO = 0.020
STANDARD DEVIATION
6GROUP II

3.20 GROUND MOTION HORMALIZED TG 1.0 G

’—\

60 "_;-

RBSCLUTE RCCELERATICN
N
D
G

PSEULRC

| | |
0.0 S 1.0 1.5 2.0 2.5

-1&
J
4
e

FIGURE €27 | - PERIOD, SEC




P

MEAN RESPONSE SPECTRUM

FIGURE (28

§ 4.0G———
v DAMPING RATID = 0.020
z " OROUP III |
0
- _
= 3,20 A NAS GROUND MOTION NORMALIZED TO 1.0 G
a 4
: i
b .
! !
w :
[ i
g 2.4G ;
Ll
r._
- !
o ]
o 1.60 : -
& - 1 |
ol | ;
, | |
- ! o
.BG - S S
- | ! ——— |
(] E . l _. \
|
D.C ‘:' - " > b o g ad
. 1.0 1.5 2.0

PERIDGD» SEC




MEDIAN RESPONSE SPECTRUM

DRMPING RATIO = 0.020

GROUP TIII

GROUND MOT ION "NORMALIZED TO 1.0 G

1-60'/

|

PSEUDD ABSOLUTE RCCELERATION - OF

.B%

\\\“ﬂ“\/f\~

.0

- FIGURE €29

OJJ —
0

ot i e -+

1.5 2.

PERIOD,; SEC



DAF

FIGURE €30 | PERIDD, SEC

4.0G RESPONSE SPECTRUM |
: DAMPING RATIOD = 0.0Z20
é STANDARD DEVIATION
o GROUFP IIX
= 3.20 ]
_ g;— : G, OUND MOTION NORMALIZED TO 1.0 G
Ll
.
L}
(W]
Q
Q 2.40 —
tis
}w—
o
=
' 1.60
-2
)
)
)
c. N g N S —
O. - - - e of R o
0.0 .5 1.0 1.8 2.0 a




OESOLUTE ACCELERARTION -oar

PSEULLD

FIGURE

¢l

V]

98]

isle? :

N / ———

F MEAN RESPONSE SPECTRUM

| DAMPING RATIO = 0.020
' GROUP IV

L GROUND MOTIOH NORMALIZED TO 1.0 G

. O :‘,_, O

€31

i

i
T
4
. i i ;
" e . g 12 R an s e et S S 8 g i e £ o S A e e AR T i S T S e e L e

= 1.0 1.5 2.0 2.5
PERIDD: SEC



.20

(%)

MEDIAN RESPONSEZ SPECTRUM
DAMPING RATIO = 0.020

OROUP IV

GROUND MOTION NORMALIZED TO 1.0 G

PSEUDD ABSCLUTE ACCELERATION - paf

-T— "

FIGURE (€32

1.0 1.5 2.0 2.

PERIGLC, SEC




)

LG

MEDIAN RESPONS:Z=

SPECTRUM

DAMPING RHTID_= 0.020

GROUP IV

GROUND MOTION NORMALIZED TO 1.0 G

B

PSEUDD ABSCLUTE RCCELERARTION - opar

8% \/\\\/\_,_ . '
"\ ’
0.0 ' .5 1.0 1.5 2.0 Z

FIGURE (32

PERICD, SEC




3-3




DAF
IS

. RESPONSE SPECTRUM

" FIGURE €33

PERIDD, SEC

006
' N DAMPING RATIND = 0.020
Z STANDARD DEVIRTION
o GROUP IU
g 320 ~ GROUND MOTION NORMALIZED TO 1.0 G
3 g
w
-
w.
Q
Q '
g 2.90—r7F
L
r—r
=3
5 .
& 1.60
@
a i
o A |
s AA [\/\\[\/'/\ '
3_’; -.80' /v V* Y \ ! - '“r""“" —
.0 -+ - -+ * + . -+ — " 4
6.0 .5 1.5 2.0 2



APPENDIX D
Period-Amplitude-Time (PAT) Plots

Figures DI through DB
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APPENDIX E

Spectrum Shapes Based on Log Normal:Distribution

Figures E1 through E6
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