
t lo ~ ~ ~ ~
~ l

C

ill )

/
/

r
�i

/

/

~ ~ ~ ~

~ ~ ~

~ ~ ~ g a

~ ~

~ )
~ ~ ~

~ ~

C

~"

~ ~

gfA'[]fly Qt.
4

C

./

l

(j
'$

,

~ e
0 I 0' ~ ~ etc

l .C



* x



PROGRAMMED OVERHEA

JOB NO. 94444 (l983)

REPORT NO. SFPD-C/S-83-07

DIRECT GENERATION OF PROBABXLISTIC FLOOR RESPONSE SPECTRA

DECEMBER'983

~Sf nature Date

Prepared by:
K. Lilhanand

3/~c/aq

Reviewed by: gr
M. S. Tseng

>/ic/s+

Approved by:
B. . shack

BECTTE POMER CORPORATION
San Francisco, California



0



TABLE OF CONTENTS

SECTION PAGE

INTRODUCTION

OVERVIEW OF THEORIES

2.1 The PSDF-RS Relationship
2.2 Peak Factor

2.2.1 Stationary Response
2.2.2 Nonstationary Response

2.3 Evaluations and Discussions

PSDF FOR WIDE-BAND SEISMIC GROUND MOTIONS

SIMULATION OF WIDE-BAND SEISMIC GROUND MOTIONS

4.1 Stationary Ground Motion
4.2 Nonstationary Ground Motion

STRUCTURAL TRANSFER FUNCTIONS

'SIMULATION OF NARROW-BAND FLOOR RESPONSES

2-1

2-3
2-7

2-8
2-13

2-16

3-1

4-1

4-1
4-3

5-1

6-1

6.1 Responses to Stationary Ground Motion
6 ' Responses to Nonstationary Ground Motion

VALIDATIONOF THE PSDF-RS RELATIONSHIP

6-1
6-3

7-1

7.1 Wide-Band Seismic Ground Motions
I

7.1.1 Stationary Ground Motion
7.1.2 Nonstationary Ground Motion

7.2 ,Narrow-Band Floor Responses

7.2.1 Responses to Stationary Ground Motion
7.2 ' Responses to Nonstationary Ground Motion

DIRECT GENERATION OF PROBABILISTIC FLOOR

RESPONSE SPECTRA

7-1

7-1
7-3

7-5

7W
7-7

8-1

9

10

APPLICATIONS

SUMMARY AND CONCLUSIONS

REFERENCES

9-1

10-1

ll-l



I

0



1 INTRODUCTION

The floor response spectra (FRS) is of practical importance for seismic

qualifications of equipment and piping systems supported on building
floors and walls in nuclear power plants. Currently, it is a common

practice to use the deterministic method to generate the FRS by performing

a time history analysis. This method, however, does not take into account

the randomness inherent in seismic ground motions. Furthermore, since
seismic ground motions are usually prescribed in the form of the design

re'sponse spectra (DRS) such as those given by the USNRC Regulatory Guide

(R G ) 1.6O> which has been developed from statistical studies of the

actual seismic records (Ref. 1), the deterministic method requires that
seismic ground motion time histories be generated which are compatible

with the DRS. There are many time histories which may be generated

compatible with a given DRS. The effect on the floor response spectra due

to variation of different time history inputs is generally not addressed

by the deterministic method. Therefore; the deterministic method'for

generating the FRS is not methodologically rational, and generally is
costly.

An alternative to the deterministic method is the probabilistic method,

which uses the random vibration theory to determine the probabilistic
floor responses to random seismic ground motions. This method can

directly generate the FRS. for a desired level of confidence from the DRS

without having to perfo the more costly time history analysis. However,
j

because the probabilistic methods that are current available for
generating the FRS (Refs. 2 through 6) have not been throughly tested to
confirm its reliability and accuracy, additional validations are required
before these methods can be implemented for applications.

The objective of this report is to present the evaluation of currently
available probabilistic methods and the result of testing of the
underlying theories against the. simulation results obtained from 20

simulated time histories, in order to confirm the reliability and accuracy

of the theories for application to the generation of probabilistic floor
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response spectra of nuclear power plants sub)ected to seismic ground

motion excitations.

An overview. of the theoretical background and an evaluation of the

probabilistic methods proposed by various researchers are presented in
Section 2. Based on the result of the evaluation, the probabilistic
method which ezplicitly uses the relationship between the power spectral
density function (PSDF) and the response spectra (RS), i.e., the PSDF-RS

relationship, is selected for a detailed evaluation using simulation
results. The theoretical derivation of the PSDF-RS relationship is
presented in Section 2.1. The peak factor which is one of the key

parameter contained in the PSDF-RS relationship is presented in Section

2.2. In Section 3, the PSDF of random seismic ground motions compatible

with the USNRC R.G. 1.60 spectra, which is a typical wide-band random

process, is generated. This PSDF is used as the basis for simulation of
both stationary and nonstationary seismic ground motions in Section 4.

Section 5 presents the structural transfer functions of a typical nuclear
1

power plant structure. These transfer functions are used as the
structural filters which transfer the wide-band seismic input motions to
the narrow-band floor response output motions. Section 6 presents the
simulation of floor responses, to both the stationary and nonstationary
seismic ground motions. Comparisons of the analytical and the simulation
results for the wide-)and seismic ground motions and the narrow-band floor
responses are made in Section 7 to validate the PSDF-RS relationship given
in Section 2.1.

Based on the comparison results in Section 7, a procedure for direct
generation of probabilistic floor response spectra is described in
Section 8. Section 9 demonstrates applications of the proposed procedure

described in Section 8 . The summary'and conclusions are given in Section
10.
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2 ~ OVERVIEW OF THEORIES

The probabilistic methods currently proposed in the literature for
generating the FRS can be grouped according to the analytical procedure

used, into two approaches: the implicit approach, and the explicit
approach. Both approaches treat seismic ground mot1on as wide-band random

processes, and the theor1es of random vibration are used to determine the

probabilistic floor responses. It is noted that none of the proposed

methods have been adequately tested for its reliability for actual
applicat1ons.

In the implicit approach, typical of the method developed by Singh

(Ref. 2) and Atalik (Ref. 3), the PSDF-RS relationship is implicitly used

in deriving the FRS as a direct function of the prescribed seismic DRS.

The approach is shown schematically in Fig. 2.1. The derivation of this
approach assumes that the seismic ground motion and the floor response

mot1on are stat1onary processes, that the structure possesses normal-mode

properties, and that the peak factor used for raising the root-mean-square

(rms) response to the maximum (spectral) response at a particular
frequency is the same for the wide-band seismic ground motion and for the

narrow-band floor response motion. This method also requires
approximations to simplify the mathematical complexities involved in
deriv1ng the FRS. Furthermore, because of the assumption made on the peak

factor, this method can only generate the FRS for one confidence level,
i.e. non-exceedance probability, which is the same as that prescr1bed for
the DRS.

The'xplicit approach, typical of the methods developed by Vanmarcke

(Ref. 4), Grossmayer (Ref. 5), Rorno-Organista (Ref. 6), Der Kiureghian
(Ref. 7), among others, uses the PSDF-RS relationsh1p explicitly in
generating the FRS from the prescribed seismic DRS. This approach shown

schematically in Fig. 2.2, generally assumes that seismic ground motion
and.structural response are stationary random processes. However, the
floor spectral response at a part1cular frequency, wh1ch can be obtained
from filtering the 'structural response motion through a single
degree-of-freedom (SDOF) system, can be approximately treated as either
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stationary or nonstationary process depending on the selected peak factor
used in the PSDF-RS relationship. The explicit approach requires the

following four major steps of computation:

1. Compute the PSDF of seismic ground motion from a prescribed DRS using
the PSDF-RS relationship.

2 ~ Compute the structural transmittancy functions which is the square of
the transfer function amplitude.

J

3 ~ Compute the structural response PSDF by multiplying the PSDF of
seismic ground motion in Step 1 with the structural transmittancy
functions in Step 2.

4. Compute the FRS for any desired confidence levels from the structural
P

response PSDF in Step 3 using the reversed PSDF-RS relationship.

Comparing the two approaches outlined above, the explicit approach has the

following advantages over the implicit approach:

1. The FRS can be generated from the prescribed DRS for any desired
levels of confidence as opposed to only one level of confidence

provided by the implicit approach.

2. The PSDF of seismic grourid motion compatible with the prescribed DRS

is readily available as a by-product which can be used for simulation
of seismic ground motions, if needed

3 ~ The nonstationary effects, which tend to reduce the ground and floor
spectral responses, can approximately be included to reduce the
overconservatism inherent in the implicit approach, especially for the
lightly damped and soft {low frequency) systems.

4. The peak factors for the wide-band ground motion. and the narrow-band
structural response which are generally different, can be prescribed
differently.
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5 ~ The linear structure does not require to possess normal-mode
A

properties.

For actual seismic ground motions which are nonstationary random motions,

the PSDF-RS relationship which is required in the explicit approach,

generally cannot be analytically derived, thus is often obtained through

empirical means. However, by approximately treating seismic ground

motions as a random stationary process, which has been found to be

applicable when the duration of seismic ground motion is longer than the

fundamental period of structure (Ref. 8), the PSDF-RS Relationship can

approximately be derived analytically as that developed by Vanmarcke

(Ref. 4). This analytical relationship contains two critical parameters-
the rms response and the peak factor. The theoretical derviation of the

analytical PSDF-RS relationship is presented in Section 2.1. The

stationary rms response can be approximated as a function of the PSDF of
seismic ground motion as discussed in Section 2.1. The theoretical
backgrounds of the peak factor and various widely known approximated peak

factors are presented in Section 2.2.

2.1 The PSDF-RS Relationshi

The equation of motion of a SDOF system subjected to a zero mean

random seismic ground acceleration input, x(t), can be written as

y(t) + 28mny(t) + s y(t) -'x(t) (2.1)

in which y{t) is the relative displacement, the dot above y{t)
indicates the derivative with respect to time, e is the circular
frequency, and 8 is the critical damping ratio.

From Eq. (2.1), the transfer function relating the ground
acceleration input to the relative displacement response output can

be determined by letting
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x(t) e
i(Ot

and (2. 2)

y(t) = H (v) e

in which Hy(z) is the transfer function for y(t), and i is the

imaginary number equal to ~l. Substituting Eq. (2.2) into Eq.

(2.1), the transfer function can be obtained as follows:

Hy(m) ~ ((o„-'e + 2 ige o)) (2. 3)

For a stationary random process, it is well known from the

stationary random vibration theory (see, e.g., Ref. 9) that the

output PSDF of the relative displacement response of a linear system

can be related to the input PSDF of the stationary ground motion by

Sy (Q) [ q (0)) ] S/(6)) (2. 4)

in which Sz(o)) is the input PSDF, and I Hy(G)))2 is the transmittancy
function which is the square of the transfer function amplitude
given by Eq. (C.3).

With Sy(o)) given by Eq. (2.4), the mean square (ms) relative
displacement response, a , can simply be obtained by integrating
S (M) over all frequencies as follows:

Q
2

Sy (Q) dQ (2 5)

Since seismic ground motion is assumed to have a zero mean, the

response of a linear system will also have a zero mean. Thus, the

ms response in Eq. (2.5) is the same as the variance of the
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response, and the root-mean-square (rms) response, ay, is the same

as the standard deviation of the response (Ref. 10).

For a lightly damped system, i.e., when t)«1, the ms absolute

acceleration, a?, can be estimated from a2 by
2

~2 ~4 ~2
n y (2 6)

where the subscript z(t) absolute acceleration ~ z(t) + y(t).
Substituting Eqs. (2.4) and (2.5) into Eq. (2 ') gives

Qr ~ ~ Q2 4

z n
H (0)) I

S- (Q) dG) (2 7)

For the case of a lightly damped system sub)ected to a fairly
wide-band ground motion whose PSDF is slowly varying around the

vicinity of ()I) ()()n where the transmittancy function is sharply
peaked, Eq. (2.7) can approx&ately be rewritten as

0- ~ ()()„S ((()n)
~

H (()()) ) d()j)

n

+, [ S<((o) — S>((o ) ] d(() (2. 8)

The first term in Eq. (2.8) xepresents the contribution of Sz(u)
around m ~ mn, the second term is the contribution of Sz(e) over

Sz(un) in the frequency range up to Qn. Since the first term in
Eq. (2.8) is identical to the widely known stationary ms absolute
acceleration response to white noise -ground motion having a

constant PSDF of Sz(o)n)~ i.e., 62, it can readily be obtained froms
Refs. (4 and 9) as

a,' I,"s„((u„),' H„(ro)('~

0

mm S-{<o )
(2 9)
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Substituting Eq (2,9) into Eq. (2.8) yields

Gz Aron SR{(on) + ax {+n) (2.10)

in which A (<-48)/48, and <..(+n) is the "partial" ms absolute
acceleration as given by

(+ )x
S" (Gl) dQ (2.11)

Note that Eq. (2.10) gives exact value of o2 when the ground motion

,
2'san ideal white noise. For this case, o,. in Eq. (2.10) reduced
z

to a2 in Eq. (209).
s

With oz obtained from Eq. (2 '0), the maximum absolute acceleration
response, i.e., the spectral acceleration at frequency (on, R'z(mn),

can approximately be determined by multiplying oz with the peak

factor as follows

Rz {en) p {ton) a" (2. 12)

in which r (o) ) is the peak factor at frequency (on with confidencep n
level (non-exceedance probability) of p. The peak factor is to be

presented in Section 2.2.

By substituting Eq. (2.10) into Eq. (2.12), the PSDF-RS

relationship for seismic ground motions can be obtained as follows

R-(~„) rp(~) I. M„S„~{e„) a„'., {e„) ) (2. 13)
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Rearranging the terms in Eq. (2.13), gives the following

Sx(sn)
-1

(Are„) [ R~(e„) - a~ (~) )

rp(~)

(2.14)

The PSDF-RS

essentially
Ref. 4.

relationship as given in Eq. (2.13) or (2.14) is
identical to that previously obtained by Vanmarcke in

For application to the generation of FRS as previously outlined in
Section 2.1, Eq. {2.14) can be used for computing the PSDF of seismic

ground motions compatible with the prescribed DRS. The numerical

computation of Sx(m ) can be initiated at the low frequency end

where ~?(+ ) is negligible. Let Ri(+) denotes the spectraln

acceleration of the ith floor at frequency mn, Eq. {2.13) can

similarly be derived for the floor responses as follows

Ri((o„) = rp(e ) f AM Si((o ) + oi (m„) )
2 (2 15)

in which Si(mn) is the PSDF of structural response at floor i, and

r'(z ) is the peak factor with confidence level of p for thep n
structural response. Accordingly, Eq (2.15) can be used for
computing the FRS from the PSDF of structural response.

2.2 Peak Factor

The peak'factor previously defined in Eq. {2.12) is a multiplier to
raise the rms response to the maximum (spectral) response. The

determination of the analytical peak factor requires the solution of
the first-passage problem in the random vibration theory. To date,
the exact solution of practical interests has not been found for the
SDOF system considered herein. Consequently, ~pproximations have to
be made in deriving the analytical peak factor.
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From the analytical and simulation studies of normal stationary
random processes in Refs. (11 and 12), it has been found that the

non-exceedance probability, p, which is the probability that the

random process remains below the threshold level, say b, follows a

decaying-exponential form, i.e.,

-QT
p = p e (2.16)

in which po is the probability starting below b, + is the decay rate,
and T is the duration that the process remains below b. The

parameters po and e in Eq. (2.16) are a function of the peak factor,
among others ~

Once po and + are determined, the peak factor corresponding to a

specified value of p can be determined from numerically evaluating or.

inverting Eq. (2.16).

2.2.1 Stationar Res onse

In the following, some of the widely known peak factors for
stationary response which. have p in the form of Eq. (2.16) are

presented.
P

a. The Daven ort Peak Factor (Ref. 13). This peak factor has

been derived on the assumption that the rate of threshold
crossing occurs independently according to the Poisson-

process. As a result of the stated assumption, the

parameters po and + in Eq. (2.16) can be written as

p = 10

G ~ v exp (-r /2)0 P

(2. 17)
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in which >o is the mean rate of zero level crossing as

given by

(2. 18)

and,"i is the ith moment of the PSDF about the frequency
origin which is given by

to S (e) dm (2.19)

i 0, 1, 2

Detailed interpretations of the first three spectral
moments in both time and frequency domain relating to
reliability measures of a random motion can be found in
Ref. 14. It suffices to note that ~o and g2 are the

stationary ms of the process and its first time

derivative, respectively, and the center frequency, fc,
which is the dominant frequency of the process is given by

Vpf a—
2m

(2. 2O)

One other important parameter which can be obtained from

the spectral moments is the so-called dispersion
parameter, d, a dimensionless measure of the spectral
bandwidth, as given by

From Schwarz'nequality, it can be shown that 6 varies
from 0 for a very wide-band process to 1 for a very
narrow-band process.
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For a lightly damped system, the parameter vo in Eq.

(2.18) can be approximated by

V
II

(2.22)

in which +n is the circular frequency of the SDOF system.

Substituting Eq. (2.22) into Eq. (2.20) gives

"nf a a fc 2II n (2.23)

in which fn is the fundamental frequency in cps of the

SDOF system.

With po and a given in Eq. (2.17), the mean (m) and

standard deviation (a) values of the Davenport peak

factor, i.e., rm and rg, can approximately be determined

from Eq'2.16) as follows:

r ~22nv T + Y

~22-.T
(2.24)

and r

~2invoT
(2. 25)

in which Y is the Euler constant (0 '77), and >o is as

given by Eq. (2.22) ~

b. The Vanmarcke Peak Factor (Ref. 15) ~ In the derivation of
the parameters po and n in Eqi (2 '6), Vanmarcke assumes

that the successive time intervals spent below and above

the threshold crossing follow the Markov process.

Accordingly, these parameters can be written as
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p = 1 — exo (-r /2)2

0 P

[ 2 — exp (-perp Jii/2) ]

exp (rp/2) — 1

(2. 26}

in which 6e ~ 61+ , 6 is defined in Eq. (2.21), and c is
empirical constant equal to 0.2. It is of interest to
note that, for high threshold level (r » 1), Eq. (2.26)
reduces to be essentially the same as Eq. (2.17). The

so-called "Vanmarcke-Exact" peak factor will be referred
to as the peak factor obtained from numerical evaluation
of p in Eq. (2.16) with po and a given by Eq. (2.26).

Substituting po and c( in Eq. (2 '6) into Eq (2.16), the

peak factor can be determined approximately as

rp = [ 22n (n [ 2-exp (-6e x( nn2n n ) ] ) ]r (2.27)

in which n ~ uoT/Sap. The approximate expression in
Eq. (2.27) is referred to as the Vanmarcke peak factor.

For a lightly damped system, ~o can be approximated as in
Eq. (2.22), and Q can be approximated as

6 ~ (48/g) (2.28)

in which 8 is the critical damping ratio of the SDOF

system.
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c. The Der Kiure hian Peak Factor (Ref. 16). Der Kiureghian

obtained rm and r~ by modifying the Davenport peak factors
in Eqs. {2.24) and (2.25), respectively, to match the m

and 0 of the,Vanmarcke-Exact peak factor. Accordingly, rm

and ro can be written as

{2.29)

1.2

JSanV T 13 + (2RnveT)
'

veT > 2.13.2

0.65 v T < 2.1 (2.30)

in which

(1.65a ' 0.38) u 2 0.1 C 6 < 0.690.45

Vo , . 0.69 c 8 c 1 (2.3l-a)

For a lightly damped system, uo is approximated as in Eq.

(2.22), and 6 is approximated as

(1.16B — 0 21) B > 0 01 (2. 31-b)

In this report, the limit imposed on B in Eq. {2 31-b) is
extended to B ~ 5X ~

'The m and m+a values of the peak factors given above by

Davenport, Vanmarcke, and Der Kiureghian, are plotted
against the parameter fn T, which represents the
equivalent number of response cycles, for damping values
of 0 'X, 2X and 5X in Figs. 2.3 through 2.8. These peak
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factors are computed using the approximate values of ~o

and 6 given by Eqs. (2.22) and (2.28). In th'ese figures,
the p levels corresponding to the m and ~ values for the

Vanmarcke-Exact peak factor are selected to be 57X and

84X, respectively. These selected p levels can be

compared with those obtained exactly from numerically
evaluated p using Eq. (2.26) with po and n of Eq. (2 .26) as

shown in Table 2.1 for the 2X damping value. It can be

seen from this table that the p level of 57X for the m

value is slightly higher than the average p value given in
this table which is about 54X, and that the p level of 84X

for the m+0 value is about the same as the average p value

given in this table. The slightly higher p level selected

for the m value has little effect on the peak factor
value. This can also be confirmed by the fact that, in
Figs. 2.3 through 2.8, the Vanmarcke-Exact peak factor
with p of 57X and 84X are compared closely with the m and

m+a values of the Der Kiureghian peak factor which were

derived from matching with the m and m+a values of the
Vanmarcke-Exact peak factors. Therefore, the selected p

levels of 57X and 84X are adequate for use in computing

the m and nH.G values of the Vanmarcke-Exact peak factor.

2.2.2 Nonstationar Res onse

In the following, the peak factors by Vanmarcke and by Lutes

for nonstationary response are presented. These peak factors
have assumed p in the form similar to Eq . (2 .16) except that
the parameter u in this equation is replaced by a

time-dependent function, i.e., c(t), so that Eq. (2.16) is
rewritten as

pT
a(t) dt

p pe o0
(2.32)
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Although po in Eq. (2 .32) for this situation should, by

definition, be set at 1 since the response process builds

, up from rest, the simulation studies performed herein as

well as by Lutes indicate otherwise. Therefore, po is
treated herein as an empirical parameter for nonstationry

response and should not be sub)ected to the same

interpretation as given in Eq. (2.16).

a. The Modified-Vanmarcke peak Factor (Ref 4) ~

For a non-stationary response, Vanmarcke has suggested

that p in Eq. (2.32) be approximated as in Eq. (2 .16)

except that po is equal to 1, and the damping 8 and the

duration T be replaced by the effective damping Bs and

effective duration Ts given by

Bs ~ 8 / [ 1 — exp (-28(o„T) ]

Ts T exp (-2m)

(2. 33)

in which m ~ -1 + [1-exp(-2 BmnT] /[1-exp(-BM T)]

By empirically modified po to be the same as that in
Eq. (2.26), the parameters po and 0 in Eq. (2.16) now

become

p = 1 — exp (-r /2)
0 P

(2.34)

v~ [ 1 — exp (-6~ rpjr/2) 1

a
exp (r /2) — 1

P

in which <e (48s/~) , >o is as given by Eq. (2.22),0.6

and Bs is as given by Eq. (2.33).

Another modification made on this peak factor in order to
include the nonstationary effect, is the modification on
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the rms response. This nonstationary effect can be

approximately obtained from comparing the stationary rms

response with the nonstationary rms response to white

noise ground motion. It is well known that the

nonstationary rms response to white noise'otion, on,
can be written as (Refs. 4 and 9).

<n <s [ 1 — exp (-2ga)nT) ) (2.35)

in which <s is as given by Eq. (2.9). The term following
0's in Eq. (2.35) is a reduction factor to account for the

nonstationary effect on the rms response.

With the above modifications, the Modified-Uanmarcke peak

factor for nonstationary processes can be computed as

follows:

1. Compute the peak factor for stationary processes for a

desired level of confidence p by numerically evaluated

Eq. (2.16) with po and a from Eq. (2.34).

2. Multiply the peak factor computed from step 1 by the

reduction factor, (1-e28~T) ~

P

b. The Lutes Peak Factor (Ref. 17). Lutes derived the

parameter po and u in Eq. (2.16) empirically based on

simulation studies of the first-passage probability of
the absolute value of the zero-start response of a

SDOF system sub)ected to stationary white noise ground

motion. These parameters can be written as follows:

po = exp [exp (-1.195-0.316r )j
) (2.36-a)

a ~ u exp (-r /2) [ 1-1.075 [ r exp (-r /2) ] )~0 P P P
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in which ~o is as given by Eq. (2.22), and

w = 0. 2364 + 28. 14
(2.36-b)

(48 (1-1.18)/m)

The 6 given above is about the same value as that
given by Eq. (2.28) when damping B is low. The Lutes
peak factor can be determined for a desired level of
confidence p by numerically evaluated Eq. (2.16) with
po and a from Eq. (2.36).

In Figs. 2.9 and 2.10, the Modified-Vanmarcke and Lutes peak
factors for nonstationary responses. with p of 57X and 84X are
plotted against fnT for damping values of 5X, 2X and 5X.

Table 2.2, provides the exact p values for the m and m+cr

values of the Lutes peak factor. It is of interest to note
that the p values of !i7X and 84X selected for the Lutes peak
factor are about the same order of accuracy as that previously
found for the Vanmarcke-Exact peak factor for a stationary
process. This implies that it is adequate to use the p values
of 57X and 84X for computing the m and aH-0 values for the
Lutes peak factor.

2.3 Evaluation and Discussions

'I

For a stationary process, the peak factors given in Section'.2.1 are
compared in Figs. 2 .3 through 2.8 ~ It can be seen from these figures
that, due to the different assumptions used in obtaining the peak
factors, the Davenport peak factor generally is higher than the other
peak factors, especially when damping is low. This is because the
Davenport peak factor assumes that the rate of threshold crossing
occurs independently according to the Poisson process. This
assumption has been shown by Cramer (Ref. 12) to be asymptotically
exact as the threshold crossing approaches infinity. However, for
the threshold crossing level of practical interests, this assumption
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has been found to produce result erring on the unsafe side for a

wide-band process and on the safe side for a narrow-band process.

These errors occurred because the Poisson process does not allow the

time actually spent above the threshold level for a wide-band

process, and does not take into account the dependent occurrence of

the threshold level for a narrow-band process. The peak factor by

Vanmarcke, on the other hand, includes these effects on the threshold
crossing by assuming that the successive time intervals spent below

and above the threshold crossing follow the Markov process.
Therefore, as noted before, the Davenport peak factor represents the

upper bound of the peak factor by Vanmarcke.

For a nonstationary process, the peak factors given in Section 2.2.2
are compared in Figs. 2.9 and 2.10. It can be seen from these

figures that the Modified-Vanmarcke peak factor is generally lower
than the Lutes'peak factor when fnT is less than about 10; otherwise,
it is higher than the Lutes peak factor. These two peak factors,
however, approach each other as damping increases from 0.5% to 5%.

The analytical peak factors discussed above, however, have not been

adequately verified for their accuracies for actual applications.
Since the accuracy of the PSDF-RS relationship required in the
explici.t approach depends on the accuracy of the peak factor and the
rms response, it is necessary that the accuracy of these peak factors
and the rms response be confirmed against simulation results.

The accuracy of the PSDF-RS relationship for both the wide-band

seismic ground motion and the narrow-band floor response are

systematically, evaluated in Sections 3 through 7 using simulation
results. In Section 3, the PSDF compatible with the 2% damping

response spectrum from the USNRC R.G. 1.60 is generated from the ,

PSDF-RS relationship with the use of the Der Kiureghian peak factor.
Using this PSDF, twenty acceleration time histories are simulated for
the wide-band stationary and nonstationary ground motions in Section
4. Also presented in Section 4 are the simulated-results for
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evaluating the accuracy of the PSDF-RS relationship for the vide-band

ground motions in Section. 7. The simulated narrow-band floor
responses of a typical nuclear pover plant containment structure are

obtained in Section 6 by filtering the simulated wide-band ground

motions in Section 4 with the structural response 'transfer functions
presented in Section 5. Using the simulated results obtained from

Sections 4 and 6, the accuracy of the analytical PSDF-RS relationship
is then evaluated for the wide-band seismic ground motions and the
narrow-band floor responses in Section 7.

2-18





3. PSDF FOR WIDE-BAND SEISMIC GROUND MOTIONS

For the purpose of generating the PSDF for the wide-band seismic ground

motion, the design response spectra (DRS) from the USNRC R.G. 1.60 for the

horizontal seismic ground motion with 1.0g maximum acceleration is used.

The generated PSDF compatible with the 2X damping DRS will be used later
in Section 4 for simulation of seismic ground motions.

The response spectra from the USNRC R.G. 1.60 are shown in Fig. 3.1 for
0.5X, 2X, and 5X damping values. These spectra were developed from

statistical evaluations of a number of recorded seismic ground motions for
the nH-a confidence level, which was based on the 84.1X non-exceedance

probability assuming a normal distribution for the spectral values

(Ref. 1) ~ In order to examine the PSDF of these recorded motions,

forty-five of them as listed in Table 3.1 are selected. The raw data on

the response spectral values and the Fourier amplitudes of these selected
recorded motions for the 91 frequencies listed in Table 3 2 are obtained
from the ground motion data tape supplied by the California Institute of

Technology (Cal Tech). Using these raw data normalized to 1.0g maximum

acceleration, the m + a level response spectra are computed and plotted as

shown in Figs. 3.2 through 3 ' for OX, 2X and 5X damping, respectively.
The response spectra shown in these figures are consistent with those used

as the basis in Ref. 1 for developing the USNRC R.G. 1.60 DRS shown in
Fig. 3.1. Therefore„ the forty-five recorded motions selected constitutes

P

an adequate sample size for the computation of the PSDF compatible with
the USNRC R.G ~ 1.60 spectra. It should be noted that, in Ref. 1, the

normalization factors with respect to velocity and displacement are also
used in minimizing the statistical variations of the response spectra. In
order to show the statistical variations of the response spectra computed

in Figs. 3.2 through 3.4, the coefficient of variation (COV) which is a

dimensionless measure of the dispersion relative to the mean is computed

as follows:

COV a/m
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The COV's corresponding to the the response spectra in Figs. 3.2 through

3.4 are computed using Eq. (3 ') for OX, 2X, and 5X damping values and are

...shown in Fig. 3.5. It can be seen from this figure that COV gradually
decreases as frequency increases. This trend of variation was also found

in Ref. (1) when the maximum acceleration was used as the normalization
factor. Note that COV at .1 cps is about 1 and decreases to as low as .08

for the 5X damping curve.

In order to approximately compute the PSDF of these recorded motions,

these recorded motions are assumed to be a stationary process with
duration T. Accordingly, the one-sided PSDF of these recorded motions can

be approximated as follows:

(4. 1)

where N is the total number of recorded motions equal to 45, T is the

equivalent stationary duration, and I xi(m) I is the Fourier amplitude of
the ith recorded motion obtained from Cal Tech. The duration T used in
Ee. (4.1) is selected to be 15 seconds which is a typical duration of
strong phase motion for high-intensity seismic motions. However, by

visual examination of these recorded motions in Ref. 18, their strong
phase durations are found to be varying from about 3 to 20 seconds. Thus,

the duration of 15 seconds selected for T in Eq. (4.1) is merely an

approximation of the duration of an ensemble of these recorded motions,
treated as a stationary process. In Fig. 3.6, the PSDF of these recorded

motions computed from Eq.(4.1) is plotted against, frequency in cps. It
can be seen from this figure that this PSDF is fairly wide-banded covering
frequency ranging from about .25 cps to 2.5 cps.

In order to generate the analytical PSDF compatible with the USNRC R.G.

1.60 response spectra, the PSDF-RS relationship in Eq. (2.14) with the
peak factor corresponding to the ~ level as prescribed for the spectra
is used. The PSDF generated using Der Kiureghian peak factor in
Eq. (2.14) is shown in Fig. 3.7, and the PSDF generated using the

3-2





Modified-Vanmarcke peak factor is shown in Fig. 3.8. Three response

spectral curves corresponding to the '.5X, 2X and 5X damping are shown in
each figure. It is apparent from these figures that the PSDF's

corresponding to the different damping response spectra are different.
This implies that the USNRC R.G. 1.60 response spectra for different
damping values can not be associated with a single random process.
Furthermore, it can be seen by comparing Fig. 3.7 with Fig. 3.8 that the

PSDF in Fig. 3 ' are higher than those in Fig. 3.7 especially for low

damping values and in the low frequency range up to about 2.5 cps'his
is because the peak factor used for generating the PSDF in Fig. 3.8
includes the nonstationary effect which reduces the stationary ms response

for a lightly damped and soft system. Thus, in order to achieve the same

response spectral value in Eq. (2.14), the PSDF in Fig. 3.8 obtained from

using the nonstationary peak factor must be higher than that in Fig. 3.7

obtained from using the stationary peak factor. Comparing the analytical
PSDF shown in Figs. 3.7 and 3.8 with the empirical PSDF shown in Fig. 3.6,
it can be seen that the empirical PSDF is generally higher than the

analytical PSDF in the low frequency range up to about 4 'cps, but is lower

in the higher frequency range. This difference can be attributed to the

approximation used in computing the empirical PSDF according to Eq. (3.2).
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4. SIMULATION OF WIDE-BAND SEISMIC GROUND MOTIONS

Using the PSDF for the wide-band seismic ground motions generated in the

previous section, twenty acceleration time histories are simulated in
Section 4 1 for the stationary seismic ground motion, and in Section .24

for the nonstationary seismic ground motion. The m and ada levels of

response spectra of these simulated ground motions are then presented. In

Section 4.1, the spectral moments of the absolute acceleration response to
stationary ground motions and the simulated peak factors are 'also

presented.

4.1 Stationar Ground Motion

x(t) = —Re( g [2 jsz(~) e >] e 6m}1 i$ i~t
2 7f

(4. 1)

The stationary ground motion, xs(t) is simulated using the Fast

Fourier Transform (FFT) algorithm as follows:

in which Sx (+k) is the PSDF corresponding to the 2X damping value in
Fig. 3.7, 4k is the phase angle with a uniform distribution in the

range from 0 to 2m, ek ~ kh a), A o) ~ 0.42 radian per second, and the
total number of sample points, N, is 1024. Therefore, the duration
of the simulated'tationary ground motion is 15 seconds digitized at
a time increment of 0.0146 seconds. The maximum accelerations of the
20 simulated stationary ground motions are tabulated in Table 4.1.
As shown in this table, the maximum ground acceleration varies from

0.77g to 1.23g with the m value of 0.95g and the aHrr value of 1.06g,
which is close to 1.0g maximum ground acceleration specified for the
DRY

A typical stationary ground motion simulated using Eq. (4.1) and its
response spectra for ~ 5X, 2%, and 5X damping are plotted as shown in
Figs. 4.1 and 4.2, respectively The response spectra are computed

for the 47 frequencies listed in Table 4.1. The m and m+0 response

spectra are plotted as shown in Figs. 4 ' through 4.5 for .5X, 2X,
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Fi . 4 ~ 2and 5X damping, respectively. It can be seen from comparing g.
with Fig. 4.3 through Fig. 4.5 that the m and ~ response spectra

are smoother than the response spectra generated from a single ground

motion. The statistical variations of the response spectral values

measured by the COV of Eq. (3.1) are shown in Fig. 4.6. It can be

seen that the COV of spectral value of stationary ground motions is,
on the average, fairly constant at about 0 '5, and is less than the

COV in Fig. 3.5 obtained for the ensemble of 45 recorded ground

motions which varies from 1 to .1.

The properties of the PSDF of absolute acceleration response to
stationaxy ground motions, which are closely related to the peak

factor as shown in Section 2, are presented in Figs. 4.7 throug h

4.9. In Fig. 4.7, the square root of the three spectral moments,

~X~, ~Ay . and ~Xp are plotted against frequency in cps for
2X damping system. The spectral moments Xs in this figure are

computed numerically from Eq. (2.19) in which S(a)) is obtained fx'om

multiplying Eq (2.4) with the factor (M" + 48 +I ) ~ Note that,
since ~>o is the rms absolute acceleration response the,rms ground

acceleration can be approximately obtained from Fig. 4.1 as
2the ~lo value at f 23 cps which is about 120 in/sec or 0 ~ 3g.

The spectral moments in Fig. 4.1 are used for computing the center

frequency, fc, in Eq. (2.20), and the spectral dispersion parameter

in Eq. (2.21). -In Fig. 4.8, the simulated fc computed from Eq.

(2.20) is plotted as the solid line, and the analytical fc estimated

by Eq. (2.23) as the dotted line. Similarly, the simulated 6

computed from Eq.,(2.21) is plotted as the solid line in Fig. 4.9 and

.the analytical 8 estimated from Eq. (2.28) plotted as the dotted
line. It can be seen from these figures that the analytical fc and 6

estimated from Eq. (2.23) and Eq. (2.28) compared on the average,
quite well with the corresponding simulation results in the frequency
range of less than 10 cps. When frequency exceeds 10 cps, the
analytical f is higher but the analytical 6 is lower than thec
corresponding simulated value. This difference, however, would
produce small changes in the peak factor in Eq. (2.27).
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Consequently, the estimated values of the analytical fc and 4 as

given by Eq. (2.23) and Eq. (2.28), respectively, can be used with
sufficient accuracy for computing the analytical peak factors, which

also compare well with the simulated peak factors as will be shown in
Section 7.1.1.

The simulated m and ~ peak factors for 2X damping can be computed

from Eq. (2.12) by dividing the m and mfa response spectral values in
pig. 4.4 with 0 X<> in pig. 4 ~ 7. Similar computations of the peak

factor are also performed for .5X and 5X damping values. The

simulated m and ~ peak factors are plotted against frequency in cps

in Figs. 4.10 through 4.12 for the three damping values respectively.

ln Section 7.1.1, the simulation results presented in this subsection
for the m and csc response psectra,~A~ , and the peak factor will
be used for the validation of the PSDF-RS relationship for stationary
wide-band ground motions.

4.2 Nonstationar Ground Motion

The nonstationary ground motion, LAN (t) is simulated as follows:

(t) = E (t) xs (4. 2)

in which xs(t) i's the stationary ground motion as given by Eq. (4.1),
and E(t) is the envelope function. The envelope functions used are

the so-called Types B and C envelope functions proposed by Housner,

Jenning and Tsai (Ref. 19). These envelope functions are shown in
s

Fig. 4-13. For brevity, the nonstationary ground motion using Types

B and C envelope functions will be referred to as the Type B ground

motion and the Type C ground motion.

For the Type B ground motion, the duration used for simulation is 30

seconds digitized at a time increment of 0.0146 seconds. A typical
of this ground motion and its response spectra for .5X, 2% and 5X
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damping are shown in Figs. 4.14 and 4.15, respectively. The m and

~ response spectra for these three damping values are shown in
Figs. 4 .16 through 4.18. The COV of spectral values for Type B

ground motion spectra is plotted in Fig. 4.19 'y comparing Fig.
4.19 with Fig. 4.6, it can be seen that the COV for the Type B ground

motion is slightly larger than the COV for stationary ground motion.

For the Type C ground motion, the duration used for simulation is 12

seconds digitized at .0117 seconds. A typical of this ground motion

and its response spectra for .5X, 2X and 51 damping are shown in
Figs. 4.20 and 4.21, respectively. The m and mKf response spectra
for these three damping values are shown in Figs. 4.22 through 4.24.
The COV of spectral values for Type C ground motion are plotted in
Fig. 4.25. By comparing Fig. 4.25 with Fig. 4.19, it can be seen

that the COV for the Type C ground motion has slightly more variation
than the Type B ground motion.

It is apparent from the above comparisons of the COV of spectral
values for stationary ground motions with that for Type B or Type C

ground'motions that the longer is the strong phase (stationary)
duration, the smaller is the amount of relative dispersion.

The m and ~ response spectra obtained from simulation for Types B

and C ground motions as shown in Figs. 4.16 through 4.18, and Figs.
4.21 through 4.24, respectively, will be used for validation of the

PSDFWS relationship in Section 7.1.2 for nonstationary wide-band

ground motion.
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5 ~ STRUCTURAL TRANSFER FUNCTIONS

In order to study the structural response due to seismic ground motions,

the transfer functions of the containment and its internal structure of a

pressurized water reactor (PWR) nuclear power plant are used as a typical
example in this study. 'These structural transfer functions serves as

filters to transfer the simulated wide-band seismic ground motions in
Section 4 to the output of narrow-band floor responses to be described in
Section 6.

The PWR containment and its internal structures supported on a flexible
soil foundation are shown in Fig. 5.1. The mathematical model of the
soil-structure system is also shown in Fig. 5.1 as a lumped-mass stick
model consisting of 19 nodes and 16 beam elements, with the soil stiffness
and damping represented by springs and viscous dampers attached to the

base of structures at node 19 'he properties of the structures, and the

soil foundation are provided in Table 5.1, and Fig. 5.1, respectively.
This soil-structure system has one translational dynamic degree-of-freedom

(DDOF) per node and one rotational DDOF at node 19.

Using the Bechtel in-house computer program CE933 (FASS), the transfer
functions relating the ground acceleration input to the absolute
acceleration responses are computed for node 11 (top of the containment

structure), and node 18 (top of the internal structure). Since this
computer program requires that the fixed-base structures be characterized
by their modal properties, the modal properties of the fixed-base
structures are computed using the Bechtel in-house computer program

CE917. The four lowest modal properties obtained from this computer run
as shown in Table 5.? are then used as the input to the computer program

CE933 to compute the structural transfer functions for nodes 11 and 18

shown in Fig. 5.2.

It can be seen from Fig. 5.2 that the structural transfer functions for
nodes ll and 18 exhibit typical narrow-band filtering characteristics with
two dominant peaks. The frequencies corresponding to these two dominant

peaks are 3.4 cps and 17 cps for node ll, and 3.4 cps and 11 cps for node

18. These frequencies correspond to the system frequencies of the
soil-structure interaction system.





6. SIMULATION OF NARROW-BAND FLOOR RESPONSES

The narrow-band floor responses for nodes 11 aand 18 of the soil-structure
system shown in Fig. 5.1 are s mu a e1 ted by filtering the vide-band seismic

ground motions in ect onS i 4 through the respective structural transfer
functions in Section ~

' oo5 'h fl r responses to stationary ground motions

and to nonstationary ground motions are separat y pel resented in Sections

6.1 and 6.2,,respectively.

6.1 Res oases to Stationar Ground Motion

nodes 11 and 18The absolute acceleration response time histories for nodes

ted to the 20of the soil-structure system shown in Pig. Sil sub)ected to
stationary ground motions generated in Section 4.1 are computed using
the computer program CE933 (FASS). This computer program has the

capability to perform the seismic soil-structure interaction analysis
using the impedance approach and frequency domain analysis method via
the Fast Fourier Transform (FFT) algorithm. The typical time history
responses to one simulated ground motion time history input for nodes

ll and 18 are plotted in Figs. 6.1 and 6.2, respectively. The

maximum accelerations for the 20 simul'ated stationary response

motions for nodes 11 and 18 are tabulated in Table 6.1. As shown in
this table, the maximum response acceleration varies from 3.3g to
4.7g with the m and m+0 values of 3.8g and 4.1g for .node 11, and from

ode 18.2.5g to 3.9g with the m and m+a values of 2.9g and 3.2g for node

The response spectra of the response motions shown in Pigs. 6.1 and

6.2 for .5X, 2X, and 5X damping are shown in Figs. 6.3 and 6.4,
respectively. The m and'+0 floor response spectra for nodes 11 and

18 for all 20 time history inputs are plotted for the same three
damping values in Figs. 6.'5 through 6.7, and Figs. 6.8 through 6.10,
respectively. The statistical variations of these floor response

spectral values measured by the COV computed from Eq. (3.1) are shown

in Fig. 6.11 for node ll, and in Fig. 6.12 for node 18. By comparing

Figs' .11 and 6.12 with Fig. 4 .6, it can, be seen that the COV of
spectral value of the floor response motions are: about the same order





of variation as that of the stationary ground motions in Fig. 4.6.

The PSDF's of the absolute acceleration floor response for nodes ll
and 18 are plotted against frequency in cps as shown in Fig. 6.13.

These PSDF's are obtained from multiplyi'ng the absolute

acceleration structural response transmittancy functions, which are

the square of the transfer function amplitudes in Fig. 5.2, with the

PSDF of the stationary ground motion in Fig. 3.7. In order to obtain
the PSDF of the absolute acceleration floor spectral response, the

PSDF of the absolute acceleration floor response in Fig. 6.13 is
multiplied by the absolute acceleration transmittancy of' SDOF

system having frequency fn and damping 8. The spectral properties of
the PSDF of the absolute acceleration floor spectral response are

4plotted against frequency fn in cps for damping 9 of 2X in Figs. 6.1
through 6.16 for node 11, and Figs. 6.17 through 6.19 for node 18.

The square root of the three spectral moments,~A~ > Aj and

shown in Figs. 6.14 and 6.17 for nodes 11 and 18, respectively, are

computed according to Eq. (2.19). It can be seen thatJX~ at 25 cps

for nodes 11 and 18, which approximately are the rms absolute

acceleration floor responses, are about 500 and 370 iw'sec , or 1.QI 3

and 0.96g, respectively. Using the three spectral moments in these

figures, the center frequency, fc, and the spectral dispersion
paramarameter 6 can accordingly be computed from Eqs. (2.20) and (2.21),
respectively. The computed fc and 8 are plotted in Figs. 6.15 and

6.16 respectively for node 11, and Figs. 6.18 and 6.19 respectively
for mode 18 'n these figures, the analytical fc and 6 computed from

Eq. (2.23) and Eq. (2.28) are also plotted as dotted lines. It can

be seen that the analytical fc compares well with the simulated fc
. when frequency is less than 10 cps, and is higher than the simulated
. f when frequency is greater than 10 cps. This difference betweenc

the analytical and the simulated fc is very similar to that
previously observed for the wide-band ground motion response in
Section 4 ~ On the other hand, the comparison of the analytical 6

with the simulated 6 for the narrow-band floor response in Figs. 6.16

and 6.19 does not show as good a comparison with that for the

6-2





wide-band ground motion in Fig. 4.9. The analytical 4 is generally

lower than the simulated 4 except around the system frequencies at

3.4 and 11 cps where the analytical 6 is higher than the simulated

Thzs difference implies that the analytical peak factor in

Eq. (2.27) with the analytical 6 tends to overestimate the analytical

peak factor with the simulated 4 around the system frequencies and

underestimate the analytical peak factor with the simulated

elsewhere .- As will be shown in Section 7.2.1, the estimated fc
and 8 can be used with reasonable accuracy for computing the

analytical peak fa'ctors for the narrow-band floor response, which

generally compare well with the simulated peak factors, except near

the system frequencies where slight overestimates result.

Using the m and aH.S floor response spectral values derived from the

simulation and thezms response which is equal to ~ho, the simulated

m and m+a peak factors for 2X damping can be computed for nodes 11

and 18, by respectively dividing the m and m+a floor response

spectral values in Figs. 6 ' and 6.9 with the~Ao values in Figs.
6.14 and 6.17. The simulated m and nd.tx peak factors for 0.5X and 5X

damping can be computed similarly. The resulting peak factors are

shown in Figs. 6.20 through 6.22 for Node 11 and Figs. 6.23 through

6.25 for Node 18. As will be described in Section 7 ~ 2 ~ 1, these

simulated peak factors will be used for validating the analytical
PSDF-RS relation'ship presented in Section 2 for narrow-band floor
response to stationary ground motion input.

6.2 Res onses to Nonstationar Ground Motion

The absolute acceleration response motions for nodes 11 and 18 of the

soil-structure system shown in Fig. 5.1 subjected to 20 simulated

Type B nonstationary ground motion time histories are computed using
the computer program CE933, and representative resulting time history
responses are plotted in Figs. 6.26 and 6.27, respectively for Nodes

11 and 18 'heir respective response spectra for .5X, 2X and 5X
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damping are plotted in Figs. 6.28 and 6.29. The m and r&U floor
response spectra for three damping values computed from all 20 Type B

time history inputs are plotted in Figs. 6.30 through 6.32 for node

ll, and Fig. 6.33 through 6.35 for node 18.

The m and ada floor response spectra presented in this section will
be used later in Section 7.2.2 for the validation of the analytical
PSDF-RS relationship for the narrow-band floor responses to Type B

nonstationary ground motion input.

The simulation of the narrow-band floor response to Type C ground

motion inputs has not been performed since, as will be explained in
Section 7 '.2, the analytical PSDFWS relationship with the use of
Modified-Vanmarcke peak factor and the equivalent stationary duration
is found to be too conservative for the Type C ground motion response.
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7. VALIDATIONOF THE PSDF-RS RELATIONSHIP

The simulation results presented in Section 4 for the wide-band seismic

ground motions and Section 6 for the narrow-band floor responses are used

in this section to validate analytical the PSDF-RS relationship presented

in Section 2.1.

7.1 Wide-Band Seismic Ground Motions

The validity and accuracy of the analytical PSDF-RS relationship is
evaluated in Section 7.1.1 for the stationary ground motion, and

Section 7.1.2 for the nonstationary ground motion. In Section 7.1.1,
the accuracies of the analytical rms response and peak factor
contained in the PSDF-RS relationship are also explicitly evaluated

for the stationary ground motion. In Section 7.1.2, the validity of
the PSDF-RS relationship for the nonstationary ground motion is
evaluated using the equivalent stationary duration to represent the

stationary portion of Types B and C ground
motions'.1.1

Stationar Ground Motion

In order to evaluate the accuracy of the analytical rms

responses given in Eg. (2.10), these analytical rms responses

are compared with the simulated rms responses obtained in
Section 4, as shown in Fig. 7.1 for .5$ , 2$ and 5$ damping.

The PSDF compatible with the 2g damping DRS is used in
Eq.'2.10) for Sz(z) in computing, the analytical rms

response. It can be seen from these comparisons that the

analytical rms response generally compares well with the
simulated rms response. Thus, the accuracy resulting from

using the analytical rms response given in Eq. (2.10) to
predict the rms response to the stationary wide-band ground

motion is confirmed.

In order to evaluate the accuracy of the analytical peak

factors shown in Figs'.3 through 2.10, these analytical





peak factors with duration T of 15 seconds are compared with

the simulated m and m+0 peak factors shown in Figs. 4.10

through 4.12 for .5g, 2$ and 5$ damping, respectively. Eased

on these comparisons, the analytical peak factor that compares

best with the simulated peak factor, is the Modified-Vanmarcke

peak factor. The comparisons of the Modified-Vanmarcke peak

factor with the simulated peak factor at the m and m+0 levels
can also be seen in Figs. 7.2 through 7.4 for .5$ , 2$ and 5$

damping, respectively. It is apparent from these figures that
the Modified-Vanmarcke peak factor compares closely with the

simulated peak factors.

The comparisons of the analytical peak factors in Figs. 2.3
through 2.8 with the simulated peak factors in Figs. 4.10

through 4.12 show that the Davenport and Der Kiureghian peak

factors overestimate the simulated m and mw peak factors
especially vhen the frequency and damping are low. As

mentioned in Section 2-5, this overestimation can be

attributed to the inaccuracy of the independent threshold
crossings assumption made for the Davenport peak factor, and

the neglect of the nonstationarity of the response by these

two peak factors eventhough the input ground motion is
stationary.

By comparing Figs. 2.9 and 2.10 with Figs. 4.10 through 4.12,
it can be seen that the Lutes peak factor slightly
underestimates the simulated m and m+0 peak factors vhen

frequency erceeds 1 cps, and,slightly overes'timates the
simulated m and m+a peak factors when frequency is less than 1

cps. This difference may be due to the use of ideal white
noise instead of the more realistic vide-band seismic ground

motion for the derivation of the Lutes empirical peak factor.
In summary, among the analytical peak factors surveyed in
Section 2.2, the Modified-Vanmarcke peak factor gives the

V ~

most accurate prediction as compared to the simulated peak
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factor for the case of stationary wide-band ground motion
input.

In order to evaluate the validity and accuracy of the PSDF-RS

relationship for the stationary wide-band ground motion, the m

and m+g response spectra generated from the analytical PSDF-RS

relationship are compared with the simulated m and m+0

response spectra in Figs ~ 7 5 through 7 7 respectively for
.5$ , 2$ and 5$ damping. The analytical m and m+0 response

spectra, shown as dotted lines in these figures, are computed

from Eq. (2.13) using the analytical rms response and the

Modified-Vanmarcke peak factor. The simulated m and m+0

response spectra, shown as solid lines in these figures, are

obtained from Section 4.1, Figs. 4.3 through 4.5. As can be

seen in Figs. 7.5 through 7.7, the analytical' and m+0

response spectra compare closely with the simulated m and m+a

response spectra. Thus, the validity and accuracy of the

PSDF-RS relationship in Eq. (2.13) with the use of the

analytical rms response and the Modified-Vanmarcke peak

factor, is confirmed for the stationary wide-band ground

a otion input"

7.1.2 Nonstationar Ground Motion

I

Since the PSDF-RS relationship derived in Section 2.1 is based

on the assumption of stationary ground motion input, it is
necessary that, for this relationship to be applicable to
Types B and C nonstationary ground motion inputs, the ground

motion duration T be characterized by an equivalent stationary
motion duration, Te. Various methods of determining Te for
nonstationary ground motions have been proposed in the

literatures (e.g., Refs. 20 and 21). The method selected here

for determining Te is similar to that proposed by Trifunac and

Brady in Ref. 20. The equivalent stationary duration, Te, 'is

defined as follows:





T T 9p T p5

T 90 and T 05 are the times respectively corresponding

to 90$ and 5$ of the total energy of the ground motion

represented by the integral Z(t) as follows:

(7. 2)

Note that the limits on input energy used by Trifunac and Brady

in Ref. 22 are 5C and 95$ . These limits have been modified to

5$ and 90$ because it has been found that Te without
modification would produce too conservative predictions on the

response spectra. Using Eq ~ (7.1), the average values of Te

are determined to be 14 and 5 seconds, from the total
durations of 30 and 12 seconds used for the Types B and C

ground motion simulation, respectively.

For Type B ground motions, the validity and accuracy of the

PSDF-RS relationship is evaluated by comparing the analytical
m and m+c response spectra with the simulated m and m+g

response spectra, as shown in Fige. 7.8 through 7.10 for .5$ ,

2g and 5$ , respectively. The analytical m and m+0 response

spectra plotted as dotted lines in these figures are computed

from using Te 14 seconds, the analytical rms response, and

the Modified-Vanmarcke peak factor in Eq. (2.13) ~ The

simulated m and m+g response spectra plotted as solid lines in
these figures are obtained from Section 4.2, Figs. 4.16

through 4.18. As can be seen from Figs. 7.8 through 7.10, the

analytical m and m+0 response spectra compare closely with the

simulated m and m+a response spectra, respectively. Thus, the

validity and accuracy of the PSDF-RS relationship in
Eq. (2.13) with the use of Te, the analytical rms response,

and the Modified-Vanmarcke peak factor, is confirmed for Type

B nonstationary ground motions.
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For Type C ground motions, the validity and accuracy of the

PSDF-RS relationship is evaluated by comparing the analytical
m and m+a response spectra with the simulated m and m+g

response spectra, as shown in Figs. 7.11 through 7.13

respectively for .5$ , 2$ , and 5g. damping. The analytical m

and m~ response spectra, plotted in these figures as dotted
lines, are computed from using Te 5 seconds, the analytical
rms response, and the Modified-Vanmarcke peak factor in
Eq. (2.13). The simulated m and m+0 response spectra plotted
as solid lines in these figures are obtained from Section 4.2,
Figs. 4.22 through 4.24- As can be seen from Figs. 7.11

through 7.13, the analytical m and m+v response spectra
generally overestimate the corresponding simulated m and mat

response spectra, especially in the low to medium frequency
range.

This is because the Type C ground motion has relatively short
strong intensity portion to allow response to reach

stationary. Thus, the PSDF-RS relationship in Eq.(2.13) with
the use of Te, the analytical 'rms response, and the

Modified-Vanmarcke peak factor result in conservative
estimates on the response spectra of Type C ground motion.

Based on,the above findings, it can be concluded that the
PSDF-RS relationship in Eq. (2.13) can be applied with
sufficient accuracy. for the nonstationary wide-band ground

motion whose transient characteristics are similar to the

Type .B ground motion with an equivalent stationary duration as

de'fined by Eq. (7.1) to be about 14 seconds.

7.2 Narrow-Band Floor Res onse

The validity and accuracy of the analytical PSDF-RS relationship is
evaluated in Section 7-2.1 for the narrow-band floor responses to
stationary ground motion, and in Section 7.2.2 for the narrow-band
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floor response~ to nonstationary ground motion. The accuracies of
the analy'tical rms response and 'the peak factor contained in this
relationship are also explicitly evaluated in Section 7.2.1. Using

the same equivalent stationary duration determined in Section 7.1.2
for the Type B ground motion, the validity and accuracy of the

PSDF-RS relationship is evaluated for narrow-band floor responses to

Type B nonstationary ground motion. The validity and accuracy of the

analytical PSDF-RS relation for narrow-band floor responses to the

Type C ground motion will not be evaluated, since it has been found in
Section 7.1.2 that it results in too conservative response estimates
for the Type C ground motion response.

7.2.1 Res onses to Stationa Notion

En order to evaluate the accuracy of'the analytical rms

response given in Eq. (2.10) for this case, the analytical rms

floor spectral responses for .5$ , 2g, and 5$ damping are

compared with the corresponding simulated rms floor spectral
responses, as shown in Figs. 7.14.a through 7.14.c for node

ll, and Figs. 7.15.a through 7.15.c for node 18. The

analytical rms floor spectral responses for nodes ll and 18

are computed from using Eq. (2.10) with Sx(+) equal to their
respective PSDF shown in Fig. 6.15. The simulated rms floor
spectral responses for nodes ll and 18 are obtained from

1

Section 6, e.g., the simulated rms floor spectral responses

for 2$ damping are shorn as J 1o in Figs. 6.14 and 6 ~ 17 for
nodes ll and 18, respectively. As can be seen from the
comparisons in Pigs. 7.14 and 7.15, the analytical rms floor
spectral response overestimates the peaks and underestimates
the valleys of the simulated rms floor spectral response.

Thus, the analytical rms response given in Eq - (2.1$ ) cannot
be accurately used for predicting the narrow-band rms floor
spectral response to stationary ground motions. Therefore,

~ the simulated rms floor spectral response should be used

instead of the analytical rms response for a more accurate
prediction of the floor response spectra.
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In order to evaluate the accuracy of the analytical peak

factors shown in Figs. 2.3 through 2.10, these analytical peak

factors are compared with their respective simulated peak

factors in Figs. 6.20 through 6.22 for node 11, and Figs. 6.23

through 6.25 for node 18. The results from these comparisons

are that the Modified-Vanmarcke peak factor can be used with
reasonable accuracy for pre'dieting the narrow-band floor
response to stationary ground motion input, except near the
system frequencies where slight overestimates occur.

Due to the inaccuracy of the analytical rms response, the

analytical PSDF-RS relation in Eq. (2.15) cannot be expected

to be accurate for predicting the narrow-band floor response

spectra. To improve the accuracy, Eq. (2.12) with the
simulated rms response in Figs. 7.14 and 7.15 and the

Modified-Vanmarcke peak factor, can be used for generating the
floor response spectra. The analytical m and mKf floor
response spectra as generated are compared respectively with
the simulated m and ~ floor response spectra in Figs. 7.22

through 7.24 for node ll, and Figs. 7 '5 through 7.27 for node

18. The analytical and simulated m and ~ floor response

spectra are plotted in these figures as dotted and solid
lines, respectively. As can be seen from Figs. 7.22 through

7.27, the analytical m and mar floor response spectra generally
compare reasonably well with the simulated m and ~ floor
response spectra. Thus, these comparison results confirm that
the analytical floor response spectra of the narrow-band floor
response motion to the stationary wide-band ground motion
input, can be computed with reasonable accuracy from

Eq. (2.12) with the use of the simulated rms floor spectral
response, i.e. the rms floor spectral response given byJX~
and the Modified-Vanmarcke peak factor, except near the system

frequencies where slight overestimates occur.
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7.2.2 Res onse to Nonstationar Ground Motion

The equivalent stationary duration of 14 seconds as previously
determined in Section 7.1.2 is used in generating the

analytical m and aHe floor response spectra of the

narrow-band floor responses to the Type B ground motion. As

in Section 7.2.1, the analytical m and m+< floor response

spectra are computed from using Eq. (2.L?) with the simulated

rms response and the Modified-Vanmarcke peak factor. These

computed analytical m and aHa floor response spectra are

compared with the simulated m and m+a floor response spectra
in Figs. 7 .28 thr'ough 7 .30 for node ll, and Figs. 7 .31 through

7 .33 for node 18 . The simulated and analytical response

spectra are plotted in these figures as solid and dotted
lines, respectivley. The simulated m and aHa afloor response

I

spectra shown in these figures are obtained from Section 6.2,
Figs. 6.30 through 6.32 for node 11, and Figs. 6.33 through
6.35 for node 18. As can be seen from Figs. 7.28 through 7.33,
the analytical m and m+0 floor response spectra generally
compare reasonably well with the simulated m and m+0 floor
response spectra. Thus, these comparison results confirm that
the analytical floor response spectra of the narrow-band floor
response motion to the Type B ground motion input, can be

computed with reasonable accuracy from Eq. (2.12) with the use

of the simulated rms floor sPeotral resPoosa gives by ~io
P

and the Modified-Vanmarcke peak factor, except .near the system
frequencies where slight overestimates occur.
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8 ~ DIRECT GENERATION OF PROBABILISTIC FLOOR RESPONSE SPECTRA

Based on the evaluation results in Section 7, the probabilistic floor
response spectra (FRS) with any desired confidence levels can be generated

directly with reasonable accuracy from the prescribed design ground

response spectrum (DRS) as follows, see Fig. 8.1:

1. Compute the ground motion PSDF from the prescribed DRS using the

PSDF-RS relationship in Eq. (2.14) with the Modified-Vanmarcke peak

factor given in Section 2.2.1-b. The approximate values of 8 in
Eq. (2.28) and u in Eq. (2.22) are used for computing the Modified-
Vanmarcke peak factor.

2. Compute the structural response transmittancy function which is the

square of the amplitude of the structural response transfer function.

. 3 ~ Compute the structural response PSDF by multiplying the ground PSDF in
Step 1 with the structural response transmittancy function in Step 2.

4. Compute the floor spectral response PSDF by multiplying the structural
response PSDF in Step 3 with the transmittancy function of a SDOF

system with specified spectral frequency and the desired spectral
damping ratio.

5. Compute the rms f2ooi spectral response by taking the square root of
the area under the floor spectral response PSDF in Step 4.

6. Compute the. floor spectral response value by multiplying the rms floor
spectral response in Step 5 with the Modified-Vanmarcke peak factor in
Step l.

7. Generate the floor response spectrum for the desired spectral damping

ratio by repeating the computations from Step 4 to Step 6 using
different spectral frequencies for the SDOF system in Step 4.

I
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The probabilistic FRS generated from the above procedure generally compare

reasonably well with those obtained from simulations as shown in Section

7, although the floor spectral values at the peaks corresponding to the

system frequencies are found to be slightly overestimated relative to the

simulated results. These slight overestimates on the floor spectral
response values at the peaks can be attributed to the slight overestimates

on the Modified-Vanmarcke peak factor values at the system frequencies

resulting from using the approximate value of 6 in the above Step 6. As

shown in Section 6.2, the approximate value of 6 for the narrow-band floor
response tends to overestimate the simulated (exact) value of 4. near the

system frequencies ~ and underestimate the exact value of 4 elsewhere. As

a result, the Modified-Vanmarcke peak factor computed from using the

approximate value of 5 for the narrow-band floor response tends to be

higher than that computed from using the exact value of 5 near the system

frequencies, and lower than that computed from using the exact value of
elsewhere. Therefore, in order to improve the accuracy of the

probabilistic FRS at the system frequencies relative to the simulated

results, the exact value of d in Eq. (2.21) may be used, instead of the

approximate value of 6 in Eq. (2.28), for computing the
Modified-Yanmarcke peak factor for the narrow-band floor response in the

above Step 6. This, in effect, would lower the floor response spectral
values near the peaks and raise the floor response spectral values,
elsewhere, producing more accurate estimates near the peaks and slight
overestimates elsewhere. The slight overestimates on the floor response

I
s ectral values in the high frequency range, however, can be reduced toP

improve the accuracy relative to the simulated results, by using the exact
value of uo in Eq. (2.18) instead of the approximate value of vo in Eq.

(2.22) for computing the Modified-Vanmarcke peak factor for the
narrow-band floor response in the above Step 6. As shown in Section 6.1,
the simulated center frequency computed from using the exact value of vo

generally compares closely with the analytical center frequency computed

from using the approximate value of vo, except in the high frequency
region where the simulated frequency is smaller than the analytical center
frequency. In fact, as frequency increases, the simulated center
frequency approaches the center frequency of the floor response motion,
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whereas the

result, the

value of vo

approximate

analytical center frequency approaches a large value. As a

Modified-Vanmarcke peak factor computed from using the exact

is always smaller than that computed from using the

value of vo in the high frequency range.

In summary, the accuracies of the probabilistic FRS at the system
I

frequencies as well as in the high frequency region relative to the

simulated results may be improved by the use of the exact values of 0 and u

for determining the Modified-Vanmarcke peak factor for the narrow-band

floor response in the above Step 6. In the following section, the

application of the proposed procedure of generating the probabilistic FRS

discussed above is demonstrated for a typical nuclear power plant
subjected to seismic ground motions. The effects on the probabilistic FRS

due to the use of the exact values of 5 and vo will also be discussed.

The spectra generated with the procedure proposed herein carry the

following implied assumptions:

1. The structural system is linear.

2. The prescribed DRS for the seismic ground motion is for a low damping

value and a known confidence level.

3. The seismic ground motion is a normal wide-band random process, and

its nonstationara'.ty can be characterized by an equivalent stationary
process.

4. Similarly, the structural response to the seismic ground motion can be

characterized by an equivalent stationary random process.

For practical applications, assumptions 1 and 2 can generally be met by

the design requirements. However, in order to satisfy assumptions 3 and

4, the seismic ground motion, which is a nonstationary process, should

have a sufficiently long equivalent stationary duration Te as defined in
, Eq. 7.1, as compared to the lowest period Tl of the structural system.
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The results in Section 7 indicate that, when the ratio of Te/Tl is greater
than about 40, the probabilistic response spectra can be generated from

the above procedure with reasonable accuracy. However, when Te/Tl is less
than about 40, the probabilistic response spectra as generated from the

above procedure can be expected to be conservative.
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9. APPLICATIONS

Applications of the proposed procedure for generating the probabilistic
FRS directly from the prescribed DRS in Section 8 are demonstrated in this
section. The probabilistic FRS of a typical nuclear power plant structure
subjected seismic ground motions prescxibed in the form of DRS are

generated "using the proposed procedure, and presented in details. Also,

presented are the comparisons between the probabilistic FRS and the

deterministic FRS generated from using a single time history compatible

with the prescribed DRS, in order to provide some insights into the

relative merits of the proposed procedure and the deterministic method

currently used in practice. The analysis model used for generating the

FRS is essentially the same as the soil-structure model of a typical
nuclear power plant shown in Fig. 5.1, except that the structures are now

fixed at the base. The material and sectional properties of the

fired-base structures are provided in Table 5.1. A constant damping value

of 2$ is assigned for the five lowest modes used in the analyses.

The 2$ damping response spectrum from the USNRC R.G. 1.60 shown as a

dashed line in Fig. 9.1 is used to prescribe the DRS at mu level (i.e.,
p ~ 84$ ) for seismic ground motions. Also shown as a solid line in this
figure is the 2$ damping response spectrum of the synthetic time history
shown in Fig. 9.2. This synthetic time history is used as input for
generating the deterginistic FRS. The equivalent duration, Te, of this
synthetic time history used as input for generating the probabilistic FRS

is determined from Eq. (7.1) to be about 12 seconds.

Using the proposed procedure in Section 8, the 2$ damping FRS at m+0 level
for nodes ll and 18 are generated. The results obtained from various
steps in the proposed procedure are plotted as shown in Fig. 9.3 through

Fig. 9.16 'ig. 9.3 shows the Modified-Vanmarcke peak factor for seismic

ground motions, computed from using the approximate values of 6 and vo ~

The PSDF of ground motions computed according to Step 1 of the proposed

procedure is shown in Fig. 9.4. The structural response transfer
functions for nodes 11 and 18 required in Step 2 of the proposed procedure
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are shown in Figs. 9.5 and 9.6, respectively. The PSDP's of the floor
response motions at nodes ll and 18 computed according to Step 3 of the

proposed procedure are shown in Figs. 9.7 and 9.8, respectively. The

spectral dispersion parameter 5 for the PSDP's of the floor response

motions at nodes ll and 18 are plotted in Figs. 9.9 and 9.10,

respectively. In each of these figures, the approximate value of 6

computed from Eq. (2.21) and the exact value of 4 computed numerically
from Eq. (2.28) are plotted as dashed and solid linea,

respectively.'imilarly,

the approximate and exact values of center frequency fc
computed from Eqs. (2.20) and (2.25), respectively, which equal to vo/2,
are plotted in Fig. 9.11 for node ll, and Fig. 9.12 for node 18. The

Modified-Vanmarcke peak factor for floor spectral response computed from

using the approximate and exact values of 6 and 'oo are plotted
respectively as dashed and solid lines in Fig. 9.13 for node ll, and Fig.
9.14 for node 18. Following Steps 4 through 6 of=the proposed

procedure, the probabilistic FRS at m+a level computed from using the

approximate values and the exact values of 6 and vo are generated and

shown as dotted lines in Figs. 9.15 and 9.17 for node ll, and Pigs. 9.16

and 9.18 for node 18, respectively.

The deterministic FRS generated from performing a time history analysis of
the fixed-base structures subjected to the synthetic time history shown in
Fig. 9.2 are also shown as solid lines in Figs. 9.15 and 9.17 for node ll,
and Figs.9.16 and 9.18 for node 18.

It can be seen from Figs. 9.15 and 9.16 that the probabilistic FRS

computed from using the approximate values of 4 and vo compare reasonably

well wi'th the deterministic PRS, except at the spectral peaks and in the

high frequency region where the probabilistic FRS are higher than the

deterministic FRS.

As discussed in Section 8, the accuracy of the floor response spectral
values at the peaks and in the high frequency region can be improved by

using the exact values of 6 and vo for computing the Modified-Vanmarcke

peak factors in Step 6 of the proposed procedure. The effects of using
A
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the exact values rather than the approximate values of 6 and ~o on the

Modified-Vanmarcke peak factor can be seen in Figs. 9.13 and 9.14 for
nodes 11= and 18, respectively. The comparisons in these figures clearly
show that the Modified-Vanmarcke peak factor using the exact values of

e i hand vo is generally lower near the system frequencies and in the hig
frequency region, but is slightly higher elsewhere than that using the

approximate values of 8 and vo. This same trend applies to the FRS as

can be seen from comparing Figs. 9.15 and 9.16 with Figs. 9.17 and 9.18,
respectively.

The comparison of the probabilistic FRS generated from using the exact

values of d and vo with the deterministic FRS as shown in Figs. 9.17 and

9.18, shows that the probabilistic FRS remain slightly higher near the
H

system frequencies and in the high frequency region than those of the

deterministic FRS. These differences can be attributed to the fact that
the probabilistic FRS are generated based on treating an ensemble of
seismic ground motions as an equivalent normal stationary random process,

whereas the deterministic FRS are generated from using a single time
~ history analysis. Furthermore, these differences could also be

contributed by the fact that the nonstationarity of seismic ground motions

is treated approximately as an equivalent stationary process in the

generation of the probabilistic FRS.

Since the comparisons in Figs. 9.17 and 9.18 show that the probabilistic
t

FRS at m+a level generated from the prescribed MS at the same confidence

level generally are consistently slightly more conservative than the
deterministic FRS currently used in practice, and since the cost of
generating the probabilistic FRS is much less than that by the
deterministic. method, the proposed approach in Section 8 can effectively
be used to'generate the FRS for use in a preliminary or generic seismic

qualification of equipment and piping in a nuclear power plant.
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10. SUMMARY AND CONCLUSIONS

The procedure for a direct generation of the probabilistic FRS from the

prescribed DRS for seismic ground motions has been developed and
- presented in Section 8. This procedure, which can be used to generate

the FRS for any desired level of confidence, makes explicit use of the

PSDF-RS relationship in Section 2.1, which contains two key parameters-
the rms response and the peak factor. This relationship has been

systematically evaluated using simulation results for the wide-band

grounround motions and for the narrow-band floor response motions. Various

widely-known peak factors were also included in the evaluation.

Twenty time histories were simulated in Section.4 for each of the three

types of the wide-band ground motions, namely„ the stationary, Types B

and C nonstationary ground motions, considered in the evaluations. These

simulated time histories were generated from the PSDF compatible with the
I

2$ damping response spectrum from the USNRC R.G. 1.60. The PSDF s

corresponding to the different damping of the USNRC R. G. 1.60 response

spectra were found to be different; therefore, they cannot be associated

with a single random process. The narrow-band floor response motions

considered in the evaluation were simulated in Section 6 for a typical
nuclear power plant structure subjected to both the wide-band stationary
and Type B nonstationary ground motions.

Eased on the evaluation results of the PSDF-RS relationship in Section 7,
t

the major findings can be summarized as follows:

l. For the wide-band stationary ground motion, the response spectra at m

and m~ levels generated from the PSDF-RS relationship, with the use

of the Modified-Vanmarcke peak factor computed from using the

approximate values of 6 and vo, are sufficiently accurate as compared

with those obtained from simulations.

2. For the wide-hand Type B nonstationary ground motion, the findings on

the va3.idity and accuracy of PSDF-RS relationship were similar to
those found for the wide-band stationary ground motion. An equivalent
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stationary duration of this type of ground motions computed from

Eq. (7.1) and used in the PSDF-RS relationship,was about 14 seconds.

For the wide-band, Type C nonstationary ground motion, the m and ne'er

response spectra generated from the PSDF-RS relationship were found

to be too conservative, especially when damping is low, as compared

with the simulation results. An equivalent stationary duration of
this ground motion computed from Eq. (7.1) and used in the PSDF-RS

relationship, was about 5 seconds.

4. For the narrow-band floor response motions to the wide-band

stationary ground motion input, the PSDF-RS relationship as used for
the vide-band motions can not be used with sufficient accuracy as

compared with the simulation results, due to the inaccuracy of the.

rms response contained in the PSDF-RS relationship. lt was, however,

found that the accuracy can be improved with the use of the rms floor
spectral response computed numerically from the floor spectral
response PSDF. Vith this improvement, the generated floor response

spectra at the m and m+0'evels were found to be reasonably accurate,
with slight overestimates at the spectral peaks, as compared to the

simulation results.

5. For the narrow-band floor response motions to the wide-band Type B

nonstationary ground motion input, the findings on the validity and

accuracy of the PSDF-RS relationship are similar to those found for
the narrow-band floor response motions to the vide-band stationary
ground motion input.

Based on the above findings, it can be concluded that the procedure

presented in Section 8 can be used for generating .the probabilistic FRS

directly from the prescribed DRS with reasonable accuracy as compared to
the simulation results, except for the values near the floor response

spectral peaks where slight overestimates result. The accuracy of the

floor response spectral values at the peaks and in the high-frequency
region can, however, be improved by using the exact values of 5 and vo
computed numerically from the floor spectral response PSDF instead of
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using the approximate values of 6 and 'uo for computing the Nodified-
Vanmarcke peak factor for the floor spectral response. This was

demonstrated in the application in Section 9. Thus it may be concluded
- that, in order to improve the accuracy'f the floor response spectral

values at the peaks and in the high frequency region generated from the

'rocedure in Section 8, different peak factors should be used for the

wide-band ground motions and for the narrow-band floor response motions.

The compariso'ns between the probabilistic FRS and the deterministic FRS

generated from using the conventional time histor'y analysis demonstrated

in Section 9, show that the probabilistic FRS generally are slightly more

conservative than the deterministic FRS, and that the use of the exact

values of 4 and uo gives spectral values at the peaks and in the high
frequency region closer to those of the deterministic FRS than those

generated from using the approximate values of 6 and oo.

The generation of probabilistic FRS using the proposed procedure is found

to be very cost-effective as compared with the use of the deterministic
method. For the example demonstrated in Section 9, the cost of
probabilistic FRS is about one fourth of the cost of the deterministic
FRS. The cost effectiveness is expected to be even larger for system

with many more degrees-of-freedom. Because of its cost effectivenesss,
this procedure can effectively be used for generating FRS for a

preliminary or gen'eric design and qualification purposes. Further
t

refinements of the proposed procedure for generating the probabilistic
FRS may be possible. However, such refinements must be baaed upon

further studies on the floor responses to actual seismic ground motions

which are inherently nonstationary.
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TABLE 2.1 THE VANthARCKE-EXACT PEAK FACTOR AT m AND m + g LEVELS

FOR 2X DAMPING

rm "m+a p for rm p for rm+a

1

1

1

1

1

1

1

)

2
2
2
3
'2

3

F 000
h ~ 5)0
62 ~ 0 00
75550
< F 055

10 '00
12 F 000
13 ~ 500
15 ~ QCD
16 'i"0
1 S ~ 000
19 ~ SiOG

21 ~ OCO
"2 ~ 5CO
2h ~ GCC
270000
30 '00
33 F 000
36e."00

~ ".00
30 '3

~ 3 0 h

hs ~ 5GG
229 F 505
she 000
6ih F 503
SaeDGC
75 F 555
75 ~ 303
82 '00
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TABLE Z.Z THE LUTES PEAK FACTOR AT m AND m + g LEVELS FOR

ZX DAMPING

r
mrna

p for r p for r

3 ~ ODD
4 ~ 500
6 ~ 000
7 ~ 500
9 ~ 000

10 ~ 500
12 ~ 000
13 ~ 500
15 ~ 000
16 ~ 500
18 F 000
19 ~ 509
21 ~ DCG
22 '00
24 F 900
27 F 000
30 F 000
33 F 000
36 F 900
39 '00
42 ~ OOG
45 ~ Goo
49 '00
54 F 000
60 F 009
66 F 000
7D ~ SOG
75 F 000
82 '00
90 '90
97 F 500

105 ~ 000
112 F 500
129 ~ GCO
127 ~ 500
135 F 900
150 F 900
165 ~ GDO
]80 ~ 000
195 ~ 900
2]3 ~ OGG
225eDGD
247 ~ 509
279 '99
300 F 900
33O.OOO
375 F 000

~ l]S4+D1
~ 1425+01
~ 1589+ 01
e1712ool
~ 1S]1+01
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~ 1964eol
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e2]24oo]
~ 2173+01
~ 2213+01
~ 2250+01
~ 2285+01
~ 2317e0]
~ 2374+91
~ 2425+01
~ 247oo01
~ 2511+01
~ 2549+0]
~ 2583+01
~ 2615+01
~ 2658o9]
~ 2697o9]
~ 2744+ 01
e2785+01
~ 2814+01
~ 284oool
~ 28SD+01
~ 2917+Gl
~ 2950+Cl
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3933oo]

~ 3957eo]
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Earthouake Year Recordinn Station Component

TABLE 3.1 EARTH(UAKE ACCELEROGRAHS CONSIDERED

Peak Ground
Acceleration,
in q Units'l Centro ( Imperial Valley) 1940 El Centro SOOE

S90W
.35
.21

Ferndale (NW California)

Kern Co.

1951 Ferndale

1952 Taft

S44'~1

N46M

N21E
S69E

.'104

.112

,16
.18

Kern Co.,

Kern Co.

1952

1952

Hol lywood Storage
Basement

Hollywood Storage
PE Lot

SOOM

N90M

SOOW

N90E

. 055

.044

.059

.042

Eureka

Eureka (Ferndale)

El. Centro (El Alamo)

San Francisco

Hollister
~ ~

El Centro (Borrego Htn)

1954 Eureka

1954 Ferndale

1956 El Centro

1957 Golden Gate Park

1961 Hol 1 i ster

1968 El Centro

Nl 1 W

N79E

N44E
N46W

SOOM

S90W

N10E
SBOE

S011I
N89M

SOOM .

S90W

.17

.26

.159

.201

. 033

.
051'08

.10

.065

.179

.130

. 057

El Centro (Lower Califorhiaf 1934 El Centro S0011
S90M

.16

.18

Hel ena

Olympia (W. Washington)

Olympia (Puget Sound)

Parkfield

1935 Helena

'949 Olympia

1965 Olympia

1966 Cholame-Shandon
No. 2

SOOM

S901I

N04W

N86E'04E

S86! I

N6SE

.15

.15

.16

.28

.14

.20

.49
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TABLE,3.1 EARTHQUAKE ACCELEROGRAM CONSIDERED (CONT'D}

Earth uake

Parkfield

Parkfield 1966 Temblor A'2 N65>l
S25M

Year Recording Station Comoonent

1966 Cho1 arne-Shandon N051l
No. 5 N85E

Peak Ground
Acceleration,
in o Units

.35

.43

.27

.35

San Fernando 1971 Pacoima Dam S16E
S74W

1.171
1,076

San Fernando

San Fernando

San Fernando

San Fernando

1971 V. N, Holiday Inn NOON

(8244 Orion) S90ll

1971 Castaic ORR N2lE
N69lg

1971 Bank of California NllE
05250 Ventura Bl) N79ll
basement

1971 Universal-Sheraton NOOE

(3838 Lankershim) S90M
basement

.25

.13

.32

.27

.22
,15

,17
.15





TABLE 3.2 LIST OF 91'FREQUENCIES IN CPS

.06670

. 11800
~ 20800
~ 3 1300
~ 55600

'1.00000
1.67000
2.63000
4 '5000
7 '9000

13.30000
22.70000

,.07140
. '12500
. 21700
.33300
.seeoo .

1.05000
1.82000
2.78000
5.00000
8.33000

14.30000
23.80000

.07690

. 13300

.22700

.35700

.62500
1. 1 1000
2.00000
2.94000
5.26000
9.09000

15.40000
25.00000

.08330

. 14300

.23800

.38500

.66700
1. 18000
2.08000
3. 12000
5.56000

10.00000
16.70000

.09090

. 15400

.25000

. 4 1700

. 71400
1.25000
2. 17000
3.33000
5.88000

10.50000
18.20000

. 10000

. 16700

.26300

.45500

.76900
1.33000
2.27000
3.57000
6.25000

11. 10000
20.00000

. 10500

. 18200

.27800
'.50000
.83300

1.43000
2.38000
3.85000
6.67000

1 1. 80000
20.80000

. 11100

.20000

.29400

.52600
~ 90900

1.54000
2.50000
4. 17000
'7. 14000

12 F 50000
21. 70000

TABLE 3.3 MAXIMUMACCELERATION OF SIMULATED STATIONARY GROUND MATRONS

Ground Motion No.
Maximum Acceleration,

in Unit

6

10

12

13

14

15

16

17

18

19

20

1. 09

0. 83

0. 86

l. 13

0. 77

1. 04

0 '4
1.06

0. 86

0. 91

0. 83

0.83
0.86

0.89

0. 92

0. 92

0.98

1.23

0 '2
0.88





TABLE 4.1 LIST OF 47 FRE(UENCIES IN CPS

.200+00

. 100+01

. 200+01

. 400+01

. 750+01

. 140+02

.300+00

. 110+01

.220+01
,44Q+Qt
.800+01
. 150+02

.400+00

.120tot

. 240+01

.470+01

.850+01

.165+02

.500+00

. 130+01

.260+01,

.500+01

.900+01,

. 180+02

.600+00

. 140+01

. 280+01

.55040t

. 100+02

.200+02

.700+00

. 150+01

. 300+01

. 600+01

. 1 to+02

.220+02

.800+00

. t60~01

.330iot

.650iot

.t20i02

.250+02

.900<00

. t80+Qt

.360<01

.700+01

.130>02





TABLE 5.1
PROPERTIES OF THE STRUCTURAL MODELS OF

THE CONTAINMENT BUILDING AND INTERNALS

(*Concrete Modulus E = 6.9 x 10 ksf, G=2.7 x 10 ksf)5
'

Joint Pro erties Member Pro erties
Mass m.

No. ~(ki s)
I. x10

(ki -ft )

Location Are Sh Aye Moment o

Joint No. (ft ) (ft ) (ft )

19 20000

1 4600

2 4200

21. 1

9 '

8.5

19 to-.l 1400 700

1 to 2

2to3
3 to 4

2.8

7 4610

8 3020

9 2470

10 2120

11 190

12 2800

13 2510

14 6290

15 3760

16 8540

17 1220

18 820

4 to 5

0
5 to 6

T9.4 A 6 to7
I5.9 N 7 to 8 990
M37E8to9
N

1 7 T 9 to 10

500

0.1 10 to ll
2.4

1.9

5.0

6.6

12. 6

0.8

0.1

19 to 12 2000 1320

12 to 13 2560 1560
N

13 to 14 2210 1460
E

14 to 15 1960 730

15 to 16 1740 600
L

16 to 17 780 360

17 to 18 190 70

1.9

0.8

0.2

1.2

1.2

1.3

0.9

0.2

0.004





TABLE 5.2 FIXED-BASE MODAL PROPERTIES OF THE

CONTAINMENT BUILDING AND INTERNALS

Mode No. Fre uenc CPS

5.26*

11.95-

16.24¹

17.48¹

Partici atin Factor

30.1

13.5

-13.4

-20.4

Dam in

Notes: * - Frequencies of the fixed-base containment structure

¹ - Frequencies of the fixed-base internal system





TABLE 6.1 MAXIMUM RESPONSE ACCELERATIONS

TO STATIONARY GROUND MOTIONS

Response
Motion No.

Maximum Acceleration in
Node No. 11 Node No. 18

1

2

3

4

5

6

7

8

9

10

ll
12

13

14

15

16

17

18

19

20

3. 93

3.68

3.33

3. 79

3.60
3.89

3.68

3.92

4.02

4.25

4.06

3.52

3.96

3. 41

4. 05

3.67

3.56

3.63

3. 97

4.68

2. 92

2.51

2.81

2.69

3. 24

2. 93

2.97

2.79

3.47

3.18

2.73

2.76

2.76

3.25

2.62

3.94

2. 93

2.69

2.61

2.72
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