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ABSTRACT 

The use of mechanical energy absorbers as an alternative to conventional hydraulic and mechanical 
snubbers for piping supports has attracted a wide interest among researchers and practitioners in the nuclear 
industry. The basic design concept of energy absorbers (EA) is to dissipate the viiration energy of piping 
systems through nonlinear hysteretic actions of EA'S under design seismic loads. Therefore, some type of 
nonlinear analysis needs to be performed in the seismic design of piping systems with EA supports. 

The equivalent linearization approach @LA) can be a practical analysis tool for this purpose, particularly 
when the response spectrum approach WA) is also incorporated in the analysis formulations. In this paper, 
the following ELA/RSA methods are presented and compared to each other regarding their practicality and 
numerical accuracy: 

- Response spectnun approach using the square root of sum of squares (SRSS) approximation (denoted 

- Classical ELA based on modal combinations and linear random vliration theory (denoted CELA in this 

- Stochastic ELA based on direct solution of response covariance matrix (denoted SELA in this paper). 

RS in this paper). 

paper). 

New algorithms to convert response spectra to the equivalent power spectral density (PSD) h a i o n s  are 
presented for both the above CELA and SELA methods. The numerical accuracy of the three ELARSA's 
are studied through a parametric error analysis, Finally, the practicality of the presented analysis methods 
is demonstrated in two application examples for piping systems with EA supports. 

- 

*This work was performed under the auspices of the U.S. Nuclear ReguIatoxy Commission. 
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lNTRODUCTlON 
The use of mechanical energy absorbers as an alternative to 

convent id  hydraulic and mechanical snubbus for piping suppods 
hasattractadawideintcrcstamangresearchenandprfitionersinthe 
nuclear industry (e.g., Ref. [I] and [2J). The basic des& CoIlCcpt of 
energy absorbcR (EA) is to dissipate the vibration energy of piping 
systems though nonlincpr hystmtic actions of EA'S under dcsign 
sdsnic loads. Therefore, some type of nonlinear Mplysis needs to be 
pcrfomcd in the seismic dcsign of piping qstcms with EA support* 

The equivaknt limaritation - h ( E L A ) - k . W  
~tDalfbrtfiispurposc,particuiartywhcntherrsponstspcctrum 
approech (RSA)isslso incorporated in thcMdysls farmulatiom In 
this paper, the fdlowing ELAIRSA methods are plfimted and 
comparcdto each othcr regarding thcirpmtdity and numerid 
mu- 

- Response spectrum approach using the square root of sum of 
squares (SRSS) approximation (denoted RS in this paper). 

- ClasgicalELAbascdonmodnlcom~andlinarramiom 
- stochllstic ELA b a d  on dinct soiution of rcqxmsc c o v d  

Ncu~tDconvatnsponacspcctrrt43~cquivacntpower 
spectral denSity@D) functions arc pnsented for both theabove 

n i o n  theory(dcn~cELAinthisprpcr). 

matrix (denoted SELA in this papcr). 

CELA and SELA mahods. The numcricd accuracy of the three 
EIA/RSA'sarestudiedthroughaprwmctricnroranalysis. F i i , t h e  
practicality of the pmmtcd analysis mahods is demonstrated in two 
appticarion exlunpks for piping systems with EA supports. 

EQUIVALENT LINEARIZATION APPROACHES 

Rs Methodig to the clsssicd study by caugllcy (1%3), thc 
asUivaknt s t S k % k , o f a  hystentic system is obtainai bsed on the 

40%-varying assumption on the nonlinear oaciilation, as 

ZX 

Kq - -& P(n) -8 de, n - U cos8 (1) 
0 

m which,U is the peak diepbcement a m p l i e ,  F(u) is thc nonlinar 
restoring fcwce for the largest hystcnsis loop as a function of 
disphctmenfu 
Fa the cq\nvaient modal damping, & the formulation ptoposcd by 

T l l d l h @ d  rndpecirndd (1980X which is a slight modification of 
thefkmui.riOnpropoaedbycoughy(1%3), isusedinthissoudy. 

- -  A 4  - -K, (I - Q) ( )... 
x U' 

...fix bilirvrr 

A = araofahystcrrsirloop 
p -ductiiityktaroftherupu~~~ 
ThesRss q p m x h d m  is wcd in the iterative solution scheme, 

in which the above IC,, a d  & an updated, fouowCd by a MW 
cigcnvduc M.iysis ofthc cquivaknt limar systcn 



MethoQ, The method is b a d  on the lincar random 
vibration theory and a modificd Kryloff-&goliubov quivalent 
linearization approach, A displacement componenf u,, in a piping 
system is expnsscd as, 

stitTncss and damping, IC, (u) and %(u). 
For the above peak distribution functions, pI and R, various 

mathematical models have bacn suggested in the past (e.3.. Refs. [j] 
and [6]). In this study, the pcak distribution functions, p, and fir an 
detcrmincd in a punly empirical mmer bascd on thc obacrvation of 
the @ simulation studies on bilinear hystmetic systems (e+, Ref. [S] 
and [7]). The details of the distribution functions are gven in an 
Appendix to this paper. 

ni C +ir q p  C v i m  G 
111 

in whi& Q is the r-th normal modc ~cspon%c, +k is the eigenvector of 
thchaihiai m x  is thediffercntial displeccmentatthe m-th 
tixed degree of M, and 'p- is the displacement mode due to the 
m-th diffnential disphmncnt Assuming stationality of mpmses, the 
covariance for a pair ofdisplacemcnts, u, and y, arc obtained as, 

Mtibod, The method is the direct soiution of the rrsponsc 
covariance matrix based on the stochastic equivalent lincarktion 
appmCtr proposed by AtaWr and Utku (1 976). This appmch may be 
one of the most popular research topics in this and has b 
appi#l to -tic systems with a relatively small number of dcgrccs 
of fkcdom (e.g., Refs. €91 and [IO]). According to Wen (1980), the 
nonlincor restoring force, q, is c x p d  as, 

q= a K u + (1 - a)K 2 
2- f(4 z> 

(9) 
(la) in which, R,, - is t l ~  cwathcc f a  the r-th and sth nonnd mode 

mpawq and 
displacements. 

is thc Covariance forthe m-th and n-th ~ ~ t d  in which u and 6 = the relative displacement and velocity, K = the 
initial dffheq a =the postyiCld stiffness ratio; and Z =the hysteretic 
amQcmcnt with thc unit of displacement Accardig to R d  [ 1 11, thc 
abwehystaetic function, KP, Z), fora b i l i n a v ~  is cxprcsscd Y 

(11) 

0 

C, Brk Bd I ~r (0) * 

2- 6 - 0.56 HI 0 - 0.5 (a1 Hz 0 -.. k l  

HI (2) = U(2- A) i- U (-2 - A) 
Hz(Z) =U (2 - A) - U (-Z - A) (12) 

Hl(Z) - lzl' 
A' 

Mort dctaikd desuiption on the practica application of this 

the d u m  rcsparr Statistics, can be found in Re& [12], md [13]. 
appmacb to llonhlu piping systmrr, including tkdctcnninotion of 

0 



RESPONSE SPECTRUM APPROACHES 

gS Method, It is one of the sigruficant advantages of this approach 
that the response spectra can be used directly ss the excitation input 
However, as the modal damping values change during the iteration 
Bccopding to cq. (2), an mterpolation/expapoiation scheme is nccwary 
for converting the response spectral values for an arbitrary damping 
value, h. In this study, the fdlowing empirical formulations arc uscd 
(Ref. (141): 

s(h) - - 1 for 0.02<h<O.OS 
S (h- 0)  I+IOh 

(19 . ,  
2'2s for 0.0S<h<0.2 S(h) 

S(h-0.03) f.73-10h 

S i  the method is based on linear random 
vibration thaJly,thc input rwponsc spectrashould be converted toan 
equivalent PSI) function. A high accuracy k t  conversion method 
has been dcvdoped recently for this purpose (Ref (151 ). Thc 
conversion algorithm is summarized below. 

The objcttive hm is to obtain an equivalent PSD fimction, Sku), 
given a target rrsponsc q=M, No, h), .nd a 
modulating envelope function, r(t ), which can be rcprcscntcd by the 
effative dudion, T, 

The unktwwnpsDfunction is discntized at radial frqumcieS, q, 
and expesed as the sum of a series of discretized p o w  components, 

The above power componcn& pj , can bc obbtiaai by lohringa 
-'cas& sq- probkm =* - 

(ZO) 

m k [ 4' (%Ph ) - 
k *  1 J =  1 

pj gd ( okfoj,h ) 
* 

srrbject to pj 2 0 ,  j -  1,m 

in vhich, a(o) is the I>irac delta function; and A oj is the incremental 

, the target 
radial frequency. 

rrspauespectrumairadi.l fieguarieqO~,cMbe.pProrrirmted by 
Using the above disctttizod power components, 

a supcrpoaition of the component response spectra as, 

m 

k I,n 



TAF3LE 1. CALCULATED COMPONMT PARAMETERS 

REG. 1.60 NEWMARK-HALL 
COMPONENT 

4 
(W 

% de (Hz) 
4 
(W 

b 
(Hz) 

1 9.4 29 1120 10.5 20 619 
2 6.1 20 81 7.0 20 215 
3 4.8 22 51 4.8 20 61 
4 3.6 20 26 3.3 20 25 
5 2.9 20 9 2  2 2  20 8.4 
6 2.3 24 173 1.5 18 3.1 
7 0.9 20 0.17 0.78 20 0.08 

acbac match betwan the target and simulated rrsponst spectra can 
be obsmcd. 

besedanthc&m&rmtl ' 'onofthearthquakemotionrbyasingk 
damping value, which would not guuanttx an qual tit to other 
damping values A further study may bc wccswy for resolving this 
multiple damping issue. 

Bmaybc~tDpointarthcrctilatthcrrsultsprcscnOcdaboveare 

SELA MethoQ, Inthia ~MIYSIS scheme,the input excitation can 
only bc given by shot noise proccsscs (Re€ [9] and 1131). Thc 
fM-cY- . .  OfthegramdmotionareinCiudedby~ 
of a d d i t i d  equations of motion, e.&, an addi t id  mrrss-Spring 
system i n 4  bctween the input shot-noisc excitations and the 
structural d, such as the use of the Ty'Lni-KMlri spcctnm. To 
overcome this limitdon, a new analyis scheme ir pmposcd The 
method convertsan arbitmy rtsponse spcctNmtoaPSD function 
which represents a limar combination of SDOF response proccracs 
(Ref. 1131). 

First, CollSidcT a seismic acduabo * n p r o c c s s 3  , which is 
approximated by a hear combhion of mutuaily indepcndcnt 
filtered shot-noise pmwsscs, x, , is . ,  

k 

C xj 
Xt-  j . 1  

-fj(t) j - l , k  

in which, bJ and ogJ arc the component filter e, p, is tfie 
component power intcnsiw, and I(t) is the deterministic modulating 
function with a unit maximum value (i.e.,I- = 1.0). In the above, 
dydipnbrrnvnt rcspayrrnttvrth.nthe- v= 
d tD d the input motions. This is to account fathe a t h a t  
mcatresponse spectra or floor spectra possess a pdominantty low- 
passing fkqucncy characteristic (see Fig. 2). 

The power spectrum of the approximated process. S, (o), is 
cxprrsscd =* 

(26) 

T h d o r t ,  the comspondmg accekration response spectrum, 

R .(oI . 4 ), for the approximated process is cxpmscd by the 
foilowing relationship: 

- 



TABLE 2. MAJOR CAUSES OF NUMERICAL ERRORS IN ELA 

t TYPE OF ELA I CAUSE OF NUMERICAL ERROR I 
AllEtA'S Inability to reproduce "drift" rrsponse due to accumulation of plastic deformation. 

i 1 
Rs 

Under/Overshooting detuning cffccts 
Over estimation of equivalent damping. 
htcrpolationiExtrapoiation of response spectral values to account for damping changes. 
sRsszippmim&on. 

Conversion b m  rcsponst spectra to PSD functions. 
Selection of ptak distribution functions to determine k, and 4. 
EmrinRSA. 
Gaussian assumption on nonlinear response statistics (particularly hysteretic components). 
Evaluation of maximum response statistics. 

CELA 

SELA 
i 1 

ERROR ANALYSIS 
ELAs~subjcdedtovariousfamsofnumcricelcrra3;someare 

due to the intrinsic deficiencies in thc ELA itself, and others are 
attnbuted to the unique approximation schemes adopted in an 
analysis approach. Both qualitative and quantitative evduations of 
numaid  arocsasxiakd with ELA's am nccasry for a succasfU 
application to practical engineering probkms. Tabk 2 Ests major 
causes of numcricpI errors that have ban identihi in the past 
numerous studies in this area 

The mor due to "drifting", or the accumulation of pcnnancnt 
piastic deformaton, is one of the most serious numericat errors that 
isassociated with any form of an ELA. Howcvcr, a past simulation 
study (Ref. [l ID i n d i i  that this erro~ cam be negligible when the 
postricrci dif&ss ratio, a (ratio of the posiyieid s t i fhas  to the initid 
stifkss), is higher than 0.04 to 0.05, rtgardkss of the other factors 
such as the levd of noniincarity and thc type of hystcrctiC models. 

evaluate arch of thc items listcd in Tabk 2. Mer, the combined 
numaicalamrsasaociptedwiththe thr& ELA'S are evaluat#i unda 
structural and loading conditions which can be cllcwltcnd in a 
typical scismic analysis. 

AsimpkSDOFqstcinwithabiliaearorasmoothcdrnoddofcq. 
(14)(n= 1) is used. The viscous damping h assumed to be 5% and 
the postyield sti&ua ratio is chosen to be 0.05. The foregoing 
NeWmd-W typc rrsponse .Spectrum is uscd M the seismic 
excitation m d .  As iilumated in Fig. 5, thne initial vibration 
frequencies, 1% 7Xz and 20H2, am oo119jdcIcb Duetothe 
detuning in the n o n l i n a r w t h e  may m v e  into the 
peak (2OHzhstay on the tDp of the peak ("Hz), or move away hnn 
the pcak (1Rt). For both the CELAand SELA adyscs, the 
~ ~ = p o - q = - n ~ o f ~ g s .  l(b)andYb) 
arCuSCdWidrout~~modificdtioM. 

The Caiculattd response rrwrtts bic compared withMontcculo 

2@)waa U d t b  ga#ate 500 Yam* of - . 
in Figs. 6(4 h u g h  6(dx 

inwhkhtheabaciearcprucntsthenormpleal cxcicationamplibde 

k-, Ih. 

It isbyawl the scopeofthis paper to sin& out a d  quantitatively 

simulations (MCS), in whkh the equivaicnt PSD fimction in Fi i  
timchistorkr 

T h c c d a J u a t ~ a r r ~  . 

(ratio of zcm-p&d Bcctlmtion to the yield strength of the SDOF 
system) and the ordinate reprrscnts the calculated pcalc ductility 

The resultgfbtheRS approach indicate that the mcthod tmda to 
undaestimattthe hspons*r up to a ductility frrctor of 3 to 4 m rfl tfu 
casa. Forthc case of f =  7Hq in which the system stays on the top 
of the flat spactrd peak, the andysis tends to ovmhmt at the higher 
nonlinear response range 89 i n d i d  in Figs. 6(b) and qc). 

The results from the CELA method slightly undcnstimatC or 
owd im& the SimuktiCn results depending on the relative position 
of the vibration fiqucncy to the spectral pcak Up to a ductiIity 
factor of 6 to 8, the observed numerical crrors are not significant m 
comparison with other methods. 

Thcnsponsresultgbythc SELAmethod,ontheothcrhand,arc 
unsatisfaEtory. In all thccascsthe analysisundertstimattsthc pcak 
rtsponsc values, particularly for higher frcqucncy cases (see Fii 
qa)). This probabiy is attributed to the dcfcicncy m thc 
m a U m d 4  mcdd to calcuiatc the maximum rcsponsc statistics. It 
should be noted that the numerical errors in the evaluation of 

anxdue to the Gaussian assumption is already accounted for using 
an mor correction scheme from Ref. 1111, and the crrot due to 
drifting is negligible when the postyield stiffness ratio is higher than 
0.04 to0.05. AfUrthashuty is mccssaq to improve the a c c w  in 
estimating the maximum response statistics for the SELA method. 

m a d d a ~  

Amongtheitcmpin Tabk 2, the n u m d  crroi due to the SRSS 
q p m h a h n  in the RS approrrch is notaccountcd for in tk above 
error anaiysis. This is discussed in the foUowing appticatiOn 

~ n s p o n s * l a l c n o t ~ t i n t h e p n s e n t c d c a p c s s i n c e t h c  

Curmkiy ,~cx is t  no widCiy8captabk IndmMtd . 
this purpoat. 

-Pk 

APPLICATION EXAMPLES 
Asaramplesofthe prrrcticrl application of tht u s  to nonlinear 

piping systcm&two piping systems supported byW% as illutmtai 
in Figs. 7 and 8, were anaipd. The outside dhetcrrad 4 
thicknes of the main pipes .rc 2163mm and 103mm tb tbt 
Fetdwrrter (FFline, and 267.4mm d 12.7mm for thc Main Stam 

( d e  factor is about V2.5) of crtud piping in PWR and BWR 
nuclear power planis, and wiU be tested using N u c k  POW 
m n g  Corporation's (NUPEC) large shaking tabk at TaQtw 

@&ik respactively. nKsc piping systems arc the scald modcL 



T-LE 3. EQLWALEFi 

ELASTlC MODEL 

Frequency (Hz) Damping (%) 
MODE 

1 7.95 2.5 
2 9.65 2.5 
3 11.5 2.5 
4 13.6 2.5 
5 15.4 2.5 

' FREQLXNCES AND DIlLMPOiG OF ;M-i&E 

us CE W 

Frrquency (Hz) Damping ('I-) Frequency (Hz) Damping (*A) 

6.32 20.5 6.10 17.7 
7.93 13.9 8.33 7.4 
9.67 11.3 9.98 5 .J 
10.7 22.6 11.9 11.3 
11.9 4.1 14.4 3.0 

TABLE 4. EQUIVALENT FREQUMCES AND DAMPING OFF-LINE 

ELASTIC MODEL Rs CEXA 
MODE 

Frequency Damping Frequency Damping Frequency Damping 
(Hz) P-) (EIZ) (-I*) (Hz) w.1 

1 132 2.5 9.43 21.4 9.73 16.5 
2 13.9 2.5 11.6 11.5 11.8 7.1 
3 17.4 2.5 15.1 8.8 15.6 5.5 
4 21.1 2.5 19.4 5.3 19.7 4.3 
5 23.6 2.5 22.8 3.3 23.1 2.9 

* 

TABLE 5. COMPARISON OF PEAK RESPONSES OF M-LINE 

REMS LOCATION NTH Rs CELA 

asp- dm1 Node-150 5.42 5.46 5.64 

Pipe Stress (kg/mm3 Elm.Q) 3.33 2.42 3.49 

A-1.4 cs) Node- 1 50 3.09 5.64 2.89 
EA Deform. (mm) LED-2 4.98 4.52 4.69 

TABLE 6. COMPARISON OF PEAK RESPONSES OFF-LINE 

REMS LOCATION NTH Rs CEW 

asp. am> Node-330 6.1 1 5.65 5.91 

Pipe strws orgimm3 Elm.+l) 2.46 2.16 225 

A-i.463) Node-330 2.83 336  2.79 
EADcfom (mm) EAB-2 6.90 4.68 6.05 

Engineering Laboratory in ShikOLu, Japan. 
The piping sys&ns BIC subjected to horizontal (in the xdwtion)  

and v a t i d  (in the zdhtion) acccicration motions as iuustcatcd in 
Fig. 9, which an the csfculatcd floor responses of a PWR nuclear 
power plant The response spectra and the PSD function for the 
horizontal component arc shown in Figs. 10 and 11. The PSD 
function in Fig. 11 nprrscnts an quivdent stationary procfils with 
an cfFective duration, T, The effective d d o n  was dchcd by the 
time mtavai m which the power of the lrcekrognrm attains 5% and 
95% of the total powcr. The amplitude of the PSD funcfions were 
adjusted to reproduce the @c acccfcration valws, which wm 
cstimatcd using the Gumkfs typc-I distribution function. 

In this paper, the foregoing RS approach @sed on SRSS 

apprradmati0n)and CELAlnCthod (based on linear random vibration 
thaory) at used to compare with conventionat nonlinear time history 
adysrs The apptication of the SELA method ( b a d  on stochastic 
equivalent linearization) is not attempted hercin mainly bccausc the 

(approximaw 1300 x 1300) for thcsc clement models. In 
applying the CELA me&&, the cquivaknt PSD function m Fig. 11 
was directly used (e f fdve  duration W 15.7 sa.). In modehg the 

for tht pipes and d springs with the smoothed hysteretic mod4 
(cq. 14 with n-2) werc uscd to model thra EA'S for each piping 
system (k., EAB1,2,3 for the F-line an LED1.2.3 for the M- 

size of the rcsponsc covariance matrices are excessively large 

piph.lg system& shaightandcirwlar curved beam ekmmts werc uscd 

line). 



4 

Fint a convcntlonai nonlinear time history (NTH) analysis was 
p d o d  for both ttx piping systems. An example of the calculated 
rsponses of the W supports is given in Fig. 12. Then. the foregoing 
RS and CELA analyscs were performe& in the analyses, the 
eigenvalue solutions wen updated four (4) times, assuming a cutoff 
fkqwncy of 50 Hz @e., 13 modes for the M-line and 16 modes for 

The cslculatcd equivalent vibration frequencies and damping for 
the first 5 modes am tabulated in Tables 3 and 4. A few calculated 
nspons mub arc also comparcd in Tables 5 and 6. In gencral, the 
response resuits by both the RS and CELA methods comlatc 
reasonably well with the time history analysis resuits, although the 
CELA mcthod @vcs a better ageanent than the RS method. Basai 
on a more detaded evaluation of the calculated response results, the 
SRSS approximation used in the RS method is considered to be a 
major cause of the observed differences between the RS and CELA 
anSIySCS. 

An example of an acceleration transfer function is shown in Fig 
13 for the F-he. This transfer fiurction WBS calculated Using the 
CELA method as a d o  ofPSI) hctions. 

F-line WC~C uscd in the analy~cs). 

in which, %(o) and SAW) an the response and input accefcration 
PSD hnctions. There is a sigruficant broad-banded peak at around 
10 Hz in the transfer h t i o n  of Fig. 13. This nflcctr not only the 
higher damping vducs fathe lowa modes (sa Tabk 4), but dso the 
fktthatthc tirst two modes are "merged" into one combined mode. 

SUMMARY AND CONCLUSIONS 
Thne types ofcquivelcnt linearization approaches werc presented 

and corn@ to arch dher rcgardimg their practicality and numerid 
accuracy. For a practical application, all the methods werc 
formulated into the response spectrum approach. Two types of 
conversion schemes werc presented tu obtain the equivaknt PSD 

The application ocampks to nonlinear piping system with energy 
alxxbmg supporn indicate that the RS method (based on the SRSS 
approximation) and the CEL4 mahod (based on limu random 
viitheay)rrepracticaMatysis tods t b r d h g t h e  Seismic 
response of cornpkx nonlinarr piping system with d e  
BCCUIBC~. AcomparisonwithdrcconvcntioMLtimehlstoryM.lysis 
~ i n d i c s a c s ~ t h t c E L A ~ ~ l r f t c r S O m c i m p r o v e r n c n t r o n  
the dcflnitions of the equivalent OOmpoMnt ntiffnesa and thc moda 
damping vaiucs, gives a better COmiaboIl . thantheRsmahod 

fiurtionswhichwsecansistcntwiththeprtsctibcdresponsespcCtra 
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APPENDIX. PEAK DISTRIBUTION FUNCTIONS 
In m o e t o f ~  prcviws studis the Raykigh distribution wan d 

i n ~ b o t h t h e q u i v 8 k o t  stitziKsrmddunpins,ie~p, UICl 
p2 of cqs. 0 and (8). En this shldy, the use of three different 
distriimoddsarcmxnnmcndai forp, and p2, asweU as forthe 
maximum response statistics. For detcrmining the quivaicnt modal 
damping vaiw m eq. (S), the following Raykigh distribution is used; 

Whereas for the equivalent component stigntss in q. 0, the 
Gumbk type I distribution is usai as, 

in which, the cxtnme distribution panuneten, u, a d  a, arc 
determined basaf on the above Raykigh distribution as, 

% 
F(uJ - I A exp [ -21 dA = I - - I (32) 

0 0 8  % 

in which, U, IS h e  equivalent m a n  number of peaks defined u. 

0. % * -  2% a, 

w k ,  u, is the standard deviation of the 2nd derivative of the st ran 
resporurc- 

F n  dusting thc maximum rsponst statistics, the same Gumble 
typal Mbuticm of cq. (3 1) is used; in which, ttie panunctcrs a, and 
%arc dctcrminai from the mean number of pealu per unit time, N, 
(u), 

Basal 0ntheGruSsian ~ssumption on the rrsponse variabkof 
the equivdmt linear 
availabk for N~u): 

tbe fouowing appmhtc  sdution is 

I *  - 4% - a' i' - a1 J2(1 - v') 

Y 
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Fig. 7 F.E. Model of Main Steam Line 

Fig. 8 F.E. Model ofFeedwater Line 
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Fig. 9 Base Motions for Piping Modeis 

Fig. 10 Response Spectra ofHorizontal Motion 

Fig. 1 1 Equivalent PSD Function of Horizontal Motion 
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Function (Node - 390 ofF-line) 


