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Abstract

Many aethoda ere available for determining the seismic response of equipment aad
structure*. The aoalyeie could be done either by the response spectrum approach or by
applying an appropriate tlae hlatory of the excitation. However, the only acceptable
descripeloa of a seismic event 1* the site response spectra. An appropriate tlae history
is obtained from the response spectra. (1]

For linear systems, either characterization of the seismic event is acceptable,
nonlinear systems, there Is generally no choice-and a tlaa history must be derived to
Investigate the response.

Spectral excitations are routinely decomposed for real tlae Integration of linear end
nonlinear structures. Different approaches are being used to generate the tlae hletorlee.
The aystea's response to each of the tlae histories is Intended to be cmscrvatlve. There
are, however, certain types of nonllneerltle* for which a linear treatment may not be con-
servative. The paper shows that the nonlinear response could be many times greater then the
linear response In some system*. This depends upon factors associated with- the width, ehroe

" " rum es well ss on the characteristics of tha system.

one

and decomposition of the spectrum

Thle paper discusses the effects of different acceptable tlae hlatorlea tbae have been
applied to a linear and a nonlinear ayatea. The tlae histories have been obtained from a
spectral description of aa earthquake event. The nonlinear system is taken aa a linear om
to which a cubic hardening term baa been addad.

The SHEAR code has been modified to decompose e given spectra to the tlae domain. By
successive* iterations, acceptable tlae functions are generated. The paper reports on the
Bsxlmum response variations that are obtained for excitation of a linear aad a nonlinear
degree of freedom system. It Is shown that for some system characteristics and tlae
decompositions, tha linear response la greater than the nonlinear reaponae. In these cases,
the linear natural frequency la favorably located la tba excitation apectrom. As the
natural frequency is shifted with respect to the excitation spectrum, the relative magnitudes
of llaccr and nonlinear response change. Under seme conditions the nonlinear response be-
comes slzebly bigger than the linear response. It sppears that this type of response
characteristic is pi »sible only for a nonlinear system with a jump phenomena, like the HTOU

The cubic hardening system that la investigated In the paper is similar to a bilinear
one. Both have multiroot possibilities. Both have Joep phenomena. The same type of
critical composition to the exciting tlaa function may also affect the bilinear system
sponse. For these cases, certain qualifications vomld have to be Imposed am the condlt
under which the linear solution Is used as a conservative case for the mudana response:

y t re
conditions
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Spectral aacltatiooa aza routinely decomposed tor raal tl>a integration of linear mi
nonlinear structures. "O» deeoa»oaitioa to tha tlaa domain i» not unique aad different
response aegnitueea can b« obtained, tor an alaactc-plaatlc typa of aoullaearlty, a linear
analysis glvee a M T I I I reeponee. Tbara ara, hovavar, cartaln types o£ nonllnaaritles for
which a llaaar trestaaat aay not ba conearvatlve auch aa thoaa aaaociatad vlth cba ne t cora.
The paper •!»"• «*•* **• wnUaaar raaponaa could ba aany t&ii greater than cba llaaar
reaponee. Thla dependa upon factors aaaoeiatad with tha width, ahapa, and decoaportcloa of
tha apectrua aa vail aa on tha t-iarsctsrlstlcs of tha ayatea.

This yapar discusses the affacta of dlffarant accaptabla tlae hlatorlee ttm have baaa
applied to a linear aad a nonlinear systaa. Tha tlaa hlatorlaa »;«we baan obtained fioai a
apactral description of an sarcbqiuka av«ac. Its nonlinaar ayataa la tafcn aa a llaaar ona
d«tra« of fraadoa ayataa to which a cubic hardaning tara baa baas sddad.

rrcvloua papara hava ahowu tba dlffarant typaa of raaponaa aaplltudaa that could darclop
in a uouliaaar ayatam undar dlffaraat haraonlc coapoalttona la tba forcing function f9]. For
thoaa C*»M, tha forclat tarsa wara pra-aalactad. Tha atudy haa baan aztandad to lacloda
forelnc functiona that hava baan dacoapoaad fro* apactral daacriptiona of an aarthquaka.

Many dlffarant tlaa functiona could ba obtalnad froa a apaetral daacrlptlon of a salaalc
avant. [2) tach of tbaaa tlaa functions will produca dlffarant iraaponaaa In llnaar aa wall a*
ncnllnaar ayataas. Tha flrat part of thla atudy waa dona to obtain aoaa coaparatiTa Infota-
atlon about tha axtant of the varlationa la tha raaponaa of a llnaar ayataa. Then, a cable
type of nonllnaarity waa added to tha llnaar ayataa. Tha aaae tXae excltatlona ware appliad.
The reaponsea of tha nonlinear aad linear ayataaa wara coapared.

A ayatea with known cheraterlatiee was used. The equation undar Inveatltation la of the
form

y* cy + ay + By3 - « « o )

where f (t) Is an earthquake derived tlaa function. The coefficient of the cubic faardenlnt

c a r a i s B. For the llaaar case. 0 Is sat equal to zero.
It haa baan pravlouely abova [8,9] that there Is a dlacontlaulty la the response of a

nonlinear ayatea for certain ran«ea of multiple sin* wave axcitaclcaa. The dlacoBUnnter
occurs la addition to the ordinary Juap phanoaena aaaociated with nonlinear syataas. In
particular, whan f(t) - F± coa (w^ + ij) + ?2 eoa (Wjt + ^j) the discontinuity la the
response appeara when »2 - 3wt and for values of FJ/TJ above a cartaln threshold la»el. A
aaall chance Is ^ *t this level produeaa a aobatantlal chance in the response. As the
coefficient 9 is lacreaaed, the threehoM nacaltude of F^Fj la dacraaaed. The question
whether tha aaae type of discontinuity could be induced In the nonlinear systaa by different
else decomposition* of tha aaae spectral descrtpetoa of an earthquake la ezaataad.

The fuadaaental natural frequency of the syatea described by eq. (1) waa taken aa 3 Br.
The excitation was 0.2| naxtaua (round acceleration, a* abotm la ?lf. 1. The value of a waa
taken as 100 and 8 aa 10000. Two percent of critical daaplae. was used.

The SXHEUt code haa been Modified to decoapoee a given spectra to the Use donate. By
auceesslve iterations,, acceptable tlae functiona are generated. A tlaa fuaetlon la considered
acceptable vtaea i t envelope the required exeltatloB spsctrua. The quality of the final natch
between tha target excitation epactna aad the enveloping spectra* la a function of the
particular procedure used [2.5,6.7]. In any case, regardleaa of the lndlvUeal aathod, any
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different tlaa fuacttoaa can ba determined which wUl satisfy the target apeeema. To
taaarata as Individual tin* function, * random ISR number la selected and procaeeei by the
code. Tba resulting tiae tunction w than applied eo Cha i r i c u describee by Ze,. (1).

Tabla I ahem tha asxlaaa acceleration raapoaae that waa obtalnad froa four dlfferaae
acceptable tla« function which were aaad as lapse aacltaeioaa In Eq. (1). •

Tha largest response w i 0.3091 In. and laaat DM 0.1857'la. Thla gives a factor of 1.6
baevaaa tba aaxJtoua and dniaua raaponaaa that Mara obealaad la i liaaar system dna to
dlf farant. bat acceptable, tin* fuuetiona.

Tba caoaa selected ara not lataodad ts abov aaxxaua possible. dlffaraBcaa. Tha eaaaa
chosen ara ei*ply reference results which will ba oaad aa a bails for comparison.

Ib* aana time decompositions, ss defined by tha previous ISET numbers, were appllad to
tha nonlinear aystaaa. Tabla II abova tha results. Colon 1 list* tha various ISET numbers
iwad. Coluon 2 show tha aaxlaua raspoasa la tba aonllaaar ayataa. Coluaa 3 glvaa tha
•axlam raaponaa if only fraquancy coaponaata abova SHx ara ratalaad la tha aseltatloa.
Coluan 4 ahowa tha aaslana raipoasa If fraquaacy conpoaata abova 5Hs ara tralaad. Coluaos
5, 6 and 7 jlva tha aadauB raipoaaa If tha nonUaaar coafflclant 8 la takan aa zaro. Thla
la tha linaar ayataa raapoaaa.

Coluana 2, 3 and 4 ahov tha noollnaar rasponaa. Colaana 5. 6 and 7 ahov tba coaparabla
liaaar raaponaa. Hhaa all fraquaaclaa ara. ratalaad In tha ascltatloa, coluan 2 above that
tha aoolloaar raapoaaa la laaa than tha lfaaar raapoaaa for all four tlaa daeoapealtloBa, aa
lndaatlflad by tba four ISET nuabara. Hota that tha nonllaaar raapoaaa la coaparabla to the
linaar raaponae avan aftar all fraquanclaa balov 5 Be wara flltarad out of tha tlaa excitation.
Thla la aeen by comparing-eoluane 3 and 5. The aaaa information la obtained If aU fxaqueaelaa
balow S Hi ara-daletad. Recall that tha natural frequency la 3 Hi. Wth exciting fraqucnclea
above 6 Be, reaoaanee In tha linear ayataa la aot poaalbla. Even ao, tha nonlinear reaponae
la no greater than tha linaar response.

It atght ba praaaturely concluded that tha linear ayataa could ba taken aa a conservative
case la solving nonlinear problaaa. Further enaimtlon shorn that thla la not ao.

The results obtained la Tabla II were for a particular level of Input. MnU cjje saae
coaparatlva evaluation be obtalnad if tha overall aagnltude of the excitation were changed?
for tha level of .2g Input, It la dear that only the lower roots wara obtalnad In tha non-
linear raaponae. Thla la known alnca the level of reeponsea In tha nonlinear and linear
systaas are about equal even though the forcing frequency coaponeuta are abova the resonant
frequency. The Input excitation level waa Increased aad the comparison repeated. Table III
shows ehe results for five different aultlpllcatloa factors. Ifote that whan tha Input la
doubled, the nonlinear reaponae la greater than tba linear response by a factor of sore than
2. Tola la because the signal now contains asgaltudea which exceed the threshold levels
required for tha nonlinear ayataa to attain upper root response. However, a —^-m la
reached in tha ratio of nonlinear to linaar response when tba aultlpllcatloa factor la about
2 for tba conditions used. Above and below tbxa value, the ratio la reduced, although s t i l l
greater than one. .

In brief, Table II above that tba differences bet*ecn.llnsar responses for the different
ISEI nuabera la 1.6. Tabla III ehova that tha differences oetwecn linear and nonlinear la
2.0. The overall difference that could be obtained for Juee the few cases listed axouats to
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a factor of 3.2. This shows that under M M conditions, the nonlinear raeponee could b«
tixsbly bigg" chas Che l l s u r response. Thla type of response behavior i t possible only
for a aoollaaar systea wltb a Juap phenoaena. Ilka tbt BtSR cora. loth our previous teats
and tlw analytical wort that waa dona wltb one and two else waves showed that tha BXGK baa
t U i type of characteristic. The cubic hardening systea thse is investigated la the paper
la eiallar to a bilinear one. f*J Both have aultlroot poaal&llltles. Both have Juan pa
Ilia str-t type of critical composition to toe exciting Mae function aay slao effect the
blllaaar syste* reep-sase. Previous inforaetioa In tba literature has concluded that a
linearised trsataaae for both bilinear as well as ea elastic plastic systea gives rise to
conservetlve results* The present investigation iadlcatea that the conclusion is not correct
for a l l cases of blllnaaticy. For tbaae cases, certain qualifications would have to be
iaposed on toe conditions under which the llmear solution 1» used aa a conaerratlTe caae for
the aaxlauai response.

It doaa not sppaar that the conclusions for tha elaatlc-plastle response curve ere af-
fected.[3] This Is becsuse the elestlciilaotlc response curre Is •injle valued and the soft-

characteristic In this cssa Is sasoclated with large daaplos. There is no juap
la the response-eurre of-this type of systaa. A saall chaage In the relative

aa»&lcudes of the ewltlas eoapenents cannot be expected to cheese the response to a differ-
ent level of stability at the saaa frequency. This Is beceusa there is only a alagle value
of response at that frequency However, for other types of softening systeas which have
•ultlroot posaibUitlea, eha conclusions associated with the hardening characteristics would
alto appear to apply.
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