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SUMMARY:

Floor response spectra, which are usually basetteassumption that the behaviour of the primarylding)

and the secondary systems (equipment) is linear,uaed for the seismic design of equipment in itngus
buildings. In general, essential reductions in pealkies of floor response spectra can be obtaihattlastic
behaviour of the primary system is taken into aotohe paper presents the most important resdl&sno
extensive parametric study of floor response spetakking into account the inelastic behaviourha primary
system and the linear behaviour of the secondasyeBy Both systems were modeled as single-degree-of
freedom systems. The influences of input groundangtuctility, hysteretic behaviour and naturatipé of the
primary system, as well as damping of the secondgstem have been studied. A simple approximat&adet
for direct determination of floor response spetioan the design spectrum is proposed.
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1. INTRODUCTION

In industrial buildings like nuclear and thermawmy plants, floor response spectra are usually used
for seismic design and evaluation of mechanicaleeadtrical equipment (e.g. piping systems, bojlers
turbines, generators, pumps, tanks, ducts, etc.).

The floor response spectra concept is based omagegancoupled) analysis of the structure (primary
system, PS) and equipment (secondary system, S8fhwneans that the dynamic interaction
between them is neglected. It has been proven aecim cases of SS whose mass is significantly
smaller than the mass of PS, at least a hundregktiithe floor response spectra method is rational,
simple in concept and very practical. It usuallglgs somewhat conservative results. By using i, on
can avoid numerical problems due to large diffeesnbetween dynamic properties of PS and SS.
Main steps of the method are:

1. Performing a response-history analysis of the P8siiyg a set of ground motions.

2. Determining the response of a floor in terms ofohlde floor acceleration.

3. Generating floor response spectrum using the atesaticeleration time-history determined in
step (2) as input.

Once a floor spectrum is determined, the SS caanbéysed in the same way as the PS is analysed
using a design response spectrum.

In order to avoid long numerical integrations, sal/eesearchers have proposed methods that enable
generation of floor response spectra directly fiitve design response spectrum, using the dynamic
properties of the PS. Because of their simplicihese methods are very attractive for practical
applications. A list of methods proposed by différauthors is provided in Villaverde (1997).



Developments of early floor response spectra metihade been based on the assumption that both
PS and SS remain in linear elastic region durimphgaakes. However, even in structures of great
importance such as nuclear power plants, it isllysaaceptable to allow some moderate amount of
inelastic behaviour during very strong earthquaRéss fact is of great importance, especially ia th
case of re-evaluation of existing structures. Siggut reductions in peak values of floor response
spectra can be obtained if inelastic behaviour®aRd/or SS is taken into account.

In this paper, some results of an extensive pararstudy, taking into account inelastic behaviotir
the PS and linear elastic behaviour of the SS, diatedetermining some general characteristics of
floor response spectra, are presented. The ramokfly confirm the findings obtained by Fajfar and
Novak (1995). Based on these results, a prelimimargion of a practice-oriented approximate direct
method for determination of floor response speistiaroposed, which takes into account the inelastic
behaviour of the PS. The method is based on thkadadriginally proposed by Yasdi al. (1993) for
elastic PS and on the idea for the extension af itethod to inelastic PS proposed by Novak and
Fajfar (1994). Some results obtained by the praphegproximate method for direct determination of
floor response spectra are presented and compattethe “accurate” floor response spectra obtained
by the parametric study.

2. PARAMETRIC STUDY
2.1. Description of input parametersused in the study

In the parametric study, 5760 floor response spagére calculated by the procedure described in the
Introduction. A single-degree-of-freedom model (SDQ@vas used for both the inelastic PS and the
elastic SS, which were treated as uncoupled. Thesimces of natural period, hysteretic behaviow an
ductility of the PS, as well as the influence ofméng of the SS have been studied. The influence of
the ground motion characteristics was also invastiy Two different sets, consisting of 30 ground
records each, were used in the study. The recdrasach set were chosen so that their average
spectrum matched a target spectrum. The targettrapeovas the elastic spectrum defined by
Eurocode 8 (2004). Type 1 spectra for soil typemB D (each for one set of records) were used with
the peak ground acceleration equal to 0.35g aridi3@g, respectively. The characteristic periods of
ground motion E are equal to 0.5 and 0.8 sec for soil types Bnespectively. Selection of ground
records was conducted using the software REXELlvdlaro et al., 2010) in the case of soil type B,
whereas the software developed by Baker ReseamipGdayaranet al., 2011) was used in the case
of soil type D.
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Figure 1. Elastic acceleration spectra of individual recotdsget and average spectrum for the case ob{l) s
type B and (b) soil type D (5% damping)



Target and average spectra of the selected se¢s@fds for both soil types are shown in Fig. 1e Th
natural periods of the PS amounted to 0.2, 0.3, @&, 1.0 and 2.0 sec. Two different hysteretic
models were assumed: elasto-plastic (EP) and esfidegrading (Q) model with 10% hardening and
unloading stiffness degradation coefficient eqod.b.

A constant target ductility factor u throughout thbole period range was assumed. It amounted to
1.5, 2.0 and 4.0. “Mass-proportional” damping antedrto 5% in the case of PS and to 1% and 5% in
the case of SS.

2.2. Discussion of results

The results obtained in the parametric study shomestrends which can be considered as general
characteristics of floor response spectra. In tlewiing text, some representative results of tie\s

are presented in order to provide a basis for éveldpment of a method for the direct determination
of inelastic floor response spectra. The naturebge of the PS and the SS are denotedyand T,
respectively. Floor response spectra values arete@ras Ain the case of inelastic PS ang. i the
case of elastic PS. Peak acceleration of the ®8risted as A The results shown in Figs. 2-4 were
obtained for the set of ground records which caoess to the soil type B, for PS with=D.3 sec. In

all cases the damping of PS and SS amounted to 5%.

Floor response spectra shown in Fig. 2 represeanmelues of Aobtained for both EP and Q
hysteretic models of PS.

The period range of a floor spectrum can be roudhligled into three regions, depending on the ratio
TJTp: short-period region (T,<0.8), resonance region (0.8£T,<1.25), and long-period region
(TJTp>1.25). It is obvious that in the short-period andhe resonance regions, the behaviour of the
SS is strongly influenced by the behaviour of ti& Both regions are characterized by a significant
reduction of A due to inelastic structural behaviour. The sh&d®or response spectra is influenced
by the hysteretic behaviour of the PS. In the aisthe EP model the peak values aof dccur in
resonance (FTp), whereas in the case of the Q model the pealesaltiA are shifted towards higher
periods, due to increasing, With increasing plastic deformations. In the |qegiod region, floor
response spectrum is controlled by the ground matectrum, and the inelastic structural behaviour
has only a small influence on it. IES>T,, there is practically no reduction due to inetashaviour

for the EP model. For the Q model, even some skgiplification can be observed. In the case of
infinitely rigid SS, A is equal to A, whereas for an infinitely flexible SS the valueAq is equal to
peak ground acceleration.
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Figure 2. Mean values of floor response spectra fgrO[3 sec for (a) EP and (b) Q hysteretic models ifgoe
B, 5% damping of PS and SS)



The same results are presented in a different forkig. 3, which shows the ratio of floor response
spectra corresponding to inelastic and elastic PS.

Fig. 4 presents the floor response spectra norethlia the peak acceleration of the PFA#. This
ratio is primarily influenced by the damping valoESS. It can be observed that in the short-period
and the resonance regions, the ratigh\pslightly increases with increasing ductility iretbase of the
EP model, whereas in the case of the Q model inrélsenance region, /A, decreases with
increasing ductility.
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Figure 3. The ratio of floor response spectra corresponthrigelastic and elastic PS 0.3 sec) for (a) EP and
(b) Q models (soil type B, 5% damping of PS and SS)
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Figure 4. Floor response spectra normalized to the peakeretien of the PS (jF0.3 sec) for (a) EP and (b) Q
models (soil type B, 5% damping of PS and SS)

Figs. 5 and @resent maximum values of the ratig A, which will be hereinafter referred to as
amplification factor, AMP, for two damping value63S and for two sets of ground motions. Results
obtained for both sets of ground motions indicdtat tthe shape of the response spectrum
characterized by the characteristic period of gdoumotion T has only a small influence on the
amplification factor, provided that the ratig/Tc is plotted on the x-axis instead of T

For both the EP and the Q models, the main parartiee influences the amplitude of AMP is the
damping of SS. AMP reaches its peak value in theoreT,/Tc < 1, and it decreases with increasing
ratio T/T¢ if the ratio is larger than 1. As stated above, AMenerally slightly increases with
increasing ductility in the case of the EP moddigmeas for the Q model the opposite trend is more
pronounced.
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Figure 5. Computed and proposed amplification factors AMEhacase of EP model for (a) 1% damping and
(b) 5% damping of SS
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Figure 6. Computed and proposed amplification factors AMEhacase of Q model for (a) 1% damping and (b)
5% damping of SS

3. PROPOSAL OF THE DIRECT METHOD
3.1. Original method

A very simple method for direct determination afdi response spectra was proposed by Yetsali
(1993). The authors have derived an equation wisiefalid in the whole period range for the case of
linear elastic behaviour of both PS and SS, whierewnodeled as SDOF systems. The equation was
derived analytically, using the Duhamel integral foe evaluation of the responses of PS and SS.
Three responses in terms of absolute acceleratoe analyzed: responses of the PS and SS subjected
to the ground motion and the response of the Sfgcteld to the absolute acceleration of the mass of
the PS. The maximum values of responses were thabhined with the SRSS (Square Root of Sum of
Squares) combination rule in order to obtain theatign for the floor spectrum generation. The
derivation was conducted separately for the noorast and resonant cases. Two independent
equations were then combined in a single equatifidor response spectrum determination

A, = 1 \/{(Tp’TS)ZSe(Tp,g p)}2+se( T£) @

\/{1—(Tp /Ts)z}2 vag +e ) (T/T)




where A is a floor spectrum value,$ a value from the elastic acceleration spectrdamping
values of PS and SS are denoted,andSs respectively, whereas, &nd T were defined above.

Input data are dynamic properties of PS and SSoeand natural periods) and elastic acceleration
spectrum representing the ground motion. Our amalysdicate that, in the non-resonance regions,
floor response spectra obtained by the proposesttdinethod are in good agreement with more
accurate floor response spectra obtained by tistyi analyses. In the resonance region, a
considerable inaccuracy of the direct method wasied in our studies.

3.2. Extension and modification of the method

In order to improve the accuracy of the direct rodthnd to make the method applicable for the case
of inelastic PS some changes were made.

First, elastic acceleration spectrum was replaceith whe inelastic acceleration spectrum
corresponding to the expected ductility demandpraposed by Fajfar and Novak (1994). Several
proposals have been made for inelastic accelerapectra. One of them is the simplified form of
spectra proposed by Videt al. (1994) which has been implemented in Eurocod&h#. inelastic
spectrum, used also in the example presented snptgber, can be obtained by reducing the elastic
acceleration spectrum by a reduction factpmRich is defined by Eqn. 3.2.

;
~(u-1)+1, T<T
r =i7 (7Y : (3.2)

H
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C

Second, a change in the combination rule, useddobining the amplitudes of the vibration of the
PS and SS, was made. In the original method, tt&SSgodmbination rule is used to compute the floor
spectrum throughout the whole period range. Resbligined in our parametric study suggest that the
SRSS combination rule gives, both in the elastitiaplastic range, adequate results only in thg-lon
period region, whereas the results obtained in ghert-period region are less accurate and
unconservative. In the short-period region moreueate results can be obtained if the sum of the
amplitudes of the PS and SS is used instead oSB®S combination rule in the formula for the
determination of floor response spectra.

In the resonance region, the spectral values maustriited in order to obtain realistic results. teesd

of the formula provided in the original method, whiin our experience provides too conservative
results even in elastic region, the amplificatiantérs which are based on AMP values obtaineddn th
parametric study (Figs. 5 and 6) can be used fd#termination of the floor response spectraén th
resonance region. The research is still ongoinghilh paper some very rough preliminary proposals
for amplification factors are presented in Figarsl 6. For the EP model (Fig. 5), it is assumetl tha
AMP is independent on ductility. In the regiog'Tc < 1, values AMP=12 and AMP=6 are proposed
for 1% and 5% damping of the SS, respectively /T > 1, AMP decreases with increasingTk. A
proposal for the AMP values to be used in the siimgl procedure has still to be prepared. For the Q
model, the influence of ductility is considerabtaerefore it is considered in our proposal. The
following AMP values are proposed in the case ofd&@mping of SS: 10, 9 and 8 for ductilities 1.5, 2
and 4, respectively. In the case of 5% damping ®f tBe AMP values amount to 5.5, 5 and 4.5.
Again, the values apply to the regiogTlc < 1.

In the proposed direct approach, considering tlamgés explained above, floor response spectra can
be computed for both the EP and the Q models kel

1. Inthe short-period region, the spectral valuesohtained as



A, = 2 ! {@;rgf§4jﬁil+ainﬁg} (3.3)
JPT(R/TJ? +ag +e ) (T/T) Ru

2. Inthe long-period region, the spectral valuesodntained as

A = : 1 {(Tp/_l_s)z Se(Tp'EP)} +Se(T51€- s)2 (3.4)
Sy} ale, s (rmy "

For the case of the stiffness degrading Q modelrdkio T/Ts in Eqn. 3.4 should be replaced
with the ratio T, /Ts, where T, represents the effective natural period of the IP8epends
on the inelastic deformation which is expressetkims of ductility. It can be defined by Eqgn.
3.5 proposed by Akiyama (1985).

_o [LHutu
Tp,u - Tp 3 (3.5)

3. In the resonance region, the spectral values mni¢ell to the value obtained by Egn. 3.6. A
preliminary proposal for amplification factors AM$&presented in Figs. 5 and 6.

A, =AMP xS (T,& )/ R, (3.6)

Note that in Egn. 6, as used in this paper, twahoapproximations are involved. One is related to
AMP (see Figs. 5 and 6) and the second one isecelat approximate inelastic spectra (Eqn. 3.2 for
Ry).

4. EVALUATION OF THE PROPOSED DIRECT METHOD

The proposed direct method was used to computge taumber of floor response spectra which were
then compared with the “accurate” spectra obtainetthe parametric study, in order to evaluate the
accuracy of the method. Results shown below araimdd for the sets of ground records which

correspond to the soil types B and D, for PS wih0T3 sec. In all cases two different values of ¢1 ar

considered. Damping of PS is equal to 5%, wheraagithg of SS is equal to 1% and 5%.

In practice, the natural period of the PS cannoadmirately determined due to uncertainties intinpu
parameters, such as the material properties ddttheture and soil, damping values and soil-stmagctu
interaction. In the conventional floor response cspen method, which is described in the
Introduction, these uncertainties are usually aereid by broadening the peaks of floor response
spectra. According to USNRC (1978), the frequeregyian where the spectrum should be broadened
is obtained by considering a +15% variation inftleguencies associated with the spectral peaks.

Figs. 7-14 show the mean, mean plus standard dmvi@) and broadened mean values of “accurate”
floor response spectra, as well as the approxispgetra computed by the proposed direct method,
for the EP and the Q models of the PS.

It is obvious that in most cases the proposed noegiiovides somewhat conservative results in the
resonance region. Peak values of the direct spacgrmostly located between mean and megreak

values of the “accurate” spectra. The exceptiordé ttcur in the case of p=4 are the result of a
difference between the value from the “accurateldstic design spectrum and the approximate value



obtained by using the factoy,Rccording to Eqn. 3.2.
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Figure 7. Floor response spectra for EP model of PS (spé &, T,=0.3 sec, 5% damping of PS and 1%
damping of SS)
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Figure 8. Floor response spectra for Q model of PS (so# §pT,=0.3 sec, 5% damping of PS and 1%
damping of SS)
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Figure 9. Floor response spectra for EP model of PS (spé 9, T,=0.3 sec, 5% damping of PS and 1%
damping of SS)

Outside of the resonance region, the results shegnagood agreement between a broadened and the
direct spectra.

We believe that the proposed direct method can ladsapplied on multi-degree-of-freedom primary
systems (MDOF) which can be properly simulated byequivalent SDOF system. This will be the
subject of our future research.
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Figure 10. Floor response spectra for Q model of PS (so# t9pT,=0.3 sec, 5% damping of PS and 1%
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Figure 12. Floor response spectra for Q model of PS (so# $pT,=0.3 sec, 5% damping of PS and SS)
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Figure 14. Floor response spectra for Q model of PS (so# typT,=0.3 sec, 5% damping of PS and SS)

5. CONCLUSIONS

Inelastic behaviour of the PS significantly redupeak values of floor response spectra. In the chse
the EP model, peak values of inelastic floor respospectra occur in the resonance region, whereas
they are shifted towards higher periods in the cdigbe Q model. For infinitely rigid equipmentgth
peak acceleration of equipment is equal to the @eakleration of the structure. The ratigh is
primarily influenced by the damping of SS. The eaéeristics of ground motion in terms of the
characteristic period of ground motiog fiave only a small influence on the maximum valoiethe
ratio AJA,, provided that the ratio ITc is plotted on the x-axis. Based on the resultaiobtl in the
parametric study, a preliminary version of a simpleproximate practice-oriented method for
determination of inelastic floor response spectir@ctly from the design response spectrum is
proposed. The method is applicable for both EP@ndodels of the PS. The results obtained by the
proposed method show a satisfactory agreementtimgttibroadened “accurate” results. The proposed
approximate direct method can be used for a quieterchination of the seismic demand for
acceleration controlled equipment.
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