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Abstract

Floor acceleration spectra, which are important for seismic design and assessment of acceleration-
sensitive equipment, were studied in the dissertation. A relatively simple practice-oriented method for
the determination of floor acceleration spectra directly from the ground motion spectra was devel oped.
Elastic and inelastic structural behaviour was taken into account. Extensive parametric studies were
performed on single- (SDOF) and multi-degree-of-freedom (MDOF) structures and a large number of
floor acceleration (response) spectra were calculated by using the response-history analysis (RHA). In
the case of SDOF structures two different sets of ground records were used, whereas in the case of
MDOF structures only one of these sets was considered. The influences of the type, natura period,
hysteretic behaviour, and ductility of the primary structure, as well as the influence of the equipment
damping, were studied. Additionaly, in the case of SDOF structures, the influence of input ground
motion characteristics was also investigated. The obtained results confirmed the fact that indlastic
behaviour of the primary structure can significantly reduce floor acceleration spectra, especialy their
peak values. The method for direct determination of floor response spectra was firstly developed for
SDOF structures and it was validated by comparing its results with the floor response spectra obtained
from the RHA. A good agreement between the results obtained for both elastic and inelastic structural
behaviour was observed. The method was extended to MDOF structures and it was coupled with the
nonlinear pushover-based N2 method. In the case of elastic structures the method provides floor
response spectra which are in very good agreement with the results obtained from the RHA. In the
case of inelastic structures, in general, a satisfactory accuracy can be achieved.
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V disertaciji so obravnavani etazni spektri pospeski so pomembni za potresno projektiranje in
ocenjevanje opreme, &litlive na pospeske. Razvita je razmeroma enostaenprakso uporabna
metoda za dolkanje etaznih spektrov pospeskov iz spektrov talodtgvano je bilo elastio in
neelastino obnaSanje konstrukcije. ObseZne paratmetriStudije so bile izvedene za modele
konstrukcije z eno (SDOF) in ¥grostostnimi (MDOF) stopnjami. &sovno analizo odziva (RHA)
je bilo izraunano veliko Stevilo etaZznih spektrov pospeskovprineru SDOF konstrukcij sta bili
uporabljeni dve neodvisni skupini akcelerogramov,puimeru MDOF konstrukcij pa je bila
upoStevana le ena od teh skupin. Raziskovani dovplivi tipa, nihajnegacasa, histereznega
obnaSanja in duktilnosti primarne konstrukcijeypliv duSenja opreme. Za SDOF konstrukcije je bil
raziskan tudi vpliv karakteristik vhodnih akceleragpov. Dobljeni rezultati so potrdili dejstvo, da
neelasiino obnaSanje primarne konstrukcije lahko pomembmaniSa etazne spektre pospesSkov,
zlasti njihove maksimalne vrednosti. Metoda za ldite dol@anje etaznih spektrov je bila najprej
razvita za SDOF konstrukcije in potriena s primasjajenih rezultatov z etaznimi spektri, dobljenimi
z RHA. OpaZeno je bilo dobro ujemanje rezultatosblgtnih za elastno in neelastino obnaSanje
konstrukcije. Metoda je bila razSirjena na MDOF $ioukcije in povezana z nelinearno N2 metodo, ki
temelji na potisni analizi. V primeru elastih konstrukcij daje metoda etazne spektre pospegkse
zelo dobro ujemajo z rezultati, dobljenimi z RHA.pvimeru neelastnih konstrukcij je v sploSnem
mogaie doséi zadovoljivo natadnost.
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A peak acceleration of the SDOF primary structure
A floor response spectrum value for the case of @S primary structure
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d displacement of the MDOF system
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d displacement of the storgy
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d, displacement at the yield point of the equivaleDO& system
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F base shear force of the MDOF system
F base shear force of the equivalent SDOF system
fy frequency used in Gupta’s combination method
f, frequency used in Gupta’s combination method
f; frequency for the modie
fi the rigid frequency
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fy yield strength of reinforcement
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g acceleration of gravity
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M mass matrix
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PFAmi peak floor acceleration related to the missing naasike floor]
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1 INTRODUCTION

Experience shows that during earthquakes equiprmernbuildings may be subjected to large
accelerations. The safety of equipment is in maases the most important issue in the design. In
industrial buildings such as nuclear power plafit®r response spectra are usually used for seismic
design and evaluation of mechanical and electagaipment (e.g. piping systems, boilers, turbines,
generators, pumps, tanks, ducts, etc.). It has mEmgnized that the damage of such equipment may
represent a threat to life safety and a great enandoss. Therefore, an adequate resistance of
equipment during earthquakes is of great importance

The second half of the $Qcentury was characterized by mass constructioa gfeat number of
nuclear power plants. Seismic analysis of equipn{eatondary systems) in such structures was
unavoidable. At that time, many researchers mageeat deal of effort to develop rational methods
for the seismic analysis and seismic design of re#ay systems. The development of these methods
came as a need to provide sufficient sustainahifitgritical equipment in industrial structures itgr
earthquakes. It was shown that accurate and effi@ealysis of secondary systems may be very
difficult and complicated. Different methods of &sds were proposed. Some of them are based on
strong empirical facts while others are based ancyples of structural dynamics. The fact that
primary and secondary structures may have venermift dynamic properties and that they are
designed by different teams at a different time sedutroubles to researchers. Therefore, the
development of a reasonably reliable but relativ@igple method for seismic analysis of secondary
systems represents a big challenge in earthquajieesming.

In the last three decades, construction of neweangbower plants has not been frequent as in the
above mentioned period. On the other hand, allheké structures built in the past have to be
reevaluated. Main reasons for that lie not onlyhe fact that they are old, but also in the faett th
current building codes and provisions have sigaiftty changed from the time those structures were
designed and built. Modern computer software giwesan opportunity to conduct quite accurate
structural analysis, even in complex cases su@nalysis of secondary structures attached to pyimar
structures. It is therefore of crucial importantattwe use this opportunity, in order to provide
maximum safety of industrial structures and theguipment, whose collapse could cause
unforeseeable consequences.

1.1 The theme of the doctoral dissertation

Once constructed, primary and secondary structefg®sent entirety. In order to include all mutual
influences, they should be analysed as one undypled system). That kind of system does not
possess classical modes of vibration and it is (wiben) not classically damped, which makes ityver

difficult to analyse. Even though such analysisegivnore accurate results, it is impractical and
unjustified for everyday practice.

Floor response spectra in terms of accelerationctwhre also known as in-structure spectra, are
usually used for seismic design and evaluation afekeration-sensitive equipment installed in
buildings. The floor response spectra concept sedhaon a separate (uncoupled) analysis of the
structure and its equipment, which means that ghgiamic interaction is neglected (see Figure 1.1).
It is considered to be sufficiently accurate inesaef equipment whose mass is significantly smaller
than that of the structure, by a factor of at e hundred. If this factor is smaller, the floesponse
spectra are usually conservative (see e.g. Figur 3n ASCE 4-98 2000, Adam and Furtmiller
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2008, Adamet al. 2013, Pinkawa et al. 2014). In the disseratit was assumed that the mass of
equipment is significantly smaller than the massttef primary structure, i.e. the original floor
response spectra concept was considered. Thusidimesteps for the calculation of floor accelenmatio
spectra ("classical approach" in Figure 1.1) are:

1) Response-history analysis of the structure by usiggt of ground motions;

2) Determination of the response of a floor in terthe absolute floor acceleration;

3) Generation of floor acceleration spectrum corredpanto the absolute acceleration response-
history determined in step (2).

Many researchers have proposed methods that etabigneration of floor response spectra directly
from the design response spectrum ("direct apptoachigure 1.1) in order to avoid long numerical
integrations. Apart from the design response spettinput data are also the dynamic properties of
primary and secondary structures. Because of siraplicity, these methods are being widely used in
practice. Developments of early floor response tspenethods have been based on the assumption
that the primary structure and equipment remailinear elastic region during earthquakes. Even in
the case of structures of great importance, suchuakar power plants, it is justifiable to allow a
moderate amount of inelastic behaviour during girearthquakes. This fact is important, especially i
case of the evaluation of existing structures,esimeglecting the influence of structural inelasgian

floor accelerations may lead to unrealistic results

floor acceleration

spectrum
equipment l]\
absolute
acceleration
A\
S .
& equipment
&
structure > = structure
=
L
192}
2
° >
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ground motion dMMWwM spectrum
ground motion direct approach /]\

spectrum

Figure 1.1: lllustration of the floor response dp@concept

Slika 1.1: llustracija koncepta etaznih spektrozied

Significant reductions in peak values of floor msgpe spectra can be obtained if the inelastic
behaviour of the primary or/and secondary structsiraken into account. Neglecting this fact may
lead to unrealistic and uneconomical design. Onfgva researchers have made an effort to derive
simplified methods which include inelastic struetubehaviour in the analysis and the lack of such
methods is evident. On the other hand, most oé¥ing proposed methods are either quite complex
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and impractical for wider application, or insufBaitly accurate. It was therefore concluded that a
practice-oriented direct method is still missing.

Recognizing the importance of the influence thatdstic structural behaviour has on the response of
secondary systems, the analysis of this influemak the development of a practice-oriented direct
method which takes into account the inelastic bigha\of the primary structure were chosen to be the
main objectives of the dissertation. The analyseeeveonducted on uncoupled structure-equipment
systems. Inelastic behaviour was assumed onlyimapy structures, while equipment remained in
linear elastic region. Thus, the main goals ofdissertation are:

* investigation of the effects which the inelasticustural behaviour of the SDOF (single-
degree-of-freedom) and MDOF (multi-degree-of-fre®iiloprimary structures has on the
response of equipment (secondary structures) fiouahysteretic models and comparison of
the newly obtained findings with the existing oresg

« development of a new simple practice-oriented ntfloo direct generation of floor response
spectra, which takes into account structural inigliag

1.2 State of the art at the relevant scientific field

The development of floor response spectra methtaaged in early 1970s. According to Villaverde
(1997), the first progress on the subject was zedlby Biggs and Roesset (1970), Amin et al. (1971)
and Kapur and Shao (1973). The developed methqissented a very good alternative for time-
consuming methods which were based on the resgosisey analysis and usage of seismic waves as
input. In the light of proposed solutions, Petdrale(1977) developed a new method which was based
on the uncoupled analysis of primary and secongtinctures. Like the first methods that had been
proposed, it also provided the direct generatiofladr response spectra from the ground response
spectrum. The method distinguishes between resoaadt non-resonant cases of primary and
secondary structures. Similar research was condigte/anmarcke (1977), whose method provided
evaluation of the secondary system response dirérciin the specified ground response spectra. He
expressed maximum acceleration of the secondatgraylsy combining individual contributions for
all significant modes of the primary structure kging the Square Root of Sum of Squares (SRSS)
rule. Singh and Sharma (1983) proposed a methodhfordirect determination of floor response
spectra from the design ground spectrum for el®dOF structures that can be affected with high
frequency modes. The method is based on mode &aatieles and the seismic input is defined in terms
of relative acceleration and velocity spectra. @hthors implied that the direct methods based en th
mode displacement approach (which use pseudo-aatiete spectra as seismic input) can give
inaccurate results if the complete set of modeage(Bialues) is not taken into account. In the pregos
method effects of high frequency modes were takém account implicitly. The study showed that
higher modes have the most significant effect am flbor accelerations in lower floors of stiff
structures.

At one point, researchers came to the conclusianflihor response spectra methods are in some cases
limited and impractical for use in direct analysiscombined primary-secondary systems. Dynamic
interaction between two subsystems is neglectedtlaaidfact can sometimes lead to conservative
results, especially in cases when the mass of sauipis not negligible comparing to the mass of the
primary structure. Following already mentioned twain approaches, several modifications were
proposed. Since the main objectives of the dissentalo not apply to the analysis of interaction
between the two subsystems, the description oatbeementioned modified methods is going to be
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brief and restricted to those with most practieghsicance. Vidic (1988) gave a good insight itie
method developed by Der Kiureghian et al. (198Bjpugh the results obtained by a computer
program that he designed and based on this metposa and Der Kiureghian (1985) developed a
method which more accurately accounts for tunimggraction and non-classical damping. Modal
properties of the coupled system were derivedrimgeof the known properties of two subsystems by
using modal synthesis and perturbation technidligs.direct generation of floor response spectra was
conducted by using derived modal properties ofcthraposite system and specified ground response
spectrum. A parametric analysis was conductedderaio show the accuracy of the proposed method.
Gupta and Jaw (1986) presented a method capalalecotinting for various coupling effects on the
response of secondary systems. The method usdaddisgent and velocity spectra at the base of the
primary structure as seismic input for generatibrthe floor response spectra. The results obtained
from the proposed method showed very good agreemightthe results obtained from response-
history analysis. Suarez and Singh (1987) introdware approach that also incorporated the effect of
the interaction between primary and secondary stres. Modal synthesis of the dynamic properties
of individual structures was used to obtain modapprties of the coupled system. Seismic input may
be defined in terms of smoothed ground spectra.riginod is suitable for analysis of both light and
heavy secondary systems. Villaverde (1991) propsesagle approximate formulas for determination
of the maximum response of secondary systems. Evamgh primary and secondary structures were
considered as one unit, they were expressed irstefimdependent dynamic properties. The formulas
are restricted to primary and secondary systemshwbéhave linearly and have classical modes of
vibrations. George and Gupta (1995) derived cldeeal equations for response of secondary
systems. The equations can be used for quick di@uaf points of floor response spectra and they
are also applicable to MDOF secondary systems.

All of the above mentioned methods were derivedthan basis of the assumption of linear elastic
behaviour of both primary and secondary structuteson became clear that most structures to which
secondary systems are attached yield during seartbquakes. Even in the case of structures of grea
importance, such as nuclear power plants, it ififigisle to allow a moderate amount of inelastic
behaviour during strong earthquakes. This faanjgartant, especially in the case of the evaluadion
existing structures, since neglecting the influeatstructural inelasticity on floor acceleratiomgy
lead to unrealistic results. In general, significeeductions in peak values of floor response spect
can be achieved if the inelastic behaviour of thenary structure and/or equipment is taken into
account.

An early observation of this phenomenon was madiddly (1978) who had conducted research on

twelve MDOF structures. Several different strudtiypes were taken into account and a height of
each structure was varied. As an input, El Cend#0IN-S component was used. Structural behaviour
was assumed to be elastic and inelastic for twterdift levels of structure yield strength. It was

observed that the peak values of absolute flooelacations significantly decrease in the case of
inelastic structural behaviour in comparison todlastic one.

Lin and Mahin (1985) thoroughly investigated thefeefs of inelastic deformations, different
hysteretic characteristics of the supporting stngctand influence of amount of viscous damping of
the subsystem. Primary structures were modelle8C(SF systems with elasto-perfectly plastic and
stiffness degrading nonlinear behaviour and 5% diagnp/laximum displacement ductilities of 1, 2, 4
and 8 were considered. Secondary structures wecerabdelled as SDOF systems but with linear
elastic behaviour and 1% and 5% damping. Ten gromadions were used as seismic input.
Quantification of the effects of inelastic deforioas on the response of secondary structure was
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obtained through the definition of an amplificatiactor. Thus, the design floor response spectra
accounting for yielding of the supporting structuvere obtained by using the amplification factors
and conventional linear elastic floor response spec

Through an extensive study, Sewell et al. (198&hneRred the influence of various factors on floor
response spectra in nonlinear MDOF primary stregtuin the study, the emphasis was on the
comparison of equipment response in nonlinear amelt structures. The factors which mostly
influence the response of elastic equipment inineal structures are the number of degrees-of-
freedom (DOF) of the structure, the localizationimélasticity in the structure, the distribution of
strength, location of the equipment in the struetand the characteristics of input ground motion.
Other factors, such as damping of the structureegugpoment, did not show unusual or unanticipated
influence on the response of equipment in ineldd@OF structures. The study showed that in some
cases of nonlinear structures floor response speetn be greater than the floor response spectra of
the corresponding elastic structures. It was shdwat this trend is more pronounced when the
yielding of structure is localized and the baseutnig narrow band centered near the fundamental
frequency. Study also indicated that the absolespanse of equipment can be predicted, for a given
amount of structural inelasticity, in a simple manfrom the input ground motion spectrum.

A method that fully takes into account interactimetween the primary and secondary structure, as
well as the inelastic behaviour of the supportitrgcture, was proposed by Villaverde (1987). The
method is appropriate for the analysis of elastibOF secondary structures attached to one or two
arbitrary points of inelastic MDOF primary struaar Both subsystems were considered as an
integrated combined system, which was analysed digguan approximate procedure for modal
analysis of multistory structures. The procedures,wewever, restricted to primary structures with
elasto-plastic behaviour and to those cases inhwthie secondary system has a small mass comparing
to the primary system.

Igusa (1990) examined how nonlinear response diffem linear. Under the assumption of moderate
nonlinearities he developed analytical expressifmnsthe wide-band nonlinear response. Primary-
secondary system was modelled as 2-DOF system.indanlequations for system'’s response were
solved by using the equations for the linear 2-O@imary-secondary system, which were previously
obtained by Igusa and Der Kiureghian (1985). Thiecefof nonlinearity has proven to be more

important than the effect of interaction between subsystems.

A very simple method for the direct determinatidriloor response spectra in elastic SDOF structures
was proposed by Yasui et al. (1993). This methpdesents an important part of the dissertation and
it is discussed in more detail in Chapter 3, as agln ANNEX A.

Novak and Fajfar (1994) conducted a parametricysivtich was based on uncoupled SDOF inelastic
primary and SDOF elastic secondary structure. Idapariod of vibration and ductility of the primary
structure were varied. Three hysteretic models vasseimed: elasto-plastic, bilinear with 10 per cent
hardening and stiffness degrading Q-model. Damptig for the primary structure was chosen to be
5%. A simplified method for the direct generatidrfloor response spectra that takes into account th
nonlinear behaviour of the primary structure waso glroposed. It was concluded that inelasticity of
the primary structure reduces peak values of flemponse spectra obtained for elastic primary
structures. Similar but extended study was conduayeFajfar and Novak (1995). The basic idea used
in those studies (consideration of inelastic stmadtbehaviour) was also used in this dissertation.
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Interesting research results were obtained by Setgth. (1996). The study showed that in some cases
floor response spectra in inelastic structures lbargreater in the high frequency range than the
corresponding floor response spectra in elastieciires. According to the authors, the main reason
for this is the phenomenon of internal resonancadnlinear vibrations. Internal resonance can be
observed in the case of structures with concentratelasticity, while structures with distributed
inelasticity do not show sensitivity to this phereran. Analysis showed that higher intensity of
seismic input, as well as the higher level of igttity, tends to increase the effect of internal
resonance. On the other hand, an increase in thpidg ratio of the primary and secondary structure
tends to diminish it.

Adam and Fotiu (2000) conducted a parametric studgre a primary structure was modelled as a
four story frame, and a secondary structure as @FsSDscillator attached to it. Two methods for
analysis of coupled primary-secondary systems wweoposed. The behaviour of both primary and
secondary structures was assumed elastic andasilel@sto-plastic. The results of uncoupled ansilysi
were also presented for the purpose of comparidorth-south component of El Centro earthquake
was used as seismic input. It has been shown tiedstic behaviour significantly reduces the
response of the secondary structure. The effeict@faction between primary and secondary structure
increases with an increase in the modal mass fdtin-classical damping does not affect significantl
the response of the secondary subsystem.

Rodriguez et al. (2002) gave an emphasis to tleeaation between a building nonlinear response and
the magnitude of floor accelerations. Parametnedr and nonlinear response-history analysis of
regular cantilever wall buildings with rigid diaglyms was conducted. Analysis showed that the
maximum floor accelerations occur in the top fleord that inelasticity significantly reduces them.
The authors have also proposed a simple procetatederives design floor horizontal forces. The
procedure is based on the assumption that duability affects floor accelerations associated whin t
first mode of the response of the building.

Miranda and Taghavi (2005) proposed a simple methatl can be used for a quick approximate
evaluation of peak floor accelerations in elastipmctically elastic buildings subjected to a jgaitar
ground motion. In the method, the dynamic properté multistory buildings are approximated by
using an equivalent continuum model consisting @&xrural and shear cantilever beam and the first
three modes of vibration are taken into accounte ftethod is also applicable for structures whose
stiffness is reduced along the height. Taghavi lsinénda (2005) investigated the accuracy of the
proposed approximate method and concluded thamméiod produces good results with a small
computational effort.

Singh et al. (2006) presented formulas that candeel to improve current estimate of the peak floor
acceleration defined in 2003 NEHRP Provisions toe tlesign of non-structural components in
buildings. This work considered only the elastit©déour of structures as well as the rigid non-
structural components (Part I). Additional work wasde on a subject of flexural non-structural
components, which was also discussed by Singh €G06) (Part I1).

Seismic analysis of non-structural components iildimgs can be conducted by an approximate
method proposed by Villaverde (2006), which takds account the nonlinear behaviour of both the
primary structure and equipment. Geometric chariaties of the system, weights, target ductilitiés
the primary structure and equipment, fundament&lirab period of the primary structure and the
design response spectra are the only informatiquired for the appliance of the method. The results
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of comparative study were presented, and althobgh indicated that in all cases method leads to
adequate design of non-structural components, tileoa suggested that the method needs to be
investigated further. This should be achieved hysatering non-structural components with different
characteristics, mounted on different buildings.

Medina et al. (2006) studied the influences on rfloesponse spectra for light secondary systems
mounted on frame structures. This was conductesligr numerical simulations on regular frames
which represented structures and SDOF oscillatociwtepresented equipment. It was concluded that
the most important parameters that affect the shaganagnitude of floor response spectra are modal
periods of the structure, location of the equipmienthe structure and the damping ratio of the
equipment. Distributed inelasticity of the struetweduces maximum floor accelerations, which is of
great importance, especially in cases when peribdiloration of the equipment is near the
fundamental period of the structure. Peak accéteiaidf the equipment mounted on inelastic frames
can be obtained by scaling peak accelerations efetjuipment mounted on elastic frames with
proposed acceleration response modification fa@ankaranarayanan and Medina (2007) evaluated
the dependence of the proposed acceleration respoodification factor. They presented the values
of the factor in three different floor response cip@ regions. The study showed that both
amplification and reduction of the elastic floospense spectra can occur in the different regions.
Inelasticity of the structure tends to decreasstieldloor response spectra values when the streictu
and equipment have similar periods of vibrations.tke other hand, an increase in the floor response
spectra values occurs in regions located betwegtwanmodal periods of the structure.

Politopoulos and Feau (2007) examined the influeatenonlinear response of SDOF primary
structures on the floor response spectra. Secomstiaugtures were also assumed to be SDOF but with
linear elastic behaviour. As shown by previous igtsidthe nonlinear behaviour of the primary
structure reduces the peak values of the flooromesp spectra in most of the range of frequencias. A
equivalent linear oscillator can successfully refoice the effect of elasto-plastic behaviour of the
primary structure to the floor response spectranéthod for the design of floor response spectra
based on the energy dissipation capacity of theagm structure has been proposed.

Kumari and Gupta (2007) proposed a modal combinatide for estimation of peak values of
absolute floor accelerations in multistory sheafdings with linear elastic behaviour. In the prepd
approach, seismic input was represented throughudpsspectral acceleration spectrum. The
correlations between the ground acceleration aedréfative acceleration in each mode and the
correlations between the relative accelerationsmious modes were taken into account. It should be
noted that is also possible to omit the aforemeetiocorrelations in order to achieve a simplerardri

of the proposed combination rule. A numerical studg performed in order to examine the accuracy
of the proposed rule. Response-history analysisasaducted on three different structures by using
six ground motions and the obtained results inditahat the proposed rule produced satisfying
results along the height of the considered builgling

An extensive parametric study on seismic respofisgn-structural components in buildings with
nonlinear behaviour was conducted by Chaudhuri\édtaverde (2008). The study was divided into
two parts. The linear elastic behaviour of nontrital components was assumed in the first and
nonlinear behaviour was assumed in the second Parhary structures were modelled as both
flexible and rigid steel frames. Dynamic interantisetween the primary and secondary systems was
taken into account (coupled analysis). General losian was that, in most cases, the nonlinear
behaviour of the primary system has the favorafikceon the response of the secondary system. It
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was also shown that it is justified to assume lingastic behaviour of the secondary system. All
obtained conclusions are valid for structures wbtlinear hysteretic behaviour without stiffness
degradation.

Acceleration of non-structural components in lowd &igh-rise ductile frames was examined by Uma
et al. (2010). Analysis was conducted for ultimatet state and serviceability limit state intemss. It
has been found that floor spectral response islynasfected by the behaviour of the structure,
especially in cases of tuning. The elastic behawidthe structure tends to amplify accelerationhaf
equipment, while inelastic behaviour reduces ite Hmalysis showed that the intensity of seismic
input also has an important influence on floor $E¢cesponse.

Oropeza et al. (2010) investigated the responsmifstructural components in the case of uncoupled
system and the nonlinear behaviour of the primarycture. Both subsystems were modelled as
SDOF. Analysis was conducted for different natdratjuencies of the primary structure, strength
reduction factors, hysteretic models, and 5% dagpatio. As seismic input, a great number of
ground acceleration time histories were used. Hselts obtained for all hysteretic models were
generally consistent, except in the case of elplststic model. The results were therefore claskifie
into two groups: for the elasto-plastic and stiffsielegrading models. They were presented as flots o
amplification and resonance factors for differegsteretic models. The authors suggested possible
modification of current design provisions, as vealsome possible extensions of the study.

Politopoulos (2010) examined the influence of istabehaviour of MDOF structures on the floor
response spectra. Inelastic frame structures whiére designed by using the capacity design method
represented inelastic MDOF structures. It was shdhet uniformly distributed plasticity (in
comparison with the single-storey plastic mechasjsaignificantly attenuates amplification of the
contribution of higher modes. Therefore, the stadgwed that capacity design methods have proven
to be beneficial in reducing peak floor acceleragio

A comprehensive analysis of reinforced concretddimgs with different lateral force resisting
systems and heights was conducted by Shooshtalii @010). The main purpose of the study was to
provide a large volume of data which could imprdesign of operational and functional components
of buildings in Canada. The study confirmed amgdifion of floor response spectra with respect ¢o th
ground spectral accelerations. Floor acceleratiogr® highest at the roof level, gradually decregsin
towards the first floor. The authors have derivedeguation which provides generation of floor
response spectra directly from uniform hazard spedhe equation is applicable for the case of
buildings on firm grounds in Canada.

Chaudhuri and Hutchinson (2011) performed a pandnstudy on stiff and flexible steel frame
structures for the cases of elastic and inelagti@biour. The study showed that in some cases peak
floor accelerations in inelastic structures cami@ater than in elastic structures. The authorpgaed

a practical approach for approximate predictionpefik floor accelerations in buildings that are
expected to undergo moderate to severe groundaéros. The proposed procedure is empirical,
since it is based on linear modal properties ofdnecture which are combined with modal response
modification factors.

Pozzi and Der Kiureghian (2012) developed a respepectrum analysis method for the estimation of
peak floor accelerations in elastic MDOF structuidse method is based on the Complete Quadratic
Combination (CQC) rule and it approximately accsufdr the contribution of truncated higher
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modes. The method is able to provide a consistgithation of peak floor accelerations along the
entire height of the structure. In the study, tloeuaacy of the SRSS combination rule was also
discussed, and it was concluded that it may leaddorrect estimation of peak floor accelerations,
especially near the supports of the structure.

Maniatakis et al. (2013) investigated higher motfects in the case of RC frame structures. These
effects turned out to be significant, even in tlasecof planar structures. It was shown that storey
accelerations and inertial forces are strongly ugrficed by higher mode effects, whereas
displacements and inter-storey drifts are not. @kistence of the relation between the contributibn
higher modes and ground motion characteristicsalasshown. The study indicated that the adoption
of unique reduction factor for all modes, whictbesed on the inelastic response in the fundamental
mode, may lead to quite a significant underestinwdtstorey accelerations and inertial forces. In
addition, the assumption of linear elastic behaviou higher modes may lead to an overestimate of
the response.

Wieser et al. (2013) conducted a series of nonlimeEemental dynamic analyses on four 3D ductile
flexible moment resisting frame buildings in orderinvestigate floor acceleration responses and to
identify the crucial parameters in the determinatiof acceleration demands on non-structural
components. The authors proposed an alternativeetdapproach for determination of the design
acceleration demands on non-structural componastsyell as some changes in the current design
codes.

Based on the results obtained in the study of atiel&DOF oscillators, a methodology for estimation
of peak floor acceleration demands in inelastic MD&ructures was proposed by Moschen et al.
(2013). Effects of positive and negative post yiiffness, as well as of different damping typesav
studied. The relationship between elastic speeitakleration and inelastic peak floor acceleration
demands was determined by using a regression #@alybereas the prediction of peak floor
accelerations was based on the first mode approximarocedure. The authors have suggested that
there is a need for future testing and enhanceofehe methodology.

Sullivan et al. (2013) conducted a study of floesponse spectra taking into account SDOF primary
structures with elastic and inelastic behaviourjcivhwvere subjected to accelerograms of varying
seismic intensity. The elastic SDOF system repteseaquipment. In the paper, some of the current
codes for the design of non-structural componenéseweviewed, and it was concluded that
improvements are needed for both SDOF and MDOF aatipg structures. The authors presented a
new empirical approach in which the natural peaad inelasticity of the primary structure define th
shape of the floor response spectrum, whereas dahgidg of equipment defines its magnitude.
Calibrated equations for the prediction of floospense spectra in SDOF primary structures were
proposed.

The above described research was later extendedaby and Sullivan (2014), who proposed a
procedure for the estimation of floor response spein elastic MDOF primary structures. Floor
response spectra obtained from the proposed apgpwee compared with the floor response spectra
obtained from the response-history analysis comduch spatial RC wall structures of different heéigh
by using a set of 47 ground motions. From the mprteskresults, which were obtained for a 20-storey
structure, it was observed that the proposed apprgaovides satisfactory estimation of floor
response spectra.



10 Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

An assessment of several current code provisionEhwbropose simplified formulas for the
determination of seismic demands on non-structcoahponents was conducted by Pinkawa et al.
(2014), who found that these formulas may not bstesghtforward as expected and that they can
lead to unsafe design. It was shown that the cduplealysis of the structure-component system
should be conducted in cases when the mass obthpanent is larger than 1% of the total mass of
the structure, in order to obtain economic resuBg.contrast, in the case of light non-structural
components, the authors suggested that the appticat the floor response spectrum approach is
suitable for the design.

Moschen et al. (2014) proposed a modified respspseetrum method for the assessment of peak floor
accelerations in elastic MDOF structures. The nmetikdased on an extended CQC combination rule,
relative accelerations, peak ground accelerati@htia@ cross correlation coefficients between the tw
latter quantities. The method is not restrictedatepecific type of lateral load bearing structure.
Application of the method was demonstrated on & Vlexible 24-storey frame structure and the
obtained results showed satisfactory agreement thighresults obtained from the response-history
analysis. It was also observed that the SRSS malduped rather poor results when applied on the
considered structure.

1.3 The structure of the doctoral dissertation

The doctoral dissertation has two main objectivesstudy, qualify and quantify all main influences
that nonlinear seismic response of structures hath® floor acceleration spectra, and to develop a
simplified practice-oriented method for generatiwinfloor response spectra directly from ground
motion spectra. Thus, the dissertation consistsvofmain parts, which are conducted separately for
SDOF and MDOF primary structures.

In Chapter 2 of the dissertation the results oeatensive parametric study of floor response spectr
obtained for SDOF primary structures are presereth elastic and inelastic primary structures were
taken into account, while an elastic SDOF oscitlagpresented equipment in all cases. The structure
and equipment were always treated as an uncoupdtens. In the parametric study, a large number of
floor response spectra were calculated. Variousentes on floor response spectra were examined:
natural period, hysteretic behaviour and ductibythe structure, as well as the damping of the
equipment. The influence of the ground motion ctiaréstics was also investigated. Two different
sets, consisting of 30 ground records each, wexé insthe study.

Based on the results obtained and conclusions matie parametric study (Chapter 2), a method for
direct generation of floor response spectra froougd motion spectra for SDOF primary structures
was developed in Chapter 3. As a basis for the Idpment of the direct method, a very simple
method for the direct determination of floor resporspectra proposed by Yasui et al. (1993) was
used. The idea for the extension of the originalhme to the nonlinear range was proposed by Novak
and Fajfar (1994). The original method was devedofme elastic structures and equipment, which
were represented as uncoupled SDOF systems. In tordeake the original direct method applicable
to the case of inelastic SDOF structures, and faréwe its accuracy in the resonance region, some
changes were made, which are in detail describe@hapter 3. For the case of elastic SDOF
structures, some of the results obtained by usgiagptoposed direct method were compared with the
results of the original method proposed by Yasuwlef1993), as well as with the results obtained i
the parametric study, i.e. results obtained bygusasponse-history analysis. In order to validate t
proposed direct method for the case of inelasti©Bxtructures, the results of the method were
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compared with the results obtained in the paramstudy, with the results obtained by the procedure
provided in Eurocode 8 (2004), as well with theutssobtained by the direct method proposed by
Sullivan et al. (2013).

Chapter 4 presents the results of an extensivanedra study of floor response spectra for MDOF
primary structures, by taking into account elastil inelastic structural behaviour. In all cashs, t
elastic behaviour of the SDOF equipment was assui@gdctures and equipment were treated as
uncoupled. The influences of the type, natural qukrinysteretic behaviour and ductility of the
structure, as well as the influence of the dampithe equipment were studied. As the seismic input
a set of 30 ground records was used in the stukiig. §et was also used in Chapter 2. Some issues
related to structural modelling were also discussethe case of inelastic primary structures dityti
demands were determined by using the nonlineargvastbased N2 method. An interesting analysis
of influence of individual modes on the floor respe spectra was conducted for the case of elastic
primary structures. Based on the obtained resatisje general characteristics of floor response
spectra were identified and discussed.

In the seismic design of acceleration-sensitivaémgent, peak floor acceleration (PFA) represents a
very important parameter. The determination of RH#0 represents a significant part in the floor
response spectrum approach. In Chapter 5 a discusSPFAS in elastic and inelastic MDOF primary
structures is presented, along with the proposgdoaph for direct determination of PFAs, which is
based on a standard modal response spectrum andllysi proposed approach is applicable for elastic
primary structures and, as an approximation, alsdnklastic primary structures. The PFAs obtained
from the parametric study of floor response speftraMDOF structures (Chapter 4) were compared
with PFAs obtained directly from the proposed apploand the results were discussed.

Based on the direct method previously develope®&ROF primary structures (Chapter 3), and on the
results obtained in the parametric study conducteDOF primary structures (Chapter 4), a method
for direct generation of floor response spectraM@OF structures was developed and presented in
Chapter 6. The most important parts of the proposethod are: the modal superposition (which is an
approximation in the case of inelastic structureg)dal combination methods which are different in

different period ranges of the equipment (methodsp@sed by USNRC 1.92 2006 and algebraic

summation rule), and the N2 method. The proposextidmethod was applied to elastic and inelastic
MDOF primary structures previously analysed in Gbag, and the obtained results were compared
with the results obtained from the response-histmglyses. The comparison provided a proper
evaluation of the method'’s accuracy.

A step-by-step overview of the proposed methoddftect determination of floor response spectra in
MDOF structures is presented in Chapter 7. In &dita numerical example of the application of the
method is also shown.

Main findings and conclusions are summarized inpB#ra8, along with original contributions and the
suggestions for further research.
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2 PARAMETRIC STUDY OF FLOOR RESPONSE SPECTRA FOR SINGLE-DEGREE-
OF-FREEDOM STRUCTURES

This chapter presents the results of an extensivangetric study of floor acceleration spectra,rtgki
into account the elastic and inelastic behavioyprohary structures, and the elastic behaviouhef t
equipment. The structures and equipment were nemtleds uncoupled single-degree-of-freedom
(SDOF) systems. The main goal of the parametridystuas to determine some general characteristics
of floor response spectra.

2.1 Description of seismic input and structural models

In the parametric study, a total of 12,240 floosp@nse spectra were calculated by the procedure
described in the Section 1.1, i.e. by using respémstory analysis. A SDOF model was used for both
the elastic and inelastic structures and elastigpasent, which were treated as uncoupled. The
influences of the natural period, hysteretic bebaviand ductility of the structure, as well as the
influence of the damping of the equipment, weredisdt The influence of the ground motion
characteristics was also investigated.

Two different sets, consisting of 30 ground recardsh, were used in the study. The records of each
set were chosen so that their mean spectrum matbbddrget spectrum. The target spectrum was the
elastic spectrum defined by Eurocode 8 (2004). Tlyppectra for soil types B and D (each for one set
of records) were used, with the peak ground acatber (PGA) equal to 0.35g and 0.39g,
respectively. Soil type B represented stiff, wheresoil type D represented soft soils. The
characteristic periods of the ground motien(i.e. the periods corresponding to the boundatywéen

the acceleration and velocity controlled rangethefground motion spectrum) were equal to 0.5 and
0.8 s for soil types B and D, respectively. Theesgbn of ground records was made by using the
REXEL program (lervolino et al. 2010) in the ca$esail type B, whereas the software developed by
the Baker Research Group (Jayaram et al. 2011)uses in the case of soil type D. The records
which correspond to the soil type B were selectethfEuropean Strong-Motion Database (ESMD),
whereas the records which correspond to the spé y were selected from PEER Ground Motion
Database. The data of the selected records arensimivables 2.1 and 2.2M(denotes magnitude,
whereaskR denotes epicentral distance), for soil types B @ridspectively. It should be noted that the
ground motions which correspond to the soil typerdde magnified by a scale factor equal to 1.15.

In the case of soil type D the chosen set of rexdid not contain pulse-like ground motions, wherea
in the case of soil type B this was not considevétin the process of ground motion selection, sinc
the ESMD does not implicitly indicate whether awgrd motion is pulse-like or not. Pulse-like ground
motions are a special class of ground motions wbizttain a pulse in the velocity time-history of th
motion and they represent a challenge in seismimpeance assessment procedures. The procedure
of identification of pulse-like records was propdd®y Baker (2007), but the details of the procedure
exceed the scope of the dissertation.

The target and mean spectra of the selected setsafds for both soil types are shown in Figude 2.

It should be noted that, according to Eurocode(®42, no value of the mean 5% damping spectrum
of the chosen ground motions should be less th&f 80the corresponding value on the target 5%
damping spectrum in the range of periods off@&d 2.0, whereT represents fundamental period of
the structure in the direction where acceleratiorethistory will be applied. This was fully takemta
account, i.e. the mean and the target spectra%tod&mping were fitted between 0.15 and 2.5 s. The
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mean PGA values of 30 ground motions represenbiigypes B and D amounted to 0.43g and 0.50g,
respectively.

The natural periods of the structur@g, used in the parametric study, amounted to 02,05, 0.75,
1.0 and 2.0 s. Three different hysteretic modelseevi@ken into consideration: elasto-plastic (ERY a
stiffness degrading (Q) models with zerogY@nd 10% hardening ¢g). Structures with strength
degradation were not considered in the study.dnctise of the Q models (see Q-Hyst model by Saiidi
and Sozen 1979), the unloading stiffness degradavefficient was equal to 0.5. Typical hysteretic
behaviour is shown in Figure 2.2. The constantefadyctility factorp was assumed throughout the
whole period range. It amounted to 1.0 (elasticctres), 1.5, 2.0 and 4.0. "Mass-proportional”
damping amounted to 5% in the case of primary &iras, and to 1, 3, 5 and 7% in the case of the
equipment.

Table 2.1: Data of the selected set of ground mstishich corresponds to soil type B

Preglednica 2.1: Podatki o izbranem setu akcelarogv, ki ustreza tipu tal B

Waveform / . R PGA
Event Earthquake 1D Year Station M km] [l
Montenegro 196/93 1979 ST62 69 25 031
Montenegro 196/93 1979 ST62 6.9 25 0.45
Montenegro 197/93 1979 ST63 6.9 24 0.24
Montenegro 199/93 1979 ST67 6.9 16 0.38
Montenegro 199/93 1979 ST67 6.9 16 0.36
Duzce 1 1703/497 1999 ST553 7.2 8 0.38
Duzce 1 1703/497 1999 ST553 7.2 8 051
Duzce 1 1560/497 1999 ST541 7.2 39 0.80
Duzce 1 1560/497 1999 ST541 72 39 0.75
Campano Lucano 290/146 1980 ST96 6.9 32 0.22
Campano Lucano 291/146 1980 ST276 6.9 16 0.18
Campano Lucano 291/146 1980 ST276 6.9 16 0.16
[zmit 1226/472 1999 ST553 76 100 0.31
[zmit 1226/472 1999 ST553 7.6 100 0.36
[zmit 1257/472 1999 ST772 76 20 0.30
Kalamata 413/192 1986 ST164 59 10 0.30
Kalamata 413/192 1986 ST164 59 10 0.22
Faial 7329/2343 1998 ST87 6.1 11 042
Faial 7329/2343 1998 ST87 6.1 11 0.38
Gazli 74/43 1976 ST27 6.7 11 0.62
Gazli 74/43 1976 ST27 6.7 11 0.72
Umbria Marche 594/286 1997 ST60 6.0 11 0.52
Umbria Marche 594/286 1997 ST60 6.0 11 0.46
Panisler 354/171 1983 ST133 6.6 33 0.13
Panisler 354/171 1983 ST133 6.6 33 0.16
Firuzabad 7162/2313 1994 ST3297 5.9 7 1.00
Firuzabad 7162/2313 1994 ST3297 5.9 7 1.06
Dinar 879/349 1995 ST271 6.4 8 0.32
lonian 42/30 1973 ST8 58 15 0.25

South Iceland 6263/2484 2000 ST2484 6.5 7 051
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Table 2.2: Data of the selected set of ground metishich corresponds to soil type D

Preglednica 2.2: Podatki o izbranem setu akcelarogv, ki ustreza tipu tal D

Waveform / . R PGA
Event Earthquake 1D Year Station M km] [q]
Northrdge-01 STC180 1994 Saticoy 6.7 12 0.48
Northrdge-01 CNP196 1994 Canoga Park-T.Cé&n7 15 0.42
Northrdge-01 SCE?288 1994  Sylmar STA-EAST 6.7 5 049
Northrdge-01 RO3090 1994 Sun Valley Roscoe B.7 10 0.44
Northrdge-01 MUL279 1994 Beverly Hills - 1414%.7 17 0.52
Northrdge-01 ORR360 1994 Castaic Old Ridge Bt7 21 0.51
Northrdge-01 MULO0O09 1994 Beverly Hills - 1414%.7 17 0.42
Northrdge-01 ORRO090 1994 Castaic Old Ridge Bt7 21 0.57
Northrdge-05 SYL090 1994  Sylmar County Hosfh.1 25 0.60
Loma Prieta HSP000 1989 Hollister South&Pin6.9 28 0.37
Loma Prieta G02090 1989 Gilroy Array #2 69 11 0.32
Loma Prieta HDA165 1989 Hollister Diff Array 6.9  250.27
Loma Prieta A01090 1989 Foster City - Apeel 8.9 44 0.29
Loma Prieta STGO000 1989  Saratoga Aloha Ave 6.9 9510.
Chi-Chi CHY036-E 1999 CHYO036 76 16 0.29
Chi-Chi TCUOQ74-E 1999 TCUO074 76 14 0.60
Chi-Chi TCUO74-N 1999 TCUQO74 76 14 0.35
Chi-Chi TCUO079-E 1999 TCUO79 76 11 0.74
Chi-Chi TCUO72-N 1999 TCUO72 7.6 7 0.40
Chi-Chi TCUO084-N 1999 TCU084 76 11 042
Landers JOS090 1992 Joshua Tree 73 11 0.28
Landers YER270 1992 Yermo Fire Station 7.3 24 0.25
Imperial Valley H-E04140 1979 El Centro Array #4 56. 7  0.49
Imperial Valley-06 H-DLT352 1979 Delta 65 22 0.35
Superstition Hills B-IVW360 1987 Wildlife Lig. Ara 6.2 18 0.21
Duzce BOLO0O 1999 Bolu 71 12 0.73
San Salvador NGI180 1986 National Geogr. Ins5.8 7 041
Coalinga H-714000 1983 Parkfield - F. zone 1.4 30 0.28
Palm Springs MVH135 1986 Morongo Valley 6.1 12 0.21
Gazli GAZ090 1976 Karakyr 6.8 6 0.72

2.2 Analysis of structural models

Analysis of response of the primary structures wasducted using the OpenSees 2.2.2, which
provides a wide band of options regarding hysteretbdels and numeric solvers. Zero-Length
element was used to define simple oscillator whiepresented SDOF primary structures. The
behaviour of elastic structures was representettéyElastic Material, the Steel01 Material was used
in the case of EP structures, whereas the Hyatekéditerial was used in the case of &hd Qo
structures (for material details see Mazzoni eR@07). Newmark integration method was used for
time-history analyses, taking into account coefiitsy=0.5 ands=0.25, i.e. acceleration was taken to
be a constant within each time step. For each sisalyme step was taken to be equal to the tieg st
of the applied ground motion. Since the procedareathieving target ductility is iterative, MATLAB
7.5.0 was used as an input pre-processor. Thisavieyge number of input parameters could be taken
into account at the same time, which significantiguced time for conducting the parametric studly. |
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order to validate the results obtained from therf3ses 2.2.2 and pre-processor input codes, arcertai
number of control analyses was conducted usingsSthie2000 14.0.0 and NONLIN 6.01. A simple
code for the calculation of floor response spectras written in MATLAB 7.5.0 and the
aforementioned Newmark integration method was dsedime-history analyses of elastic SDOF
equipment. Since the results of the parametricystodtained a great number of data, MATLAB 7.5.0
was also used as a post-processor, which providegsy processing of the analyses output. All data
obtained in the parametric study was processedvih@enOffice.org 3.0.0 and MS Office Excel
2007.

35 1S, [gl 35 1S.[gl
3 3 —mean
2.5 A 2.5 —target
2 2 -
15 - 15 -
1 1
0.5 /-\ 0.5 /\
0 ; : x : "Tls] 0 - : ; ; : L TIs|
@° 0 1 15225 400 05 1 15 2 25

Figure 2.1: Elastic acceleration spectra (5% dag)pif individual records, target and mean spectionga)
soil type B (target spectrum with PGA=0.35g) angdddil type D (target spectrum with PGA=0.39q)

Slika 2.1: Elastini spektri pospeskov (5% duSenja) posameznih zeptsini in povpreni spekter za (a) tip tal
B (ciljni spekter s PGA=0.35q) in (b) tip tal D Koi spekter s PGA=0.39q)

/ d d d

(a) (b) (c)

Figure 2.2: Hysteretic behaviour of (a) elasto-ita@EP) and stiffness degrading (Q) model withZbejo (Q)
and (c) 10% hardening ()

Slika 2.2: Histerezno obnaSanje (a) elasto-plasgia modela (EP) in modela s padajtogostjo z (b) ri (Qp)
in (c) 10% utrditve (@)

2.3 Results of the study

The results obtained in the parametric study pedithe basis for the development of the method for
the direct generation of floor response spectranfelastic structures. They showed some trendshwhic
can be considered as general characteristics @ffésponse spectra.

This section presents the most important resulscamclusions of the study. The natural periods of
the (primary) SDOF structure and of the equipm#re §econdary structure) are denotedgandTs,
respectively. The floor acceleration spectra valesdenoted a&s (or Asc in the special case of an
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elastic structure). The peak acceleration of thecsire is denoted &, The results shown in Figures
2.3-2.20 were obtained for the sets of ground decarhich correspond to soil types B anduid for
structures with the natural periods equal to 0.2, @.5, 0.75, 1.0 and 2.0 s. In all cases the daygdf
the structured;) amounted to 5%, whereas the damping of the eqenpifi) amounted to 1, 3, 5 and
7%.

The results obtained for the elastic, EP anginipdel are presented. The floor response speararsh
in Figures 2.3-2.8 represent mean values, where&sgures 2.9-2.14 the ratios of floor response
spectra for inelasticAg) and the corresponding elastic structurgg) @re presented. The period range
of a floor spectrum can be roughly divided intoethregions, depending on the rafigr,: the pre-
resonance regionl{T,<0.8), the resonance region (018<,<1.25), and the post-resonance region
(TJT>1.25).

It is obvious from Figures 2.3-2.8 that in the prgonance and resonance regions, the behaviour of
the equipment is strongly influenced by the behaviof the primary structure. Both regions are
characterized by a significant reductionAndue to inelastic structural behaviour and the sizthe
reduction depends on the ductility demand of tmectare. This fact is of great importance for the
development of the method for direct generatiorfl@br response spectra. In the post-resonance
region, the floor response spectrum is controllgdtiee ground motion spectrum, i.e. the floor
response spectrum approaches to the ground maqiextram as the ratidy/T, decreases, which is
also an important fact. Additionally, in the possonance region the inelastic structural behawnasr
only a small influence on the floor response speatrif T>>T,, there is practically no reduction due
to inelastic behaviour in the case of the EP modkkreas in the case of the,@odel, some slight
amplification can be observed. The same conclusesmade by Fajfar and Novak (1995).

In the limit case of infinitely rigid equipmend is equal tdA,, i.e. to the value in the elastic (for1)
or inelastic acceleration response spectrum ofsthgcture at the period,. In the limit case of
infinitely flexible equipment, the value &% is equal to zero. Additionally, it can be conclddeom
Figures 2.9-2.14 that the damping of the equiprpmattically has no influence on the rafigA.

The shape of floor response spectra is influengethé hysteretic behaviour of the structure. In the
case of the EP model, where the initial stiffnesghie same at unloading after yielding and at
reloading, the peak values A&f occur close to the resonandg(T,). In the case of the ;@model the
peak values ofA; are shifted towards higher periods, due to inenga$, with increasing plastic
deformations.

Figures 2.15-2.20 show the floor response speotraalized to the peak acceleration of the structure
(AJAp). This ratio is mainly influenced by the dampirgjue of the equipment. It can be observed that,
in the pre-resonance and resonance regions, e, increases slightly with increasing ductility
in the case of the EP model, whereas in the casheof), model, in the resonance regiohfA,
decreases with increasing ductility.

Figures 2.21-2.23 present a comparison betweeflabieresponse spectra obtained for the stiffness
degrading Q models ¢and Qg). The results were obtained for soil type B. Ibh ¢z seen that the
floor response specti& obtained for the Qmodel are lower than the spectra obtained forQhe
model. The reduction is smaller or even disappiatise case of the ratid/A,, as shown in Figures
2.24-2.26, because the acceleration of the streustLis also smaller in the case of zero hardening, as
discussed later in Section 3.2.
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Figures 2.27 and 2.28 present maximum values ofat@A/A,, which will be hereinafter referred to
as the amplification factaAMP). Note that the peak acceleration of the struchyres equal to the
value in the floor response spectrum for the zeriod of the equipmenT{=0).

AMP =max(A / A,) (2.1)

The results obtained for both sets of ground metiodicate that the shape of the response spectrum
characterized by the characteristic period of gdoomotion Tc has only a small influence on the
amplification factor, provided that the rafig'T¢ is plotted on the-axis instead ofT.

It is clear from Figures 2.27 and 2.28 that, fothbilhe EP model and the,§dnodel of the structure,
the main parameter that influences the amplituddn@AMP is the damping of the equipmefit The
AMP reaches its peak value in the regigffc<1, and then it decreases with the increasing faftitx
if the ratio is larger than 1. The study showed tha difference between t#VIP factors obtained for
two different Q models is insignificant, i.e. hanileg practically does not influence them.

The influence of ground motion (soil type B versyse D) is negligible, provided that the peritgis
normalized by the characteristic period of the gwbunotionTc. In the case of the EP model, the
influence of the ductility of the structurg)(is also small, whereas in the case of the Q mitdsl
moderate. In the case of the EP model, AP values slightly increase with increasing ductjlity
whereas in the case of the Q model they decreastiliiy u=1 corresponds to the elastic case).

Figure 2.29 shows the mean values of AP factors obtained for the EP model ang @odel for

two characteristic cases, i.e. when the rafidc is smaller, and larger than 1, respectively. Mean
values were calculated for soil types B and D, famchatural periods of the structufg equal to 0.2,
0.3, 0.5, 0.75, 1.0 and 2.0 s. In the case of fRariBdel, the mean values were computed by taking
into account th&MP values for ductility factors 1 (elastic structyr2)and 4, whereas in the case of
the Qo model mean values were computed separately fdtiliduéactors 2 and 4. In the case of
T/Tc<1, coefficient of variation (CV), which is defined the ratio of standard deviation to the mean,
amounted to about 0.03-0.05, whereas in the cagglef1, it was in the range from 0.04 to 0.11.

As obvious from the input data described in Sec®dn in the parametric study the minimum value of
the structural period, amounted to 0.2 s, whereas the maximum valueeothiaracteristic period of
the ground motioT: amounted to 0.8 s. This means that the previooistginedAMP are actually
valid in regions 0.28T,/Tc< 1 andT/Tc>1. This fact initiated additional study on SDOFstgyMs with
natural periods lesser than 0.2 s, in order tcafilap betweeil,/Tc=0 andT/Tc=0.25. Even though
not important in the case of SDOF structures, sustudy is crucial in the case of MDOF structures,
since most higher modes lie in this region. In ghealy, only elastic SDOF systems were considered,
with natural periodS, which amounted to 0.025, 0.035, 0.05, 0.06, 0078), 0.11 and 0.12 s. A set
of ground motions which corresponds to the soiletyp (see Section 2.1), with the characteristic
period T¢c equal to 0.5 s, was used as the seismic inputeTdre, the additionaAMP values were
obtained for the ratid@,/Tc equal to 0.05, 0.07, 0.10, 0.12, 0.15, 0.20, @2@ 0.24, and fof=1%
they amounted to 3.6, 4.9, 9.5, 9.3, 9.5, 10.74,100.4, respectively, whereas f6&=5% they
amounted to 2.2, 2.5, 4.1, 4.2, 4.3, 4.9, 4.8 ahd respectively. The obtained results, which are
graphically presented in Section 3.2 (see Figusg, dndicate that in the region betweggT=0 and
T/Tc=0.25 the dependence betweaeviP andT,/Tc is not simple.
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Figure 2.3: Mean values of the floor response spggt) and peak accelerationsdifor the structures with

natural periods equal to 0.2 and 0.3 s, 5% dampinige structure and soil type B

Slika 2.3: Povpréne vrednosti etaznih spektrov odziva)(# maksimalnih pospeskov (Aza konstrukcije, ki

imajo nihajnaasa enaka 0.2 in 0.3 s, 5% duSenja konstrukctije tal B
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Figure 2.4: Mean values of the floor response spégt) and peak accelerations )Aor the structures with
natural periods equal to 0.5 and 0.75 s, 5% damgiige structure and soil type B

Slika 2.4: Povpréne vrednosti etaznih spektrov odziva)(f maksimalnih pospeskov fAza konstrukcije, ki
imajo nihajnatasa enaka 0.5 in 0.75 s, 5% duSenja konstrukctjp il B
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Figure 2.5: Mean values of the floor response spggt) and peak accelerationsdifor the structures with
natural periods equal to 1.0 and 2.0 s, 5% dampinige structure and soil type B

Slika 2.5: Povpréne vrednosti etaznih spektrov odziva)(i maksimalnih pospeskov (Aza konstrukcije, ki
imajo nihajnatasa enaka 1.0 in 2.0 s, 5% duSenja konstrukcije ial B
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Figure 2.6: Mean values of the floor response spégt) and peak accelerations iAor the structures with
natural periods equal to 0.2 and 0.3 s, 5% dampiitige structure and soil type D

Slika 2.6: Povpréne vrednosti etaznih spektrov odziva)(f maksimalnih pospeskov fAza konstrukcije, ki
imajo nihajnatasa enaka 0.2 in 0.3 s, 5% duSenja konstrukctje al D
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Figure 2.7: Mean values of the floor response sp€gt) and peak accelerationsd)for the structures with
natural periods equal to 0.5 and 0.75 s, 5% damgpiitige structure and soil type D

Slika 2.7: Povpréne vrednosti etaznih spektrov odziva)(i maksimalnih pospeskov (Aza konstrukcije, ki
imajo nihajnatasa enaka 0.5 in 0.75 s, 5% duSenja konstrukctjp tal D
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Figure 2.8: Mean values of the floor response spégt) and peak accelerations iAor the structures with
natural periods equal to 1.0 and 2.0 s, 5% dampiitige structure and soil type D

Slika 2.8: Povpréne vrednosti etaznih spektrov odziva)(# maksimalnih pospeskov fAza konstrukcije, ki
imajo nihajnatasa enaka 1.0 in 2.0 s, 5% duSenja konstrukcije tal D
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Figure 2.9: The ratio of the floor response speatrthe inelastic and elastic structures with ratperiods equal
to 0.2 and 0.3 s, 5% damping of the structure aidype B

Slika 2.9: Razmerje etaznih spektrov odziva neglaistin elasténih konstrukcij, ki imajo nihajnéasa 0.2 in
0.3 s, 5% duSenja konstrukcije in tip tal B
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Figure 2.10: The ratio of the floor response sjgecfrthe inelastic and elastic structures with ratperiods
equal to 0.5 and 0.75 s, 5% damping of the strecind soil type B

Slika 2.10: Razmerje etaznih spektrov odziva néiélaik in elasttnih konstrukcij, ki imajo nihajngasa 0.5 in
0.75 s, 5% duSenja konstrukcije in tip tal B



26 Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

1.5 1 A A T,=1.0s,E~1% 1.5 1 AfAn T,=2.0's,&=1%
12 -
0.9 -
0.6 —/“A\/
03 -
OoO T T T T T T T T
0 05 1 15 2 25 3 35 4 /T
1.5 1 A A, T,=1.0s,5=3% 1.5 1 A A, T,=2.0s,5=3%
12 - 12 -
0.9 - 0.9 -
A ,
0.6 7 W\ 0.6
03 - 0.3 -
0-0 T T T T T T T T 0.0 T T T T T T T T
005 1 15 2 25 3 35 4 /T g 05 1 15 2 25 3 35 4 L/T
15 7 = = 15 7 = =
A/ A T,=1.0s,&=5% A A, T,=2.0's,£=5%
12 -
0.9 -
AL
0.6 17 N/
03 -
0,0 T T T T T T T T 0.0 T T T T T T T T
0005 1 15 2 25 3 35 45T 0905 1 15 2 25 3 35 4T/
15 7 = = 15 7 = =
Ag/ Age Tp 1.0 S, %s 7% A/ Age T[) 2.0 S, gs 7%
12
0.9 -
0.6 —/\
03 -
00 +——————————— 0.0+
0005 1 15 2 25 3 35 45/ 9 05 1 15 2 25 3 35 4T/

Figure 2.11: The ratio of the floor response spgectrthe inelastic and elastic structures with radtperiods
equal to 1.0 and 2.0 s, 5% damping of the strucincesoil type B

Slika 2.11: Razmerje etaznih spektrov odziva néi€laib in elasténih konstrukcij, ki imajo nihajnaasa 1.0 in
2.0 s, 5% duSenja konstrukcije in tip tal B
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Figure 2.12: The ratio of the floor response sjgecfrthe inelastic and elastic structures with ratperiods
equal to 0.2 and 0.3 s, 5% damping of the struancesoil type D

Slika 2.12: Razmerje etaznih spektrov odziva néiélaik in elasttnih konstrukcij, ki imajo nihajngasa 0.2 in
0.3 s, 5% duSenja konstrukcije in tip tal D
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Figure 2.13: The ratio of the floor response spgectrthe inelastic and elastic structures with radtperiods
equal to 0.5 and 0.75 s, 5% damping of the stracind soil type D

Slika 2.13: Razmerje etaZznih spektrov odziva néi¢laik in elastinih konstrukcij, ki imajo nihajnéasa 0.5 in
0.75 s, 5% duSenja konstrukcije in tip tal D
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Figure 2.14: The ratio of the floor response sgecfrthe inelastic and elastic structures with ratperiods
equal to 1.0 and 2.0 s, 5% damping of the struauncesoil type D

Slika 2.14: Razmerje etaznih spektrov odziva né€laik in elasttnih konstrukcij, ki imajo nihajngasa 1.0 in
2.0 s, 5% duSenja konstrukcije in tip tal D
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Figure 2.15: Floor response spectra normalizetlégeak acceleration of the structures with napegabds
equal to 0.2 and 0.3 s, 5% damping of the struancesoil type B

Slika 2.15: Etazni spektri odziva normirani na makani pospesek konstrukcij, ki imajo nihajéasa 0.2 in 0.3
s, 5% duSenja konstrukcije in tip tal B
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Figure 2.16: Floor response spectra normalizetidgeak acceleration of the structures with napsebds
equal to 0.5 and 0.75 s, 5% damping of the strecind soil type B

Slika 2.16: Etazni spektri odziva normirani na makani pospesek konstrukcij, ki imajo nihajéasa 0.5 in
0.75 s, 5% duSenja konstrukcije in tip tal B
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Figure 2.17: Floor response spectra normalizeddgeak acceleration of the structures with napgebds
equal to 1.0 and 2.0 s, 5% damping of the strucintesoil type B

Slika 2.17: Etazni spektri odziva normirani na makani pospesek konstrukcij, ki imajo nihajéasa 1.0 in 2.0
s, 5% dusSenja konstrukcije in tip tal B
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Figure 2.18: Floor response spectra normalizetidgeak acceleration of the structures with napsebds
equal to 0.2 and 0.3 s, 5% damping of the struancesoil type D

Slika 2.18: Etazni spektri odziva normirani na makani pospeSek konstrukcij, ki imajo nihajéasa 0.2 in 0.3
s, 5% dusenja konstrukcije in tip tal D
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Figure 2.19: Floor response spectra normalizedgeak acceleration of the structures with napgebds
equal to 0.5 and 0.75 s, 5% damping of the stracind soil type D

Slika 2.19: Etazni spektri odziva normirani na malani pospesek konstrukcij, ki imajo nihajéasa 0.5 in
0.75 s, 5% duSenja konstrukcije in tip tal D
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Figure 2.20: Floor response spectra normalizetidgeak acceleration of the structures with napsebds
equal to 1.0 and 2.0 s, 5% damping of the struancesoil type D

Slika 2.20: Etazni spektri odziva normirani na makani pospeSek konstrukcij, ki imajo nihajéasa 1.0 in 2.0
s, 5% dusenja konstrukcije in tip tal D
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Figure 2.21: A comparison of floor response speaitained for different Q models, for the structuvéth
natural periods equal to 0.2 and 0.3 s and 5% dampoil type B

Slika 2.21: Primerjava etaZznih spektrov odzivadaranih za raztina Q modela, za konstrukcije, ki imajo
nihajnac¢asa 0.2 in 0.3 s in 5% duSenja, tip tal B
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Slika 2.23: Primerjava etaZznih spektrov odzivadaranih za raztina Q modela, za konstrukcije, ki imajo

nihajnacasa 1.0 in 2.0 s in 5% duSenja, tip tal B
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Figure 2.24: A comparison of floor response spentrenalized to the peak acceleration of the strectitained
for different Q models, structures with naturalipds equal to 0.2 and 0.3 s and 5% damping, spd &

Slika 2.24: Primerjava etaznih spektrov odziva nicemh na maksimalni pospesek konstrukcije daraanih za
razlicna Q modela, za konstrukcije, ki imajo nihaf@aa 0.2 in 0.3 s in 5% duSenja, tip tal B
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for different Q models, structures with naturalipds equal to 0.5 and 0.75 s and 5% damping, \god B

Slika 2.25: Primerjava etaznih spektrov odziva rnicamh na maksimalni pospesek konstrukcije daraanih za
razlicna Q modela, za konstrukcije, ki imajo nihafi@@ga 0.5 in 0.75 s in 5% dusSenja, tip tal B



Vukobratovt, V. 2015. The influence of nonlinear seismic reseoof structures on the floor acceleration spectra 41
Doctoral dissertation. University of Ljubljana, féty of Civil and Geodetic Engineering.

A A, T,=1.0s,£=1%

1.5 2 25 3 35 4

7 T,=1.0s,5=3%

0 T T T T T T T T
0 05 1 15 2 25 3 35 4

67 T,=1.0s,£=5%

15 2 25 3 35 4

5 1 T,=1.0's,&=7%

0 T T T T T T T T
15 2 25 3 35 4

T,/T,

T,/T,

T,/ T,

T,/ T,

10

AJA, T,=2.0s,5=1%

—u=1.0
Qo n=2.0
""" Qo u=4.0

Qo u=2.0
Qo n=4.0

15 2 25 3 35 4 Ls/Ty

T,=2.0s,5=3%

05 1 15 2 25 3 35 4 Ts/Ty

T,=2.0s,5=5%

2 25 3 35 4 Ts/Ty

T,=2.0's,&=7%

T /T,

15 2 25 3 35 4

Figure 2.26: A comparison of floor response speutrenalized to the peak acceleration of the strectitained
for different Q models, structures with naturalipds equal to 1.0 and 2.0 s and 5% damping, spd &

Slika 2.26: Primerjava etaznih spektrov odziva nicsmh na maksimalni pospesek konstrukcije daraanih za
razlicna Q modela, za konstrukcije, ki imajo nihaf@aa 1.0 in 2.0 s in 5% duSenja, tip tal B
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Figure 2.27: The amplification factor&NIP) computed in the parametric study for the EP mofi¢he structure

Slika 2.27: Amplifikacijski faktorji AMP) izratunani v paramettni Studiji za EP model konstrukcije
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Slika 2.28: Amplifikacijski faktorji AMP) izratunani v paramettni Studiji za Qo model konstrukcije
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Slika 2.29: Amplifikacijski faktorji AMP) v odvisnosti od duSenja opreme predstavljenigaprene vrednosti
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As mentioned earlier, th&MP values slightly increase with an increase in ditictin the case of the
EP model (see Figure 2.27). The same phenomenoalsarbe observed in the studies conducted by
Novak and Fajfar (1994) and Oropeza et al. (20IG)e cause of this phenomenon should be
investigated in detail, which is beyond the scop#his dissertation.

Considering the amount of findings obtained in tiapter, it is convenient to make a brief summary.

The period range of a floor spectrum can be divioled three regions: the pre-resonance
(T4Tp<0.8), resonance (0.8¢T,<1.25), and post-resonance regidgT,>1.25).

In pre-resonance and resonance regions, the bemafithe equipment is strongly influenced
by the behaviour of the primary structure. Bothioag are characterized by a significant
reduction inAs due to inelastic structural behaviour.

The size of the reduction in pre-resonance andneesi® regions depends on the ductility
demand of the structure. In the post-resonancemdgie floor response spectrum approaches
to the ground motion spectrum as the rafiil, decreases. In the post-resonance region,
inelastic structural behaviour has a small inflieeon the floor response spectrum.

In the limit case of infinitely rigid equipmend is equal toA,, i.e. to the value in the elastic
(for p=1) or inelastic acceleration response spectruth@fstructure at the periog. In the
limit case of infinitely flexible equipment, the lue of A is equal to zero.

The shape of floor response spectra is influengethd hysteretic behaviour of the structure.
In the case of the EP model, the peak valuedsofccur close to the resonancB~,),
whereas in the case of thg,@odel, the peak values Af are shifted towards higher periods.
The main parameter that influences the amplitudb@AMP is the damping of the equipment
(&9). The AMP reaches its peak value in the regifyiTc<1, and then it decreases with the
increasing ratid,/Tc if the ratio is larger than 1. The hardening pradly does not influence
the AMP.

The influence of ground motion on tHeMP is negligible, provided that the peridd is
normalized by the characteristic period of the gbmotionTc.

The obtained results indicate somewhat complicdeggendence between tAdMP and the
ratio Ty/Tc in the region betwe€eR/Tc=0 andT/Tc=0.25.
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3 A METHOD FOR DIRECT GENERATION OF FLOOR RESPONSE SPECTRA FOR
SINGLE-DEGREE-OF-FREEDOM STRUCTURES

This chapter presents the method for direct geioeratf floor response spectra for single-degree-of-
freedom (SDOF) primary structures, as well as #kdation. The development of the method was
based on the results obtained and the conclusiads imn the parametric study (see Chapter 2), ds wel
as on a very simple method for the direct detertiinaof floor response spectra proposed by Yasui et
al. (1993). The idea for the extension of the oayimethod was proposed by Novak and Fajfar
(1994).

3.1 Original method

A very simple method for the direct determinatidriloor response spectra was proposed by Yasui et
al. (1993), who derived an equation which is vatidhe whole period range. Complete derivation of
the method is provided in ANNEX A, whereas it igeHy described in this section.

The derivation was conducted for the case of liretastic behaviour of both primary structure and
equipment (secondary structure), which were modedle SDOF systems. The equation was derived
analytically, by using the Duhamel integral for tfesponse determination. Three responses in terms
of absolute acceleration were analysed: the regsooisthe structure and of the equipment subjected
to the ground motion, and the response of the ewemp subjected to the absolute acceleration
response-history of the structure. The maximumeslof the responses were then combined with the
SRSS (Square Root of Sum of Squares) combinatieninworder to obtain the equation for the floor
spectrum generation. The derivation was performeghustely for the non-resonant and resonant
cases. The two independent equations were thenigecthlogether into a single equation for the
determination of the floor response spectrum

A= - Ny s(ne) + s(rey e

\/[1—(Tp /TS)Z}Z va(g,+ ) (T,01)

whereAgis a value in the floor acceleration spectrum &nid a value in the input elastic acceleration
spectrumS(T,,<&p) applies to the elastic primary structure (it wiasioted ag\, in the parametric study
described in Chapter 2), where&¢T.¢;) applies to the equipment. The damping valueshef t
structure and equipment are denoted,amndd; respectively, whereak, andTs are the natural periods
of the structure and equipment, respectively.

Input data for the determination of floor respospectra (which represent absolute accelerations for
equipment with a periods and damping) according to Equation 3.1 are the dynamic pripemf

the structure and the equipment and the elastiel@@tion spectra (for different damping values)
representing the ground motion.

The results of conducted analyses indicate thasjdiof the resonance region, floor response spect
obtained by the direct method (Equation 3.1) argood agreement with the "accurate" floor response
spectra obtained by response-history analyses (RHAhe resonance region, however, considerable
inaccuracy of the direct method was observed irsthdy (see Section 3.3).
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3.2 Extension and modifications of the original method

In order to make the direct method applicable ® ¢hse of inelastic structures, and to improve its
accuracy in the resonance region, some changesmaste.

To allow the use of the method for inelastic suues, the elastic acceleration spectrum was regplace
with an inelastic acceleration spectrum correspandd the expected ductility demand, as originally
proposed by Fajfar and Novak (1994). It should bed that, in the proposed method, generally, any
inelastic acceleration spectrum can be used. lelasceleration spectra are discussed later B thi
section.

In order to improve the accuracy of the predictiedrf response spectra, the spectral values in the
resonance regionl{&Ty) are determined by means of empirical equationglwhre based on the
results of the parametric study (Chapter 2), rathan on the original equation (Equation 3.1). More
details about this procedure are provided lat¢hissection.

Inelastic spectra

Several proposals for inelastic spectra are auailabthe literature. For practical applicationse t
most convenient is the application of reductiontdeg due to ductilityR,, representing the ratio of
elastic and inelastic strength demand (Vidic et1894), i.e. the ratio of the elastic and inelastic
pseudo-acceleration spectra, where the inelastiedusacceleration is related to the yield pointhef
bilinear force-deformation relationship. An earlyeoview of various proposals for the reduction
factor R, was presented by Miranda and Bertero (1994). mbkstic pseudo-acceleration spectrum,
which is used for the analysis and design of thengmy structure, can be obtained by reducing the
elastic pseudo-acceleration spectrum by meansreflaction factorR,. This spectrum can also be
used in the process of the determination of flesponse spectra, provided that there is no pokt-yie
hardening of the force-deformation curve of thaitire. In the case of post-yield hardening, the
actual accelerations of the structure increase ffeoed to the acceleration at the yield point) vaith
increase in plastic deformation (see Figure 2.8d, mote that the acceleration is proportional ® th
force). The increase in acceleration due to handgmiormalized by the acceleration at the yieldpoi
depends on the ductility factprand can be determined @§i—1), wherea is the ratio of the post-
yield and elastic stiffness. The following relatiapplies:

A, (hardening /A ( no hardenifg +Ir(u- ) (3.2)

whereA, is the maximum acceleration of the primary streetanda is the ratio of the post-yield and
elastic stiffness).

In the validation of the proposed direct method flber response spectra were first determined by
using the "exact" inelastic acceleration spectnapiider to exclude the error introduced by using
approximate inelastic spectra. The "exact" inedaspectra were obtained by nonlinear RHA. The
"exact" inelastic spectra for the EP model andlierQ, model are shown in Figure 3.1. However, the
use of "exact" inelastic spectra is not feasiblprarctical applications, so that, in practice, agpmate
inelastic spectra have to be used. This approxamaintroduces an additional error in the floor
response spectra. The simplified form of the speptoposed by Vidic et al. (1994) which has been
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implemented in Eurocode 8 (2004) was used in taidys Such an inelastic spectrum can be obtained
by reducing the elastic acceleration spectrum igdaction factoR,, which is defined as

T—p(,u—l) +1, T, <T,

R, =1{T; (3.3)

whereT, is the natural period of the structupeis ductility factor andlc is the characteristic period of
the ground motion (see Section 2.1). The spect@yafor 5% damping of the structure. As a
conservative approximation, the spectoa 5% damping can be used also for a lower damping
percentage (Vidic et al. 1994).

In the case of zero post-yield stiffness, approx@maelastic acceleration spectra of the structare

be obtained aS/R,, whereS is the elastic (pseudo-) acceleration spectrum.pbst-yield stiffness is
included in the model, its influence on the absolatceleration spectrum can be considered by
dividing the reduction factd®, by (1+a(p—1)) as

R = R, (Equation 3.3 (3.4)
o 1va(u-Y)

A commentary on the application of inelastic pseadceleration spectra, i.e. the reduction faggr
for the seismic design of equipment is presenteANNEX B.

In Figure 3.1 the "exact" inelastic acceleratioect@m obtained from nonlinear RHA are compared
with the approximate inelastic acceleration specht@ined by reducing the target Eurocode 8 (2004)
elastic (pseudo)-acceleration spectrinby means of th&, factor according to Equation 3.3 in the
case of the EP model with zero hardening, and doupto Equation 3.4 in the case of thg @odel.
The results for soil types B and D and the targettitity demands of 2.0 and 4.0 are shown. The
damping of the structure€j amounted to 5%. A fair agreement between thectéxand approximate
spectra can be observed, with some exceptionsveryashort period range, where the approximate
spectral values are quite conservative. Note tmatrésults of the parametric study (see Section 2.3
were shown for cases when the natural periodseosttucture amount to 0.2, 0.3, 0.5, 0.75, 1.0 and
2.0 s. The same natural periods will be used fatethe validation of the direct method. Since the
differences between the "exact" and approximatkigtie acceleration spectra directly influence the
accuracy of the proposed direct method, the ewbthe approximate inelastic spectra are shown in
Tables 3.1 and 3.2, for soil types B and D respelti A negative value of the error indicates et
approximate spectral value is smaller than theesponding "exact" value. In Figure 3.2 the "exact"
and approximate inelastic spectra obtained foedifit Q models are compared for considered cases.

Table 3.1: Errors of the approximate spectra inganson to the "exact" inelastic spectra, soil tipe

Preglednica 3.1: Napake pribliznih spektrov v pri@é s »t@&nimi« spektri, tip tal B

Errors [%] T,=0.2s T=03s T,~=05s T=075s T=1.0s T=20s
p=2 5 6 2 =12 -4 10
EP model ) ~11 _27 21 21 ~11
=2 5 7 4 -6 -4 9
Q10 model H

=4 -5 -5 -15 -14 -18 9
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Table 3.2: Errors of the approximate spectra inganson to the "exact" inelastic spectra, soil tipe

Preglednica 3.2: Napake pribliznih spektrov v pri@aé s »t@nimi« spektri, tip tal D

Errors [%] T,=0.2s T=03s T,~=05s T=075s T=1.0s T=20s

H=2 24 8 0 -4 3 18

EP model 18 7 ~10 18 _17 5

p=2 28 13 -3 0 5 22

model

Qo u=4 22 5 -12 -11 -7 21

LAy lel EP model, &,=5%, soil B I Aplel Q9 model, §,=5%, soil B
0.8 1 0.8 1 "exact" u=2.0

0.6 I\ — —approx. u=2.0
"exact" u=4.0
041 — —a =4.0
pprox. u=4.
0.2 A
0 T T T T T = 0 T T T T T
0 05 1 15 2 25 bl 0o 05 1 15 2 25 bl
17 Ap gl EP model, &,=5%, soil D I 1A lgl Q9 model, §,=5%, soil D

0 05 1 15 2 25 Nl 0 05 1 15 2 25 Bl

Figure 3.1: "Exact" and approximate inelastic sggefdr soil types B and D (5% damping of the stuoe}
Slika 3.1: »T@ni« in priblizni neelastini spektri za tla tipa B in D (5% duSenja konstiig&c
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Figure 3.2: A comparison between (a) the "exactl' @) the approximate inelastic acceleration spefctr the
structure (5% damping) obtained for two differentm@dels, soil type B

Slika 3.2: Primerjava med (a) 3timi« in (b) pribliznimi neelastnimi spektri pospeskov za konstrukcijo (5%
duSenja) za dva razhia Q modela, tip tal B
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Empirical formula for the resonance region

In the resonance region, the formula provided endhginal method provides too conservative results
even in the case of elastic primary structures &eaion 3.3). The amplification factors which are
based omrAMP values obtained in the parametric study (Figur@3-2.29) can be used in order to
achieve a more realistic determination of the floesponse spectra in the resonance region. In the
following text a proposal for amplification factassmade, taking into account the results obtained
the parametric study.

The results of the parametric study suggest treatddmping of the equipment has a major influence
on the peak values of the floor response spectra.fiequency content of the ground motion (ratio
T/Tc) and the ductility demand, which is more pronouhitethe case of stiffness degrading Q model,
have a moderate influence. Based on these obsmrsatihe first two influences were taken into

account for both the EP and Q model, whereas theemce of ductility was considered only for the Q

model.

Additionally, as already mentioned in Section 2t3should be noted that in the region between
TJ/Tc=0 andT,/Tc=0.25 the dependence betweiP andT,/Tc is not simple. In order to simplify
things, it was assumed that the dependence ig |imbigch roughly corresponds to the results obtine
in the parametric study. For the starting poifg{c=0), a value ofAMP was chosen arbitrarily. It
arises from the provisions of Eurocode 8 (2004)iargddefined by Equation 3.5

AMP(T,/ T.=0)=2.5 (3.5)

wheren denotes damping correction factor, which shouldiétermined according to Equation 356 (
should be entered as a percentage).

n=y10/(5+¢&) (3.6)

Equation 3.5 has a theoretical background. If tiecture is infinitely stiff T,=0) then the peak
absolute acceleration of its mass is equal to #ak ground acceleration (PGA). This means that the
equipment which is situated on such a structureldvoespond exactly the same as if it would be
situated on ground. As a consequence, the respgpsetrum of the equipment (floor response
spectrum) would be equal to the ground responsersipe of the structure.

In Eurocode 8 (2004) a plateau of the constantleaten range (a range of peak accelerations) is
defined as 2.5PGA wherey is calculated according to Equation 3.6, with diféerence of using,
instead of. It should be noted that Eurocode 8 (2004) defthedowest value of, which amounts

to 0.55 and it corresponds to the structural dagpinual to 28%. For the calculation of thilP, the
values ofé; which are appropriate for the considered equiprsbotild be used (for more information
about damping values of equipment see e.g. USNRT2007).

Therefore, in the case of the EP model of the gira¢ctheAMP, which represents the ratio between
the peak value of the floor acceleration spectrach the maximum acceleration of the structure (see
Equation 2.1 in Section 2.3), can be approximatdyermined asZ{ should be entered as a
percentage)



Vukobratovi, V. 2015. The influence of nonlinear seismic rem@oof structures on the floor acceleration spectra 49
Doctoral dissertation. University of Ljubljana, dty of Civil and Geodetic Engineering.

linear between AMP from Eq. 3.5 and A{IP/T. =10.20), 0 , /T, <T0.2(
AMP = 18(1+£,)°%, 02T, M<1 (37)

-0.20

18(1+ &) (T, ITe) . T, /T>1
In the case of the Q mod&MP is defined as& should be entered as a percentage)

linear between AMP from Eq. 3.5 and AP /T, =10.20), 0 , /T, <T0.2(
AMP = 18(1+&,)°%( 0.6+ 0.40) % 0.2&T, T, < (3.8)
18(1+ &) (T, 1T.) "7 (0.6+ 0.40) °% T M> 1

In Equations 3.7 and 378 denotes the natural period of the structiliggs the characteristic period of
the ground motior; is the damping of equipment, apds the ductility factor.

Note that Equation 3.7 is a special case of Eqnai8 for ductilityp=1, i.e. for an elastic structure.
The proposed amplification factofdvIP for different values of the ductility demand, e&hé damping
of the equipment equal to 1% and 5%, are presentEdjure 3.3. They are compared with thiglP
obtained in the parametric study, which are presemt the following manner:

1) In the regions 0.251/Tc<1 andTy/Tc>1 the values of thAMP presented in Figure 3.3 were
determined as mean values for soil types B anchhé case of the EP model, all analysed
ductilities, including the elastic structure, wéaken into account when determining the mean
values of theAMP.

2) In the region 0¥,/Tc<0.25 the values AAMP presented in Figure 3.3 were determined from
the additional study conducted on elastic SDOFllaszis with very short natural periods, as
discussed at the end of the Section 2.3.

14 9 Amp Equipment damping £=1% 71 AMP Equipment damping £=5%

12 { 6 -

o{f 0000 TN=s==-_____ 5 -

8 - 4

6 1 - 3

4 4 — — ~calculated elasac—an-d EP ----- » | ——proposed elastic and EP

7 calculated Qo n=2.0 | proposed Qo u=2.0

A Mt calllculalted Q,‘O u=]4.0 | ]T"/ T.C 0 I—prloposled QI.O “24,'0 I ITp/ T]C
0 05 1 1.5 2 25 3 35 4 0 05 1 15 2 25 3 35 4

Figure 3.3: Proposed amplification factors and cangon withAMP obtained in the parametric study

Slika 3.3: Predlagani faktorji amplifikacije in prerjava zZAMP, ki so izr&unani v parametni Studiji
Simplification in the pre- and post resonance regias

The summand in the denominator in Equation 3.1,clvhgontains the damping coefficients, is
important in the resonance region whereas outsidéi® region it has a negligible effect. In the
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proposed approach, Equation 3.1, adapted for imelasmary structures, is used only outside of the
resonance region, whereas in the resonance reggoanipirical values presented above are applied.
For this reason it is possible to delete the sunthirathe denominator in Equation 3.1, which corgain
the damping coefficients.

Summary of the proposed method

In the proposed direct method, considering the gbaexplained above, floor response spectra can be
computed for both the EP and Q models as follows:

1) Inthe pre- and post-resonance regions, the speeltees are obtained as

1 2 Se(Tp’Ep) i 2
| R LAD G (3.9)
& ‘1_(Tp /TS)Z {( ) Rﬂ } ( g

whereA; is the value in the floor acceleration spectrung & is a value in the input elastic
acceleration spectrun®&(T,,&p)/R, applies to the inelastic primary structure, wher@4T,,<)
applies to the linear elastic equipment. The dampmlues of the structure and of the
equipment are denoted Byandds respectively, whereak, andTs are the natural periods of the
structure and the equipment, respectively.

In the case of the stiffness degrading Q modethénpost-resonance region, the rals in
Equation 3.9 should be replaced by the rafig'Ts, whereT,, represents the effective natural
period of the structure. It depends on the inedad¢iformation, which is expressed in terms of
ductility. It can be approximately defined by Edaat3.10 proposed by Akiyama (1985). The
evaluation of Equation 3.10 is shown in ANNEX C.

Ny
Tou=Tp 3 (3.10)

2) In the resonance region, the spectral values am¢ell to the values obtained by Equation
3.11. The amplification facto®sMP are defined by Equations 3.7 and 3.8.

A= AMP—SE(;W{ 2 (3.11)

\u

Note thatS(T,.<&p)/R, represents the value in the inelastic acceleragectrum, i.e. the maximum
acceleration of the inelastic primary structure ated in the parametric study &s. R, should be
determined according to Equation 3.3 in the casseaf post-yield stiffness or according to Equation
3.4 when the influence of hardening needs to bentéto account (i.e. non-zero post-yield stiffjess

Also note that the simplified inelastic spectrunedisiere can be replaced by any other simplified
spectrum available in the literature, or by thed&X inelastic spectrum (obtained from the nonlinea
RHA) also used in Section 3.4.
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3.3 Comparison of the original and proposed direct methd for elastic structures

In this section, a comparison of the floor resposysectra determined from the original direct method
proposed by Yasui et al. (1993) and those obtair@d the direct method proposed in the previous
section is presented (see Figure 3.4) for elastictsires withT, equal to 0.3 and 1.0 s (soil type B).

In both direct approaches the target spectrum @fctiosen set of ground motions was used as the
seismic input, representing the acceleration of dtracture and the equipment. In the resonance
region, proposed values of tAMP were used in the case of the proposed methodmEa@ values of
floor response spectra determined in the paramstudy (described in Section 2.3) are also shown
(denoted as RHA). Additionally, broadened meanrfi@sponse spectra are plotted (denoted as RHA
broadened). Broadening of the peaks of the flospoase spectra is a standard procedure, which is
intended to take into account the uncertaintiested to the determination of the natural periodthef
structure. For instance, according to USNRC 1.1278), the frequency region where the spectrum
should be broadened is obtained by considering54attariation in the frequencies associated with
the spectral peaks. A similar approach (15% broadeof the period) was used for the broadening of
spectral peaks in this study. More information awadening is provided in Section 3.4. The
comparison presented in Figure 3.4 shows that tad proposed by Yasui et al. (1993) provides
conservative results in the resonance region.drptle- and post-resonance regions, the resultseof t
original method are in good agreement with therflesponse spectra obtained from the RHA.

12 1 6
o As gl o
10 - T,=0.35,&=1% 5 4 T,=1.0s,5=1%
8 1 47 RHA
6 - 3 ——RHA broadened
4 5 | —Y'asul etal.
——direct
2 1 1 -
0 T T T T |TS/TP 0 T T T T |TS/Tp
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
A Tl
g g
04 T,=0.3's,£=5% s T,=1.0's,£=5%
8 4
6 1 3 4
4 2 -
2 4 1
0 T T T T |TS/T[) 0 T T T T |TS/Tp
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

Figure 3.4: A comparison of the floor response spdor elastic structures for soil type B, 5% damgpof the
structure

Slika 3.4: Primerjava etaznih spektrov odziva zs##ne konstrukcije za tla tipa B, 5% duSenja konstijgkc

The proposed direct method eliminates conservatisthe resonance region, where a fair agreement
with the results of the parametric study can beenkesl. In the pre- and post-resonance regions, the
original and proposed methods yield almost the sasgts.



52 Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

3.4 Validation of the proposed direct method

The proposed direct method was validated by comgaits results with the floor response spectra
obtained in the parametric study (Chapter 2). $eteresults shown in this section were obtained for
sets of ground records which corresponded to tlilety\gzes B and D, for structures with natural
periods equal to 0.2, 0.3, 0.5, 0.75, 1.0 and 2The EP model and the;£dmodel were taken into
account in the case of soil type D, whereas in dase of soil type B, the Qmodel was also
considered, in addition to the EP ang, @odels. Two different values @f were considered. The
damping of the structure amounted to 5%, whereasléimping of the equipment amounted to 1% and
5%.

Figures 3.5-3.19 show the mean (denoted as RHAGnmkis standard deviation (denoted as RHA +
o), and broadened mean (denoted as RHA broadenkd)svaf the floor response spectra obtained in
the parametric study (i.e. by using the responststy analysis), as well as the spectra computed fr
the proposed direct method.

In the direct method, both the "exact" inelasticederation spectra (obtained by nonlinear response-
history analyses), and the approximate inelastectsp (obtained by reducing the target Eurocode 8
2004 elastic pseudo-acceleration spectrum by ttterfR,) were used for the structure. In the case of

the equipment, the mean elastic spectra of theechssts of ground motions were used in the case of
the "exact" approach, whereas the target Euroco@®®4) elastic pseudo-acceleration spectra were
used in the case of the approximate approach.

By using the "exact" approach, approximations eglab the inelastic spectrum and the difference
between the mean and target ground motion spemraliminated, which allows an evaluation of the
basic features of the proposed direct method. @rother hand, by using the approximate approach
these approximations are included in the resuttddth cases the proposed values of amplification
factors AMP were used (Equations 3.7 and 3.8). In Figures3318; the results obtained with the

"exact" spectra are denoted as "direct "exact"enels those obtained with the approximate spectra
are denoted as "direct approx.".

As mentioned above, in the comparison of the flesponse spectra, the broadened mean floor
response spectra are also shown (RHA broadened)tduncertainties related to the determination of
the natural period of the structure, the floor oese spectra are, in practice, broadened in ocder t
allow moderate shifts (typically £15%) of the fremey or the period of the structure. The existing
provisions (e.g. ASCE 4-98 2000) consider structuveh linear elastic behaviour. In the case of the
EP model of the structure, where peak values drflesponse spectra always occur close to the
resonanceT=T,), it is also reasonable to apply the same the +ifi#o In the case of the Q model,
the peaks of floor the spectra are shifted towargser periods. The size of the shift depends en th
ductility demand of the structure, i.e. larger &hidre a consequence of a higher ductility dembnd.
some cases, though, mean floor response spectarhatiple peaks.

The question is: what kind of peak broadening maase in the case of the stiffness degrading Q
model? It seems reasonable to assume that botbrifp@al and modified natural periods of the
structure T, andT,, respectively) should be taken into account ingéak broadening procedure. For
this reason the plateau of the broadened speatvanshere extends froMy/T,=0.85 toTJT,,=1.15. In

this way, a quite wide broadened spectrum is obthiespecially in the case of structures with a
higher ductility demand.
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Figure 3.5: Floor response spectra for the EP mofdéle structure, natural periods equal to 0.2@8ds, 5%

damping of the structure, soil type B

Slika 3.5: Etazni spektri odziva za EP model kanigtije, nihajni¢asi enaki 0.2 in 0.3 s, 5% duSenja

konstrukcije, tip tal B
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Figure 3.6: Floor response spectra for the EP mofdle structure, natural periods equal to 0.5@8 s, 5%
damping of the structure, soil type B

Slika 3.6: EtaZni spektri odziva za EP model karlgtije, nihajni¢asi enaki 0.5 in 0.75 s, 5% duSenja
konstrukcije, tip tal B
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Figure 3.7: Floor response spectra for the EP mofddle structure, natural periods equal to 1.020ds, 5%

damping of the structure, soil type B

Slika 3.7: Etazni spektri odziva za EP model karigtije, nihajni¢asi enaki 1.0 in 2.0 s, 5% duSenja
konstrukcije, tip tal B
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Figure 3.8: Floor response spectra for the EP mofdible structure, natural periods equal to 0.2@8ds, 5%
damping of the structure, soil type D

Slika 3.8: EtaZni spektri odziva za EP model karigtije, nihajni¢asi enaki 0.2 in 0.3 s, 5% duSenja
konstrukcije, tip tal D
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Figure 3.9: Floor response spectra for the EP mafdible structure, natural periods equal to 0.5@ii8 s, 5%
damping of the structure, soil type D

Slika 3.9: Etazni spektri odziva za EP model kanigtije, nihajni¢asi enaki 0.5 in 0.75 s, 5% duSenja
konstrukcije, tip tal D
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Figure 3.10: Floor response spectra for the EP hafdee structure, natural periods equal to 1.0 219 s, 5%
damping of the structure, soil type D

Slika 3.10: Etazni spektri odziva za EP model karstije, nihajni¢asi enaki 1.0 in 2.0 s, 5% duSenja
konstrukcije, tip tal D
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Figure 3.11: Floor response spectra for thgrbdel of the structure, natural periods equal.®oahd 0.3 s, 5%
damping of the structure, soil type B

Slika 3.11: Etazni spektri odziva zad@nodel konstrukcije, nihajriasi enaki 0.2 in 0.3 s, 5% duSenja

konstrukcije, tip tal B
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Figure 3.12: Floor response spectra for thgrpdel of the structure, natural periods equal.foahd 0.75 s, 5%
damping of the structure, soil type B

Slika 3.12: Etazni spektri odziva zadnodel konstrukcije, nihajriasi enaki 0.5 in 0.75 s, 5% duSenja
konstrukcije, tip tal B
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Figure 3.13: Floor response spectra for thgrbdel of the structure, natural periods equal.@oahd 2.0 s, 5%
damping of the structure, soil type B

Slika 3.13: Etazni spektri odziva zad@nodel konstrukcije, nihajriasi enaki 1.0 in 2.0 s, 5% duSenja
konstrukcije, tip tal B
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Figure 3.14: Floor response spectra for thgrdel of the structure, natural periods equal.foaid 0.3 s, 5%
damping of the structure, soil type D

Slika 3.14: Etazni spektri odziva za@@nodel konstrukcije, nihajriasi enaki 0.2 in 0.3 s, 5% dusenja
konstrukcije, tip tal D
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Figure 3.15: Floor response spectra for thermbdel of the structure, natural periods equal.foahd 0.75 s, 5%
damping of the structure, soil type D

Slika 3.15: Etazni spektri odziva za@nodel konstrukcije, nihajriiasi enaki 0.5 in 0.75 s, 5% dusenja
konstrukcije, tip tal D
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Figure 3.16: Floor response spectra for therbdel of the structure, natural periods equal.@oahd 2.0 s, 5%
damping of the structure, soil type D

Slika 3.16: Etazni spektri odziva zgdnodel konstrukcije, nihajriasi enaki 1.0 in 2.0 s, 5% duSenja
konstrukcije, tip tal D
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Figure 3.17: Floor response spectra for them@del of the structure, natural periods equal.foabd 0.3 s, 5%
damping of the structure, soil type B

Slika 3.17: Etazni spektri odziva zg @odel konstrukcije, nihajiiasi enaki 0.2 in 0.3 s, 5% duSenja
konstrukcije, tip tal B
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Figure 3.18: Floor response spectra for themQdel of the structure, natural periods equal.foahd 0.75 s, 5%
damping of the structure, soil type B

Slika 3.18: Etazni spektri odziva zg @odel konstrukcije, nihajiiasi enaki 0.5 in 0.75 s, 5% duSenja
konstrukcije, tip tal B



Vukobratovi, V. 2015. The influence of nonlinear seismic rem@oof structures on the floor acceleration spectra 67
Doctoral dissertation. University of Ljubljana, féty of Civil and Geodetic Engineering.

3 Al T,=1.0s,&=1%
Qy, n=2.0, s0il B
2
1
0
" Adlel T,=2.05,5-1%
0.8 - Qg 1=2.0,s0il B
0.6 -
04 -
0.2 -

0 / T T T T 77 T 1 TS/ Tp
0 05 1 15 2 S 3 35 4
2] = o

Aslg] T,=1.0's,5=5%

Qg u=2.0,s0il B

08 1 T,=2.0's,=5%

, n=2.0,s0il B
0.6 Qs 1

0.8

0.8

0.6

T,=1.0s,E=1%
Qp, n=4.0,s0il B

direct approx.
----- direct "exact"
RHA

RHA+ o

RHA broadened

A [g]

T T T T T T T 1 Ts/ TI)
0 05 1 15 2 25 3 35 4
1 Al T,=2.05,E=1%
| Q,, n=4.0,s0il B

T,/ T,

1.5 2 25 3

35 4

T,=1.0,5=5%
Qp, n=4.0,s0il B

1 T T T T T T T 1 TS/TP

0 05 1 15 2 25 3 35 4

| Al T,=2.0s,£=5%
Qy, n=4.0,s0il B

15 2 25 3 35 4

Figure 3.19: Floor response spectra for them@del of the structure, natural periods equal.@ahd 2.0 s, 5%
damping of the structure, soil type B

Slika 3.19: Etazni spektri odziva zg @odel konstrukcije, nihajiiasi enaki 1.0 in 2.0 s, 5% duSenja
konstrukcije, tip tal B
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It is clear from Figures 3.5-3.19 that the propodieelct method in general provides a fair estinudte
the broadened floor acceleration spectra, througti®iwhole period range, for all of the analysed
hysteretic models, natural periods of the structleeels of ductility and equipment damping. The
differences are due to the simplifications madéhin proposed direct method, as well as due to the
approximations in the inelastic spectra. The ladterrce of errors (Tables 3.1 and 3.2) is elimithdfte
"exact" inelastic spectra are used.

3.5 Comparison of the proposed method with the provisies of Eurocode 8 (2004)

Eurocode 8 (2004) provides guidelines for the designon-structural elements (equipment). In this
section a comparison is made between the resulésnebl by using the proposed direct method and
the Eurocode 8 (2004) provisions. In order to mslkeh comparison possible, the form of Eurocode 8
(2004) basic formula for the design of non-strugt@ements was slightly modified, using the mass
of the element rather than its weight. Horizontaicé that should be applied to the non-structural
element is now expressed as

F = q&y : (3.12)

wherem, ys, andgs represent the mass, the importance factor antdehaviour factor of the element,
respectively.As represents the design acceleration, i.e. the flesponse spectrum value, which is
calculated as

3(1+z/H)

A o5 3.13
1+(1-T, /1) (3.13)

A =3

whereay is the design ground acceleration on type A gro&id the soil factorz is the height of the
element above the level of application of the s&samtion (foundation or top of a rigid basemeht),
is the building height measured from the foundatorfrom the top of a rigid basemefd, is the

fundamental period of the element aRgdis the fundamental period of the structure in rbievant

direction. The value o\ must not be less thagS (peak ground acceleration).

It is obvious from Equations 3.12 and 3.13 thalaskic behaviour of the structure, as well as dagpi

of the structure and the equipment, is not takém account explicitly by Eurocode 8 (2004). On the
other hand, the behaviour factprsuggests that some inelastic behaviour of norctsiral elements is
allowed. The ratia/H takes into account the influence of the vertiaasdifion of the element in the
structure. For comparison with the proposed direethod, a moderate inelastic behaviour of the
primary structure was assumed (the EP angl mibdels withpu=2) and 5% damping for both the
primary and secondary structure. Moreover, sineegitoposed method applies to SDOF systems,
z/H=1 should be used in Equation 3.13. The groundanotvas defined by the Eurocode 8 (2004)
type 1 elastic spectrum for soil type B with thelpground acceleration equal to 0.30g. The natural
periods of the primary structure amounted to 0.8, 0.75 and 1.0 s. The results are shown in Figure
3.20 and the comparison suggests that the simpleckde 8 (2004) equation yields results which are
comparable with the average results obtained bypithypeosed direct method. However, the Eurocode 8
(2004) floor response spectrum depends on the greaid acceleration, rather than on the maximum
acceleration of the primary structure. Therefares dbvious that the effect of the natural perddhe
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primary structure, which was demonstrated throdghresults of the proposed direct method, is not
properly recognized in the Eurocode 8 (2004) piowts.

To summarize: assuming that 5% damping is a reas®walue for the primary structure, the simple
Eurocode 8 (2004) formula does not take into actthiuse important influences on the floor response
spectra, i.e. the natural period and the levehefihelastic behavior of the primary structure &mel
damping of the secondary structure. Consequentbgn provide only a very rough idea on the order
of magnitude of floor response spectra.

| Algl EP, n=2.0, soil B | Algl Q0o 1=2.0,50il B

Tp=0.30s
Tp=0.50s

Figure 3.20: Floor response spectra obtained bgdagle 8 (2004) and the proposed method for (a)rER1a)
Q0 models withu=2, T, equal to 0.3, 0.5, 0.75 and 1.0 s, type 1 spegctsoihtype B, 5% damping,S=0.30g

Slika 3.20: Etazni spektri odziva dobljeni s pafmoEvrokoda 8 (2004) in predlagane metode za (anEB)
Q0 modela 21=2, T, enako 0.3, 0.5, 0.75 in 1 s, tip 1 spektra, tifB{e6% duSenjaa S=0.30g

3.6 Comparison of the proposed method with the methodmposed by Sullivan et al. (2013)

Sullivan et al. (2013) proposed a direct methodclis based on the same assumptions as the direct
method proposed in this chapter: inelastic behawbthe SDOF primary structure, elastic behaviour
of the SDOF secondary structure and uncoupled pyis@condary system. Sullivan et al. (2013) have
conducted analyses by varying the intensity ofghismic input. In their method, the shape of floor
response spectrum is determined by the naturabg@md inelasticity of the structure, whereas the
damping of the equipment determines its magnitdpiations for the prediction of floor response
spectra were proposed and a comparison was mateheitmethod proposed herein. The results of
both methods are compared with the "accurate” flesponse spectra obtained in the parametric study
(see Figures 3.21 and 3.22). In the comparisoheflbor response spectra, the broadened mean floor
response spectra are also shown. The presentdts niesre obtained for sets of ground records which
correspond to soil types B and D, for structureh watural periods equal to 0.3 and 1.0 s. TherigP a
Q10 models were taken into account, and two differaities ofy were considered. The damping of
the structure amounted to 5%, whereas the dampitige @quipment amounted to 1% and 5%.

From Figures 3.21 and 3.22 it can be observedhieanethod proposed by Sullivan et al. (2013)lin al
cases provided conservative results in the prensasie region, while the results obtained by thectlir
method proposed herein are more accurate. In sfomaece region, for 1% damping of the equipment,
the method proposed by Sullivan et al. (2013) a¢gdnto slightly conservative results, whereas for
5% damping both methods produced similar resultghé post-resonance region the direct method
proposed in this chapter led to more accuratetsesul
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Figure 3.21: Floor response spectra obtained bydivext approaches for the {nodel of the structure, natural
periods equal to 0.3 and 1.0 s, 5% damping oftiluetsire, soil type B

Slika 3.21: Etazni spektri odziva dobljeni z dvedirgektnima pristopoma za,g@model konstrukcije, nihajrdasi
enaki 0.3 in 1.0 s, 5% duSenja konstrukcije, tiBta
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Figure 3.22: Floor response spectra obtained bydivext approaches for the {Inodel of the structure, natural
periods equal to 0.3 and 1.0 s, 5% damping oftifuetsire, soil type D

Slika 3.22: Etazni spektri odziva dobljeni z dvedirektnima pristopoma za;@model konstrukcije, nihajiasi
enaki 0.3 in 1.0 s, 5% duSenja konstrukcije, tibta
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3.7 Example of the application of the proposed method

In order to illustrate the application of the prepd direct method, a simple numerical example is
provided in this section. Let us consider an RQ@cstire (e.g. a single storey building), which was
modelled as a SDOF system with the following chiréstics: stiffnes&=1600 kN/m, mass=10 t,
and damping coefficienf,=5%. The natural period of the structufg amounted to 0.5 s. Ground
motion was defined by the Eurocode 8 (2004) elasgictrum (type 1), for soil type B4=0.5 s). It
was assumed that the peak ground acceleration (B@Aa)nted to 0.35g. Fa§=0.5 s, the value from
the chosen elastic spectru®)(amounted to 0.87g. The structural behaviour wesciibed with the
Qi model and the ductility factor amounted to 1.0ag&t structure) and 2.0. The floor response
spectra for equipment damping)(equal to 1, 3, 5 and 7% were determined accortfirigquations
3.9-3.11, using th&, factor defined by Equations 3.3 and 3R}=1.82), and amplification factors
AMP defined by Equations 3.7 and 3.8. TAMIP values are presented in Table 3.3 and the floor
response spectra are presented in Figure 3.23.

Table 3.3: The amplification factoAMP used in the numerical example

Preglednica 3.3: Amplifikacijski faktordMP uporabljeni v numet&nem primeru

1% {=3% ¢=5% {ET%

p=1 11.9 7.8 6.1 5.2

p=2 9.2 6.1 4.8 4.0
12~ = = 1 = =

As [g] Tp_o-s S, E_,p—s% 6 As [g] Tp_O-S S’ E_,p—so/o
10 n=1.0, soil B 51 Q0 n=2.0,s0il B
8 - 4 - —=1%
6 - 3 —E=3%
4 A 2 A —&5%
2 A 1 - &%
0 l T T T T 1 TS [S] 0 !—/ T T T T 1 Ts [S]
0 025 05 075 1 1.25 0 025 05 075 1 1.25

Figure 3.23: Floor response spectra obtained bpihposed direct method for (a) the elastic moddl @) the
Q10 model of the structure with 5% damping, soil tf& GA=0.359)

Slika 3.23: Etazni spektri odziva dobljeni s paifeopredlagane metode za (a) elésti model in (b) @ model
konstrukcije s 5% duSenja, tip tal B (PGA=0.35gq)
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4 PARAMETRIC STUDY OF FLOOR RESPONSE SPECTRA FOR MULT I-DEGREE-OF-
FREEDOM STRUCTURES

This chapter presents the results of an extensivengetric study of floor acceleration spectra,rngki
into account the elastic and inelastic behaviouhefprimary structures, and the elastic behavidur
the equipment (secondary structures). Primary &tres were modelled as multi-degree-of-freedom
(MDOF) systems, whereas a single-degree-of-free(@DOF) system represented equipment. In all
cases, structures and equipment were treated asipied. In the study, some general characteristics
of the floor response spectra in the case of MD@fagry structures were observed.

4.1 Description of seismic input, structural models andstructural analysis

In the study a large number of floor response spewafere calculated by using response-history
analysis (RHA), as described in Section 1.1. MDO&dets were used in the case of elastic and
inelastic structures and SDOF model was used foelhstic equipment. Structure-equipment systems
were treated as uncoupled. The influences of tipe,tyatural period, hysteretic behaviour and
ductility of the structure, as well as the influeraf the damping of the equipment were studied.

As the seismic input, a set of 30 ground recordsiclvwas used in the case of SDOF primary
structures and which corresponded to the soil §pe&vas used in the study (for more details see
Section 2.1). As mentioned in Section 2.1, thisofeecords has the mean PGA equal to 0.43g and it
was chosen so that its mean spectrum matches et tgpgctrum, which was the type 1 elastic
spectrum for soil type B defined by Eurocode 8 @00with the PGA equal to 0.35g. The
characteristic period of the ground motidit)(in the case of soil type B amounts to 0.5 s. ift@an
and target spectra for 5% damping were fitted betw@.15 and 2.5 s (no value of the mean 5%
damping spectrum of the chosen set of ground metaas less than 90% of the corresponding value
on the target 5% damping spectrum). For the purpbdbis study, the target spectrum was slightly
modified. The part of the spectrum betwder® s andT=Tz=0.15 s was changed, i.e. it was assumed
to be equal to the mean spectrum of the chosenfsgtound recordsTg is the lower limit of the
constant spectral acceleration branch in Euroco@08 elastic spectrum). In this way, a complete
match between the mean and target spectrum wasvachin the short period range in which most
higher modes lie (Figure 4.1). In the period ramgeere natural periods of inelastic modes are
anticipated to occur (after 0.15 s), smooth spettrorresponding to Eurocode 8 (2004) was applied.
In this way, the application of the reduction facRy (which should be used in conjunction with
smooth spectra) is fully justified.

Several different structures were studied and tpedperties are presented below. Two types of
structures were considered in the study: cantilexgls and frames. In both cases a stiff and dlflex
structure was analysed, with the first period &f&nd 1.0 s, respectively. The chosen structuresrco

a wide range of structures which are most commapraatice and they represent a starting point for
the determination of main properties of floor rexpmspectra in MDOF systems. Inelastic response of
the analysed structures was represented by usingatime hysteretic models as in the case of SDOF
systems (elasto-perfectly plastic and stiffnesgaldigg model, see Chapter 2). It should be notad th
in the case of walls, beam-column elements werd, wsleich does not allow an accurate simulation of
structural response of walls in the inelastic ragiSince the aim of this part of the study was to
demonstrate the applicability of the proposed dimethod on different structures, it was considered
that the chosen simple model was appropriate. Téia aspects of structural modelling and analysis
are practically the same for all analysed structamed they are described in the following text.
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In all cases, planar reinforced concrete structuvese considered. The modulus of elasticity of
concrete ;) amounted to 33 GPa, whereas the modulus of @lsstif steel E) amounted to 200
GPa. The yield strength of reinforcemefj émounted to 500 MPa. According to Eurocode 8 4200
the stiffness of load bearing elements should baueted by taking into account the effects of
cracking. The flexural stiffness properties of amte elements may be taken as 50% of the
corresponding stiffness of the uncracked elemertis option was used in the analysis. Shear and
torsional deformations were neglected. Structulehents were modelled as beam-column elements
and their self-weight was neglected. Thereforeinaped mass approach was applied in all cases, i.e.
lumped masses were assigned to all free nodes.
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Figure 4.1: Elastic acceleration spectra (5% dag)pirfiindividual records, modified target and meaectrum
for soil type B

Slika 4.1: Elastini spektri pospesSkov (5% duSenja) posameznih zepmodificirani ciljni in povpreéni spekter
zatlatipa B

In the case of inelastic structures, two differbpsteretic models were taken into account: elasto-
plastic (EP) and stiffness degrading model wittozeardening (g. Note that the same models were
also used in the case of SDOF primary structu@sn(ore details see Section 2.1). Again, structures
with strength degradation were not considered énstiudy. In all cases, Rayleigh damping amounted
to 5% with respect to two first modes of the priynsiructures, whereas "mass-proportional” damping
amounted to 1, 3, 5 and 7% in the case of the ewgrip

The RHA of the primary structures was conductedibipng SAP2000 14.2.4 (for elastic and the EP
models) and OpenSees 2.2.2 (for stiffness degragingodel). In SAP, all structural elements were
modelled by using the Frame Element, whereas imSges all structural elements were modelled by
using the Elastic Beam Column element (for elendetails see Mazzoni et al. 2007). A concentrated
plasticity approach was used in the case of irielaguctures in all cases. In SAP, plastic hingege
modelled by using the Frame Hinge (Deformation @ul#d Moment hinge), whereas in OpenSees
Zero-Length element in combination with Hysterelilaterial was used (for material details see
Mazzoni et al. 2007). In both cases, the behavaiuplastic hinges was represented by moment-
rotation relationship. In SAP, only the plasticatman can be defined since the elastic rotation is
determined by the Frame Element containing theiplamge. Therefore, the yield moments in hinges
are an important part of the input, whereas th&lyietations are not. In OpenSees, both quantities
(vield moments and vyield rotations) should be d=fifior each hinge, which means that each hinge
has pre-defined stiffness. It is very importanintie that infinite rotation capacity was assigned t
each plastic hinge, in every analysed structures fiad to be done since the seismic input consadted
ground motions with quite different intensitiesr(ratter see Figure 4.1) and the prevention of the
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structural collapse was crucial, otherwise the Itesof the study would be useless. In OpenSees,
Elastic Beam Column elements were modelled by ugiagnoments of inertia of uncracked sections
and, for each plastic hinge, the yield rotationtted uncracked cross section was assumed for the
determination of the yield point at the moment-iota relationship. In this way, when the yield
moments in plastic hinges are reached, the effeathoment of inertia of the element section
approximately equals one half of the moment oftiaesf the uncracked section. The same approach
was also used by Dol3ek and Fajfar (2005). On therdvand, in SAP, the effective moment of inertia
of each Frame Element section was achieved by phialition of the uncracked moment of inertia
with the factor equal to 0.5, which produced ancex@0% reduction of the moment of inertia.
Consequently, the results of modal analyses corduntSAP and OpenSees are slightly different.

Newmark integration method was used in the RHAn@kto account coefficients=0.5 ands=0.25,

I.e. acceleration was taken to be a constant wehth time step. The size of the time step amounted
to 0.001 s in the case of structures whose naparabd of the fundamental mode amounted to 0.3 s,
and to 0.01 s in the case of structures whose algteriod of the fundamental mode amounted to 1.0
s. MATLAB 7.5.0 was used as an input pre-proceasoras an output post-processor. Floor response
spectra were calculated by using the same codehwhis used in the case of SDOF primary
structures (see Section 2.2). All data obtainatienstudy were processed in MS Office Excel 2007.

A three-storey cantilever wall with natural period of the fundamental mode equal to 0.3 s (WO03)

A three-storey elastic and inelastic cantilever wals considered in the study. The storey heigith(w
respect to centerline dimensions) amounted to Rettangular cross section was assumed and its
dimensions (width/length) amounted to 30/300 cnmpad mass amounted to 80 t at each storey of
the wall. One plastic hinge was assumed at thetmotif the wall.

Wall reinforcement was designed according to Ewlec@ (2004) and Eurocode 8 (2004). At the
bottom of the wall, i.e. in the plastic hinge ragiovall reinforcement consisted of two fabric meshe
(each placed at the one side of the wall) and tadgial bars and stirrups in boundary elements. The
length of boundary elements amounted to 45 cm.riéehes consisted of 7 mm diameter bars which
were spaced at 12.5 cm in both horizontal and cadrtilirections (a total area of reinforcement
amounted to 6.16 cifm in each direction). Longitudinal reinforcemeritemch boundary element
consisted of eight 12 mm diameter bars (a tota afdongitudinal reinforcement in each boundary
element amounted to 9.04 Hrand it was laterally engaged by two overlapp@ainé diameter stirrups
(outer and inner), whose spacing amounted to 13.5Reinforcement is presented in Figure 4.2 (note
that, when possible, meshes should be anchoreth@&tiooundary elements).
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Figure 4.2: Reinforcement at the bottom of the Wall3 (plastic hinge region)
Slika 4.2: Armatura ob vpetju stene W03 (olépegplasténegaclenka)
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The yield moment in the plastic hingd,j was determined from analysis of the wall crosdise and

it amounted to 4015 kNm. In the analysis, par@altdrs for materials for ultimate limit state defih

in Eurocode 2 (2004) were taken into account, aleith the axial load at the wall bottom, which
amounted to 2354 kN. The yield rotatiafy)(in the plastic hinge, used in the case of them@del
(OpenSees) amounted to 5.41*18d, was determined by using Equation 4.1 (whgrdenotes total
height of the wall which amounted to 9 m, wherkedenotes the moment of inertia of the wall cross
section in the direction of seismic action anchiibanted to 0.675

ML,
R (4.1)
3E.|
The natural periods of the structure determine®AP (elastic and EP models) amounted to 0.30,
0.046 and 0.017 s, respectively, whereas the ngiariods of the structure determined in OpenSees
(Qo model) amounted to 0.31, 0.041 and 0.014 s, réspBc The eigenvectors determined in SAP
and OpenSees are presented in columns of maiggand®qsin Equations 4.2.

+0.156 +1.000 + 1.00 + 0.250+ 1.006- 1.0
P, =[+0.532 +1.189 - 0.700 , P =|+ 0.603+ 0.833 0.9 (4.2)
+1.000 -0.788 + 0.21 + 1.000- 0.752 0.3(

In the case of SAP, the modal participation fac@m®unted to 1.29, 0.46 and 0.34, respectively,
whereas in the case of OpenSees they amounte800148 and 0.20, respectively.

A three-storey cantilever wall with natural period of the fundamental mode equal to 1.0 s (W10)

A three-storey elastic and inelastic cantileverlwals considered in the study. The storey heighth(w
respect to centerline dimensions) amounted to Rettangular cross section was assumed and its
dimensions (width/length) amounted to 30/150 cnmpad mass amounted to 112 t at each storey of
the wall. One plastic hinge was assumed at themotf the wall. The wall reinforcement was the
same as in the case of the wall W03 (for detaisFgure 4.2).

The yield moment in the plastic hingd,j was determined from analysis of the wall crosdise and

it amounted to 1896 kNm. In the analysis, par@altdrs for materials for ultimate limit state defih
in Eurocode 2 (2004) were taken into account, aleitg the axial load at the wall bottom, which
amounted to 3296 kN. The yield rotatiafy)(in the plastic hinge, used in the case of them@del
(OpenSees) amounted to 0.002 rad, was determinagsing Equation 4.1L(, amounted to 9 m,
wheread amounted to 0.084

The natural periods of the structure determine8AR (elastic and EP models) amounted to 1.0, 0.153
and 0.057 s, respectively, whereas the naturabgerof the structure determined in OpenSees (Q

model) amounted to 1.05, 0.136 and 0.046 s, resplctThe eigenvectors determined in SAP and

OpenSees are presented in columns of matdggsanddqsin Equations 4.3.

+0.156 +1.000 + 1.00 + 0.250+ 1.006- 1.0
P, =|+0.532 +1.188 - 0.699 , P =|+ 0.603+ 0.833 0.9 (4.3)
+1.000 -0.788 + 0.21 + 1.000- 0.752 0.3
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In the case of SAP, the modal participation facEm®unted to 1.29, 0.46 and 0.34, respectively,
whereas in the case of OpenSees they amounte8p0148 and 0.20, respectively.

A three-storey single bay frame with natural periodof the fundamental mode equal to 0.3 s
(FO3)

A three-storey elastic and inelastic single baynffawas considered in the study. The storey height
amounted to 3 m, whereas the bay width amountédro(centerline dimensions were considered).
The dimensions of cross sections (width/height) @med to 50/80 cm in the case of columns and
50/60 cm in the case of beams. Lumped mass amotmt&d t in each free node, i.e. 28 t at each
storey of the frame. Plastic hinges were assumettheatends of beams and columns. The frame
reinforcement is schematically presented in FiguBeand it was chosen arbitrarily. It may corregpon
to an existing structure built before the implenag¢ion of Eurocode 8 (2004).
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Figure 4.3: Reinforcement of columns and beamsamé FO3

Slika 4.3: Armatura stebrov in gred okvirja FO3

The yield moments in plastic hinged,j were determined from analysis of the cross sestand they
are presented in Table 4.1. In the analysis, pdatizors for materials for ultimate limit statefihed

in Eurocode 2 (2004) were taken into account, alaitg the corresponding axial loads. The yield
rotations ¢,) in plastic hinges, used in the case of ther@del (OpenSees), were determined by using
Equation 4.4 and they are presented in Table l4.8lenotes total length of the element, which
amounted 3 and 5 m in the case of columns and heaspectively, wheredsdenotes the moment of
inertia of the element cross section, which amalite0.021 and 0.009 ‘or columns and beams,
respectively.

g =ML 4.4
y_GECI ()

Table 4.1: Axial forcesN), yield momentsNl,) and rotationsé) in plastic hinges (frame FO03)

Preglednica 4.1: Osne sild) momenti {4,) in rotacije @,) na meji té€enja v plastinih ¢lenkih (okvir FO3)

Elements N[KN] M, [kNm] 6, [rad]
Beams 0 225 6.31-10
Columns ¥ floor 412 605 4.30-16
Columns 2° floor 275 565 4.01-16

Columns %' floor 137 527 3.74.-16
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The natural periods of the structure determine®AP (elastic and EP models) amounted to 0.30,
0.079 and 0.038 s, respectively, whereas the ngiariods of the structure determined in OpenSees
(Qo model) amounted to 0.29, 0.075 and 0.037 s, réspBc The eigenvectors determined in SAP
and OpenSees are presented in columns of madiggand®qsin Equations 4.5.

+0.249 +1.000 + 1.00 + 0.242+ 1.006- 1.0(
P, =|+0.663 +0.927 - 0.810 , D =|+ 0.649%+ 0.916- 0. (4.5)
+1.000 -0.864 + 0.28 + 1.000- 0.833 0.2

In the case of SAP, the modal participation fac@m®unted to 1.27, 0.41 and 0.28, respectively,
whereas in the case of OpenSees they amounte®&p0143 and 0.26, respectively.

A three-storey single bay frame with natural periodof the fundamental mode equal to 1.0 s
(F10)

A three-storey elastic and inelastic single baynavas considered in the study. The storey height
amounted to 3 m, whereas the bay width amountédno(centerline dimensions were considered).
The dimensions of cross sections (width/height) amed to 35/35 cm in the case of columns and
35/45 cm in the case of beams. Lumped mass amotmt28 t in each free node, i.e. 46 t at each
storey of the frame. Plastic hinges were assumettheatends of beams and columns. The frame
reinforcement is schematically presented in Figudeand it was chosen arbitrarily. As it is obvipus
flexural stiffness is larger in the case of beahantin the case of columns. In modern seismic desig
such an approach is not recommended since it eahtteunfavorable plastic mechanisms which can
sometimes be hard to predict (e.g. inelasticityuogdn columns at upper storeys). Nevertheless, a
great number of structures which were designedoaiitibefore modern seismic codes still exist. The
main idea was to study floor response spectra enctise of structures which do not meet current
design standards.

Colummns Beams
2016+014 1’]4
3004
. -
4012 n
Stirrups ©10/10 ) ) J *
Stirrups ©10/10 31014
2016+014 e
35 =

Figure 4.4: Reinforcement of columns and beamsaimé F10

Slika 4.4: Armatura stebrov in gred okvirja F10

The yield moments in plastic hinged,j were determined from analysis of the cross sestand they
are presented in Table 4.2. In the analysis, pdataors for materials for ultimate limit statefished

in Eurocode 2 (2004) were taken into account, alith the corresponding axial loads. The yield
rotations ¢,) in plastic hinges, used in the case of themQdel (OpenSees), were determined by using
Equation 4.4 and they are presented in Table 4.8enotes total length of the element, which
amounted 3 and 5 m in the case of columns and heaspectively, wheredsdenotes the moment of
inertia of the element cross section, which amalimte1.25-1G and 2.66-18 m* for columns and
beams, respectively.
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The natural periods of the structure determine8AR (elastic and EP models) amounted to 1.0, 0.315
and 0.186 s, respectively, whereas the naturabgerdf the structure determined in OpenSees (Q

model) amounted to 0.99, 0.312 and 0.186 s, respictThe eigenvectors determined in SAP and

OpenSees are presented in columns of matdigesand®qsin Equations 4.6.

Table 4.2: Axial forcesN), yield momentsNl,) and rotationsé) in plastic hinges (frame F10)

Preglednica 4.2: Osne sild) momenti {4,) in rotacije 6,) na meji té€enja v plastinih ¢lenkih (okvir F10)

Elements N[kN] M, [kNm] 6, [rad]
Beams 0 80 7.60-10
Columns 1 floor 677 133 1.60-1H
Columns 2° floor 451 113 1.40-1H
Columns %' floor 226 90 1.10-16
+0.337 +1.000 + 1.00 + 0.335+ 1.006 1.0(
o, =|+0.746 +0.668 — 0.992 , P, =|+ 0.741+ 0.666 0.9 (4.6)
+1.000 -0.835 + 0.40 + 1.000- 0.829 0.4(

In the case of SAP, the modal participation facEm®unted to 1.25, 0.39 and 0.19, respectively,
whereas in the case of OpenSees they amounte@3p0139 and 0.19, respectively.

For all considered structures the following shdagdnoted: it is obvious that natural periods andeno
shapes obtained in SAP are different from the am¢ained in OpenSees. These differences are more
pronounced in the case of walls, whereas in the oaframes they can practically be neglecteds It i
clear that the above described modelling of comated plasticity in OpenSees works well in the case
of frames with plastic hinges at the ends of beanascolumns. On the other hand, in the case otwall
with one plastic hinge at the bottom of the wallts modelling approach may be questionable.

4.2 Results of the study

This section presents the most important resultsiodéd in the parametric study. Some well-known
characteristics of floor response spectra have ldmerved and hereby confirmed. Additionally,
several interesting new observations have been ndaeresults obtained for the elastic, EP agd Q
models are presented.

The RHA was in all cases conducted by using thengeiinput described in Section 4.1. Additionally,
in the case of the structures W03, W10 and F18pseiinput was scaled with the scale fa@ét In
this way, two different values of ductilityt were achieved in the case of inelastic structures

The exact determination of the achieved ductibtylifficult in the case of inelastic MDOF structsire

In general, the yield point of the system cannotdbtermined with certainty. In this study, seismic
input consisted of 30 ground motions. In such &cgsnerally, for each ground motion the structure
achieves different ductility. Obviously, the applion of a simple and efficient approach for the
estimation of the achieved ductilify was required in the study. For this purpose, tbelinear
pushover-based N2 method was used (for methodIsletee Fajfar 2010 or ANNEX D). The
application of pushover analysis is an important p& the N2 method. In this study, in pushover
analyses the "first mode" height-wise distributainateral loads was assumed, i.e. lateral loads we
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determined as the product of the first mode shameponent in a considered storey and the storey
mass. It should be noted that the results of thendthod obtained in this section will later be used
Chapters 5 and 6. The natural periods of the pyirattucture for the modeand of the equipment are
denoted ad,; andTs, respectively, whereas the values of floor acedilen spectra are denotedAs
The results presented in the following subsectiwase obtained for structural damping § equal to

5% with respect to the first and second magle=¢, ~5%), whereas the damping of the equipment
(&) amounted to 1 and 5%.

4.2.1 Results obtained for structure W03

A three-storey elastic and inelastic cantilever wath the natural period of the first mode equabt3
s was considered in the study. The RHA was condubte using the seismic input described in
Section 4.1 and by using the scaled input withsttade factoSF=0.55.

In pushover analyses, in the case of the EP miadetal forces amounted to 12.5, 42.5 and 80.0rkN i
the first, second and third storey, respectivelfilevin the case of the Qmodel lateral forces
amounted to 20.0, 48.3 and 80.0 kN in the firatpad and third storey, respectively. In the casdef
EP model effective mass and transformation factdr amounted to 135.0 t and 1.29, respectively,
whereas in the case of thg Qodel they amounted to 148.3 t and 1.30, respsygtiv

EP model, input scale factoiSF=0.55

The pushover analysis was firstly conducted foadnitrarily chosen target displacement equal t0 0.1
m and a pushover curve was obtained and presentadure 4.5ad denotes displacement, wheréas
denotes base shear force). Since only one plastie lwas assumed (at the bottom of the wall), the
pushover curve is bilinear. By dividing it with tiensformation factof’, a pushover curve for the
equivalent SDOF system was obtained and presemtéigiire 4.5ad denotes displacement, whereas
F" denotes base shear force).

For the equivalent SDOF system, the displacemerheatyield point cﬁy*) amounted to 0.70 cm,
whereas the corresponding ford'q,*I amounted to 415.0 kN. The capacity diagram prtesem
Figure 4.5b was obtained by dividing the for€eswith the equivalent mass . The acceleration at
the yield point §,) was determined aéy*/m* and it amounted to 0.31g. The effective periodhef
equivalent SDOF systerit | amounted to 0.30 s.
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Figure 4.5: (a) Pushover curves for MDOF and SD@tesns and (b) Capacity diagram for the EP model
Slika 4.5: (a) Potisne krivulje za MDOF in SDORsisa in (b) Diagram kapacitete za EP model
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The reduction factoR, was determined using the target spectrum (seed-igjd) and th&F and it
amounted t&FS(T)/S,=1.54 &(T) amounted to 0.87g).

Since the effective periofl is smaller thaffc, the equal displacement rule cannot be appliedthe
inelastic displacement demand is not equal to tastie demand. The displacement demand of the
SDOF systemd;) amounted to 1.32 cm, whereas the correspondintilifudemandp amounted to
1.9. The target (roof) displacement of the MDOReays(d,) was determined as the productZ/oénd

d. and it amounted to 1.70 cm. The correspondinglatigments of the first and second storey
amounted to 0.41 and 1.01 cm, respectively. Thezefitie components of the inelastic first mode
shape amounted to 0.241, 0.594 and 1.0 in the $esbnd and third storey, respectively.

EP model, input scale factoiSF=1.0

The following quantities are the same as in the ciSF=0.55:d, , F,, Sy andT . TheR, factor was
determined using the target spectrum (see Figutg &hd it amounted t@(f)/&yzz.Sl &(T)
amounted to 0.87g)l, amounted to 2.78 cny amounted to 4.0, wheredsamounted to 3.59 cm.
The displacements of the first and second storeyuated to 1.04 and 2.27 cm, respectively. Finally,
the components of the inelastic first mode shapeusted to 0.290, 0.632 and 1.0 in the first, second
and third storey, respectively.

Qo model, input scale factorSF=0.55

The first pushover analysis was conducted for getadisplacement equal to 0.10 m (arbitrarily
chosen) and a pushover curve was obtained andnpeesen Figure 4.6a. The pushover curve is
bilinear, since only one plastic hinge was assuatetthe bottom of the wall. By dividing the curve
with the transformation factdr, a pushover curve for the equivalent SDOF systers @btained and
presented in Figure 4.6a.

For the equivalent SDOF system, the displacemenhetyield point (ay*) amounted to 0.72 cm,
whereas the corresponding fordé/*I amounted to 428.1 kN. The capacity diagram piteseim
Figure 4.6b was obtained by dividing the for€eswith the equivalent mass . The acceleration at
the yield point §,) was determined aléy*/m* and it amounted to 0.29g. The effective periodhef
equivalent SDOF systeriT (| amounted to 0.31 s.
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Figure 4.6: (a) Pushover curves for MDOF and SD@fesns and (b) Capacity diagram for then@del
Slika 4.6: (a) Potisne krivulje za MDOF in SDOHReisa in (b) Diagram kapacitete zg Qodel
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The reduction factoR, was determined using the target spectrum (seed-ijd) and th&F and it
amounted tSFS(T)/S,=1.65 &(T) amounted to 0.87g). Since the effective peffods smaller
thanTc, the equal displacement rule cannot be applied.displacement demand of the SDOF system
(d) amounted to 1.42 cm, whereas the correspondintilifudemandp amounted to 2.0. The target
(roof) displacement of the MDOF systemt)(was determined as the product®fandd,” and it
amounted to 1.85 cm. The corresponding displacesnainthe first and second storey amounted to
0.54 and 1.17 cm, respectively. Therefore, the aorapts of the inelastic first mode shape amounted
to 0.292, 0.632 and 1.0 in the first, second aird 8torey, respectively.

Qo model, input scale factorSF=1.0

The following quantities are the same as in the cd§F=0.55:d, , F,, S,y andT . TheR, factor was
determined using the target spectrum (see Figul® a&nd it amounted t(&('l'*)/say:&O &(T)
amounted to 0.87g); amounted to 2.93 cnp amounted to 4.2, wheredsamounted to 3.81 cm.
The displacements of the first and second storeguated to 1.19 and 2.48 cm, respectively. Finally,
the components of the inelastic first mode shapeuated to 0.312, 0.651 and 1.0 in the first, second
and third storey, respectively.

Figures 4.7 and 4.8 show the mean values of the flesponse spectra normalized with the mean
PGA of the input, which amounted to 0.24g in theecafSF=0.55 and to 0.43g in the caseSK=1.0.
Several interesting observations can be made.

First, let us consider the case of the elastiactire (1=1). The peak values of floor response spectra
occur when the natural period of the equipmentpisr@aximately equal to the natural period of the
structure in the first and the second mode,TieT, ; andT&T, .. In the first storey, the influence of
the second mode is larger than the influence ofitetemode. In the second storey, the influence of
the first mode becomes more pronounced, wheretieithird storey it is completely dominant. As it
is obvious, there is no peak related to the thimtlen ASCE 4-98 (2000) and USNRC 1.92 (2006)
define a frequency at which spectral acceleratgarns to zero period acceleratidgpf). In practice

it can be assumed thiak, amounts to 33 Hz. According to Aziz (2004), theginency content of real
earthquakes is not known above 33 Hz. Therefore réasonable to assume that an earthquake cannot
trigger a structure to respond in modes with tlegudency abov&p, Consequently, the influence of
such modes is static, resonance effects do notr gteere is no amplification) so there is no peak i
the floor response spectrum. The natural periodhef structure in the third mode amounts to
T,:=0.017 s, whereas the frequency of the third maodeuats to 58.8 Hz. This value is larger than
fzpa Which explains why the peak of the floor resposysectrum does not exist.

In the case of inelastic structures, the peak watdfidloor response spectra related to the firsienare
smaller than the corresponding peak values obtdimethe elastic structure, i.e. they are influahce
by structural inelasticity. The size of peak reduttdepends on the ductility demand (larger
produces larger reduction). In the case of the BBRamhthe peak values occur close to the resonance,
whereas in the case of thg Qodel the peak values are shifted towards higaeogs. It is clear that
the peaks of floor response spectra related tditstemode show the trends which were previously
observed in the case of inelastic SDOF structuses Section 2.3). Peak values of floor response
spectra related to the second mode are quite stitege It can be observed that in the first stahey
peak values of the floor response spectra obtdimethelastic structures (for both hysteretic madel
and all considered ductilities) are larger thangbak values obtained for the elastic structure.
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Figure 4.7: Mean values of the floor response speuirmalized with the mean PGA, structure W03 (1%
damping of the equipment)

Slika 4.7: Povpréne vrednosti etaznih spektrov odziva normiranevpnim PGA, konstruckija W03 (1%
duSenja opreme)
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Figure 4.8: Mean values of the floor response speuwirmalized with the mean PGA, structure W03 (5%
damping of the equipment)

Slika 4.8: Povpréne vrednosti etaznih spektrov odziva normiranevppanim PGA, konstruckija W03 (5%
duSenja opreme)
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Similar situation can be observed in the secongkgtm the case of the EP model, while, by contrast
in the case of the @Qmodel, the peak values of the floor response spene lower than the ones
obtained for the elastic model. In the third storfyr both hysteretic models and all considered
ductilities, spectral peaks are close to the peditained for the elastic structure. In the cas¢hef
elastic and @model, in the first storey, the shapes of themasoe regions of floor response spectra
related to the second mode are similar. In the five storeys, small peaks of floor response spectr
related to the third mode exist, which is obviouslgonsequence of structural inelasticity. It stidag
noted that, due to differences in structural mawogll the results obtained for the, @odel are
partially comparable.

The phenomena observed in the case of higher nafdeslastic structures (the amplification of the
peaks related to the second mode and the existértbe peaks related to the third mode) were also
observed in some previous studies. In the studducied by Sewell et al. (1986) it was observed that
in some cases of inelastic structures, floor respospectra values can be greater than the floor
response spectra values of the corresponding @ktstictures. Similar findings were obtained in the
study conducted by Singh et al. (1996), who havelcgled that energy from the fundamental mode
can be transferred to higher modes. It is obvibas ore research on this subject is needed.

4.2.2 Results obtained for structure W10

A three-storey elastic and inelastic cantilever wgth the natural period of the first mode equalltO
s was considered in the study. The RHA was condubte using the seismic input described in
Section 4.1 and by using the scaled input withsttede factoSF=0.5.

In pushover analyses, in the case of the EP mtadetal forces amounted to 17.5, 59.5 and 112.0 kN
in the first, second and third storey, respectiv@ile in the case of the .Qnodel lateral forces
amounted to 28.0, 67.6 and 112.0 kN in the firstoad and third storey, respectively. In the cdse o
the EP model effective mass and transformation factof’ amounted to 189.0 t and 1.29,
respectively, whereas in the case of them@del they amounted to 207.6 t and 1.30, respagtiv

EP model, input scale factoiSF=0.5

The pushover analysis was firstly conducted foapitrarily chosen target displacement equal t6 0.1
m and a pushover curve was obtained and presentadure 4.9ad denotes displacement, wheréas
denotes base shear force). Since only one plaistife twas assumed at the bottom of the wall, the
pushover curve is bilinear. By dividing it with tl&ansformation factor’, a pushover curve for the
equivalent SDOF system was obtained and presemtéigiire 4.9adq denotes displacement, whereas
F" denotes base shear force).

For the equivalent SDOF system, the displacemenhetyield point tay*) amounted to 2.63 cm,
whereas the corresponding fordé/*I amounted to 196.0 kN. The capacity diagram pitesein
Figure 4.9b was obtained by dividing the for€eswith the equivalent mass . The acceleration at
the yield point §,) was determined déy*/m* and it amounted to 0.11g. The effective periodhef
equivalent SDOF systeriT | amounted to 1.0 s.

The reduction factoR, was determined using the target spectrum (seed-@d) and th&F and it
amounted tBSFS(T)/S,=2.0 &(T) amounted to 0.44g). Since the effective pefiods larger than
Te, the equal displacement rule can be appliedthesinelastic displacement demand is equal to the
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elastic demand. The displacement demand of the Sy6tEmM ¢;) amounted to 5.47 cm, whereas the
corresponding ductility demand amounted to 2.0. The target (roof) displacementhef MDOF
system ¢) was determined as the product’téndd; and it amounted to 7.06 cm. The corresponding
displacements of the first and second storey aneouttt 1.75 and 4.25 cm, respectively. Therefore,
the components of the inelastic first mode shapeuated to 0.248, 0.602 and 1.0 in the first, second
and third storey, respectively.
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Figure 4.9: (a) Pushover curves for MDOF and SD@tesns and (b) Capacity diagram for the EP model
Slika 4.9: (a) Potisne krivulje za MDOF in SDORsisa in (b) Diagram kapacitete za EP model

EP model, input scale factoiISF=1.0

The following quantities are the same as in the @iSF=0.5:d,, F,, S,y andT . TheR, factor was
determined using the target spectrum (see Figut® a@nhd it amounted t@(‘l’)/Say:4.0 &(T)
amounted to 0.44gyl, amounted to 10.93 cmp, amounted to 4.0, wheredsamounted to 14.10 cm.
The displacements of the first and second storeguated to 4.10 and 8.94 cm, respectively. Finally,
the components of the inelastic first mode shapeuated to 0.291, 0.634 and 1.0 in the first, second
and third storey, respectively.

Qo model, input scale factorSF=0.5

The first pushover analysis was conducted for getadisplacement equal to 0.10 m (arbitrarily
chosen) and a pushover curve was obtained andnpeesan Figure 4.10a. The pushover curve is
bilinear, since only one plastic hinge was assunBgddividing the curve with the transformation

factor I, a pushover curve for the equivalent SDOF systeam wbtained and presented in Figure
4.10a.

For the equivalent SDOF system, the displacemenhetyield point cﬂy*) amounted to 2.70 cm,
whereas the corresponding ford‘ey*I amounted to 202.2 kN. The capacity diagram pttesein
Figure 4.10b was obtained by dividing the forEeswith the equivalent mass . The acceleration at
the yield point §,)) was determined aéy*/m* and it amounted to 0.10g. The effective periodhef
equivalent SDOF systeriT (| amounted to 1.05 s.

The reduction factoR, was determined using the target spectrum (seed-igd) and th&F and it
amounted tSFS(T)/S,=2.1 &(T') amounted to 0.41g). Since the effective pefiods larger than
Tc, the equal displacement rule can be applied. Téglatement demand of the SDOF systek) (
amounted to 5.62 cm, whereas the correspondingliductemandp amounted to 2.1. The target
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(roof) displacement of the MDOF systemt) (was determined as the product/ofandd, and it
amounted to 7.31 cm. The corresponding displacesmeinthe first and second storey amounted to
2.14 and 4.65 cm, respectively. Therefore, the @orapts of the inelastic first mode shape amounted
to 0.293, 0.636 and 1.0 in the first, second aird #torey, respectively.
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Figure 4.10: (a) Pushover curves for MDOF and SB@dtems and (b) Capacity diagram for theni@del
Slika 4.10: (a) Potisne krivulje za MDOF in SDOBtsima in (b) Diagram kapacitete zar@odel

Qo model, input scale factorSF=1.0

The following quantities are the same as in the @d$F=0.5:d,, F,’, S,y andT . TheR, factor was
determined using the target spectrum (see Figut® &nd it amounted t(&(T*)/Say:4.1 &(T)
amounted to 0.41g}’ amounted to 11.23 crmp, amounted to 4.1, wheredsamounted to 14.60 cm.
The displacements of the first and second storeyuated to 4.57 and 9.51 cm, respectively. Finally,
the components of the inelastic first mode shapeusted to 0.313, 0.651 and 1.0 in the first, second
and third storey, respectively.

Figures 4.11 and 4.12 show the mean values ofldloe fesponse spectra normalized with the mean
PGA values of the input, which amounted to 0.22¢him case 065F=0.5 and to 0.43g in the case of
SF=1.0.

In the case of the elastic structupe={), the peaks of floor response spectra occur whematural
period of the equipment is approximately equalhte hatural period of the structure and they are
related to all three modes. In the first storey, itifluence of higher modes is significantly largfgan

the influence of the fundamental mode. This is eisflg pronounced in the case of the second mode,
but it can also be observed that the peak relatetie third mode exceeds the peak related to first
mode. In the second storey the most dominant medtili the second one, the first mode becomes
more pronounced, whereas the influence of the thivde decreases. In the third storey, the firstanod
is the most pronounced, the influence of the seeoode is somewhat smaller, whereas the influence
of the third mode diminishes almost completely. irrthe obtained results it is obvious that the
seismic input significantly influences the floospanse spectra, i.e. it can be seen that the clsesen
of ground motions triggers the structural respanghe second mode.

In the case of inelastic structures, the peak gadfidloor response spectra related to the firstienare
smaller than the corresponding peak values obtdoretthe elastic structure and, as in the cas@ef t
structure W03, the size of peak reduction depends® ductility demand.
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Figure 4.11: Mean values of the floor responsetspemrmalized with the mean PGA, structure W10 (1%
damping of the equipment)

Slika 4.11: Povpr&e vrednosti etaznih spektrov odziva normiranevppainim PGA, konstrukcija W10 (1%
duSenja opreme)
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Figure 4.12: Mean values of the floor responsetspemrmalized with the mean PGA, structure W10 (5%
damping of the equipment)

Slika 4.12: Povpréne vrednosti etaznih spektrov odziva normiranevgmnim PGA, konstrukcija W10 (5%
duSenja opreme)
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In the case of the EP model the peak values odose to the resonance, whereas in the case ofithe Q
model the peak values are shifted towards highgogie& Again, it is obvious that the peaks of floor
response spectra related to the first mode showrehes which were previously observed in the case
of inelastic SDOF structures (see Section 2.3)kRedues of floor response spectra related to the
second mode are interesting, since it can be obddhat they are reduced in comparison with the
peaks obtained for the elastic structure. Thisiapgor both hysteretic models and all considered
ductilities. It is also obvious that the size ofctlity demand influences the size of the reduction
Therefore, it can be concluded that the inelagigponse of the structure is not related only to the
fundamental mode, but also to the second modegrite amoderate amount. As for the peaks of the
third mode, which are present in the first andhi@ $econd storey, it can be observed that in tbe ca
of the EP model they are practically equal to teaks obtained for the elastic structure. In the cds
the Q model, they are quite smaller than the peaks bdaior the elastic and the EP model, which is
a consequence of different modelling approach&AiR and OpenSees (as discussed above). For both
the second and third mode related peaks, it cavbberved that they do not occur at the same vdlue o
Ts, which is related to the different natural periofishe structure obtained in SAP and OpenSees.

4.2.3 Results obtained for structure FO3

A three-storey elastic and inelastic single baynavith the natural period of the first mode eqoal
0.3 s was considered in the study. The RHA was wctied by using the seismic input described in
Section 4.1, i.e. by using tl&=1.0.

In pushover analysis, in the case of the EP mdalkelral forces amounted to 7.0, 18.6 and 28.0 kN in
the first, second and third storey, respectivelfilevin the case of the Qmodel lateral forces
amounted to 6.8, 18.2 and 28.0 kN in the firstpadcand third storey, respectively. In the casthef
EP model effective mass and transformation factaf amounted to 53.5 t and 1.27, respectively,
whereas in the case of thg @odel they amounted to 53.0 t and 1.28, respdytive

EP model, input scale factoiSF=1.0

The pushover analysis was firstly conducted foadnitrarily chosen target displacement equal t0 0.1
m and a pushover curve was obtained and presantadure 4.13ad denotes displacement, whereas
F denotes base shear force). By dividing it with tlamsformation factof’, a pushover curve for the
equivalent SDOF system was obtained and idealigleadtO-perfectly plastic idealization), as shown in
Figure 4.13ad denotes displacement, wher&aslenotes base shear force).

For the equivalent SDOF system, the displacemenheatyield point cﬂy*) amounted to 1.33 cm,
whereas the corresponding ford‘ey*I amounted to 280.3 kN. The capacity diagram pttesein
Figure 4.13b was obtained by dividing the forEeswith the equivalent mass . The acceleration at
the yield point §,) was determined aéy*/m* and it amounted to 0.53g. The effective periodhef
equivalent SDOF systeriT (| amounted to 0.32 s.

The reduction factoR, was determined using the target spectrum (seed-#ad) and it amounted to
S(T)/Sy=1.64 &(T) amounted to 0.87g). Since the effective pefiods smaller tharTc, the equal
displacement rule cannot be applied. The displanegemand of the SDOF systeth  amounted to
2.70 cm, whereas the corresponding ductility demamasnounted to 2.0. The target displacement of
the MDOF systemd) was determined as the product/oandd, and it amounted to 3.43 cm. The
corresponding displacements of the first and secstmtey amounted to 0.84 and 2.17 cm,
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respectively. Therefore, the components of theastel first mode shape amounted to 0.245, 0.633
and 1.0 in the first, second and third storey, éetipely.
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Figure 4.13: (a) Pushover curves for MDOF, SDOF idedlized SDOF system and (b) Capacity diagram for
the EP model

Slika 4.13: (a) Potisne krivulje za MDOF, SDOF dealizirani SDOF sistem in (b) Diagram kapacitetdeP
model

Qo model, input scale factorSF=1.0

The pushover analysis was firstly conducted foawdnitrarily chosen target displacement equal t6 0.1
m and a pushover curve was obtained and presentdelgure 4.14a. By dividing it with the
transformation factor”, a pushover curve for the equivalent SDOF systeas wbtained and then
idealized (elasto-perfectly plastic idealizaticad,presented in Figure 4.14a.

For the equivalent SDOF system, the displacemenhetyield point tay*) amounted to 1.15 cm,
whereas the corresponding ford‘ef} amounted to 277.8 kN. The capacity diagram prteseim
Figure 4.14b was obtained by dividing the forEeswith the equivalent mass . The acceleration at
the yield point §,) was determined déy*/m* and it amounted to 0.53g. The effective periodhef
equivalent SDOF systeri | amounted to 0.30 s.

The reduction factoR, was determined using the target spectrum (seegd-#gd) and it amounted to
S(T)/Sy=1.64 &(T) amounted to 0.87g).

Since the effective perio@l is smaller tharlc, the equal displacement rule cannot be applied. Th
displacement demand of the SDOF systekr) @mounted to 2.39 cm, whereas the corresponding
ductility demandp amounted to 2.1. The target displacement of theOWDsystem ;) was
determined as the product Bfandd,” and it amounted to 3.06 cm. The correspondinglatisments

of the first and second storey amounted to 0.821a@d cm, respectively. Therefore, the components
of the inelastic first mode shape amounted to Q.26814 and 1.0 in the first, second and thirdestor
respectively.

Figures 4.15 and 4.16 show the mean values ofldloe fesponse spectra normalized with the mean
PGA of the input, which amounted to 0.43g in theecafSF=1.0.

In the case of the elastic structupe=1), the peaks of floor response spectra, whicluoaden the
natural period of the equipment is approximatelyatgo the natural period of the structure, are
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related to all three modes. In the first storew, itifluence of the second mode is slightly smatfian

the influence of the fundamental mode, whereasrith@ence of the third mode is quite small. In the
second storey the most dominant mode is the firet the influence of the second mode significantly
decreases, whereas the influence of the third ndodimishes almost completely. In the third storey,
the first mode is obviously the most important ahe,influence of the second mode is small, whereas
the influence of the third mode is not visible.

In the case of inelastic structures, the peak watfidloor response spectra related to the firsienare
smaller than the corresponding peak values obtdimethe elastic structure. In the case of the EP
model the peak values occur close to the resonavtoereas in the case of thg @odel the peak
values are shifted towards higher periods. The gaékis mostly pronounced in the first storeyisit
small in the second storey, whereas in the thmoegtit practically does not exist. The peaks obfl
response spectra related to the first mode shovlesitrends as in the cases of the structures Wid3 a
W10, as well as in the case of inelastic SDOF #ires (see Section 2.3).

In the first storey, peak values of floor respospgectra related to the second mode are simildreto t
peaks obtained for the elastic structure, whereathé second and in the third storey they are
somewhat smaller. In the case of the elastic anth&drel, the shapes of the resonance regions af floo
response spectra related to the second mode arlarsimhereas in the case of the @odel the
resonance regions are somewhat wider (the peakdightly shifted towards higher periods). In the
first storey, in the case of the EP model, the pedkloor response spectra related to the thirdeno
are slightly larger than the peaks obtained forefastic structure, whereas the peaks obtainethér
Qo model are significantly larger. In the second esgofor the EP model, the third mode related peak
is quite small and it is practically equal to theembtained for the elastic structure, while in ¢hse

of the @ model significant difference can once again beeplesd. Finally, in the third storey, the peak
related to the third mode can only be observedhéncase of the Lmodel, but its size is practically
negligible.

Again, it is obvious that the different modellingpmoaches in SAP and OpenSees (which were
discussed above) may produce certain problemseicdmparison of the obtained results. Regardless
of that fact, several important trends and charesties of the floor response spectra may still be
recognized.
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Figure 4.14: (a) Pushover curves for MDOF, SDOFidedlized SDOF system and (b) Capacity diagram for
the Q model

Slika 4.14: (a) Potisne krivulje za MDOF, SDOF dgealizirani SDOF sistem in (b) Diagram kapacitete€k
model
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Figure 4.15: Mean values of the floor responsetspemrmalized with the mean PGA, structure FO3 (1%
damping of the equipment)

Slika 4.15: Povprée vrednosti etaznih spektrov odziva normiranevppmnim PGA, konstrukcija FO3 (1%
duSenja opreme)
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Figure 4.16: Mean values of the floor responsetspemrmalized with the mean PGA, structure FO3 (5%
damping of the equipment)

Slika 4.16: Povpréne vrednosti etaznih spektrov odziva normiranevppainim PGA, konstrukcija FO3 (5%
duSenja opreme)
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4.2.4 Results obtained for structure F10

A three-storey elastic and inelastic single baynfawith the natural period of the first mode ecoal
1.0 s was considered in the study. The RHA was wtted by using the seismic input described in
Section 4.1 and by using the scaled input withsttede factoSF=0.5.

In pushover analyses, in the case of the EP miadetal forces amounted to 15.5, 34.3 and 46.0rkN i
the first, second and third storey, respectivelfilevin the case of the Qmodel lateral forces
amounted to 15.4, 34.1 and 46.0 kN in the firstped and third storey, respectively. In the casief
EP model effective mass and transformation factdr amounted to 95.8 t and 1.25, respectively,
whereas in the case of thg Qodel they amounted to 95.5 t and 1.25, respégtive

EP model, input scale factoiISF=0.5

The pushover analysis was firstly conducted foawdnitrarily chosen target displacement equal 16 0.1
m and a pushover curve was obtained and presemtedure 4.17ad denotes displacement, whereas
F denotes base shear force). By dividing it with tia@sformation factof, a pushover curve for the
equivalent SDOF system was obtained and idealeledtp-perfectly plastic idealization), as shown in
Figure 4.17ad denotes displacement, wher&aslenotes base shear force).

For the equivalent SDOF system, the displacemenhetyield point (ay*) amounted to 3.09 cm,
whereas the corresponding forE@*I amounted to 85.8 kN. The capacity diagram preskeint Figure
4.17b was obtained by dividing the foré€swith the equivalent mass . The acceleration at the yield
point (S,) was determined as,*/m* and it amounted to 0.09g. The effective periodhef equivalent
SDOF systemT) amounted to 1.17 s.
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(a) (b)
Figure 4.17: (a) Pushover curves for MDOF, SDOFidrdlized SDOF system and (b) Capacity diagram for
the EP model

Slika 4.17: (a) Potisne krivulje za MDOF, SDOF diealizirani SDOF sistem in (b) Diagram kapacitetdeP
model

The reduction factoR, was determined using the target spectrum (seed-igd) and th&F and it
amounted tBFS(T)/S,=2.1 &(T) amounted to 0.37g). Since the effective pefiods larger than

Te, the equal displacement rule can be appliedthesinelastic displacement demand is equal to the
elastic demand. The displacement demand of the Siy6tEm ¢,) amounted to 6.29 cm, whereas the
corresponding ductility demandamounted to 2.1. The target displacement of theORBystem )

was determined as the product/ofindd; and it amounted to 7.86 cm, whereas the correspgnd
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displacements of the first and second storey ameouttt 2.62 and 5.96 cm, respectively. Therefore,
the components of the inelastic first mode shapeuated to 0.333, 0.758 and 1.0 in the first, second
and third storey, respectively.

EP model, input scale factoiISF=1.0

The following quantities are the same as in the @$F=0.5:d,, F,’, S,y andT . TheR, factor was
determined using the target spectrum (see Figul® a&nd it amounted t(&('l'*)/Say:4.1 &(T)
amounted to 0.37g)l, amounted to 12.59 cm, amounted to 4.1, wheredsamounted to 15.74 cm.
The displacements of the first and second storeyuated to 5.25 and 11.22 cm, respectively. Finally,
the components of the inelastic first mode shapeuated to 0.334, 0.713 and 1.0 in the first, second
and third storey, respectively.

Qo model, input scale factorSF=0.5

The pushover analysis was firstly conducted foawnitrarily chosen target displacement equal t6 0.1
m and a pushover curve was obtained and presentdelgure 4.18a. By dividing it with the
transformation factor”, a pushover curve for the equivalent SDOF systeam wbtained and then
idealized (elasto-perfectly plastic idealizaticag,shown in Figure 4.18a.

For the equivalent SDOF system, the displacemenhetyield point cﬂy*) amounted to 2.73 cm,
whereas the corresponding ford:-'e;*I amounted to 85.7 kN. The capacity diagram preskim Figure
4.18b was obtained by dividing the ford€swith the equivalent mass . The acceleration at the yield
point (S,) was determined aéj*/m* and it amounted to 0.09g. The effective periodhef equivalent
SDOF systemT) amounted to 1.10 s.
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Figure 4.18: (a) Pushover curves for MDOF, SDOFidedlized SDOF system and (b) Capacity diagram for
the Q model
Slika 4.18: (a) Potisne krivulje za MDOF, SDOF dgiealizirani SDOF sistem in (b) Diagram kapacitete€k
model

The reduction factoR, was determined using the target spectrum (seed-id) and th&F and it
amounted t&FS(T)/S,=2.2 G(T') amounted to 0.40g).

Since the effective period” is larger thanTc, the equal displacement rule is applicable. The
displacement demand of the SDOF systeff) @mounted to 6.01 cm, whereas the corresponding
ductility demandp amounted to 2.2. The target displacement of theOWDsystem d¢) was
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determined as the product #fand d; and it amounted to 7.51 cm, whereas the correspgnd
displacements of the first and second storey anedutt 2.54 and 5.54 cm, respectively. Therefore,
the components of the inelastic first mode shapeusted to 0.338, 0.738 and 1.0 in the first, second
and third storey, respectively.

Qo model, input scale factorSF=1.0

The following quantities are the same as in the cd$F=0.5:d,, F,’, S,y andT . TheR, factor was
determined using the target spectrum (see Figut® &nd it amounted t(&(T*)/Say:4.4 &(T)
amounted to 0.40g}’ amounted to 12.03 cmq, amounted to 4.4, wheredsamounted to 15.04 cm.
The displacements of the first and second storeyuaited to 5.06 and 10.56 cm, respectively. Finally,
the components of the inelastic first mode shapeuated to 0.336, 0.702 and 1.0 in the first, second
and third storey, respectively.

Figures 4.19 and 4.20 show the mean values ofldloe fesponse spectra normalized with the mean
PGA of the input, which amounted to 0.22g in theecafSF=0.5 and to 0.43g in the caseS#=1.0.

In the case of the elastic structupe={), the peak values of floor response spectraroatien the
natural period of the equipment is approximatelyagdo the natural period of the structure and they
are related to all three modes. In the first stotlg influence of higher modes is significantlygler
than the influence of the fundamental mode, whichspecially pronounced in the case of the second
mode. The peak related to the third mode is somewraller than the peak related to first mode. In
the second storey the peak related to the firstemmebomes the most pronounced one, the peak
related to the second mode decreases whereasdkagiated to the third mode practically remains
the same. In the third storey, the first mode resdhe most pronounced one, the influence of the
second mode is somewhat smaller, whereas the mtlu®f the third mode diminishes almost
completely. As in the case of the structure W1 dbvious from the obtained results that thersieis
input significantly influences the floor respongestra. The chosen set of ground motions trigdess t
structural response in the second mode and theemde of the second mode remains significant even
in the top storey of the frame.

In the case of inelastic structures, the peak gatidloor response spectra related to the fundéhen
mode are reduced in comparison with the correspgnoieak values obtained for the elastic structure
and, as in the case of all previously analysedcsires, the size of peak reduction depends on the
ductility demand. Like in all other cases, in tlase of the EP model the peak values occur clogesto
resonance, whereas in the case of thenQdel the peak values are shifted towards higleeogs
(which can only be observed fpr2.2 since there are no peaks in the cage=df4). It can once again

be confirmed that the peaks of floor response speetated to the first mode show the trends which
were previously observed in the case of inelasDOB structures (see Section 2.3). Peak values of
floor response spectra related to the second milgeay interesting, since it can be observed that
they are reduced in comparison with the peaks iobdafor the elastic structure. This applies fohbot
hysteretic models and all considered ductilitiess blso obvious that the size of the ductilityr@and
influences the size of the reduction. Similar trevas observed in the case of the structure W10i but
is more pronounced here. In the case of the stei8(l0 (in the case of the,@odel) peak values of
the second mode are not shifted towards higheog&rivhereas in the case of the structure F10 they
are. It can actually be observed that the resonesgiens and the peaks related to the second mode
show similar characteristics to the resonance regand the peaks related to the fundamental mode,
but obviously with smaller ductility demand. Thiaf raises some interesting questions.
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Figure 4.19: Mean values of the floor responsetspemrmalized with the mean PGA, structure F10 (1%
damping of the equipment)

Slika 4.19: Povpréne vrednosti etaznih spektrov odziva normiranevpnim PGA, konstrukcija F10 (1%
duSenja opreme)
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Figure 4.20: Mean values of the floor responsetspemrmalized with the mean PGA, structure F10 (5%
damping of the equipment)

Slika 4.20: Povpréne vrednosti etaznih spektrov odziva normiranev@pnim PGA, konstrukcija F10 (5%
dusenja opreme)
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In earthquake engineering, it is often assumeditieddstic behaviour occurs only in the fundamental
mode. The results obtained for the structures Wid L0 suggest inelastic behaviour also in the
second mode. It should be noted that both strustare simple planar structures which have only
three natural modes. The obtained results imply ihahe case of flexible structures with large
number of modes inelastic behaviour can perhapsrasanore than several first modes. The question
is: how to estimate ductility demand for higher r@sd In the case of the structure F10, estimation of
the ductility demand for the second mode is preskand explained below. Finally, as for the peaks
related to the third mode, it can be observedith#ite case of the EP model, in the first storbgyt
are practically equal to the peaks obtained for dlesstic structure. In the second storey they are
somewhat smaller, whereas in the third storey thimmnish almost completely. In the case of the Q
model, in the first and in the second storey, thakgs related to the third mode depend on the ductil
demand of the structure, i.e. for the casque2.2 they are larger or practically equal to thakse
obtained for the elastic structure, whereas forctme of1=4.4 they are smaller or practically equal to
the corresponding peaks obtained for the elastictsire. In the third storey, the peaks relateth&o
third mode are negligible.

Estimation of the ductility demand for the second rode

In engineering practice, it is often assumed tmafaistic structural behaviour occurs only in the

fundamental mode. In some cases though, this asgumpannot be made so it is necessary to
determine the seismic demand by taking into accmahasticity related to several modes. Estimation
of the seismic demand in such cases may be comtibgtasing a modal pushover analysis procedure
proposed by Chopra and Goel (2002). In the propamguroach, the total seismic demand is

determined by combining the seismic demands olddimemodes which were taken into account in

the analysis. For each considered mode, the sedem@nd is obtained by performing a pushover
analysis, in which the distribution of inertia fescobtained for the considered mode is used.

For the purpose of this study, a similar approaes wdopted, in the sense of analysing seismic
demands in different modes separately. As in tlse od the fundamental mode, the N2 method (see
Fajfar 2000 or ANNEX D) was used to estimate thiemie demand in the second mode. Namely, in

the case of the second mode, eigenvectors obtaire@dP and OpenSees were normalized so that the
component of the vector in the third storey amodnte—1.0. In the case of SAP, the corresponding
components in the first and in the second storeyuanted to 1.197 and 0.800, respectively, whereas in
the case of OpenSees they amounted to 1.207 add, 0B pectively.

In pushover analyses, in the case of the EP mtadetal forces amounted to 55.1, 36.8 and —46.0 kN
in the first, second and third storey, respectiv@ile in the case of the Qnodel lateral forces
amounted to 55.5, 37.0 and —46.0 kN in the fimstoad and third storey, respectively. In the cdse o
the EP model effective mass and transformation factdf amounted to 45.9 t and 0.32, respectively,
whereas in the case of thg Qodel they amounted to 46.5 t and 0.33, respdytive

For both hysteretic models, in the case when tiaevaf the ductility demand for the fundamental
mode is slightly above 2S£=0.5), the results obtained from the above desdrédgproach indicated
that the ductility demand for the second mode artezlito 1 (elastic behaviour). The results presented
in Figures 4.19 and 4.20 show the opposite tremditais obvious that the inelastic response actuall
exists in the second mode. Therefore, the accurfitlye proposed approach is questionable, which
will be discussed later. The results obtainedlieiSF=1.0 are presented below.
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EP model, input scale factoiSF=1.0

The pushover analysis was firstly conducted foawduitrarily chosen target displacement equal t6 0.1
m and a pushover curve was obtained and presentédure 4.21ad denotes displacement, whereas
F denotes base shear force). It can be seen thdighlacement is negative. By dividing forces with
the transformation factof” and by dividing the displacements with the prodott/” and the
component of the second mode vector in the thiscegtwhich amounted to —1.0 (for equations see
Chopra and Goel 2002), a pushover curve for thévalgmt SDOF system was obtained and idealized
as elasto-perfectly plastic, as presented in Figu2éb (' denotes displacement, wherdasdenotes
base shear force).

For the equivalent SDOF system, the displacemetiheatyield point cjy*) amounted to 0.0209 m,
whereas the corresponding fordéy*I amounted to 352.5 kN. The capacity diagram, whscimot
presented herein, can be obtained by dividingdheetF with the equivalent mass . Nevertheless,
the acceleration at the yield poirf,) of the capacity diagram was determinedFa*sém* and it
amounted to 0.78g. The effective period for theosdcmode of the equivalent SDOF systef) (
amounted to 0.33 s.
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Figure 4.21: Pushover curves for (a) MDOF and ®P§ system (the EP model)
Slika 4.21: Potisne krivulje za (a) MDOF in (b) SB@istem (EP model)

The reduction factoR, was determined using the target spectrum (segd-#gd) and it amounted to
S(T)/Sy=1.12 &(T) amounted to 0.87g). Since the effective pefiods smaller thaTe, the equal
displacement rule cannot be applied. The displaned®mand of the SDOF systedh \ amounted to
2.48 cm, whereas the corresponding ductility demaasnounted to 1.2. The target displacement of
the MDOF systemd) was determined as the product éfandd, and it amounted to —0.79 cm. The
corresponding displacements of the first and secstmley amounted to 0.70 and 0.41 cm,
respectively. Therefore, the components of theast@ first mode shape amounted to 0.886, 0.519
and —1.0 in the first, second and third storeypeetvely.

Qo model, input scale factorSF=1.0

The procedure which was used in the case of then&del was repeated in the case of therQdel.
The pushover analysis was conducted for an arihjticirosen target displacement equal to 0.10 m and
a pushover curve was obtained and shown in Fig@2a4 By dividing forces with the transformation
factor I" and by dividing the displacements with the prodafcf” and the component of the second
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mode vector in the third storey which amounted Xd®—a pushover curve for the equivalent SDOF
system was obtained and idealized as elasto-pgrfdastic, as presented in Figure 4.22b.

For the equivalent SDOF system, the displacementeatyield point cﬂy*) amounted to 0.0188 m,
whereas the corresponding ford?@*l amounted to 347.2 kN. The acceleration at thielyeint S,)

of the capacity diagram was determined:gifm* and it amounted to 0.76g. The effective period for
the second mode of the equivalent SDOF systjrafnounted to 0.32 s.
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Figure 4.22: Pushover curves for (a) MDOF and ®@P§ system (the @model)
Slika 4.22: Potisne krivulje za (a) MDOF in (b) SB@istem (@ model)

The reduction factoR, was determined using the target spectrum (seed-#d) and it amounted to
S(T)/Sy=1.14 &(T) amounted to 0.87g). Since the effective pefiods smaller tharTc, the equal
displacement rule cannot be applied. The displanegemand of the SDOF systeth  amounted to
2.37 cm, whereas the corresponding ductility demamasounted to 1.2. The target displacement of
the MDOF systemd;) was determined as the product éfandd, and it amounted to —0.78 cm. The
corresponding displacements of the first and secstmey amounted to 0.73 and 0.44 cm,
respectively. Therefore, the components of theastel first mode shape amounted to 0.936, 0.564
and —1.0 in the first, second and third storeypeetvely.

Note that, for both hysteretic models, achieveditiies for the second mode were obtained for the
case when the value of the ductility demand for filmedamental mode is slightly above 4. The
estimated ductility demand in the case of the sgenade is slightly larger than 1 for both hystereti
models, which implies almost elastic structuraldeébur. Such estimation is not in compliance with
the results presented in Figures 4.19 and 4.2G;wihply that the ductility demands are signifidgnt
larger. Unfortunately, it can be seen that the psed approach produces underestimated ductility
demands.

An additional check of the above presented appraashconducted by analysing the ductility demand
in the second mode of the structure W10. Namelynestioned above, in the case of the structure
W10 peaks related to the second mode are also duemhéower than the peaks obtained for the elastic
structure. The main idea for this additional chiek in the difference between structural systeis o
the F10 and W10. The analysis was conducted forlEfRenodel and the ductility demand of the
fundamental mode which amounted to 46<1.0). As expected, the obtained results indicatastic
structural behaviour of the structure W10 in theosel mode. For the considered cases, it can be
concluded that the type of structural system hamtheence on the results which were obtained from
the proposed approach.
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4.2.5 Influence of individual modes on floor response sptra

The influence of individual modes on floor respospectra was examined by taking into account
elastic structures W03 and W10. In both cases,apfpgoach described in the following text was
applied.

A generalized SDOF system concept was used faldtermination of absolute accelerations in every
mode and at each storey of the structure (for ldetae Chopra 2012). Since both structures haee thr
natural modes, three generalized SDOF systemswsexckin both cases and they were represented by
simple oscillators. The natural period of eachltzor was equal to the natural period of the gttres

in the considered mode. In the case of oscillavdngh represented the first and second mode, a
"mass-proportional” damping amounted to 5%, whemeahke case of oscillators which represented
the third mode the "mass-proportional” damping amied to 12% for both the W03 and the W10. The
damping values for the third mode were determingediding Equation 4.7 (see Chopra 2012). Note
that wp 3 denotes the natural circular frequency of thedtimmode. Additionally, note thad, and a,
(respectively) denote the mass and stiffness @ieffiis of the Rayleigh damping model, which were
determined under the assumption that damping iffirtste(&, ;) and the secondf,) mode amounts to
5%.

=% 5% 4.7
Ep:} 26{)’)‘3+ 2 ( " )

Two ground motions were considered as the seigipiati Kalamata with the PGA equal to 0.30g and
lonian with the PGA equal to 0.25¢g (for more detaike Table 2.1). The RHA was conducted by
using the Newmark integration method, taking intoaunt coefficients=0.5 ands=0.25 (a constant
acceleration within each time step). The size eftitme step amounted to 0.001 s in all cases.

Figures 4.23-4.26 present absolute floor accetersitfh) obtained for individual modes. Note that
only the parts of the response in which the pedlkegaoccur are shown.

In the case of the structure W03 and Kalamata, dbivious that significant absolute acceleratiames d
to the second and third mode occur in the firstestoThe peaks related to higher modes occur
practically at the same time and it is obvious tihaly are very close to the peak of the first mode.
Moreover, all modes are almost in-phase withinghg of the time interval where the peak values
occur. In the second storey, absolute acceleraliento the first mode is the most pronounced one.
Also, absolute accelerations due to the secondhdardimodes are now mutually out-of-phase. In the
third storey, absolute acceleration due to theé fiiede is the most significant one. In the case of
lonian, similar trends can be observed. NevertBeleshould be noted that in the first storey &liso
accelerations due to the second and third mode #ftevesting matching, i.e. the responses are very
similar. It is obvious that in the first storeyfooth ground motions, absolute accelerations duslt
modes are practically in-phase. This is of gregidrtance since it brings up a question of suitable
combination rule, which will be discussed later.

In the case of the structure W10 and Kalamatahénfirst storey, absolute acceleration due to the
second mode is the most pronounced one. A significgfluence of the third mode can also be
observed. It is obvious that the frequency cont#nKalamata triggers the structural response in
higher modes, which was previously discussed irs€ction 4.2.2.
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Figure 4.23: Absolute floor accelerations obtaif@dndividual modes in the case of structure Wad a
Kalamata earthquake

Slika 4.23: Absolutni etazni pospeski dobljeni psgmezne oblike v primeru konstrukcije W03 in Kadéan
potresa
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Figure 4.24: Absolute floor accelerations obtaif@dndividual modes in the case of structure Wad fonian
earthquake

Slika 4.24: Absolutni etazni pospeski dobljeni psgmezne oblike v primeru konstrukcije W03 in lonia
potresa
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Figure 4.25: Absolute floor accelerations obtaif@dndividual modes in the case of structure Whé a
Kalamata earthquake

Slika 4.25: Absolutni etazni pospeski dobljeni psgmezne oblike v primeru konstrukcije W10 in Kadéan
potresa



Vukobratovi, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra 107
Doctoral dissertation. University of Ljubljana, féty of Civil and Geodetic Engineering.

Algl Structure W10, Ionian, 15t floor

03 - time [s]

A gl Structure W10, Ionian, 2" floor

03 - time [s]

A el Structure W10, Ionian, 37 floor
0.4

03
0.2
0.1

-0.1
-0.2
-0.3

-0.4
05 - time [s]

—firstmode —second mode —third mode

Figure 4.26: Absolute floor accelerations obtaif@dndividual modes in the case of structure Wh@ fonian
earthquake

Slika 4.26: Absolutni etazni pospeski dobljeni psgmezne oblike v primeru konstrukcije W10 in lonia
potresa
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In the second storey, absolute acceleration diieeteecond mode slightly increases, the influerice o
the third mode slightly decreases whereas theentia of the first mode becomes more pronounced.
In the third storey, absolute acceleration duehi® first mode is the most pronounced one, the
influence of the second mode is fairly small, wiasréhe third mode becomes practically irrelevant.
From the results obtained for lonian, similar cos@gins can be made as in the case of Kalamata.

Figures 4.27-4.30 show: floor response spectrardated by using absolute accelerations obtained
from the response of MDOF structures (denoted aOMD floor response spectra determined by
using absolute accelerations obtained for indivicnades (denoted as "first mode", "second mode"
and "third mode"), elastic spectra of the considey@und motions (denoted as Kalamata and lonian),
floor response spectra obtained by SRSS combinatiothe floor response spectra of individual
modes (denoted as SRSS) and floor response smdathimed by algebraic summation of the floor
response spectra of individual modes (denoted &SSAIM). All presented spectra were normalized

with the corresponding PGA. In all cases, the dagpif the equipment amounted to 5%.

For all considered cases it can be seen that taralgeriods of the equipment which are signiftban
larger than the natural period of the fundamentabenof the structureT&>T,,), MDOF floor
response spectra become equal to the elastic apddtre considered ground motions, which was also
observed in the case of SDOF primary structures pilenomenon is more obvious in the case of the
structure W03 since the drawing scale of tkexis represents values ©f which are notably larger
thanT,,=0.3 s.

In the case of the structure W03 and both consitlgreund motions, it can be observed that the shape
of floor response spectra obtained for the secodtiird mode generally matches the shape of the
ground motion spectra, which is most evident in finst storey. Apart from the difference in
magnitude which arises from the different modaltdgbations, an additional difference is the peak in
the spectra related to the second mode, which soghen the natural period of the second mode
approximately equals the natural period of the mmeint T, ~T,). In the first storey and outside of
the resonance region, it can be seen that the fesponse spectrum related to the first mode has a
similar magnitude to the spectra related to higinedes. In the second storey, the floor response
spectrum related to the first mode becomes the dwsinant one and it is quite close to the MDOF
spectrum. This is even more pronounced in the giocky.

A similar conclusion regarding higher modes camlizavn in the case of the structure W10, again for
both considered ground motions. The only differeiscéne peak in the spectra related to the third
mode, which in this case exists and it is locatedrrthe natural period of the third mode of the
structure Tp3). Even though in higher storeys the floor respogectrum related to the first mode
becomes the most pronounced one in the most gidhied range, in the case of Kalamata it can be
observed that the floor response spectra relatdeetesecond mode have notable influence. Obviously,
Kalamata triggers significant structural respons¢hie second mode. In the case of lonian a similar
situation can be observed, but the influence oktmnd mode is fairly smaller.

The main idea for showing the SRSS and ALGSUM spexdame as a need to clarify several issues.
The floor response spectra can be determined fivittual modes. The problem is: how to combine
them in order to determine the MDOF spectra? Thoécehof a suitable combination rule is a question
which needs to be resolved, since the floor regpspsctra obtained for individual modes are always
positive, which arises from the definition of thgestrum. As for the well-known SRSS rule, this fact
is irrelevant, since the minus sign is lost anyw@y the other hand, it is clear that the algebraic
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summation rule would be in this case practicallyado the absolute summation rule, since there are
no negative values in the floor response spectnégs problem was overcome by using the finding
discovered during the development of the methodlif@ct determination of floor response spectra for
inelastic MDOF structures (presented in ChapteN@mely, it was discovered that the sign of the
floor response spectrum of an individual mode goasidered storey is controlled by the product of a
modal participation factor and the correspondingigonent of the mode shape.

For both considered structures, normalization geevectors produced positive modal participation
factors in all cases, which means that the sigtheffloor response spectrum of individual mode is
controlled by the sign of the mode shape componiélatreover, eigenvectors were in all cases
normalized so that in the first storey all compdeare positive, in the second storey a comporfent o
the third mode is negative, whereas in the thiadest a component of the second mode is negative
(see Equations 4.2 and 4.3). Therefore, in the AUMSombination procedure the following was
assumed: in the case of the first mode, floor resp®pectra are positive at all storeys, in the oas
the second mode they are positive in the firstiarittle second storey, whereas in the case of trek th
mode they are positive in the first and in thedlsitorey.

By analysing Figures 4.27—-4.30 several importaseolations can be made. For all considered cases,
in the first storey, it is obvious that shortlyeafthe peak related to the fundamental mode ALGSUM
produced floor response spectra which perfectlycmmahe MDOF spectra. This fact is of great
importance and it represents one of the foundationthe development of the method for the direct
determination of floor response spectra for in@dglDOF structures, which is presented in Chapter
6. In the period range betwe@&g=0 andT; which approximately equals the natural periodteelao

the fundamental mod&£T,,1), the ALGSUM produced conservative results. Ingase of the SRSS
combination rule, it can be seen that, in the fitstrey, in the most of the period range it produce
quite poor results in the case of the structure W@reas in the case of the W10 the results are
somewhat better, especially in the period rangedenT=0 andT; which is approximately equal to
the natural period related to the second mdgerf, ;). From the presented results, it is obvious that i
the period range betwed0 andT&T, ; a fairly good estimation of the MDOF spectra imysahere
between the ALGSUM and the SRSS combination rulesieral modal combination rules which
enable the production of such results exist inliteeature, and they are discussed in detail in AXN

F and Chapter 5.

In the second and in the third storey, the ALGSUWdia produced perfect results in the period range
afterT,,, for all considered cases. In the period rangeéenT,=0 andT<T, ,; the results obtained for
the WO3 are quite good, whereas in the case oi\h@ they are quite poor, i.e. in the second storey
they are very conservative, while in the third syothey are non-conservative or even negative,lwhic
is not possible. The SRSS produced very good sefulthe whole period range in the case of the
W03, whereas in the case of the W10 it producedesdrat poorer results, i.e. in the second storey
between the peaks related to the first and secanttethe obtained results are conservative, while i
the same period range, in the third storey, theyshghtly non-conservative.

To summarize: it is obvious that finding an appirajgr modal combination rule which should be used
for combination of the floor response spectra oiatdifor individual modes is not straightforward. A
proposal for combination of individual floor respenspectra is presented in Chapter 6. The proposal
is based on the application of different modal coration rules in the period range before and after
the resonance region related to the fundamentaémod
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Figure 4.27: Kalamata elastic spectrum and flospoase spectra obtained for MDOF structure, indiaid

modes and by using SRSS and ALGSUM combinatiorsr{ggucture WO03)

Slika 4.27: Kalamata elastii spekter in etazni spektri odziva dobljeni za MBKbnstrukcijo, posamezne

oblike in z uporabo SRSS in ALGSUM kombinacijskifayil (konstrukcija W03)
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Figure 4.28: lonian elastic spectrum and floor cese spectra obtained for MDOF structure, individonades
and by using SRSS and ALGSUM combination rulesi¢stire WO03)

Slika 4.28: lonian elastni spekter in etazni spektri odziva dobljeni za MBKbnstrukcijo, posamezne oblike in
z uporabo SRSS in ALGSUM kombinacijskih pravil (ktnukcija W03)
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Figure 4.29: Kalamata elastic spectrum and flospoase spectra obtained for MDOF structure, indiaid
modes and by using SRSS and ALGSUM combinatiorsr{ggucture W10)

Slika 4.29: Kalamata elastii spekter in etazni spektri odziva dobljeni za MBKbnstrukcijo, posamezne
oblike in z uporabo SRSS in ALGSUM kombinacijskitayil (konstrukcija W10)
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Figure 4.30: lonian elastic spectrum and floor cese spectra obtained for MDOF structure, individonades
and by using SRSS and ALGSUM combination rulesi¢stire W10)

Slika 4.30: lonian elastni spekter in etaZzni spektri odziva dobljeni za MBKbnstrukcijo, posamezne oblike in
z uporabo SRSS in ALGSUM kombinacijskih pravil (ktrukcija W10)
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Considering the amount of findings obtained in thapter, it is convenient to make a brief summary.

Elastic MDOF structures

The effects of higher modes turned out to be sicpnit for both stiff (W03 and F03) and
flexible (W10 and F10) structures, especially iwéo storeys. It was observed that there were
practically no peaks related to the modes with Vvegh frequencies, i.e. abolg,.

It was observed that the floor response spectraoapp to the ground motion spectra after
TJTp1=1, as the ratidJ/T, decreases. By conducting modal RHAs on the strestw03 and
W10 for two ground motions, absolute acceleratimese determined for individual modes
and they were used as an input for calculationanfesponding floor response spectra (for
individual modes). It was observed that in the g@triange in which the natural periods of the
equipment are larger than the natural period of fimedamental mode of the structure
(Ts>Tp0), the application of the algebraic summation (AeGSUM) on the individual floor
response spectra produced floor response specich warfectly matched the floor response
spectra obtained for MDOF structures.

Inelastic MDOF structures

The applied seismic input was scaled in order toeae different values of ductilityyj and

the nonlinear pushover-based N2 method was usedh&idetermination of the achieved
ductility by assuming the "first mode" height-wiskstribution of lateral loads. For all
considered cases, apart from the determinatiomefathieved ductility for inelastic modes,
the corresponding components of inelastic mode eshagere also determined by the N2
method. It is very important to note that theseailteswvere later used in the validation of the
proposed procedure for the direct determinationpefk floor accelerations and for the
validation of the direct method proposed for MDGfuiGtures.

The peak values of floor response spectra relat#iietfundamental mode are smaller than the
corresponding peak values obtained for elasticcttres. In the case of the EP model, the
peaks occur close to the resonance, whereas icaeeof the Q model, the peaks are shifted
towards higher periods. Generally, the peak vahfeBoor response spectra related to the
fundamental mode show trends which were observétkicase of inelastic SDOF structures.
In the case of the inelastic stiff structures (V@ F03), it was observed that the peak values
related to higher modes can be larger than thegponding peak values obtained for elastic
structures. An even more interesting observatigdhasexistence of peaks related to the modes
with frequency abovépa

In the case of the inelastic flexible structuresLlQMand F10), in certain cases, the peak values
of floor response spectra related to the seconceraoel reduced in comparison with the peak
values obtained for elastic structures. In suckesaswas observed that the resonance regions
and peaks related to the second mode show sirrglladg to the resonance regions and peaks
related to the fundamental mode, but with a notabtaller ductility. Therefore, the obtained
results imply that in the case of flexible struesmwith a large number of modes, inelastic
behaviour may influence several modes. In the oasiee wall W10, with one plastic hinge at
the bottom, it is obvious that the reduction of spectral peaks cannot be connected with the
inelastic behaviour related to the second modéhénresults obtained for the frame F10, for
certain ground motions, it was observed that ywgdian occur in columns at upper storeys,
which clearly indicates that the inelastic behaviguelated to the second mode.
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5 PEAKFLOOR ACCELERATIONS IN MULTI-DEGREE-OF-FREEDOM STRUCTURES

Peak floor acceleration (PFA) represents one ofrtbst important parameters in the seismic design of
the equipment. In this chapter a discussion of PiRAalastic and inelastic multi-degree-of-freedom

(MDOF) primary structures is presented. In additiBfrAs obtained from the parametric study of

floor response spectra for MDOF structures (Chageare presented and compared with PFAs
obtained directly from the proposed approach.

5.1 Introduction

In the seismic design of acceleration-sensitive@gant, PFA represents an unavoidable parameter
which is, in majority of cases, the most importane. The PFA also represents a significant part in
the floor response spectrum approach. Namely atstarting point of the floor response spectruen, i
the spectral value determined for infinitely rigiquipment.

When a structure is analysed by using the resploissery analysis (RHA), the determination of PFAs
is quite straightforward. In the case of modal cese spectrum analysis, PFAs are determined for
every considered mode by using some of the stanpgerdedures (see e.g. Chopra 2012). Such
determined PFAs should be combined with an appatgrmodal combination rule in order to
determine the total PFAs. The most common modabdaattion rules used in earthquake engineering
are the SRSS and CQC rules, which generally prodood results for most response quantities (e.g.
displacements and inter-storey drifts). Unfortuhatéhe results obtained from the SRSS and CQC
rules are not satisfactory in the case of abschuteelerations, especially when the stiff MDOF
structures are considered. The main reason forigshtke fact that higher mode effects are more
pronounced in the case of absolute acceleratioas th the case of some other quantities (e.qg.
displacements). Therefore, in the case when mauglysis is used for the determination of PFAs,
modal combination rules which are more approptiza the SRSS and CQC rules should be applied.

USNRC 1.92 (2006) proposes several methods whiehsianple, easy to use and appropriate for
modal combination of absolute floor acceleratiobgamed for individual modes. Nevertheless, it
should be noted that they can be applied for medaibination of any response quantity. Before
becoming a part of USNRC 1.92 (2006), these methedse examined and evaluated (see
NUREG/CR-6645 1999). The combination methods whibbuld be considered are the methods
defined by Gupta and Lindley-Yow, coupled with tiessing Mass method. The application of these
methods is fairly simple. Namely, modes with fremgies belowfzpa (discussed in Subsection 4.2.1)
are considered in a modal solution and Gupta’sindley-Yow method should be applied to them.
The contribution of modes with frequencies abdyg should be taken into account through an
additional — substituting mode by using the Missivigss method. The influence of this substituting
mode on the system’s response is calculated bypnoairig a static analysis. Finally, the total resgon
is obtained by combining the results from the madution (Gupta or Lindley-Yow) and from the
Missing Mass method. A detailed overview of the BREN1.92 (2006) modal combination methods is
presented in ANNEX F.

The direct determination of PFAs in elastic andlasgec MDOF structures, based on the above
described modal combination approach, is presantéae following text. Nevertheless, it should be
noted that such an approach, even though quitelesimmay not always produce sufficiently accurate
PFAs, primarily since absolute accelerations shogatgsensitivity when it comes to higher mode
effects. It should be noted that a significant nambf researchers have made an effort to develop
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simplified approaches which may provide "more aateir estimation of PFAs in elastic (see e.g

Miranda and Taghavi 2005, Singh et al. 2006, Kuraad Gupta 2007, Pozzi and Der Kiureghian

2012 and Moschen et al. 2014) and inelastic strest(see e.g. Rodriguez et al. 2002, Chaudhuri and
Hutchinson 2011, Wieser et al. 2013 and Moscheal.e2013). Up to this moment, none of these

approaches has been widely accepted in practicaddiition, the seismic design of equipment is

governed by different design codes, in which aceéilen demands are also taken into account in
terms of the PFA. An interesting simultaneous eatidmn of several design codes was conducted by
Pinkawa et al. (2014), who have concluded thaingerovement of existing codes is needed in order
to achieve more rational and reliable seismic aesigequipment.

5.2 Estimation of peak floor accelerations in elastic @d inelastic MDOF structures

In the case of MDOF structures analysed by usingdal response spectrum analysis, the PFA value
for the mode at the flooj (PFA;) can be obtained from Equation 5.1

Ti";tpi)

s(T,
PRA=Ig —— (5.1)

7t

whereS§, denotes a value in the input elastic acceleratmectrum,T,; and&,; denote natural period
and damping of the structure for the mddeespectively,R, represents a reduction factor due to
ductility (which was discussed in detail in Sect®@),/; represents modal participation factor for the
modei, whereasy is the value of the mode shape component for thaemat the floor.

It is important to note that in the case of elabtidOF structuresR, amounts to 1.0 for all modes and
that the values of,, /5, and¢g determined in elastic modal analysis can be used.

In the case of inelastic MDOF structures, for moutesvhich structural response is nonlinear, the
above mentioned quantities should be assumedhEgrurpose of this study, the nonlinear pushover-
based N2 method was used (see Fajfar 2000 or ANBEXas described in Section 4.2. The N2
method is a part of Eurocode 8 (2004) and it hanheidely accepted in practice. Of course, any
other appropriate approach/method can be used. WikeN2 method is used for inelastic modes, it is
important to underline the&(T,,;,&,,) should be replaced t&(Tp,i*), WhereTp,i* denotes the effective
natural period of the equivalent SDOF systdmif the N2 method, for details see ANNEX D), and
that the values ofj are determined from the inelastic deformed shape.

Equation 5.1 should be applied for modes with fesaies belowzp, (i.€. for the firstn modes) and
Gupta’s or Lindley-Yow method should be used far thodal combination of the obtained PFAs. This
can be simply described by Equation 5.2 (for ma®itk on the application of Gupta’s and Lindley-
Yow method see ANNEX F).

PFAg.;»  Equation E3 in Appendix

PFAiodc »  EQuations F4 in Appendix (5.2)

Gupta or Lindley-YO\(v PFUA)F_l:{

In the case of modes with frequencies abbwg PFAs should be determined by using the Missing
Mass method, which can be conducted by using Emudi3, whose general form is presented in
ANNEX F (note thaZ PA denotes zero period acceleration).
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PFA..; ={1—Zn:/_i¢(j}ZPA (5.3)

Finally, the peak floor acceleration at the flpds obtained from Equation 5.4.

2

PFA = \/( PFAg4,; + PFAM, )2 +(PFAase, ) (5.4)

In the case of elastic structures, the accuracyhefabove presented procedure depends on the
accuracy of seismic input and on the accuracy efagpproach used for the combination of the PFAs
obtained for individual modes. In the case of iggtastructures, the accuracy of the estimated PFAs
also depends on the accuracy of the method/appresszhfor the determination of the PFAs related to
inelastic modes. Also, it should be noted thatrttoelal superposition approach is fully justifieclie
case of elastic structures, whereas in the caselaistic structures, it represents an approximatio

521 Resultsobtained for elastic MDOF structures

The validation of the proposed procedure for didgstermination of PFAs was firstly conducted in the
case of elastic MDOF structures, by using Guptagshod coupled with the Missing Mass method.
All structures which were considered in the paraimetudy described in Chapter 4 (W03, W10, FO3
and F10) were also considered in this subsectiapigs coefficients used in the combination process
are presented in ANNEX F). Such obtained PFAs wempared with the mean PFAs obtained in the
parametric study, as well as with the PFAs obtalmedsing the SRSS rule.

In all considered cases, as in the case of the Riviysis (Chapter 4), Rayleigh damping amounted to
5% with respect to two first mode, (=¢,,=5%). Equation 4.7 from Subsection 4.2.5 was ueethe
determination of damping values related to thedthode £, 3). It amounted to 12% in the case of the
structure W10 (already determined in Subsectiorbf.2% in the case of the structure FO3 and 7% in
the case of the structure F10. In the case oftthetare W03, the frequency of the third mode rgéda
than fza so the damping value of the third mode is irrefeyvae. the Missing Mass method was
applied.

Seismic input was the mean elastic spectrum othizsen set of ground motions which corresponds
to the soil type B, and which was described in i8ast2.1 and 4.1. By using such "exact" input,

approximations related to the difference betweenrttean and target ground motion spectra were
eliminated, which provided a proper evaluation leé tombination approach based on Gupta’'s and
Missing Mass method, as well as the SRSS rulédtilsl be noted that spectral accelerations for the
first two modes were obtained directly from the metastic input spectrum (which was calculated for

5% damping). In the case of the third mode, spkeetreelerations were determined by taking into

account damping values obtained for the third md¢sEmely, the third mode of each structure was
represented through an elastic SDOF oscillator tith corresponding natural period and damping.
The RHA of each oscillator was conducted by usheyget of ground motions which corresponds to
the soil type B (for details see Section 2.1). Thapectral accelerations for the third mode of the
structures W10, FO3 and F10 were determined ash#en values of accelerations determined from
the considered seismic input. Also note that ZRA used in the Missing Mass method for the

structure W03 is equal to the mean PGA of the inghich amounted to 0.43g.
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The PFAs obtained from the proposed procedure (ddnas "direct (Gupta)") were compared with
the mean PFAs obtained from the RHA (denoted as Rt from the SRSS rule (denoted as "direct
(SRSS)"), as presented in Figure 5.1. All PFAs weremalized with the mean PGA of the applied
input.

Structure W03 (n=1) Structure W10 (n=1)
3 3
floor floor
2 2
—direct (Gupta)
—direct (SRSS)
RHA
1 1
0 PFA/PGA 0 PFA/PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Structure F03 (u=1) Structure F10 (u=1)
3 3
floor floor
2 2
1 1
0 PFA / PGA 0 . PFA/PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Figure 5.1: Peak floor accelerations of the elasttisctures W03, W10, FO3 and F10 normalized vighrhean
PGA, obtained directly (by using the "exact" inpamid from the RHA

Slika 5.1: Maksimalni etazni pospeski elésti konstrukcij W03, W10, FO3 in F10 normirani sypostnim
PGA, dobljeni direktno (ob uporabi ®¥twega« inputa) in iz RHA

From Figure 5.1, in the case of the structures M8 FO3, it can be observed that in the first gtore
both direct approaches led to non-conservativeltseeand that Gupta’s method is significantly more
accurate than the SRSS rule, especially in the chslee structure W03. In the second storey, the
SRSS rule produced slightly better results, whighsdill somewhat non-conservative in comparison
with the results obtained from the RHA. In the dhistorey, both direct approaches produced
practically the same results, which are in gooccagrent with the RHA results. In the case of the
structures W10 and F10, there is no differenc&énrésults obtained by using Gupta's method and the
SRSS rule, which is a consequence of the factftlagtructures with longer natural periods Gupta’'s
method tends to become equivalent to the SRSS Tiiis. fact is important since it implies that
Gupta’s method is more general than the SRSS nal¢hat it should therefore be used instead af it,
all cases.
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It is obvious that for all considered structureg\RBbtained directly are in all cases non-consergat
in comparison with the mean PFAs obtained fromRR&\, which implies that Gupta’s method does
not provide sufficiently accurate modal combinatairaccelerations. On the other hand, for the time
being, there is no adequate alternative, sincentbidnod is simple and therefore quite appropriate fo
application. Nevertheless, it is clear that moseegch is needed on the subject of modal combimatio
of absolute accelerations, which are obviously nsamsitive than other quantities (e.g. displacement
or inter-storey drifts).

In addition, the validation of the proposed procedfor direct determination of PFAs was also
conducted by using the modified Eurocode 8 (2084)et spectrum, described in Section 4.1. Such
approximate input incorporates approximations eeld@b the difference between the mean and target
ground motion spectra for natural periods largantis=0.15 s T; is the lower limit of the constant
spectral acceleration branch in Eurocode 8 200gielapectrum). In the case of the structures W03
and F03, only the natural period of the first magléarger thanlg (input approximation is related to
the first mode), in the case of the structure WiEQural periods of the first two modes are largant

Tg (input approximation is related to the first amdthe second mode), whereas in the case of the
structure F10, all natural periods are abdydinput approximation is related to all modes). Huo
direct determination of PFAs only Gupta’s methodswapplied. The PFAs obtained directly by using
the approximate input are presented in Figure deRdted as "direct approx.”) and they are compared
with the mean PFAs obtained from the RHA (denotedrBA). Also, the direct PFAs obtained by
using Gupta’s method and "exact" input (previoyslgsented in Figure 5.1) are presented in Figure
5.2 (denoted as "direct "exact™) in order to paat the differences in the results obtained whangu

the "exact" and approximate input.

It can be observed from Figure 5.2 that in the cddbe structures W03 and FO03, in the first stprey
there is practically no difference in the directABFobtained by using different seismic inputs. This
arises from the fact that in the first storey, thfuence of the first mode, to which the input
approximation is related to, is significantly smalthan the influence of the second and third mode
(for which there is no input approximation). Thereasing differences between the "direct approx.”
and "direct "exact™ results observed in the secamd third storey imply that the influence of tivstf
mode increases along the height of the structéi@sn the results presented in Figure 5.2, it cao al
be seen that in the case of the structures W1(~afAdhere is no significant difference between the
direct PFAs obtained by using different seismicuiigp even though for these structures more input
approximations are present than in the case othetures W03 and FO03. Apparently, the input
approximations related to different modes haveedifiit signs so they tend to annul each other.

5.2.2 Results obtained for inelastic MDOF structures

The validation of the proposed procedure for digatermination of PFAs was also conducted in the
case of inelastic MDOF structures, in the same ma@s in the case of elastic MDOF structures
(presented in the previous subsection), by usimgntodified Eurocode 8 (2004) target spectrum
(described in Section 4.1) as seismic input. Thalisapproximations are now present in the direct
determination of PFAs: seismic input, modal combora(Gupta’s method was used, for combination
coefficients see ANNEX F) and the nonlinear N2 roethit should be noted that for all considered
structures, inelastic structural behaviour was idamed only in the fundamental mode and that
quantities used in Equation 5.1, which are relatetie inelastic fundamental mod[—;g,(, &(Tp,f), Ry,

I (I andg@;), were determined in Section 4.2 by using the N2hmd.
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Structure W03 (n=1) Structure W10 (n=1)
3 3
floor floor I
2 2
— — —direct approx.
direct "exact"
RHA
1 1
0 PFA/PGA 0 PFA/PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Structure F03 (u=1) Structure F10 (u=1)
3 3
floor floor /’
y
y/
2 2 //
1
1 1
0 PFA / PGA 0 f PFA/PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Figure 5.2: Peak floor accelerations of the elasttisctures W03, W10, FO3 and F10 normalized vighrhean
PGA, obtained directly (by using the approximatd &xact" input) and from the RHA

Slika 5.2: Maksimalni etazni pospeski elastin konstrukcij W03, W10, FO3 in F10 normirani sypostnim
PGA, dobljeni direktno (ob uporabi pribliznega itménega« inputa) in iz RHA

The PFAs obtained from the proposed procedure (ddres "direct") were compared with the mean
PFAs obtained from the RHA (denoted as RHA), tham@FAs plus standard deviation (denoted as
RHA + ¢), and the mean PFAs minus standard deviation (ddnas RHA —v), as presented in
Figures 5.3-5.6. Note that all PFAs were normalizét the PGA of the input.

In the case of the structure W03, the direct PFR&sgented in Figure 5.3 are significantly lower than
the PFAs obtained from the RHA. In several caseg #re almost equal or even lower than the RHA
— o results, which is quite unfavorable. Neverthelssgh conservatism was expected since it existed
even in the case of the elastic W03 structure (deect approx” results in Figure 5.2). Obviously,
structural inelasticity led to an additional deigatof the direct results. It is interesting thiat; both
hysteretic models and for all analysed ductilitibg, shape of the height-wise distribution of tirect
PFAs is very similar to the distribution of the Pfébtained from the RHA.

From the results presented in Figure 5.4, obtafieedhe structure W10, it can be seen that the
proposed direct approach produces satisfying agreeretween the direct PFAs and the PFAs
obtained from the RHA. The obtained results are esanat better in the case of the @odel.
Interestingly, in several cases, PFAs obtained fteerRHA are lower than the PGA.
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W03, EP model (u=1.9) W03, EP model (un=4.0)
3 floor 3 floor
2 2 {
direct
RHA
1 1 RHA +o
RHA -c
0 | . | . PEA/ PGfA 0 . ‘ . . PFIA/ PG/IA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
W03, Q, model (n=2.0) W03, Q, model (n=4.2)
3 floor 3 floor /

: J

0 ) PFA / PGA 0 PFA/PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Figure 5.3: Peak floor accelerations of the in@asttucture W03 normalized with the PGA, obtaidégctly
and from the RHA

Slika 5.3: Maksimalni etazni pospeski neelasti konstrukcije W03 normirani s PGA, dobljeni direkin iz
RHA

As in the case of the structure W03, the direct #BBtained in the case of the structure FO3 are non
conservative comparing to the PFAs obtained fromRKA, which is mainly pronounced in the first
and in the second storey, as shown in Figure B.8hé third storey, the estimation of PFAs is
significantly better. The accuracy of the propodedct approach is similar for both hysteretic mede
The shape of the height-wise distribution of théA®Bbtained from the RHA is almost linear, which
IS quite interesting since it resembles the residtained for elastic structures (see e.g. Figutg 5

In the case of the structure F10, from the requiésented in Figure 5.6, it can be observed that th
PFAs obtained from the proposed direct approachirar@ fairly good agreement with the PFAs
obtained from the RHA, especially in the case ahbr ductilities. For all considered cases, the
deviations from the RHA results are not substantralall cases except one (first storey of the Q
model,p=2.2), the PFAs obtained from the RHA are lowenttifee PGA (a similar phenomenon was
also observed in the case of the structure W10).

From all results presented in Figures 5.3-5.6; ithivious that in the case of inelastic structutfess,
proposed approach for the direct determination FAdgenerally produces slightly better results in
the case of more flexible structures (W10 and F10).



122 Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

W10, EP model (u=2.0) W10, EP model (un=4.0)

3 3
floor \ floor \\

2 2 ,
’ direct
/ RHA
1 1 l RHA +0
RHA -o
0 PFA/PGA 0 PFA/ PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
W10, Q, model (n=2.1) W10, Q, model (n=4.1)
3 3
floor floor ‘
2 2 \\
1 1 \
0 PFA / PGA 0 PFA/PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Figure 5.4: Peak floor accelerations of the inéastucture W10 normalized with the PGA, obtainiectly
and from the RHA

Slika 5.4: Maksimalni etazni pospeski neetasti konstrukcije W10 normirani s PGA, dobljeni direkin iz

RHA
F03, EP model (n=2.0) F03, Q, model (n=2.1)

3 floor ’ 3 floor

2 2 -
direct
RHA

1 1 RHA +o
RHA -0

0 PFA/ PGA 0 PFA/PGA

0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3

Figure 5.5: Peak floor accelerations of the inéagtucture FO3 normalized with the PGA, obtaidaectly
and from the RHA

Slika 5.5: Maksimalni etazni pospeski neetasti konstrukcije FO3 normirani s PGA, dobljeni direkin iz
RHA
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F10, EP model (n=2.1) F10, EP model (n=4.1)
3 floor / 3 floor I
T ? _{ direct
RHA
1 1 RHA +o
RHA -c
0 . . . . PFIA/ PG{& 0 . ‘. . . PFIA/ PG,IA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
F10, Q, model (u=2.2) F10, Q, model (un=4.4)
3 floor 3 floor

0 PFA / PGA 0 PFA/PGA
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Figure 5.6: Peak floor accelerations of the in@asttucture F10 normalized with the PGA, obtaidaectly
and from the RHA

Slika 5.6: Maksimalni etazni pospeski neelasti konstrukcije F10 normirani s PGA, dobljeni direkin iz
RHA



124 Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

6 A METHOD FOR DIRECT GENERATION OF FLOOR RESPONSE SPECTRA FOR
MULTI-DEGREE-OF-FREEDOM STRUCTURES

In this chapter a method for direct generationlobif response spectra for multi-degree-of-freedom
(MDOF) primary structures is presented. The meikdzhsed on the previously developed method for
SDOF structures (Chapter 3). The results obtainethe proposed method are compared with the
results obtained in the parametric study of floesponse spectra for MDOF structures (Chapter 4),
which provides a proper evaluation of the methedsuracy.

6.1 Formulation of the direct method

6.1.1 Direct floor response spectra for individual modes

Modes with frequency belowfzpa

The direct method proposed for inelastic SDOF $iines (presented in Chapter 3) can be expanded to
the case of inelastic MDOF structures in ordertitaim the direct floor response spectra for indieild

modes.

1) In the pre- and post-resonance regions, floor respspectra values for the magds the floor
J (As,j) can be obtained from Equation 6.1 (which waswéerin ANNEX E) as

Se(TIp:\;i’C(p,i)} +§( -I;,fs)z (6.1)

Mt

AL TR AT
&,u ‘l—(Tp’i /TS)Z {( p.I S)

whereT,; andTs denote natural periods of the structure for thelénoand of the equipment,
respectively &, and&s denote damping coefficients of the structure fe modei and of the
equipment, respectivel$, is a value in the input elastic acceleration sp@ctR, is a reduction
factor due to ductilityu (discussed in Section 3.2), represents modal participation factor for
the moded, whereasy is the value of the mode shape component for theemat the flooy.

In the case of infinitely rigid equipmenis£0), Equation 6.1 becomes equal to Equation &1, i.
the floor response spectrum valtg; is equal to the peak floor acceleration for thedenoat
the floorj (PFA;).

In the case of the EP model, in the post-resoneegien, the ratid, /Ts in Equation 6.1 should
be replaced by the ratl't}),i*/Ts (the determination oTp,i* is discussed below). In the case of the
stiffness degrading Q model, also in the post-rasoe region, the ratid, /Ts in Equation 6.1
should be replaced by the rafig; /Ts, whereT,;, represents the effective natural period of the
structure. It depends on the inelastic deformagixpressed in terms of ductilityand it can be
approximately determined from Equation 6.2.

o [ up
Tp,i,,u - Tp,i 3 (62)
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2) In the resonance regions, the spectral vadygshould be limited to the values obtained from
Equation 6.3. The amplification factod1P, are defined by Equations 6.4 and 6.5.

A; = AMR @ M (6.3)

W

Note that in the case of elastic MDOF structuRgsamounts to 1.0 for all modes and that the values
of Ty, I3, andg determined in elastic modal analysis are usedjumions 6.1 and 6.3.

As previously discussed in Section 5.2, in the addeelastic MDOF structures, for modes in which
structural response is nonlinear, the above meadi@uantities can be determined by the N2 method
(for details see Fajfar 2000 or ANNEX D), as ddsedi in Section 4.2. Again, any other suitable
approach/method is applicable. When the N2 metbagsed for inelastic modes, it is important to
underline tha&(T,,,&.) should be replaced th(Tp,i*), WhereTp,i* denotes the effective natural period
of the equivalent SDOF system (iE. in the N2 method, for details see ANNEX D), andttthe

values ofg are determined from the inelastic deformed shape.

In the case of the EP modalvP, can be determined a§ €hould be entered as a percentage)

2.5/10/( 5+¢,) , T, M.=0

linear between AMP T/ 7=0) and AMP, 7 . $0.20, O< T/ ¥ 0.2
18(1+ &), 0.2T,; M. < 1
18(1+&,) (T

AMP = (6.4)

m) ", T, /E>1

pi

In the case of the Q mod@MP, can be determined a% éhould be entered as a percentage)

2.5/10/( 5+¢,) , T, M=0

linear between AMIé RYENE 0) and Ali\/(Pp T F 0.20) , O< T/ 3 0.2( (6.5)
AMP = ' ' ’ :
18(1+ &) 0.6+ 0.44) %, 0.26T, T.< 1

18(l+ ES)—O.GO(_I_Ri /TC)_O'ZO(O.G"‘ 0.41)ﬂ—0.85 ’ Tp,i /'l(': > 1

In Equations 6.4 and 67 denotes the characteristic period of the grountiamo

Finally, the following should be noted. Structuiralasticity is often related only to the fundanaént
mode. In the proposed direct method structuralasiality can be taken into account also in higher
modes. In such cases, the corresponding valués ehdp determined for these modes should be
taken into account in the application of the direethod. Whether a considered higher mode is
inelastic or not is a question that cannot be aresdvevith certainty. It depends on many parameters
such as: natural periods of the structure, chaiatiteperiod of the seismic inpuld), amount of the
ductility present in the fundamental mode, etc. dgininately, it is still not possible to propose a
rational and reliable approach which would leadntoanswer regarding this subject. Nevertheless, by
taking into account the results obtained in thesafimtion, it is reasonable to assume that inelasti
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structural behaviour will be present in the secomtie if the natural period of the fundamental mode
(Tp,1) is larger tharTc and the ductility demandl) in the fundamental mode is high.

Modes with frequency above zpa

All modes with frequency abovigr, are taken into account through a single, substguinode. The
direct floor response spectrum for this mode igihined from Equation F.12 shown in ANNEX F.

6.1.2 Combination of direct floor response spectra obtaiad for individual modes

In the proposed direct method for MDOF structuflemr response spectra are determined for each
mode separately. In order to determine the reguttirect floor response spectra, a combinatiomef t
direct floor response spectra calculated for irthigl modes is needed. The modal superposition
approach is fully justified in the case of elastimictures, whereas in the case of inelastic sirestit
represents an approximation. In the study, it wasodered that the SRSS rule produces rather poor
results when it is applied for the combination lobf response spectra. Combination methods which
are considered appropriate for the purpose of flesponse spectra are the methods defined by Gupta
and Lindley-Yow, coupled with the Missing Mass naeth{as proposed in USNRC 1.92 2006). These
methods were already discussed and applied in €h&ptind explained in detail in ANNEX F.
Unfortunately, neither of these methods works virlthe whole period range, which is discussed
below.

In the case of longer natural periods of the eqeipiT, a floor response spectrum is controlled by the
ground motion spectrum. This can be observed irrékglts of the response-history analysis (RHA)
conducted on SDOF structures (see Section 2.3)sahee phenomenon can also be observed in the
case of MDOF structures, as discussed in Subsettibh. It has a theoretical background and it can
be easily explained. Let us first consider a SD@Hcture and Equation 3.9 in Section 3.2Tif
becomes large, the rafiQy Ts approaches to zero. A/T=0 Equation 6.6 applies

A=5(T.¢) (6.6)

whereAq is the value in the floor acceleration spectrum3®OF structure an&, is a value in the
input elastic acceleration spectrum.

Similarly, for the mode and the flooj of a MDOF structure, by taking into account a éaxglue of
Ts in Equation 6.1, the rati@, /Ts approaches to zero and, in the limit case, Equé#id applies.

A :riﬁg(tyfs) (6.7)

From Equation 6.7 it is obvious that the valuedgf can be either positive or negative. This fact was
previously mentioned in Subsection 4.2.5, in whilcl algebraic summation rule (ALGSUM) was
used for the combination of floor response spemttained for individual modes for considered etasti
structures. In Subsection 4.2.5 it was shown thatapplication of the ALGSUM rule in the period
range shortly after the resonance related to thdanental modeT(>T, ;) produced a perfect match
between the combined floor response spectra anflabieresponse spectra obtained by considering
MDOF structures (see Figures 4.27—-4.30). This faxd of great importance for the development of
the direct method presented in this chapter, arattempt to explain it is made in the followingttex
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If the total number of modes of an elastic MDORusture is denoted by, the following relationship
can be obtained (derivation is presented in ANNEX G

Zfﬂif =1 (6.8)

Equation 6.8 implies that if the algebraic summatiole is applied at each floor of an elastic MDOF
structure and all modes are taken into account/aie values off;, a floor response spectrum
becomes equal to the ground motion spectrum (wiah presented through the results in Subsection
4.2.5, see Figures 4.27-4.30). For the fljabiis can be written as:

A, =Se(1;,fs);f(ﬂu= S( T¢) (6.9)

The application of the algebraic summation rule G&UM) was an assumption, which led to the
relationship defined by Equation 6.9, and the tssalbtained in the parametric study of floor reg@on
spectra (Subsection 4.2.5) confirm this assumpti@hould be noted that the ALGSUM, even though
rarely used in the response spectrum analysigppbea in the RHA. Obviously, when it comes to
floor response spectra and flexible equipmentaph@ication of the ALGSUM is justified.

The conducted analyses indicated that the combmatiethods proposed by USNRC 1.92 (2006)
should be applied in the period range of the fl@sponse spectrum where the raflggTs do not
approach zero (i.e. where acceleration of the stredas a significant influence on the floor resgo
spectrum) and that the ALGSUM should be appliedhe period range where the ratidsi/Ts
approach zero (i.e. where the floor response gpads controlled by the ground motion spectrum).

The peak of the floor response spectrum whichleged to the fundamental mode of the structure is
the one which is the "closest" to the large vahfek,. Therefore, in the case of the fundamental mode,
the influence of structural acceleration on theoffloesponse spectrum is present for significantly
larger values offls in comparison with the influence of structural elecations produced by higher
modes, which disappears shortly after the resonsggien of the considered higher mode (i.e. after
T, =Ts). In other words, in the case of higher modes,réti® T, /Ts soon approaches zero (usually
long before the peak related to the first mode#&ched) and Equation 6.7 becomes valid.

Based on the above discussion, it is proposed nduw the following steps in order to obtain the
resulting direct floor response spectrum:

1) In the period range betwedn=0 and the end of the resonance plateau of thetdilimor
response spectrum related to the fundamental noodehine the direct floor response spectra
calculated for individual modes by using one of tH&NRC 1.92 (2006) methods, as shown in
Figure 6.1.

2) In the period range after the resonance relatedetdundamental mode (i.e. aft€yT,=1),
combine the direct floor response spectra caladifteindividual modes from the formula for
the post-resonance region by using the ALGSUM raseshown in Figure 6.1.

3) Combined spectra from steps 1 (USNRC) and 2 (ALG$BIWuld be linked. If they intersect
(see Figure 6.1a), then the linking point is deteed by the intersection. If there is no
intersection, the plateau obtained in step 1 shbaléxtended towards the larger periods of
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equipment in order to obtain an intersection with floor response spectrum determined in
step 2 (see Figure 6.1b).

RHA
—— USNRC
— ALGSUM
...... direct

0 .
( ) 0 1 TS/ Tp,l
a
A,
0 T
0 1 Ts/ Tpa
(b)

Figure 6.1: Linking of floor response spectra atdi by USNRC 1.92 (2006) methods and the ALGSUM rul
Slika 6.1: Povezava etaznih spektrov odziva dolijedJSNRC 1.92 (2006) metodo in ALGSUM pravila

6.2 Validation of the proposed method — elastic structies

The validation of the proposed direct method for @®structures was firstly conducted by taking

into account elastic MDOF structures, and the tesabitained from the direct method were compared
with the results obtained in the parametric stugBe(Chapter 4). All MDOF structures which were

considered in the parametric study (W03, W10, F@8F10) were also considered in this section.

In the direct method, as in the case of the RHAyaea (Chapter 4), Rayleigh damping amounted to
5% with respect to two first modes, (=&, ~=5%), whereas "mass-proportional” damping amoutded

1 and 5% in the case of the equipmégt (n the validation of the direct method, Guptetsnbination
method coupled with the Missing Mass method wasl see USNRC 1.92 2006 and ANNEX F).
Since the damping value is needed for each comgideode with the frequency beldws, Equation
4.7 from Subsection 4.2.5 was used for the detextioin of the damping values related to the third
mode (,3). It amounted to 12% in the case of W10 (alreaggined in Section 4.2.5), 9% in the
case of FO3 and 7% in the case of F10 (alreadyrdi&ted in Subsection 5.2.1). In the case of the
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structure W03, the frequency of the third modeaigér tharfzps, so the damping value of the third
mode is not important, i.e. the Missing Mass metivad applied.

Seismic input for the direct method was the meastigl spectrum of the chosen set of ground motions
which corresponds to the soil type B (see Sectibhsand 4.1). By using such input, approximations

related to the difference between the mean anéttgmund motion spectra were eliminated, which

allowed a proper evaluation of the proposed dinegtthod. It should be noted that spectral

accelerations for the first two modes were obtaidegdctly from the mean elastic input spectrum

(which was calculated for 5% damping). The deteatiom of spectral accelerations which correspond
to the third mode (for which the damping values different than 5%) was described in Subsection

5.2.1. Also note that Equation F.12 from ANNEX Fswesed in the Missing Mass method in the case
of the structure WO3.

Figures 6.2—6.9 show the mean (denoted as RHA)l@dnean plus standard deviation (denoted as
RHA + o) values of the floor response spectra obtainethénparametric study (i.e. by using the
RHA), as well as the spectra computed by the prgbatirect method (denoted as "direct"). As
discussed in Sections 3.3 and 3.4, due to uncaesirelated to the determination of the natural
periods of the structure, the RHA spectra shoulthdoadened in the resonance regions (see USNRC
1.122 1978 and ASCE 4-98 2000). In this sectionbiteadening procedure was applied only in the
case of the structure W03 (denoted as "RHA broatfeineFigures 6.2 and 6.3). Even though in the
case of other structures broadening of spectratgpeams omitted, it should be noted that it would
produce the results similar to the ones obtainedhi® structure WO03. All spectra presented in Fegur
6.2—6.9 were normalized with the mean PGA of tipeiinwhich amounted to 0.43g.

Generally, it can be observed that for all congdeglastic structures, at all storeys and in thelevh
period range, the proposed direct method produdeor fresponse spectra which are in good
agreement with the floor response spectra obtdimmed the RHA. This agreement suggests that the
proposed method is able to closely predict the @pprate floor response spectra in the case ofielast
MDOF primary structures.

6.3 Validation of the proposed method — inelastic strutires

The validation of the proposed direct method for @Dstructures was also conducted in the case of
inelastic MDOF structures, in the same manner disdrcase of elastic MDOF structures presented in
the previous section. The only difference was tipaif, which in this case was the modified Eurocode
8 (2004) target spectrum (described in Section. 4tl1should be noted that for all considered
structures, inelastic behaviour was considered onthe fundamental mode and that quantities used
in Equations 6.1-6.3 and 6.5, which are relatethédnelastic fundamental mode, were determined in
Section 4.2 by using the N2 methdd {, S(T,.1), Ru, 1, 71 (1) and ).

Figures 6.10-6.37 show the mean (denoted as RHAJremean plus standard deviation (denoted as
RHA + o) values of the floor response spectra obtainethénparametric study (i.e. by using the
RHA), as well as the spectra computed by the prbatirect method (denoted as "direct”). All
spectra presented in Figures 6.10—6.37 were narethlith the PGA of the input.

In the case of the structure W03 (Figures 6.1036.i17s obvious that the direct method produced
good results in the resonance region related téuthdamental mode, as well as in the post-resonance
region where the ALGSUM rule was applied. In theoreance region related to the second mode, the
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results obtained from the proposed method are posesvative, which is mainly a consequence of
the fact that an amplification of the second modeuored, as discussed in Section 4.2.1, as welf as
the significant scatter related to the seismic inpthich is discussed in ANNEX H. In the period
range between the resonance regions related firshand second mode, the proposed direct method
generally produced sufficiently accurate results.

From the results obtained for the structure W1@uFgs 6.18—6.25), it is obvious that the proposed
direct method generally produced fairly good resuitthe whole period range. It should be noted tha
in the resonance region related to the second nfoddyoth hysteretic models and higher ductility

demandu (which amounted to 4.0 in the case of the EP maddIito 4.1 in the case of thg Qodel),

the proposed method provided slightly conservaplaeaus. This arises from the fact that some
moderate amount of structural inelasticity exiatthie second mode, as discussed in Section 4.2.2.

From Figures 6.26—6.29, which present the resuddtaimed for the structure FO3, it can be seen that
the proposed direct method produced very good tesulthe case of the EP model, almost in the
whole period range. Some slight deviations canlis®=ved in the case of very stiff equipment in the
second storey, where the results obtained fronditeet method are somewhat non-conservative. In
the case of the Qnodel, the direct method provided good resulthéresonance region related to the
fundamental mode, as well as in the post-resonssgien (where the ALGSUM rule is applied). In
the resonance region related to the second moderesults obtained from the proposed method
slightly deviate from the results obtained from RidA, mainly due to the fact that spectral peaks in
the RHA results are slightly shifted towards higperiods, as mentioned in Section 4.2.3.

In the case of the structure F10 (Figures 6.30}6iB%an be seen that in the case of the EP neaoutd|

the lower ductility demanduE2.1), the proposed direct method produced faiultesn the whole
period range with somewhat conservative platedaseceto the first and second mode. In the case of
the EP model and the higher ductility demapd4(1), the obtained results are quite accuratdéeén t
resonance regions related to the first and thirderat all storeys, whereas the plateaus relatéueto
second mode are very conservative, again at akysoln the case of the,@odel, the accuracy of
the method varies, i.e. it depends on the periogegastorey of the structure, and damping of the
equipment. The accuracy is not satisfactory masttie resonance region related to the second mode.
A detailed check of the RHA results has shown thatresponse of the structure F10 in the second
mode is inelastic in the case of some ground mstidherefore, the assumption used in the proposed
direct method, that the response in higher modeslastic, yields conservative results. Further
research is needed in order to improve the accushtlye results of the direct method in the cases
when inelasticity occurs in higher modes. Somengite have been made to take into account the
reduction of accelerations due to inelastic behavia higher modes (see Section 4.2.4), but the
results have not improved much. There is also @elathat the approach would become too complex
for practical application. Thus, it seems to besosable that, for the time being, the assumption of
elastic behaviour in higher modes is used.

From the obtained results it can be observed thajeneral, satisfactory accuracy of the direcbrflo
response spectra can be achieved. It should belunedithat in the case of inelastic structuresowes
input parameters influence structural responseghwiriakes its accurate prediction very hard. Among
these parameters, seismic input represents an tampgrart. The seismic input used in this study
consisted of ground motions with quite differenteimsities. A brief analysis of scatter relatedhe t
seismic input and floor response spectra is predantANNEX H.
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Figure 6.2: Floor response spectra for the elastidel of the structure W03 normalized with the mB&A of

the input, for 1% damping of the equipment

Slika 6.2: EtaZni spektri odziva za eldsti model konstrukcije W03 normirani s povprien PGA inputa, za

1% duSenja opreme
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Figure 6.3: Floor response spectra for the elastidel of the structure W03 normalized with the mB&» of

the input, for 5% damping of the equipment

Slika 6.3: EtaZni spektri odziva za elasti model konstrukcije W03 normirani s povpien PGA inputa, za

5% duSenja opreme
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Figure 6.4: Floor response spectra for the elastidel of the structure W10 normalized with the mB&A of
the input, for 1% damping of the equipment

Slika 6.4: Etazni spektri odziva za elasti model konstrukcije W10 normirani s povprien PGA inputa, za
1% duSenja opreme
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Figure 6.5: Floor response spectra for the elastidel of the structure W10 normalized with the mB&» of
the input, for 5% damping of the equipment

Slika 6.5: Etazni spektri odziva za el&sti model konstrukcije W10 normirani s povprien PGA inputa, za
5% duSenja opreme
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Figure 6.6: Floor response spectra for the elastidel of the structure FO3 normalized with the me&# of
the input, for 1% damping of the equipment

Slika 6.6: Etazni spektri odziva za el&sti model konstrukcije FO3 normirani s powmien PGA inputa, za 1%
duSenja opreme
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Figure 6.7: Floor response spectra for the elastidel of the structure FO3 normalized with the me&# of
the input, for 5% damping of the equipment

Slika 6.7: Etazni spektri odziva za eldsti model konstrukcije FO3 normirani s poufmien PGA inputa, za 5%
duSenja opreme
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Figure 6.8: Floor response spectra for the elastidel of the structure F10 normalized with the me&# of
the input, for 1% damping of the equipment

Slika 6.8: Etazni spektri odziva za elasti model konstrukcije F10 normirani s poumien PGA inputa, za 1%
duSenja opreme
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Figure 6.9: Floor response spectra for the elastidel of the structure F10 normalized with the me&# of
the input, for 5% damping of the equipment

Slika 6.9: Etazni spektri odziva za eldsti model konstrukcije F10 normirani s poufmien PGA inputa, za 5%
duSenja opreme
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Figure 6.10: Floor response spectra for the EP hafdbe structure W03 (ductility=1.9) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.10: EtaZni spektri odziva za EP model karigtije W03 (ductilityu=1.9) normirani s PGA inputa, za
1% duSenja opreme
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Figure 6.11: Floor response spectra for the EP hafdbe structure W03 (ductility=1.9) normalized with the
PGA of the input, for 5% damping of the equipment

Slika 6.11: Etazni spektri odziva za EP model kangtije W03 (ductilityp=1.9) normirani s PGA inputa, za
5% duSenja opreme
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Figure 6.12: Floor response spectra for the EP hafdbe structure W03 (ductility=4.0) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.12: EtaZni spektri odziva za EP model karigtije W03 (ductilityu=4.0) normirani s PGA inputa, za
1% duSenja opreme
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Figure 6.13: Floor response spectra for the EP hafdbe structure W03 (ductility=4.0) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.13: Etazni spektri odziva za EP model kangtije W03 (ductilityu=4.0) normirani s PGA inputa, za

5% duSenja opreme
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Figure 6.14: Floor response spectra for ther@del of the structure W03 (ductilip=2.0) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.14: Etazni spektri odziva zg @odel konstrukcije W03 (ductility=2.0) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.15: Floor response spectra for them@del of the structure W03 (ductilifi=2.0) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.15: EtaZni spektri odziva zg @odel konstrukcije W03 (ductility=2.0) normirani s PGA inputa, za 5%

duSenja opreme
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Figure 6.16: Floor response spectra for ther@del of the structure W03 (ductilip=4.2) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.16: Etazni spektri odziva zg @odel konstrukcije W03 (ductility=4.2) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.17: Floor response spectra for them@del of the structure W03 (ductilifi=4.2) normalized with the
PGA of the input, for 5% damping of the equipment

Slika 6.17: EtaZni spektri odziva zg @odel konstrukcije W03 (ductility=4.2) normirani s PGA inputa, za 5%
duSenja opreme
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Figure 6.18: Floor response spectra for the EP hafdbe structure W10 (ductility=2.0) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.18: EtaZni spektri odziva za EP model karigtije W10 (ductilityu=2.0) normirani s PGA inputa, za
1% duSenja opreme



148 Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

a A,/ PGA Structure W10 (EP, p=2.0), 1+ floor, §=5%
e —direct

. RHA

® ——RHA +o

6 -

4 -

2 | g

~ -—_
0 ; ; ; ; . ; ; ; ; ; . .

0 02 04 06 08 I 12 14 16 18 2 22 24 Tl

14 A,/ PGA Structure W10 (EP, u=2.0), 2" floor, £,.=5%
12 A

10 1

0 T T T T T T T T T T T T
0 02 04 06 08 1 12 14 16 18 2 22 24 Tl

0 A;/PGA Structure W10 (EP, p=2.0), 3 floor, §=5%

0 T T T T T T T T T T T T
0 02 04 06 08 I 12 14 16 18 2 22 24 Kbl

Figure 6.19: Floor response spectra for the EP hafdbe structure W10 (ductility=2.0) normalized with the
PGA of the input, for 5% damping of the equipment

Slika 6.19: Etazni spektri odziva za EP model kangtije W10 (ductilityy=2.0) normirani s PGA inputa, za
5% duSenja opreme
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Figure 6.20: Floor response spectra for the EP hafdbe structure W10 (ductility=4.0) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.20: EtaZni spektri odziva za EP model karigtije W10 (ductilityu=4.0) normirani s PGA inputa, za
1% duSenja opreme
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Figure 6.21: Floor response spectra for the EP hafdbe structure W10 (ductility=4.0) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.21: Etazni spektri odziva za EP model kangtije W10 (ductilityu=4.0) normirani s PGA inputa, za

5% duSenja opreme
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Figure 6.22: Floor response spectra for ther@del of the structure W10 (ductilip=2.1) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.22: Etazni spektri odziva zg @odel konstrukcije W10 (ductility=2.1) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.23: Floor response spectra for them@del of the structure W10 (ductilif=2.1) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.23: EtaZni spektri odziva zg @odel konstrukcije W10 (ductility=2.1) normirani s PGA inputa, za 5%

duSenja opreme
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Figure 6.24: Floor response spectra for ther@del of the structure W10 (ductilip=4.1) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.24: Etazni spektri odziva zg @odel konstrukcije W10 (ductility=4.1) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.25: Floor response spectra for them@del of the structure W10 (ductilifi=4.1) normalized with the
PGA of the input, for 5% damping of the equipment

Slika 6.25: EtaZni spektri odziva zg @odel konstrukcije W10 (ductility=4.1) normirani s PGA inputa, za 5%
duSenja opreme
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Figure 6.26: Floor response spectra for the EP hafdbe structure FO3 (ductility=2.0) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.26: Etazni spektri odziva za EP model kasstije FO3 (ductilityu=2.0) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.27: Floor response spectra for the EP hafdae structure FO3 (ductility=2.0) normalized with the
PGA of the input, for 5% damping of the equipment

Slika 6.27: Etazni spektri odziva za EP model kangtije FO3 (ductilityu=2.0) normirani s PGA inputa, za 5%
duSenja opreme
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Figure 6.28: Floor response spectra for them@del of the structure FO3 (ductiliy=2.1) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.28: Etazni spektri odziva zg @odel konstrukcije FO3 (ductility=2.1) normirani s PGA inputa, za 1%
duSenja opreme



158 Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

107 A/ PGA Structure F03 (Q,, p=2.1), 1+t floor, £,=5%

8 —direct

RHA
6
—RHA +o

4

2

0 T T T T T T T T T

0.1 02 0.3 04 0.5 0.6 0.7 0.8 09  Tslsl

8 A,/ PGA Structure F03 (Qy, n=2.1), 2" floor, §=5%
7

6 /*/\

5

4

T

1

0 T T T T T T T T T

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09  Tslsl

107 A/ PGA Structure F03 (Q,, p=2.1), 3 floor, £,=5%

: N

6

4

0 T T T T T T T T T

0.1 0.2 03 0.4 05 0.6 0.7 0.8 09  Tslsl

Figure 6.29: Floor response spectra for ther@Qdel of the structure FO3 (ductilipy=2.1) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.29: EtaZni spektri odziva zg @odel konstrukcije FO3 (ductiligy=2.1) normirani s PGA inputa, za 5%

duSenja opreme
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Figure 6.30: Floor response spectra for the EP hafdbe structure F10 (ductility=2.1) normalized with the

PGA of the input, for 1% damping of the equipment

Slika 6.30: Etazni spektri odziva za EP model kasstije F10 (ductilityu=2.1) normirani s PGA inputa, za 1%

duSenja opreme
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Figure 6.31: Floor response spectra for the EP hafdee structure F10 (ductility=2.1) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.31: Etazni spektri odziva za EP model kangtije F10 (ductilityu=2.1) normirani s PGA inputa, za 5%

duSenja opreme
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Figure 6.32: Floor response spectra for the EP hafdbe structure F10 (ductility=4.1) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.32: Etazni spektri odziva za EP model kasstije F10 (ductilityu=4.1) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.33: Floor response spectra for the EP hafdae structure F10 (ductility=4.1) normalized with the
PGA of the input, for 5% damping of the equipment

Slika 6.33: Etazni spektri odziva za EP model kangtije F10 (ductilityu=4.1) normirani s PGA inputa, za 5%
duSenja opreme
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Figure 6.34: Floor response spectra for them@del of the structure F10 (ductiliy=2.2) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.34: Etazni spektri odziva zg @odel konstrukcije F10 (ductility=2.2) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.35: Floor response spectra for ther@del of the structure F10 (ductilipy=2.2) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.35: Etazni spektri odziva zg @odel konstrukcije F10 (ductiliy=2.2) normirani s PGA inputa, za 5%

duSenja opreme
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Figure 6.36: Floor response spectra for them@del of the structure F10 (ductiliy=4.4) normalized with the
PGA of the input, for 1% damping of the equipment

Slika 6.36: EtaZni spektri odziva zg @odel konstrukcije F10 (ductiliy=4.4) normirani s PGA inputa, za 1%
duSenja opreme
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Figure 6.37: Floor response spectra for ther@Qdel of the structure F10 (ductilipi=4.4) normalized with the

PGA of the input, for 5% damping of the equipment

Slika 6.37: Etazni spektri odziva zg @odel konstrukcije F10 (ductiliy=4.4) normirani s PGA inputa, za 5%

duSenja opreme
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Reasonable accuracy of the results obtained byrbgosed direct method suggests that the method
may represent a useful tool in the stage of cometmtesign, as well as for checking of the results
obtained from more elaborate (RHA) analyses. Thehatkcan also be used as a basis for simplified
code procedures.
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7 A STEP-BY-STEP OVERVIEW OF THE METHOD FOR DIRECT GE NERATION OF

FLOOR RESPONSE SPECTRA FOR MDOF STRUCTURES

In this chapter a step-by-step overview of the metfor direct generation of floor response spectra
for MDOF structures is presented, along with a mizakexample of the application of the method.

7.1 Main steps in the application of the direct method

1) Determination of direct floor response spectra foindividual modes

Modes with frequencies belowizpa
All modes with frequencies belofgka are taken into account as described below.

a. Inthe pre- and post-resonance regions, floor respgpectra values for the maddst the
floor j (As,j) are obtained from Equation 6.1.

Se(Tgfp,i)} +5(TEY (6.1)

Mt

/'iqq 2
ij :—12 Tp:i /TS
A ‘1—(pri IT) {( )

In the case of inelastic structures, for inelastiodes, the following modifications of
Equation 6.1 should be taken into account in ths-pEsonance region:

* In the case of the EP model, the rafj/Ts should be replaced by the raﬁgf/Ts,
whereTp,i* is the effective natural period of the equival8OF system (denoted as
T in the N2 method).

* In the case of the stiffness degrading Q modelyaktie T,/Ts should be replaced by
the ratioT; /Ts, whereT,;, is determined from Equation 6.2.

o [ urp
Tp,i,,u - Tp,i 3 (62)

Note that in the case of infinitely rigid equipmémi=0) Equation 6.1 becomes equal to
Equation 5.1, i.e. the floor response spectrum evély; is equal to the peak floor
acceleration for the modeat the floorj (PFA;).

b. In the resonance regions, the spectral valugsare limited to the values obtained from

Equation 6.3. The amplification factofdVIP, used in Equation 6.3 are determined from
Equations 6.4 (for the EP model) and 6.5 (for the@gel).

(6.3)

Note that in the case of elastic structuf@samounts to 1.0 for all modes and that the
values ofT,, I, andg determined in elastic modal analysis are usetkjpsda andlb.
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AMP =

In the case of inelastic structures, for modes hictv structural response is nonlinear, the
above mentioned quantities are determined by thanisithod. When the N2 method is
used for inelastic modes, it is important to underthatS(T,;,&,,) should be replaced by
Se(Tp,i*) and that the values @f are determined from the inelastic deformed shape.

2.5/10/( 5+¢,) , T, M=0
linear between AMP T/ 7=0) and AMP, 7 . $0.20, O< T/ ¥ 0.2 (6.4)
18(1+ &), 0.2, M. < 1
18(1+ &) (T, 1), T, IT>1
2.5/10/( 5+¢,) , T, M=0
,_ linear between AMIé RYENE 0) and Aliv(vaiW c 350.20) , O< T/ 3 0.2( (6.5)
18(1+ &) 0.6+ 0.44) %, 0.26T, T.< 1
18(1+ &) (T, 1) (0.6 0.40) %, T, k> 1

Modes with frequencies abovézpa

All modes with frequencies abo¥g, are taken into account through a single, substgut
mode. The direct floor response spectrum for thaslenis determined from Equation F.12
presented in ANNEX F.

2) Combination of direct floor response spectra obtaiad for individual modes

a.

In the period range betwedig=0 and the end of the resonance plateau of thetdlo®or
response spectrum related to the fundamental numiebine the direct floor response
spectra calculated for individual modes by using ohthe USNRC 1.92 (2006) methods
(Gupta’s or Lindley-Yow method, coupled with thedding Mass method), as shown in
Figure 6.1.

In the period range after the resonance relatedhéofundamental mode (i.e. after
TJTp1=1), combine the direct floor response spectrautatied for individual modes from
the formula for the post-resonance region by uding algebraic summation rule
(ALGSUM), as shown in Figure 6.1.

Combined spectra from stepsandb should be linked. If they intersect (see Figutkah.
the linking point is determined by the intersectitithere is no intersection, the plateau
obtained in step should be extended towards the larger periodgjoibenent in order to
obtain an intersection with the floor response spet determined in step (see Figure
6.1b).

It should be noted that the modal superpositiorr@gh, which is used in the direct method, is fully
justified in the case of elastic structures, wherigathe case of inelastic structures it represants
approximation.
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7.2 Numerical example of the application of the directmethod

For the purpose of a numerical example presentdddrsection, let us consider the three-storeyéra
FO3, previously described in Section 4.1.

For convenience, the main properties of the fra@® &e repeated herein. The storey height amounts
to 3 m, whereas the bay width amounts to 5 m (végipect to centerline dimensions). The dimensions
of cross sections (width/height) amount to 50/80icrthe case of columns and 50/60 cm in the case
of beams. Lumped mass amounts to 14 t in eacmbde, i.e. 28 t at each storey of the frame. Rlasti
hinges are assumed at the ends of beams and coli&eitdforcement is presented in Figure 4.3
(Section 4.1). The modulus of elasticity of coner@;) amounts to 33 GPa, the modulus of elasticity
of steel E) amounts to 200 GPa, whereas the yield strengttreioforcement () amounts to 500
MPa. Axial forces in beams and columns and yieldnmiots and rotations in plastic hinges are
presented in Table 4.1. Inelastic structural behavis represented by using the @odel. It is
assumed that structural damping in all three méglass, . and&, 5) amounts to 5%.

Task: Equipment will be installed at each storeyhef considered structure. Nevertheless, at thggest
of the design, the properties of the equipmenuaksown. Therefore, the determination of peak floor
accelerations (PFAs) and floor response spectthernwhole period range is needed, by taking into
account equipment dampidggequal to 5%. Seismic input is defined by the Eadac8 (2004) target
spectrum for soil type B, described in Section(8ele Figure 2.1a), and it has the characteristioghe
of ground motionTc equal to 0.5 s. PGA of the input amounts to 0.3xath elastic and inelastic
structural behaviour should be considered. It sua®d that structural inelasticity will occur ority
the fundamental mode.

7.2.1 Modal analysis

Modal analysis was conducted in OpenSees, withemtdp the effective moment of inertia of each
Elastic Beam Column element. The effective momdrihertia amounted to approximately 50% of
the uncracked moment of inertia, which was achidyethe approach proposed by DolSek and Fajfar
(2005), as discussed in Section 4.1. The natunabgse of the frame FO3 amounted Tp,=0.29 s,
T,~0.075 s and,, =0.037 s, whereas the eigenvectors are presenked.bEhe modal participation
factors amounted t5,=1.28,7,=0.43 and 5=0.26.

+0.242 +1.00 + 1.00
@ =1+0.64%, @={+0910 , ¢=<- 0.8
+1.000 -0.83 + 0.29

7.2.2 Application of the N2 method on the fundamental mod

Lateral loads are determined as the product ofitsiemode shape component in a considered storey
and the storey mass as

28 0 O0Of[+0.24 6.
P:Mﬂ: 0 28 0|<+0.649=< 18.
0O 0 28||+1.00 28.
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whereP denotes the vector of lateral loads &hdlenotes the mass matrix.

After the pushover analysis is performed up torditrarily chosen roof displacement equal to 0.10 m
a relationship between the base shear fdfg@id the top (roof) displacemeidf) (s determined (see
Figure 4.14a in Subsection 4.2.3).

Effective masam and transformation factd? (which is equal to modal participation factby) are
determined as

m=gM1=53.0t, [ =—0 =12
aMg

wherel denotes unity vector.
In order to obtain the quantities of an equival8BOF system, the quantities obtained for MDOF

system are divided with the transformation facfor Therefore, the base shear force and the
displacement of the equivalent SDOF systeémafdd’) are obtained as

: d =

N|m
N

The obtained="—d" relationship is presented in Figure 4.14a (Subseet.2.3) and it is idealized as
elasto-perfectly plastic (for procedure details A&NEX B in Eurocode 8 2004). The determination
of the yield force which represents the ultimatersgth of the equivalent SDOF systelFrg*I and the
corresponding yield displacememg,*ﬁ is straightforward. The values 55* anddy* amount to 277.8
kN and 1.15 cm, respectively.

The effective natural period of the equivalent SD¥y&tem is determined as

. m
T =2n/ f{’=0.305
Fy

The acceleratio, is obtained by dividing thE™ with the effective mass . The plot ofS, versus the
displacement!’ represents a capacity diagram which is presentétgure 4.14b (Subsection 4.2.3).
The acceleratio, is the one that corresponds to the yield féf¢eand is determined as

SinceT <Tg, the equal displacement rule is not applicable displacement demand is determined as
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Te

s ‘TS(h(Rﬂ—l) fj: 2.39 cn

The corresponding ductility demapds obtained as
T
1=1+(R, —1)T—E= 2.1

The target displacemerds€d;) is determined as shown below and pushover asatygerformed up
to it.

d,=d =/d =3.06 cm

The corresponding displacements of the first awdrse storey amount wh=1.04 cm and,=2.27 cm,
respectively. The vector of inelastic first modeysé @) is determined as

d,/d,] [+0.26
@™ =1d,/ d, s =1+0.644
d,/d,] [+1.00

It should be noted that, when needed, the N2 methodilso be applied for inelastic higher modes.
7.2.3 Determination of PFAs and floor response spectra fdndividual modes
Elastic fundamental mode

The value in an input elastic acceleration spect(@nat T,,=0.29 s for¢, ,=5% amounts to 0.87g.
Amplification factorAMP; amounts to 6.14 (Equation 6.4) for equipment dag{ equal to 5%.

Peak floor accelerations are determined from Eqodil as:

PFA, +0.24 +0.2
PFA, =/ ,@S(T,,&,)=128+0.649 0.87g{+ 0.72
PFA, +1.00 +1.1

Floor response spectra are determined as:
1% floor

» The pre- and post-resonance regions (Equation 6.1):

fos7g 020m)} + (T )

_ 031
Ao i-(029m)’
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* The resonance region (Equation 6.3):
A ,,=1.65g
2" floor

* The pre- and post-resonance regions (Equation 6.1):

\/{0.879( o.297rs)2}2 +S(TE)

083
A ‘1—(0.29 Yy

« The resonance region (Equation 6.3):
A ,=4.449
3% floor

e The pre- and post-resonance regions (Equation 6.1):

1.28

W\/{oa?g( 0.29m)} +§(TE)

&,13 =

e The resonance region (Equation 6.3):
A ;=6.84g
Inelastic fundamental mode
The value in an input inelastic acceleration spest(S/R,) at Tp,l*:0.29 s (for&, ,=5%) amounts to
0.53g (see Section 7.2.2). Amplification factivP, amounts to 4.71 (Equation 6.5) for equipment

dampingés equal to 5%.

Peak floor accelerations are determined from Equodiil as:

PFA, . +0.26 +0.1
PFA, b= g 2 t) 21 26l 40,644 053

A= 1@ -1 . 53g<+ 0.
PFA, +1.00 +0.6

Floor response spectra are determined as:
1% floor

e The pre-resonance region (Equation 6.1):
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Am:‘ 0.34 \/{0.539(0.297rs)2}2+s€(T54‘5)2

1-(0.29/T,)°

* The post-resonance region (Equations 6.1 and 6.2):

0.34

A= 1-(037mY

\/{0.539( 0.37 7rs)2}2 +5(TéE)

» The resonance region (Equation 6.3):
A ,,=0.869
2" floor

* The pre-resonance region (Equation 6.1):

0.82

WJ{O-W 02om)} +s(1ey

A%,lz =

» The post-resonance region (Equations 6.1 and 6.2):

0.82
1-(037m)’

2

A= Jossq 057m)} + 5(T¢)

* The resonance region (Equation 6.3):
A ,,=2.06g
3 floor

* The pre-resonance region (Equation 6.1):

1.28

Ao 1-(0.291m,

\/{0.539( 0.29 7rs)2}2 +S(TE)

» The post-resonance region (Equations 6.1 and 6.2):

1.28
1-(037m,)y

2

A= Hossq 037my} +5(T¢)

» The resonance region (Equation 6.3):
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A ;=3.20g
Second mode

The value in an input elastic acceleration spect{8jnat T, ~=0.075 s for&, =5% amounts to 0.61g.
Amplification factorAMP, amounts to 5.23 (Equation 6.4) for equipment dagngy equal to 5%.

Peak floor accelerations are determined from Eqodiil as:

PFA, +1.00 +0.2
PFA, = @S(T,,¢ ,)=0.43+0.910 0.61g<+ O.
PFA, -0.83 -0.2

Floor response spectra are determined as:
1% floor

e The pre- and post-resonance regions (Equation 6.1):

0.43
1-(0.0751,)°

As,zlz‘ \/{0-619( 0.0751 )} +§(T¢)

* The resonance region (Equation 6.3):
A =1.37¢
2" floor

e The pre- and post-resonance regions (Equation 6.1):

0.39
1-(0075mM,)

A= \/{0-61@( 0-07572)2}2 +5(Té)

« The resonance region (Equation 6.3):
A ,,=1.25¢
3% floor

e The pre- and post-resonance regions (Equation 6.1):

-0.36
1-(0.0751,)*

A Hosig 00757y} + (T )
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* The resonance region (Equation 6.3):
A ,;=-1.14¢

Third mode

The value in an input elastic acceleration spect{@jnat T, :=0.037 s for&, =5% amounts to 0.48g.
Amplification factorAMP; amounts to 3.85 (Equation 6.4) for equipment dagg equal to 5%.

Peak floor accelerations are determined from Eqodiil as:

PFA, +1.00 +0.1
PFA, = @S(T,,¢,9=0.26,-0.828 0.48g<- O.
PFA, +0.29 +0.0

Floor response spectra are determined as:
1* floor

» The pre- and post-resonance regions (Equation 6.1):

0.26
1-(0.0371,)°

A Joaeq 00371} + 5(T &)’

» The resonance region (Equation 6.3):
A, =0.48g
2" floor

» The pre- and post-resonance regions (Equation 6.1):

-0.22
1-(0.0371,)°

2

A Jfoasq 00571y} +5(T¢)

* The resonance region (Equation 6.3):
A§,32 =-0.40g
3 floor

* The pre- and post-resonance regions (Equation 6.1):



Vukobratovt, V. 2015. The influence of nonlinear seismic reseoof structures on the floor acceleration spectra 177
Doctoral dissertation. University of Ljubljana, éty of Civil and Geodetic Engineering.

0.08
1-(0.037,)°

s Jloasg 00371} + 5(T e’

* The resonance region (Equation 6.3):
A ;;=0.14g

7.2.4 Combination of PFAs and floor response spectra obtaed for individual modes

Gupta’'s method is used for the combination of PF&l floor response spectra obtained for
individual modes. Combination coefficients are prded in ANNEX F, but for convenience their
determination is repeated herein.

Gupta’s coefficients for modal combination are deiaed from frequenciefs andf, (for more details
see ANNEX F).

By taking into account the seismic input (Euroc8d2004 target spectrum described in Section 2.1),
the frequencyf; is determined as shown beloWs(is the lower limit of the period of the constant
spectral acceleration branch and it amounts to €).15

f,=—=6.67 Hz

1
TB
By taking into accountp,=33 Hz, the frequendly is determined as

_ fi+2fe,

f, 24.22 Hz

The rigid response coefficients for the first @), second d,) and third modeoi) are determined
from Equations F.8 (ANNEX F). The periodic coeféints are determined as ¢3°°. The results are
presented in Table 7.1.

Table 7.1: Gupta’s coefficients for modal combioat{elastic and gxstructure FO3)

Preglednica 7.1: Guptini koeficienti za modalno kamacijo (elastina in @ konstrukcija FO3)

mode Tpi [8] f, [Hz] P (1))

1 0.29 3.45 0 1
2 0.075 13.33 0.54 0.84
3 0.037 27.03 1 0

The resulting PFAs are determined as:
1% floor

PFAyq. =0.54PFA, + PFA,
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PFA)eriodic,l = \/( PFAM)Z + (084 PFAEJ)Z

2

PFA‘. = \/( PFAigid ,1)2 +( PF'%eriodiQ 1)
2" floor

PFA,q, =0.54PFA, + PFA,

PFAberiodic,Z = \/( PFA[Z)Z + (084PFA22)2

PFA§ = \/( PFAigid ,2)2 +( PF'%eriodiq 2)2
3“ floor

PFA a5 =0.94PFA,; + PFA,

PFA})eriodic,S = \/( PFAB)Z + (O84PFA§3)2

_ 2 2

PFA; _\/( PFAigid ,3) +( I:)F'%eriodic, 3)

The resulting direct floor response spectra, prteseim Figure 7.1, are determined as:
1% floor

» The period range betwediF=0 and the end of the resonance plateau of thetdloor response
spectrum related to the fundamental mode:

A igiaa =0.54A , + A5

&, periodig 1= \/( AS 1 ’ + (084AS 2)2

2 2
&,1 = \/( AE rigid,l) + ( As periodi¢ )
» The period range after the resonance related tutftamental mode (i.e. aft€yT, ,=1):
A%,l = AE.11+ As 21+ As 3

The spectra obtained for both period ranges akediby applying the procedure described in ep
in Section 7.1.
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2 A gl Structure F03 (§,=5%), 15t floor

1.5 ™ — elastic model

| | Qpmodel, p=2.1

0.5 -

0 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 Tslsl

> Adgel Structure F03 (£,=5%), 2" floor

0 T T T T T T T T T T
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 09  Tslsl

* T Adel Structure FO3 (£,=5%), 3" floor

0 T T T T T T T T T T
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 09  Tslsl

Figure 7.1: Floor response spectra for elastic@ohodel (ductilityp=2.1) of the structure F03, for 5%
damping of the equipment

Slika 7.1: Etazni spektri odziva za elasti in @ model (duktilnosti=2.1) konstrukcije F03, za 5% duSenja
opreme
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2" floor

» The period range betwedig=0 and the end of the resonance plateau of thetdimor response
spectrum related to the fundamental mode:

A igiao = 0.94A, 5o+ Ay,

&, periodig 2 = \/( As 12)2 + (084A$ 2)2

2 2
AS,Z = \/( AE rigid, 2) + ( AE periodi¢ ;
» The period range after the resonance related ttutftamental mode (i.e. aft€yT, ,=1):

A§,2 = A\E.12+ A$22+ AS 3

The spectra obtained for both period ranges akedirby applying the procedure described in &ep
in Section 7.1.

3 floor

» The period range betwediF=0 and the end of the resonance plateau of thetdloor response
spectrum related to the fundamental mode:

A rigia 3 = 0.94A, 55+ A5

&, periodig 3 = \/( AS 1 ’ + (O84AS 2;2

2 2
A§,3 = \/( A& rigid,3) + ( As periodic ;
» The period range after the resonance related tutftamental mode (i.e. aft€yT, ,=1):
A%,S = A§ 13+ As 23+ As 3

The spectra obtained for both period ranges akediby applying the procedure described in ep
in Section 7.1.
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8 CONCLUSIONS

In the dissertation extensive parametric studig®of response spectra were conducted on SDOF and
MDOF primary structures. Both elastic and inelapticnary structures were taken into account. In all
cases equipment was represented through a linaatice SDOF oscillator. A structure-equipment
system was always treated as uncoupled. A greabeuaf floor response spectra were calculated by
using the response-history analysis (RHA) and warimfluences on floor response spectra were
examined: the type, natural period, hysteretic el and ductility of the structure, as well &g t
damping of the equipment. In the case of SDOF pyime&ructures the influence of the ground motion
characteristics was also investigated.

Based on the results obtained in the parametriystanducted on SDOF primary structures, a simple
method for determination of floor response spedtractly from the design response spectrum was
proposed. A preliminary version of the direct methewas presented in two conference papers
(Vukobratovt and Fajfar 2012, 2013), whereas the final versias published in a scientific journal
(Vukobratove and Fajfar 2015). The research continued withystggdelastic and inelastic MDOF
models of the primary structure. As the result, riethod for direct determination of floor response
spectra was extended to MDOF structures.

8.1 Main findings

The results obtained in the parametric study coteduon SDOF primary structures confirmed some
well-known characteristics of the floor responsecsfa (in terms of absolute accelerations) andded
several new findings, as discussed in the follovieng.

The period range of a floor response spectrum eaolghly divided into three regions, depending on
the ratio between the natural period of the equign(k) and the natural period of the structufg)
the pre-resonanc@{T,<0.8), resonance (0.8¢T,<1.25), and post-resonance regidgT,>1.25).

It was shown that in the pre-resonance and reseneggions, the behaviour of the equipment is
strongly influenced by the behaviour of the primatyucture. Both regions are characterized by a
significant reduction in floor response spectra ttuenelastic structural behaviour. The size of the
reduction depends on the size of ductility demanth the post-resonance region, the floor response
spectrum is controlled by the ground motion spectrue. the floor response spectrum approaches to
the ground motion spectrum as the raid, decreases. In the limit case of infinitely rigigugoment
(Ts=0), the floor response spectrum valdg) (s equal to the acceleration of the structukg, (i.e. to

the value in the elastic (fqri=1) or inelastic acceleration response spectrurth@fstructure at the
periodT,. In the limit case of infinitely flexible equipmerthe value of the floor response spectrum is
equal to zero.

The shape of floor response spectra is influengeth® hysteretic behaviour of the structure. In the
case of the elasto-plastic (EP) model, the peakegabf floor response spectra occur close to the
resonanceTT,). In the case of the stiffness degrading (Q) maldelpeak values of floor response
spectra are shifted towards higher periods, dugcteasingr, with increasing plastic deformations.

In the study, the maximum value of the ratigh, was defined as an amplification facf¥P. Note
that the peak acceleration of the structyes equal to the value in the floor response spatfor the
zero period of the equipments€0). For both the EP model and the Q model of tiv@ary structure,
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the main parameter that influences the amplitudd@RAMP is the damping of the equipmefit In

the case of the EP model, the influence of theilitycof the structure |f) on the AMP is small,
whereas in the case of the Q model it is modetatéhe case of the EP model, tAdMP values
slightly increase with increasing ductility, whesem the case of the Q model they decrease. The
results obtained for both sets of considered gramotions indicate that the shape of the response
spectrum characterized by the characteristic pefatound motionTc has only a small influence on
the AMP, provided that the rati®,/Tc is plotted on the-axis instead of,. TheAMP reaches its peak
value in the region 0.Z0/Tc<1. In the region €T,/Tc<0.20 the obtained results indicate that the
decrease of the ratif/Tc leads to the decrease of #BIP. In the limit case whef/Tc=0 the value

of the AMP can be assessed by using existing design prosisibhe AMP decreases with the
increasing ratidl/Tc if the ratio is larger than 1. Additionally, theudy also showed that moderate
hardening after yield point in the Q model pradijcdoes not influence thaMP.

Based on the results obtained and conclusions nmadee parametric study, a method for direct
generation of floor response spectra from grountianespectrum was developed. The development
was based on a very simple direct method propogedasui et al. (1993), which was limited to
elastic primary structures, as well as on the fdedts extension into nonlinear range, which wiast f
proposed by Novak and Fajfar (1994). In order tkenthe original direct method applicable for
inelastic SDOF structures and to improve its aaguia the resonance region, some changes were
introduced: the elastic acceleration spectrum veggaced with an inelastic acceleration spectrum
corresponding to the expected ductility demand, #ed spectral values in the resonance region
(T<T,) were determined by means of empirical equatiohs&chvare based on the results of the
parametric studyAMP).

For the case of elastic SDOF structures, some efrésults obtained by using the proposed direct
method were compared with the results of the caigmethod proposed by Yasui et al. (1993), as well
as with the results obtained in the parametricystud. the results of the RHA. It was shown thma t
results of the proposed direct method are moreratzuhan the results obtained from the original
method proposed by Yasui et al. (1993). In ordesalalate the proposed direct method for the cése o
inelastic SDOF structures, the obtained result®wempared with the results obtained from the RHA
and a good agreement was observed.

The results of the direct method were also compatittithe results obtained from the direct method
proposed by Sullivan et al. (2013). It was showat the direct method proposed herein provides more
accurate prediction of floor response spectra tharmethod proposed by Sullivan et al. (2013). Also
the provisions of Eurocode 8 (2004), which consittex design of non-structural elements, were
examined. It was concluded that the simple Euroc®d2004) formula does not take into account
three important influences on floor response spec¢hre natural period of the primary structure (in
terms of its influence on structural acceleratiptis¢ level of the inelastic behavior of the prignar
structure, and the damping of the equipment (seargratructure).

In the parametric study conducted on MDOF primarycsures, four simple three-storey planar

reinforced concrete structures were consideredictsiral elements were modelled as beam-column
elements, their self-weight was neglected and gp&drmass approach was applied. The RHA was
conducted by using SAP2000 14.2.4 (for the elasiit EP models) and OpenSees 2.2.2 (for stiffness
degrading Q model without hardening). A concenttagtkasticity approach was used in the case of
inelastic structures. For both hysteretic modéis, hehaviour of plastic hinges was represented by
moment-rotation relationship. Infinite rotation eajty was assigned to each plastic hinge in every
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analysed structure, which had to be done sincesd¢immic input consisted of ground motions with
quite different intensities and the preventionh## structural collapse was crucial, otherwise stiafi
would have been invalidated. According to the mmns of Eurocode 8 (2004), the effects of
cracking should be considered (i.e. the flexurffingtss properties of concrete elements may bentake
as 50% of the corresponding stiffness of uncraadedents). In OpenSees, Elastic Beam Column
elements were modelled by using the moments ofianef uncracked sections and, for each plastic
hinge, the yield rotation of the uncracked crosgtise was assumed for the determination of thalyiel
point at the moment-rotation relationship. In thigy, when the yield moments in plastic hinges are
reached, the effective moment of inertia of themelet section approximately equals one half of the
moment of inertia of the uncracked section. Onater hand, in SAP, the effective moment of inertia
of each Frame Element section was achieved by phialition of the uncracked moment of inertia
with the factor equal to 0.5, which produced anceX®% reduction of the moment of inertia. As a
consequence, the results of modal analyses combiic®AP and OpenSees were somewhat different,
especially in the case of considered wall strustufdis led to certain problems in comparing of the
results of the parametric study.

In the case of elastic MDOF structures it was olebthat the peak values of floor response spectra
occur when the natural period of the equipmenpEaximately equal to one of the natural periods of
the structure, as it was observed in the case @FSBtructures. The effects of higher modes turned
out to be significant for both stiff and flexiblectures, especially in lower storeys. In stifustures

this was a consequence of the in-phase responsdividual modes. In flexible structures structural
response in higher modes was a consequence oftheerof the applied seismic input, which led to
structural response in higher modes. It was alsemed that there were practically no peaks related
to the modes with very high frequencies, i.e. villguencies above the frequency at which spectral
acceleration practically returns to zero periodetaration {z-,). Therefore, it can be concluded that
the influence of such modes is static and thatnm&sce effects do not occur, i.e. there is no
amplification. Finally, it was observed that thedit response spectra approach to the ground motion
spectra afte/T, =1, as the ratidJ/T, decreasesl|,; denotes the natural period of the fundamental
mode).

The above mentioned higher mode effects initiatednaestigation of the influence of individual
modes on floor response spectra, which was condlumtetwo elastic structures (one stiff and one
flexible). Two ground motions were considered assrsie input. First, modal response-history
analysis of each structure was conducted and absateelerations were examined. In the case of the
stiff structure significant absolute acceleratialue to higher modes occurred in the first storey. F
both considered ground motions, peaks relateddgbenimodes occurred practically at the same time
and they were very close to the peak of the fireden Moreover, all modes were almost in-phase
within the part of the time interval where the peatues occurred. This fact confirmed the above
mentioned fact regarding the higher modes. In #se ©f the flexible structure significant absolute
accelerations due to higher modes were also olénvéhe first storey, again for both considered
ground motions. The main reason for this is thgudescy content of the applied ground motions, as
already mentioned above.

Absolute floor accelerations determined for indisatlmodes of the considered structures were used as
input for the calculation of the corresponding {undlual) floor response spectra. It was observed th

in the period range in which the natural periodshef equipment are larger than the natural perfod o
the fundamental mode of the structuie>{,.), the application of the algebraic summation rule
(ALGSUM) on the floor response spectra obtained ifmlividual modes produced floor response
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spectra which perfectly matched the floor resp@peetra obtained for MDOF structures. This fact is
of great importance and it represented one of dnedations for the development of the method for
the direct determination of floor response spefiranelastic MDOF structures, as discussed below.

In the case of inelastic MDOF structures, the siisnput was scaled in order to achieve different
values of ductility ). The exact determination of the ductility demandifficult since the yield point

of the system cannot be determined with certaifityg. nonlinear pushover-based N2 method was used
for this purpose. In the study, in pushover anaybe "first mode" height-wise distribution of ledk
loads was assumed, i.e. lateral loads were detednas the product of the first mode shape
component in a considered storey and the storeys.nfasr all considered cases, apart from
determination of the ductility demand for inelastiodes, the corresponding components of inelastic
mode shapes were also determined from the N2 methisdvery important to note that these results
were used later in the validation of the proposeatgdure for direct determination of peak floor
accelerations and for the validation of the dimeethod proposed for MDOF structures. Note that, as
an approximation, the superposition of results iabth for different modes was used, as usual in
simplified pushover-based nonlinear procedures.

In the case of inelastic structures, the peak watfidloor response spectra related to the firsienare
smaller than the corresponding peak values obtdoreglastic structures. In the case of the EP rhode
the peak values occur close to the resonance, ahdnehe case of the Q model the peak values are
shifted towards higher periods. It can be concluithed peaks of floor response spectra relatedeo th
first mode show trends which were previously obsédrin the case of inelastic SDOF structures.

Several interesting observations were made regaifftiior response spectra peaks related to higher
modes, in both stiff and flexible structures, ascdssed below.

In the case of stiff structures it was observed tha peak values (related to higher modes) oldaine
for inelastic structures can be larger than theespronding peak values obtained for elastic strastu
i.e. an amplification of peak values can occur.eMen more interesting observation is existence of
peaks related to the modes with frequency aligyeBoth observed phenomena confirm the findings
of previous studies conducted by Sewell et al. §)@hd Singh et al. (1996). More research on this
subject is needed.

In the case of flexible structures, in certain sageak values of floor response spectra relatéldeto
second mode are reduced in comparison with the ypalales obtained for elastic structures. In such
cases, it was observed that the resonance regmhpeaks related to the second mode show similar
characteristics as the resonance regions and pelaksd to the fundamental mode, but with a notably
smaller ductility. This fact raised some interegtiojuestions. In earthquake engineering, it is often
assumed that inelastic behaviour occurs only irfuhdamental mode. The obtained results suggested
inelastic behaviour also in the second mode. lukhbe noted that considered structures were simple
planar structures which have only three naturaleso@herefore, the obtained results imply thahe t
case of flexible structures with large number otie®inelastic behaviour can perhaps occur in skevera
first modes. If the assumption of inelastic behavielated only to the fundamental mode cannot be
made, it is necessary to determine the seismic derbg taking into account several modes. The
estimation of the seismic demand in such casesbeaconducted by the N2 method, in the same
manner as proposed in a procedure developed byr€laom Goel (2002). For the purpose of this
study, a similar approach was adopted, in the sehaealysing seismic demands in different modes
separately. As in the case of the fundamental mibdeN2 method was used to estimate the seismic
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demand in the second mode. The results of theepplproach produced somewhat underestimated
ductility demands. Further research on this prokikemeeded.

The results of the parametric study conducted orOWprimary structures provided a basis for the
study of perhaps one of the most important paraéntethe seismic design of acceleration-sensitive
equipment: peak floor acceleration (PFA). The PH#$o aepresents significant part in the floor
response spectrum approach. The determination A$ Fquite straightforward when a structure is
analysed by using the response-history analysi®nlyineering practice, modal response spectrum
analysis is usually applied. In such a case, PFA-atermined for each considered mode by using
one of the standard procedures. The determined RRAsld be combined with a suitable modal
combination rule in order to determine the totalABFIn the study it was concluded that the most
common modal combination rules used in earthquak@eering (SRSS and CQC), which generally
produce good results for most response quantigas @isplacements and inter-storey drifts), are
sometimes not satisfactory in the case of absohadeelerations, especially when stiff MDOF
structures are considered. The main reason forishtke fact that higher mode effects are more
pronounced in the case of absolute acceleratioas th the case of most other quantities (e.qg.
displacements).

Several methods for modal combination proposed B}YRC 1.92 (2006) turned out to be appropriate
for application in the case of absolute floor aerations obtained for individual modes. The
combination methods which are considered as apiptepare the methods defined by Gupta and
Lindley-Yow, coupled with the Missing Mass method.

A procedure for the direct determination of PFAselastic MDOF structures, based on the modal
response spectrum analysis and the above mentpddl combination methods, was proposed. In
the case of inelastic structures, the procedure ezagled with the N2 method. The proposed
procedure is fairly simple. However, it should beed that, in some cases of inelastic structutes, i
may not always produce sufficiently accurate PH#&snarily due to fact that absolute accelerations
show great sensitivity to higher mode effects.

Finally, based on the results of parametric stualy an the direct method previously developed for
SDOF structures, a method for direct generatiofioafr response spectra for MDOF structures was
developed. In the proposed method, in the caseetdistic structures, absolute floor acceleratiors a
determined from the N2 method (as discussed abBl@)r response spectra are determined for each
mode separately. In order to determine the regudirect floor response spectra a combination ef th
direct floor response spectra calculated for irdlisi modes should be conducted. In the period range
of the floor response spectrum betw@gr0 and a value of which is located shortly after the peak
related to the fundamental mode, iTgT,,=1, the combination methods proposed by USNRC 1.92
(2006) should be used (Gupta or Lindley-Yow methampled with the Missing Mass method). In
the rest of the period range (flexible equipmethi, ALGSUM rule should be applied.

In the case of considered elastic MDOF structusiesll storeys and in the whole period range, the
proposed direct method produced floor responsérspetich were in good agreement with the floor

response spectra obtained from the RHA. In the oasgeelastic structures the obtained results were,
generally, less accurate. The largest deviatiomftioe results of RHA was observed in the case of
flexible frame, where the inelastic behaviour ie gecond mode was evident. However, considering
all uncertainties involved in the problem, the Hssobtained by the proposed direct method can, in
the majority of cases, be characterized as satisfacrThe proposed direct method represents a usefu
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tool in the stage of conceptual design, as welfoaschecking of the results obtained from more
elaborate analyses. Also, the method can be usatasis for simplified code procedures.

8.2 Original contributions

The analyses and studies conducted in the digsertigid to various findings and proposals which
represent significant scientific contributions hetfield related to seismic design and assessnient o
acceleration-sensitive non-structural componentfiifenent). The findings mostly confirm and
expand the observations made by other researcBased on these findings an original practice-
oriented method for direct determination of flooceleration spectra was developed and verified. The
proposed method can be used for both elastic agldsinc primary structures modelled as SDOF or
MDOF systems. The results related to SDOF of atresthave been already published in the journal
with the second largest impact factor (in 2013jhia field of earthquake engineering. More details o
the main contributions of the dissertation are dbed below.

0 The identification of the most important parameighich influence floor acceleration spectra
in SDOF primary structures.

A large number of floor acceleration spectra, whidre determined from response-history
analysis by varying several input parameters, exhbh investigation of the effects which
inelastic structural behaviour of the SDOF primatyucture has on the response of the
equipment. The main characteristics of floor agetien spectra were recognized in the whole
period range and a clear distinction between teerggonance, resonance and post-resonance
regions was made. The ratio of the peak value eflthor acceleration spectrum and the peak
acceleration of the structure was recognized dampartant parameter and it was named as an
amplification factofAMP).

0 A proposal of a simple practice-oriented methoddicect generation of floor response spectra
from ground motion spectra for SDOF primary inetastructures.

Based on the idea of Novak and Fajfar (1994), datkefor direct generation of floor response
spectra in elastic SDOF structures proposed byi¥asl. (1993) was improved and extended
on inelastic SDOF structures. Outside of the resoaaegion the proposed direct method has
a theoretical background because its developmesthsaed on the principles of structural
dynamics. In the resonance region, empirical vahfethe AMP obtained in the parametric
study were used as a basis for the definition latikeely simple equations which describe the
dependence between tA®IP and the parameters which influence them.

0 The identification of several important parametetsch influence floor acceleration spectra
in MDOF primary structures.

By conducting response-history analyses for founpé planar structures some quite
significant findings regarding the floor respong®ara in MDOF primary structures were
obtained. As in the case of SDOF structures, miaamacteristics of floor acceleration spectra
were recognized in the whole period range. A ctiistinction between period ranges before
and after the peak related to the fundamental makemade. It was observed that the floor
response spectra approach the ground motion spaftérareaching the peak related to the
fundamental mode. Important effects of higher modasabsolute accelerations and floor
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response spectra were recognized, in both elastidreelastic structures. In the case of stiff
structures it was observed that, in some casesr fiesponse spectra peaks obtained for
inelastic structures can be larger than the pebtered for corresponding elastic structures.
Moreover, an interesting existence of peaks relaiedodes with frequencies abadfygg, was
also observed in inelastic structures. Both obdems are important since they confirm
findings obtained by Sewell et al. (1986) and Simghal. (1996). In the case of flexible
structures it was observed that inelastic struthghaviour can also occur in higher modes. In
such cases, resonance regions related to the sewmie showed similar characteristics to the
resonance regions related to the fundamental nmdeyith a notably smaller ductility.

0 The evaluation of modal combination rules

It was observed that the application of the SRS8baoation rule on absolute accelerations
does not always produce satisfactory results andiag shown that modal combination
methods proposed by USNRC 1.92 (2006) lead to hestitmation of the total response. It
should be noted that the SRSS rule is a speciel @iahe methods proposed by USNRC 1.92
(2006).

0 A proposal of a procedure for direct determinat@npeak floor accelerations (PFAS) in
MDOF primary structures.

Based on the N2 method and modal combination methomposed by USNRC 1.92 (2006), a
procedure for the direct determination of PFAs lastic and inelastic MDOF structures was
proposed. It should be noted that the modal sugéipio, which is fully applicable in the case
of elastic structures, is an approximation in tasecof inelastic structures.

0 The development of a practice-oriented method fi@ct generation of floor response spectra
from ground motion spectra for MDOF primary struetl

A method for direct generation of floor responsectra for MDOF structures was developed
by expanding the developed method for SDOF prinstryctures. Important parts of the

method are: the modal superposition (which is apr@pmation in the case of inelastic

structures), modal combination methods which afferdint in different period ranges of the

equipment (methods proposed by USNRC 1.92 2006a&yebraic summation rule), and the

N2 method. The proposed direct method representsetul tool in the stage of conceptual

design, as well as for checking of the results iabthfrom more elaborate analyses. It can
also be used as a basis for simplified code proesdin the case of flexible structures with
inelastic response in higher modes the resultsirdataby the proposed method are less
accurate and there seems to be still some roormfmovements.

8.3 Suggestions for further research

In the past, not enough research has been devmtsismic issues related to non-structural elements
and content of the buildings. Thus, there is atgnead for more research in this area. Determinatio
of seismic demand for acceleration-sensitive eqaipinis a field which badly needs further studies,
especially in relation to the development of siffigdi methods which could improve the seismic
design and assessment of equipment in practicartaplist of problems to be studied is listeddvel
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The parametric studies, including those in thiselition, are usually performed on relatively demp
elastic and inelastic MDOF primary structures. Etlesugh the obtained results provide a very good
insight in the basic characteristics of floor aecafion spectra, it is considered that more panatnet
studies should be performed on more specific anaptex structures. Special attention should be paid
to effects of higher modes in both stiff and fldgiinelastic structures.

During the development and validation of the dirapproaches for determination of peak floor
accelerations and floor acceleration spectra, & digcovered that, generally, most existing modal
combination rules may not provide sufficiently a@te results when applied on absolute
accelerations, primarily due to the fact that abteohccelerations are very sensitive to higher mode
effects. Therefore, the development of an improvexial combination rule may lead to significant
improvements in engineering practice.

In the case of inelastic MDOF primary structurespezially stiff ones, the proposed direct approach

for determination of peak floor accelerations gattgrproduced somewhat underestimated results.

Therefore, some improvements of the proposed puweatiay be considered, perhaps in the sense of
introducing correction factors.

Further research is needed for taking into accouelastic response in higher modes of MDOF
primary structures in a more accurate way.

The proposed direct method for determination obrfleesponse spectra has theoretical background
outside the resonance region, i.e. it is basedermptinciples of structural dynamics. In the resmea
region, the values of th@®VP obtained in the parametric study conducted on SBY3kems were used
as a basis for the definition of tAéMP. Since the aforementioned parametric study waduweied for
selected natural periods of SDOF systems, two &feggound motions, three hysteretic models and
three target ductility demands, it is recommendadleonduct additional parametric studies in which
more input parameters would be taken into accoeugt, very short natural periods of the SDOF
systems, ground motions of different type (primyankar fault ground motions), hysteretic rules in
which strength degradations is taken into account.

The floor response spectra concept is based onupfemb (separate) analysis of the structure-
equipment system which may lead to conservativaltgesThis is most obvious in cases when the
mass of equipment is not negligible in comparismthe mass of the primary structure. In such cases
more accurate estimation of floor response specinéd be achieved if coupling effects are taken int
account. It is anticipated that coupling can besaered implicitly in the proposed direct method,an
therefore, a study on this subject should be caeduc

Finally, in the proposed direct method inelastibdaour is considered only in the primary structure
As a possibility for an extension of the proposé@eal method, inelastic structural behaviour of the
equipment should also be considered.
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POVZETEK
Uvod

IzkuSnje kazZejo, da je med potresi oprema v stalddato izpostavljena velikim pospeskom. Primerna
odpornost opreme med potresom je velikega pomenadustrijskih stavbah, kot so na primer
nuklearne elektrarne, so za potresno projektiramgvaluacijo razline opreme okajno uporabljeni
etazni spektri odziva.

Za drugo polovico 20. stoletja je filaa masovna gradnja velikega Stevila nuklearniektearn.
Potresna analiza opreme (sekundarnih sistemov)lgevitaksSnih konstrukcijah neizogibna. V tem
¢asu je veliko raziskovalcev posvetilo precej trudavoju racionalnih metod za potresno analizo in
potresno projektiranje sekundarnih sistemov. Razebj metod je bil potreben za zagotavljanje
zadostne varnosti kritne opreme v industrijskih stavbah med potresom.alad analiza
sekundarnih sistemov je lahko precej komplicirdPeedlagane so bile ragtie metode za analizo.
Nekatere so temeljile na emgimih podatkih, druge pa so uporabljale principe k@ konstrukcij.
Dejstvo, da imata primarna in sekundarna konstjalkahko zelo raztine dinamine karakteristike, in
da jih projektirajo raztine ekipe v raziinih ¢asih, sta povziala veliko teZav raziskovalcem. Zaradi
tega razvoj primerno zanesljive in relativno enaséa metode za potresno analizo sekundarnih
sistemov predstavlja velik izziv v potresnem inkstvu.

V zadnjih treh desetletjin gradnja novih nuklearmtektrarn ni tako pogosta. Je pa treba vse
konstrukcije, ki so bile zgrajene v preteklostinpeno oceniti. Predpisi so se pomembno spremenili
od ¢asa, ko so bile te konstrukcije projektirane inapgme.

Tema doktorske disertacije

Primarna in sekundarna konstrukcija predstavijaiato. Da bi zajeli vse medsebojne vplive, je v
principu treba obe konstrukciji analizirati kot m@an sistem. Tak3en sistem nima Klaisi nihajnih
oblik in (najbolj pogosto) ni klagho duen, zaradiesar je analiza zelo komplicirar@eprav analiza
povezanega sistema pripelje do bolj natém rezultatov, ni prakina in tudi ni upradiena za
vsakdanjo prakso.

Etazni spektri pospeskov so &hjino uporabljeni za potresno projektiranje in ocepoeme, ki je
okdutljiva na pospesSke. Koncept etaznih spektrov @imelji na nepovezani analizi konstrukcije in
opreme, kar pomeni, da je njihova interakcija zsagema (slika 1.1). Koncept je upréen v
primerih, ko je masa opreme zilao manjSa od mase konstrukcije, na primer vsakrst. Ce ta
pogoj ni izpolnjen, so etaZzni spektri odziva @lpno konservativni (npr. slika 3.1-2 v ASCE 4-98
2000, Adam in Furtmiiller 2008, Adam in sod. 201i&kBwa in sod. 2014).

V disertaciji je predpostavljeno, da je masa opreme&ilno manjSa od mase konstrukcije, kar
pomeni, da se lahko uporabijo etazni spektri odzBlavni koraki za izréun etaznih spektrov odziva
(»classical approach« na sliki 1.1) so:

1) Casovna analiza odziva primarne konstrukcije ob aipicskupine akcelerogramov.
2) Dolocitev odziva etaZe v smisktasovnega odziva absolutnega etaznega pospeska.
3) lzratun etaZnega spektra pospeskov, ki ustreza absolyinspeSkom dotenim v koraku

).
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Da bi se izognili dolgim numemim analizam, je veliko raziskovalcev predlagalotode, ki
omoga@ajo dol@itev etaznih spektrov odziva direktno iz projektaepektra tal (»direct approach« na
sliki 1.1). Poleg projektnega spektra tal, so vhqubdatki tudi dinamine karakteristike primarne in
sekundarne konstrukcije. Zaradi svoje enostavrsestiakSne metode pogosto uporabljajo v praksi.
Razvoj zgodnjih metodah temelji na predpostavki, piemarna in sekundarna konstrukcija med
potresom ostaneta v linearno el&aséim obmeju. Celo v primerih konstrukcij izrednega pomenet, k
so nuklearne elektrarne, pa je uptavio dovoliti zmerno kafino neelastinega obnaSanja med
potresom. To dejstvo je pomembno, ker zanemarjgijea neelastinosti konstrukcije lahko pripelje
do nerealnih rezultatov za etazne pospeske.

Ce je upostevano neelastd obna3anje konstrukcije in/ali opreme, je mi@galoséi pomembne
redukcije maksimalnih vrednosti etaZznih spektrozival Le malo raziskovalcev se je ukvarjalo z
izpeljavo poenostavijenih metod, ki upoStevajo ast&ho obnaSanje konstrukcije v analizi, in
pomanjkanje takSnih metod j€imo. Tiste metode, ki obstajajo, pa s@imema precej zapletene in
neprakténe za SirSo uporabo, ali pa nimajo zadostne tatesti. Zaradi tega ugotavljamo, da za
prakso uporabna direktna metoda, ki upoSteva ragimeobnasanje primarne konstrukcije, Se vedno
manjka.

Ob zavedanju pomembnosti vpliva, ki ga ima nealastobnasanje konstrukcije na odziv sekundarnih
sistemov, sta kot glavna cilja disertacije izbramaliza tega vpliva in razvoj metode uporabne za
prakso, ki upoSteva neelasto obnaSanje primarne konstrukcije. Analize sojeagena nepovezanih
sistemih konstrukcija-oprema. Neelasth obnaSanje je predpostavljeno le v primarni komksiji,
oprema pa ostaja v linearno el&sém obmeju. Torej, glavni cilji disertacije so:

» raziskava tinkov, ki jih ima neelastno obnaSanje konstrukcij z eno prostostno stopnjo
(SDOF) in konstrukcij z we prostostnimi stopnjami (MDOF) na odziv opreme (selarnih
konstrukcij) za razine modele histerez, in primerjava novih ugotovaebstoj&imi, in

e razvoj hove enostavne za prakso uporabne metodi#regino dol@anje etaznih spektrov
odziva, ki upoSteva neelastost konstrukcije.

Kratek pregled literature

Razvoj metod za dotanje etaznih spektrov odziva se j&dav zgodnjih 1970-ih. Zelo natéen
pregled prvih metod je dal Villaverde (1997). Vsetade, ki so omenjene v tem pregledu, temeljijo
na predpostavki o elagtiem obnaSanju konstrukcije in opreme. Celo v piiimredno pomembnih
konstrukcij, kot so nuklearne elektrarne, je upfend dovoliti zmerno neelagtio obnaSanja med
mocnimi potresi. Zgodnje raziskave tega fenomena jedibKelly (1978). Lin in Mahin (1985) sta
natagno raziskala &inke neelastinih deformacij, razlinih modelov histerez in velikosti duSenja
opreme, ob upoStevanju SDOF sistema za konstruktigoremo. Sewell in sod. (1986) so naredili
obseZno Studijo etaznih spektrov odziva v MDOFesigh ob upoStevanju ragtiih parametrov. Yasui
in sod. (1993) so predlagali enostavno metodo rekuhio doléanje etaznih spektrov odziva v
elasttnih SDOF konstrukcijah. Ta metoda predstavija zgmemban del disertacije in je detajlno
obravnavana v poglavju 3 in v PRILOGI A. Novak iajfer (1994) sta naredila parameétid Studijo,

ki je temeljila na nepovezani analizi SDOF konstijgkin SDOF opreme. V Studiji so raziskawinki
razlicnih parametrov na etazne spektre pospeskov. Razdiftudija je objavijena v Fajfar in Novak
(1995). Singh in sod. (1996) so v svoji Studiji diokelo zanimive rezultate. Namtepokazali so, da
so v nekaterih primerih v obrtjo visokih frekvenc etazni spektri odziva v nedlash konstrukcijah
lahko veji od etaznih spektrov odziva elastih konstrukcij. Rodriguez in sod. (2002) so pokiaza
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neelastino obnaSanje konstrukcije reducira maksimalne etgospeske in predlagali so enostavno
proceduro za dotdtev projektnih etaznih horizontalnih sil. Medina sod. (2006) so raziskali etazne
spektre odziva za primer lahke opreme, ki se nahapkvirnih konstrukcijah, in ugotovili da so
najbolj pomembni parametri, ki vplivajo na obliko velikost etaZznega spektra odziva: nihajas
konstrukcije, lokacija opreme v konstrukciji in dmje opreme. Oropeza in sod. (2010) so raziskali
odziv nekonstrukcijskih komponent v primeru nep@reza sistema in neeld@stga obnaSanja
konstrukcije. Predstavili so tudi predlog za mddifiijo aktualnih predpisov. Maniatakis in sod.
(2013) so ugotovili, da so efekti visjih nihajniblik v armiranobetonskih okvirjih pomembni, celo v
primerih ravninskih konstrukcij. Moschen in sod.0{3) so predlagali metodologijo za oceno
maksimalnih etaznih pospeSkov v neetasti MDOF konstrukcijah. Sullivan in sod. (2013) so
naredili Studijo etaznih spektrov pospeskov v SDKORstrukcijah, ki imajo elastno in neelastino
obnaSanje. Predstavili so tudi emgiii pristop za direktno dotanje etaZznih spektrov odziva, v
katerem nihajnicas in neelastnost konstrukcije definirata obliko etaznega spelddziva in kjer
dusenje definira definira njegovo magnitudo. CaivSullivan (2014) sta razSirila prejSnjo Studija n
MDOF sisteme in sta predlagala metodo za direktocdnje etaznih spektrov odziva v elésth
konstrukcijah. Pinkawa in sod. (2014) so naredtkermo doléb nekaterih predpisov in zakéli, da
obstoj&a dolaila niso ustrezna za projektiranje opreme.

Parametri¢na Studija etaznih spektrov odziva v elastinih in neelasténih SDOF konstrukcijah

V poglavju 2 so prikazani rezultati obsezne paraidred Studije etaznih spektrov odziva, ki so
dobljeni za SDOF konstrukcije. UpoStevano je biistino in neelastino konstrukcijsko obnaSanje,
medtem ko je oprema v vseh primerih obravnavanalikearno elastien SDOF sistem. Sistem
konstrukcija-oprema je bil analiziran kot nepovezdmarametini Studiji je bilo izr&unano veliko
Stevilo etaznih spektrov pospeskov. Raziskani diovpiivi razli¢cnih faktorjev na etazne spektre
odziva: nihajni¢as, histerezno obnaSanje in duktilnost konstrukaijeudi duSenje opreme. Raziskan
je bil tudi vpliv zn&ilnosti vhodnih akcelerogramov. V analizi sta hitiorabljeni dve raztni skupini,
vsaka s po 30 akcelerogrami.

Izbira akcelerogramov za vsako skupino je narejaka, da njen povptai spekter pospeskov ustreza
cilinemu spektru, ki ga je predstavljal elasti spekter (tip 1) po Evrokodu 8 (2004) za tipBtah tip

tal D. Maksimalni pospesek tla (PGA, ki je ersg®), uporabljen pri ciljnih spektrih, je znasal 0,359
0,399 za tla B in D. Povptai maksimalni pospesek tal (PGA) za izbrane skupkuelerogramov je
znaSal 0,43g in 0,50 g za tla B in D. Zh@a perioda potresd. za tla B in D zna3a 0,5 in 0,8 s.
Ujemanje med ciljnim in povptaim spektrom (za 5% dusenja) je zagotovljeno v ajm0,15 in 2,5

S, kar je v skladu z datbami Evrokoda 8 (2004).

Razlike v PGA pri nizkih periodah niso pomembnég,akmavnavani nihajntasi (opisani spodaj) niso
v tem obmdju. Podatki o potresih so predstavijeni v pregledhi 2.1 in 2.2, ciljni in povpt@ai
spektri za tla B in D pa na sliki 2.1.

SDOF oscilatorji, ki predstavljajo konstrukcijo, Boeli nihajnecase 0,2, 0,3, 0,5, 0,75, 1,0 in 2,0 s.
Uporabljeni so bili trije razéini histerezni modeli: elasto-plag&tin (EP) in modela s padatogostjo
(Q), brez utrditve (@ in z 10% utrditve (@). V primeru Q modela (Q-Hyst model v Saiidi in $0z
1979) je koeficient zmanjSanja togosti ob razbregwanju zna3al 0,5. Tigma histerezna obnasanja so
pokazana na sliki 2.2. Predpostavljen je konstafdaktor duktilnostiu , ki je znasal 1,5, 2,0 in 4,0.
DuSenije, ki je proporcionalno masi, je znaSalo 5#imeru konstrukcije, in 1, 3, 5in 7% v primeru
opreme.
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Pokazani so rezultati paramétre Studije, ki so dobljeni za elaste, EP in @ modele. EtaZni spektri
odziva, ki so pokazani na slikah 2.3-2.8, predgpvipovpréne vrednosti, medtem ko rezultati na
slikah 2.9-2.14 predstavljajo razmerja etaznih spgkodziva izréunanih za neelagtie (As) in
ustrezne elasthe konstrukcije As). Ugotovljeno je, da se obrije period etaZznega spektra odziva
priblizno lahko razdeli na tri obndfa, odvisno od razmerja nihajnegasa opremeTf) in nihajnega
casa konstrukcije T;): predresonamo (0,894/T,<1,25), resonamo in poresonamo obmgje
(TJT>1,25).

Iz slik 2.3-2.8 je razvidno, da je v predresafre@m in resonamem obméju obnaSanje opreme
odvisno od obna3anja konstrukcije. V obeh ofjihso opaZene zidne redukcije v etaznih spektrih
odziva v primerih, ko je obnaSanje konstrukcijelas@&no. Velikost redukcij je odvisna od velikosti
duktilnosti |, kar je pomembno dejstvo. V poresofiaem obmoju se etazni spekter odziva z
zmanjSevanjem razmerjg/T,, priblizuje spektru tal kar je tudi zelo pomembubgstvo. V mejnem
primeru nesko#no toge opremeT(=0) je vrednost etaZznega spektra odzilg enaka pospesSku
konstrukcije A), oziroma vrednosti v elagtiem ali neelasthem spektru pospeskov za konstrukcijo
pri periodi T,. V primeru neskotno podajne opreme je vrednost etaznega spektrasodniaka rd.
Dodatno je iz slik 2.9—-2.14 razvidno, da duSenjep prakiino ne vpliva na razmerjgy/Ase

Oblika etaZznega spektra odziva je odvisna od lesterga obnaSanja konstrukcije. V primeru EP
modela se maksimalne vrednosti etaznih spektrovvadgojavijajo blizu resonanceT{£T,). V
primeru Q modela so maksimalne vrednosti etaZznigktspv odziva premaknjene proti daljSim
nihajnimc¢asom zaradi povanjaT, s povéanjem plastinih deformacij.

Na slikah 2.15-2.20 so pokazani etazni spektriv@drnormirani na pospeSek konstrukolje Na to
razmerje ima najugi vpliv dusenje opreme.

Slike 2.21-2.23 kazejo primerjavo med etaZznimi gpaldziva za Q model z utrditvijo in brez nje
(Quoin Qp). Ti rezultati so dobljeni za tla B. Iz njih jezadno, da so etazni spektri odziva, ki so
izratunani za @ model, nizji od tistih, ki so izganani za @ model. Ta redukcija je manj3a, ali je
celo ni,¢e se gleda razmerf&/A,, prikazano na slikah 2.24-2.26, ker je tudi poskd®nstrukcijeA,
manjsi v primeru modelaf

V Studiji je bila maksimalna vrednost razmefgA, definirana kot faktor amplifikacij&MP. Treba

se je zavedati, da je maksimalni pospesek konsjeukg enak vrednosti v etaznem spektru odziva za
periodo opreme, ki je enakaé¢niTs=0). Za oba histerezna modela, EP in Q, je glaanameter, ki
vpliva na amplitudoAMP, duSenje opremé; (sliki 2.27 in 2.28). V primeru EP modela je vpliv
duktilnosti konstrukcije|f) naAMP majhen, v primeru Q modela pa je zmeren. V printgPumodela

se vrednostAMP nekoliko povéujejo z v&anjem duktilnosti, v primeru Q modela pa se manjsaj
Rezultati, dobljeni za obe skupini akcelerogram&szejo, da oblika spektra, ki je opisana z
zn&ilnostno periodo potreséc, zelo malo vpliva ngAMP, ¢e je nax-osi prikazano razmerj&,/Tc
namesto periode,.

AMP doseze svojo maksimalno vrednost v objm®,206<T,/Tc<1. V obmaju 0<T,/Tc<0,20 dobljeni
rezultati kazejo, da manjSanje razmefjgTc povzra&da manjSanjeAMP. AMP se tudi manjSa s
poveanjem razmerjd,/Tc, ¢e je to razmerje e od 1. Dodatno je Studja tudi pokazala, da wxdit
prakticno ne vpliva naAMP. OdvisnostAMP od duSenja opremg in razmerjal/Tc je prikazana na
sliki 2.29.
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Direktna metoda za dol@&anje etaznih spektrov odziva v elastnih in neelasténih SDOF
konstrukcijah

V poglavju 3, ob upoStevanju paramé&te Studije in metode za direktno dédoje etaZznih spektrov
odziva, ki so jo predlagali Yasui in sod. (1993kvita direktna metoda za doémje etaznih spektrov
odziva, ki je uporabna za neeldse SDOF konstrukcije. Idejo za razSiritev metodesd jo za
elasttne konstrukcije predlagali Yasui in sod. (19933, d&la Novak in Fajfar (1994).

Yasui in sod. (1993) so izpeljeli et (engba 3.1, str. 44), ki je veljavna v celotnem olsjno
nihajnih ¢asov in ta izpeljava je predstavljena v PRILOGIIAopravljenih analiz je ugotovljeno, da
predlagana erha daje dobre rezultate izven resaimeya obmdga, medtem ko v resonémem
obmaiju pripelje do zelo konservativnih rezultatov. Regdv metode na neelastie SDOF
konstrukcije in popravek nat&mosti v resonainem obméju sta bila dve pomembni nalogi,
opravljeni v okviru disertacije. Prva je bila reenuporabo neelagtiega namesto elastiega spektra
za konstrukcijo, druga pa z definicijio empitih vrednosti AMP, ki temeljijo na rezultatih
parametiine Studije.

V literaturi so predlagani razini neelastini spektri. Za konstrukcijo najbolj pogosto temnjeljna
redukcijskem faktorjuR,, ki predstavlja razmerje elastih in neelastinih zahtev. V disertaciji vsi
uporabljeni neelasthi spektri temeljijo na postopku, ki so ga razMidic in sod. (1994), in v katerem
je neelastien spekter dolaen kot reduciran elaghi spekter R, faktorjem. Ugotovljeno je bilo, da je
ta pristop uporaben za etazne spektre odziva vepitipnko ni utrditve. V primerih, ko obstaja utieit
so pospeski konstrukcije nekajcjig(enaba 3.2, str. 45)R, faktor, ki so ga predlagali Vidic in sod.
(1994) je tudi implementiran v Evrokod 8 (2004)si& lahko dold iz enabe 3.3, str. 46Ce je pa
treba v analizi upostevati utrditev, se lahRp faktor dol@i iz ena&be 3.4, str. 46. Na sliki 3.1 so
primerjani »t@ni« neelastini spektri, ki so dobljeni iz analizéasovnega odziva, in priblizni
neelastni spektri, ki so dobljeni iR, faktorja. Napake pribliznih neelastih spektrov so pokazane v
preglednicah 3.1 in 3.2. Dodatno je primerjavamiia« in pribliznih neelastnih spektrov, dobljenih
za razléna Q modela, prikazana na sliki 3.2.

V resonatinem obmeju so rezultati parametme Studije uporabljeni za definicijo emgimih en&b
za dol@itev AMP. V primeruT,/Tc=0 je AMP definiran z engbami 3.5 in 3.6, str. 48. Ta definicija je
v skladu z dolobami Evrokoda 8 (2004). Za deéitev AMP v celotnem obmgu razmerjT,/Tc sta
predlagani endoi 3.7 in 3.8 (str. 49) za EP in Q model. PredlageiMP so na sliki 3.3 primerjani z
AMP, ki so dobljeni iz parametime Studije.

V predlagani direktni metodi za d@lanje etaznih spektrov odziva v neel&stit SDOF konstrukcijah
se v prereson&nem in poresonamem obmgju vrednosti etaZznega spektra odziva lahko dplaz
ena&bo 3.9, v resonamem obméju pa z en&bo 3.11 (obe erthi ste prikazani na str. 50'e je Q
model uporabljen v analizi, je treba upoStevatighddni nihajnicas konstrukcije (Akiyama 1985,
PRILOGA C), ki se lahko dotd z en&bo 3.10, str. 50.

Za nekatere primere elastih konstrukcij so rezultati metode, ki je predlaga disertaciji, primerjani

z rezultati originalne metode, ki so jo predlagédisui in sod. (1993). Ob primerjavi so pokazani tud
rezultati iz paramettne Studije, oziroma »i« etazni spektri odziva. Rezultati primerjave,ski
pokazani na sliki 3.4, kazejo, da v resafre@m obmeoju metoda, ki je predlagana v disertaciji, daje
zn&ilno boljSo oceno vrednosti etaznih spektrov odzk@ jo daje originalna metoda. lzven
resonainega obmga metodi dajeta skoraj enake rezultate. Rezulditektne metode, ki je
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predlagana v disertaciji, so primerjani tudi z fdegtimi parametdne Studije, opravljene na
neelastinih konstrukcijah (slike 3.5-3.19). Primerjava grejena za veliko primerov in ugotovljeno
je, da predlagana metoda zagotavlja dobro oceriaibtapektrov odziva, oziroma da se njeni rezultati
dobro ujemajo z rezultati, ki so dobljeni éasovne analize odziva. Nekateri rezultati predlagan
direktne metode, ki so dobljeni za neelasti konstrukcije, so tudi primerjani z rezultatimetode, ki

so jo predlagali Sullivan in sod. (2013). Pokazgmoda predlagana metoda daje&imema boljSe
rezultate (slike 3.21 in 3.22). Raziskana so hildi dolcaiila Evrokoda 8 (2004), ki se nanaSajo na
projektiranje opreme. Ugotovljeno je, da je ta diéo potrebno modificirati, saj ne zagotavljajo
zadostne nat&nosti (slika 3.20). Nazadnje je predstavijen enastaprimer uporabe predlagane
direktne metode (preglednica 3.3 in slika 3.23).

Parametri¢na Studija etaznih spektrov odziva v elastinih in neelasténin MDOF konstrukcijah

V poglavju 4 so predstavljeni rezultati obsezneapaetrine Studije etaznih spektrov odziva v MDOF
konstrukcijah, ob upoStevanju el#&sitga in neelasthega konstrukcijskega obnaSanja. V vseh
primerih je predpostavljeno elasip obnaSanje opreme. Predpostavljeno je, da kdwegaun oprema
nista povezana. Raziskani so vplivi tipa, nihajnégaa, histereznega obnaSanja in duktilnosti
konstrukcije, ter vpliv duSenja opreme. Uporabljgnakupina akcelerogramov, ki se nanasa na tla B
(preglednica 2.1, slika 4.1).

V parametrini Studiji so obravnavane Stiri enostavne ravninskeiranobetonske konstrukcije.
Modul elasttnosti betona K;) znaSa 33 GPa. Modul elastosti jekla E) znaSa 200 GPa, meja
tecenja jekla ;) pa 500 MPa. Elementi konstrukcij so modelirani koijski, njihova lastna teza je
zanemarjena in uporabljen je pristop s koncentrimtamasamiCasovna analiza odziva je narejena ob
uporabi programa SAP2000 14.2.4 (za etastiin EP model) in OpenSees 2.2.2 (za Q model brez
utrditve). V primeru neelasiih konstrukcij je uporabljen pristop s koncentmivaplasténostjo. Za
oba histerezna modela je obnaSanje @aisticlenkov dol@eno z zvezo moment-rotacija. V vsakem
plasténemdélenku je predpostavljena neskoia kapaciteta rotacije. To je potrebno, ker so aipigni
akcelerogrami precej raztiih jakosti. V Studiji je opazeno, da obstajajcateZ pri uporabi modelov s
koncentrirano plastnostjo v OpenSees-u. Togostna matrika konstrukeijsestavljena iz togosti
linijskih elementov in iz togosti plastiih clenkov. Poskus, da se ta problem odpravi v €lasin
obmaiju, je bil narejen tako, da je bila upoStevangairotacija v tdki te¢enja (v odnosu moment-
rotacija), vendar je to pripeljalo do velikih nuridih teZav. Zaradi tega je bil uporabljen priblizen
pristop, ki sta ga predlagala DolSek in Fajfar @0@ar pa je privedlo do nekompatibilnosti rezidta
dobljenih s SAP 2000, zlasti v primeru sten. Topjvzraialo dol@ene probleme v primerjavi
rezultatov parametfne Studije.

Obravnavane so bile Stiri trietaZzne konstrukcijif\a etaZ je enaka v vseh primerih in znasa 3 m).

Stena WO03:

Dimenzije prereza stene so 30/300 cm. Masa v \etaki znaSa 80 t. Armatura stene je projektirana v
skladu z dolébami Evrokoda 2 (2004) in Evrokoda 8 (2004), ipg&kazana na sliki 4.2. Trije nihajni
¢asi iz SAP-a (elasten in EP model) znaSajo 0,30, 0,046 in 0,017 sjmiktasi iz OpenSees-a {Q
model) pa znaSajo 0,31, 0,041 in 0,014 s. Nihajoée iz SAP-a in OpenSees-a so pokazane v
enabah 4.2, str. 76. Plastii ¢lenek je predpostavljen ob vpetju stene. Momenne§ tetenja znasa
4015 kNm za osno silo 2354 kN. Za potrebe modghrarOpenSees-u je izf@anana rotacija na meji
tecenja, ki znasa 5,41-fad (enaba 4.1, str. 76). Modalni faktorji participacijeldéeni v SAP-u
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znaSajo 1,29, 0,46 in 0,34, modalni faktorji paptcije dol@eni v OpenSees-u pa znaSajo 1,30, 0,48
in 0,20.

Stena W10:

Dimenzije prereza stene so 30/150 cm. Masa v \efaki znaSa 112 t. Armatura stene je enaka kot v
primeru stene W03, in pokazana je na sliki 4.2 ajihcasi iz SAP-a (elasten in EP model) znaSajo
1,0, 0,153 in 0,057 s, nihajéasi iz OpenSees-a {@nodel) pa znaSajo 1,05, 0,136 in 0,046 s. Nihajne
oblike iz SAP-a in OpenSees-a so pokazane vlama4.3, str. 76. Plasgti clenek je predpostavljen
ob vpetju stene. Moment na mejicémja znaSa 1896 kNm za osno silo 3296 kN. Za petreb
modeliranja v OpenSees-u je igmaana rotacija na mejidenja, ki znada 0,002 rad (€ba 4.1, str.
76). Modalni faktorji participacije doteni v SAP-u znaSajo 1,29, 0,46 in 0,34, modalnidgk
participacije dol¢eni v OpenSees-u pa znaSajo 1,30, 0,48 in 0,20.

Okvir FO3:

V okviru z enim poljem FO3 je razpon gred 5 m. Dimxige stebrov in gred znaSajo 50/80 in 50/60 cm.
Masa v vsakem vozki$l znaSa 14 t, oziroma masa v vsaki etaZzi znaSa/8tatura stebrov in gred je
pokazana na sliki 4.3. Nihajdasi iz SAP-a (elasten in EP model) zna3ajo 0,30, 0,079 in 0,038 s,
nihajni ¢asi iz OpenSees-a ¢@nodel) pa znasajo 0,29, 0,075 in 0,037 s. Nihajlke iz SAP-a in
OpenSees-a so pokazane vaah 4.5, str. 78. Plashi ¢lenki so predpostavljeni na koncih stebrov
in gred. Osne sile, momenti in rotacije na mejetga so izréunani iz enébe 4.4 (str. 77) in prikazani

v preglednici 4.1. Modalni faktorji participacijgploceni v SAP-u, znaSajo 1,27, 0,41 in 0,28, modalni
faktorji participacije doldeni v OpenSees-u pa znasajo 1,28, 0,43 in 0,26.

Okvir F10:

V okviru z enim poljem F10 je razpon gred 5 m. Dimxige stebrov in gred znaSajo 35/35 in 35/45 cm.
Masa v vsakem vozki$l znaSa 23 t, oziroma masa v vsaki etaZzi znaSaMénatura stebrov in gred je
prikazana na sliki 4.4. Nihajriiasi iz SAP-a (elasten in EP model) znaSajo 1,0, 0,315 in 0,186 s,
nihajni ¢asi iz OpenSees-a §nodel) pa znasajo 0,99, 0,312 in 0,186 s. Nihaplike iz SAP-a in
OpenSees-a so prikazane v&ah 4.6, str. 79. Plagti clenki so predpostavljeni na koncih stebrov
in gred. Osne sile, momenti in rotacije na mejetga so izréunani iz enébe 4.4 (str. 77) in prikazani

v preglednici 4.2. Modalni faktorji participacij@ldceni v SAP-u znaSajo 1,25, 0,39 in 0,19, modalni
faktorji participacije doldeni v OpenSees-u pa znasajo 1,25, 0,39 in 0,19.

Za vse obravnavane primeré&too velja, da se nihajrdiasi in oblike dobljeni s SAP-om in OpenSees-
om nekoliko razlikujejo. Razlike so pomembne peinsth, pri okvirjih so pa zanemarljive. Jasno je, da
zgoraj opisan pristop v modeliranju daje dobre Itati pri okvirjih, pri stenah pa je vprasljiv.

Za potrebe analize elastih konstrukcij je uporabljen originalen (neskatiyapotresni input. Iz
dobljenih rezultatih (slike 4.7, 4.8, 4.11, 4.1215} 4.16, 4.19 in 4.20) jecitno, da se maksimalne
vrednosti etaznih spektrov odziva pojavijo, ko jeaini ¢as opreme priblizno enak enemu od nihajnih
¢asov konstrukcije. Vplivi vi§jih nihajnih oblik sge izkazali kot pomembni, zlasti v spodnjih etazah.
V togih konstrukcijah (W03 in FO3) je to poslediejstva, da je nihanje v posameznih oblikah v fazi
med seboj. V podajnih konstrukcijah (W10 in F10)gdziv v vi§jih oblikah posledica narave
uporabljenega inputa. Dodatno je opaZzeno, da nitapektrih odziva prakino ni Spic v povezavi z
nihajnimi oblikami, ki imajo zelo visoke frekvenoaziroma frekvence nad frekventg,, pri kateri je
spektralni pospedek prastio enak maksimalnemu pospesku tal. Zaradi tegahd® Izaklj&i, da je
vpliv tak3nih nihajnih oblik staten in da se reson&m efekti ne javljajo, oziroma ni amplifikacije.
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Opazeno je tudi, da se etazni spektri odziva lizpektru tal po Spici prve oblikd((T,=1) z
manjSanjem razmerjg/T,1 (Tp1 0zn&uje nihajnicas prve oblike).

Zgoraj omenjeni vplivi vi§jih nihajnih oblik so vedbudili raziskavo vpliva posameznih oblik na
etazne spektre odziva, kar je narejeno za dvei@ladtonstrukciji (W03 in W10). Za input sta
uporabljena dva akcelerograma. Najprej je bilajeasasovna analiza odziva za posamezne oblike
za vsako konstrukcijo. Analizirani so bili absolupospeski (slike 4.23—4.26). V primeru konstrukcij
WO3 (sliki 4.23 in 4.24) so v prvi etaZi prisotrorpembni absolutni pospeski zaradi visjih oblik. Za
oba potresa sta se Spici, ki sta povezani z drongoetjo obliko, pojavili praktino ista&asno in sta
(¢asovno) blizu Spice, ki je povezana s prvo nihahliko. Poleg tega so vse nihajne oblike praidi

v fazi med seboj v delu intervala, v katerem sopp8ki maksimalni. V primeru konstrukcije W10 so
pomembni absolutni pospeski, ki so povezani z \vigitmajnimi oblikami, opazeni v prvi etaZi, spet za
oba potresa. Glavni razlog za to je frekiem sestava uporabljenih akcelerogramov.

Absolutni pospeski, ki so daleni za posamezne oblike, so bili uporabljeni kobdi podatek za
dolocanje ustreznih (posameznih) etaznih spektrov odf@azeno je bilo, da v obrja nihajnih
¢asov opreme, ¥gh od nihajnegatasa prve oblikeTe>T, 1), uporaba algebréme vsote (ALGSUM)
za etaZne spektre odziva, dobljene za posamezike obbdi do etaznih spektrov odziva, ki se idealno
ujemajo s spektri, dobljenimi za MDOF konstrukcijeo dejstvo je velikega pomena in predstavlja
enega od temeljev pri razvoju metode za direktniod@mje etaznih spektrov odziva v el&sth in
neelastnin MDOF konstrukcijah.

Za analizo neelagtih konstrukcij je bil poleg originalnega inputaangbljen tudi skaliran input za
primere konstrukcij W03, W10 in F10, kar je omoim doseganje razinih vrednosti duktilnosti.
Uporabljena sta bila EP inf@odel histereznega obna3anja.

Dolocitev vrednosti dosezene duktilnosti v analizi nstidaih MDOF konstrukcij ni enostavna. V
parametiini Studiji je uporabljena skupina sestavljena odaB0elerogramov, za vsak akcelerogram
pa je doseZena ra#tia vrednost duktilnosti konstrukcije. Zato je hlomabljen poenostavljen pristop
za dola@itev dosezene duktilnosti. Uporabljena je bila Netoda, ki temelji na potisni analizi (Fajfar
2000 in PRILOGA D). V potisnih analizah je bila gpostavljena razporeditev obteZzbe, ki ustreza
prvi nihajni obliki. Treba je poudarjiti, da rezatt, dobljeni z N2 metodo, niso uporabljeni le za
dologitev duktilnosti. N2 metoda nantr@redstavlja pomemben del direktnega pristopae kigkazan

v poglavjih 5 in 6.

Rezultati N2 metode (slike 4.5, 4.6, 4.9, 4.10344.14, 4.17, 4.18, 4.21 in 4.22) tu ne bodo teia|
opisani zaradi obseznosti, ker gre za standardstopek.

EtaZne spektre odziva smauaali za naslednje primere neelésiin konstrukcij:

e Stena WO03: EP modgli£1,9 inp=4,0) in Q model|{=2,0 inu=4,2).
» Stena W10: EP modgli£2,0 inp=4,0) in Q model|{=2,1 inp=4,1).
*  Okvir FO3: EP modeli=2,0) in Q model{=2,1).

e Okvir F10: EP modely=2,1 inp=4,1) in Q model|{=2,2 iny=4,4).

Rezultati Studije (slike 4.7, 4.8, 4.11, 4.12, 4.4516, 4.19 in 4.20) kaZejo da so v spektrih
neelastinih konstrukcij Spice zaradi prve oblike niZje odtreznih Spic, dobljenih za elaste
konstrukcije. V primeru EP modela se te 3pice gd@pv blizu resonance elastie konsrukcije,
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medtem ko so v primeru Q modela 3pice premaknjeat galjSim nihajnim¢asom. Spice kazejo
trende, ki so podobni trendom, ki so bili opazemingelasttnih SDOF konstrukcijah.

Nekaj zanimivosti je opaZzenih pri spektralnih Spicki se nana3ajo na viSje nihajne oblike. To velja
za toge (W03 in FO3) in podajne (W10 in F10) kaunistije.

V primeru togih konstrukcij so Spice, dobljene &elasténe konstrukcije, lahko viSje od ustreznih
3pic, dobljenih za elagtie konstrukcije. Se bolj zanimiva ugotovitev je topspektralnih 3pic, ki se
nana3ajo na nihajne oblike s frekvencejoedfzps. Obe ugotovitvi potrdijo rezultate prejSnjin Studi
ki so jih opravili Sewell in sod. (1986) in Singhsod. (1996).

V primeru podajnih konstrukcij so v posameznih miih Spice etaZznih spektrov odziva, ki so
povezane z drugo nihajno obliko, reducirane v prjawe s Spicami, ki se pojavijo v elagtih
konstrukcijah. V tak3nih primerih je opaZzeno, dajonSpice podobne lastnosti kot maksimalne
vrednosti, ki so povezane s prvo obliko, vendan&imo manjSo duktilnostjo. Glede na to, da je v
potresnem inZenirstvu pogosto predpostavljenoedeeslastinost pojavi le v prvi obliki, so navedena
opazanja pripeljala do nekaj zanimivih vpraSanjblpmi rezultati kaZzejo, da se neelastist lahko
pojavi tudi v vigjih oblikahCe se to lahko zgodi v primerih enostavnih konstijukeso bile predmet
Studije, potem je jasno, da je realnaakiovati, da do tega lahko pride tudi v konstrultgijki imajo
pomembno wvge Stevilo nihajnih oblikCe ni mozno predpostaviti, da je neekasti obnadanje vezano
le za prvo obliko, potem je treba pravilno ocepitiresne zahteve tudi v vi§jih neelésth oblikah.
Chopra in Goel (2002) sta predlagala modalno potianalizo, ki zagotavlja oceno zahtev v
posameznih oblikah. V disertaciji je bil uporabljpadoben postopek, le da je bila uporabljena N2
metoda. Rezultati, dobljeni za konstrukcijo F10k{s#.21 in 4.22), kaZejo da je takSen pristop
nekoliko podcenil duktilnost.

Direktno dolo¢anje etaznih pospeskov v elagtnih in neelastiénin MDOF konstrukcijah

Rezultati parametne Studije, opravljene na MDOF konstrukcijah, ptadgjo med drugim osnovo
za analizo enega od najbolj pomembnih parametropatgesno projektiranje opreme coitljive na
pospeske: maksimalnega pospeska etaZze (PFA). Arjalipredstavljena v poglavju 5. Predlagan je
tudi postopek za direktno dd@lanje maksimalnih etaznih pospeskov, ki temelji 2anhetodi.

Dolocitev PFA je v primerucasovne analize odziva zamudna, vendar konceptuatostavna. V
inZenirski praksi je najbolj pogosto uporabljenadaloa spektralna analiza, v kateri so PFA dehd

za posamezne oblike na podlagi standardnega paigtgp. Chopra 2012). Tako doene PFA je
treba kombinirati z ustreznim kombinacijskim prawi, da bi doléili celotni PFA. V Studiji je bilo
ugotovljeno, da najbolj pogosto uporabljana kombijga pravila (SRSS in CQC), ki ponavadi
zagotavljajo dovolj téne rezultate za ¥@&o koli¢in (npr. pomikov), niso dovolj natana v primeru
absolutnih pospeskov v spodnijih etaZah, zlastimgnih togih MDOF konstrukcij. Glavni razlog za
takSnih primerih bolj primerne metode za modalnankmacijo, ki so navedene v USNRC 1.92
(2006). Treba je poudariti, da so te metode uparaankaterokoli kotiino. Ustrezne kombinacijske
metode so tiste, ki so jih predlagali Gupta in laydYow in ki so povezane z metodo manjkago
mase (Missing Mass). Preden so postale sestavid BRIRC 1.92 (2006), so bile omenjene metode
raziskane in preverjene v NUREG/CR-6645 (1999).rdpa omenjenih metod je enostavna. Nihajne
oblike s frekvencami nizjimi ofypa SO zajete v modalni reSitvi in za njih je trelperabiti Guptino ali
Lindley-Yow metodo. Vpliv nihajnih oblik s frekveami, viSjimi od fzpa je treba upoStevati z
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uporabo ene same dodatne oblike, ki je ¢h@a z metodo manjkaje mase. Vpliv te oblike na odziv
sistema je doken s statino analizo. Kotino je celotni odziv dobljen s kombinacijo rezultato
modalne analize in metode z manjkamonaso. Pregled kombinacijskih metod iz USNRC 12806)
je predstavljen v PRILOGI F.

Predlog postopka za direktno dédmje PFA v elastnih in neelastinin konstrukcijah, ki temelji na
kombinacijskih pravilih, omenjenih zgoraj, je preddjen v nadaljevanju. Treba je poudariti, da
predlagani postopek ne zagotavija rezultatov zadostatatnosti v vseh primerih. Razlog je
predvsem velika dlutljivost absolutnih pospesSkov na vpliv vi§jih njihid oblik. Nekateri
raziskovalci so se potrudili razviti poenostavljepestopke za dot@nje »bolj natatnih« PFA v
elastenih (npr. Miranda in Taghavi 2005, Singh in sodO@0Kumari in Gupta 2007, Pozzi in Der
Kiureghian 2012 in Moschen in sod. 2014) in ne&a#t (npr. Rodriguez in sod. 2002, Chaudhuri in
Hutchinson 2011, Wieser in sod. 2013 in Moschersad. 2013) konstrukcijah. Do tega trenutka,
noben od omenjenih postopkov Se ni bil Siroko sbrejpraksi. Tudi potresno projektiranje opreme,
obravnavano v razlhih predpisih, oliiajno temelji na PFA. Pinkawa in sod. (2014) so didire
zanimivo primerjalno Studijo dotb nekaj predpisov in ugotovili, da je potrebno iFenje aktualnih
predpisov.

Vrednosti PFA v konstrukciji se lahko délm z uporabo engbe 5.1 (str. 116). V primeru neeldsiih
konstrukcij je zelo pomemben del predlaganega p&stoporaba N2 metode, kar je detajino opisano
v poglavju 5. Uporaba kombinacijskih metod iz USNRS2 (2006) v primeru PFA je predstavljena v
enabah 5.2 (str. 116), 5.3 in 5.4 (str. 117). Trebagaidariti da je pri neelastiih konstrukcijah
uporaba modalne superpozicije priblizek.

Natartnost predlaganega postopka je najprej ocenjenarimaene elastinih konstrukcij, ki so
obravnavane v parametni Studiji. Rezultati predlaganega postopka so erjami z rezultati PFA,
dobljenimi iz paramettne Studije in, dodatno, z rezultatimi dobljenimiworabi SRSS pravila (slika
5.1). Ugotovljeno je, da v primeru togih konstryk®/03 in FO3) postopek ne zagotavlja prav dobrih
rezultatov v prvi etazi. V primeru podajnih konsicy (W10 in F10) so rezultati, dobljeni z Guptino
metodo praktino enaki rezultatom, ki so dobljeni iz SRSS pravéaadi dejstva, da Guptina metoda
pri podajnih konstrukcijah prehaja v SRSS prawlqrimeru elastinih konstrukcij je v predlaganem
postopku uporabljen tudi priblizen input spektdikés4.1). To je narejeno predvsem zaradi tega, ker
je ta input uporabljen tudi za neelast konstrukcije in je bilo pomembno videti, kak&ustopanja
se pojavijo Ze pri elastih konstrukcijah (ptiakovati je, da so odstopanja pri neetash
konstrukcijah precej w§a). Treba je poudariti da je priblizen input takSela za nihajne oblike z
nihajnim casom manjSim od 0,15 s ni razlike med spektralviradnosti, torej da sta ciljni in &ai
spekter popolnoma enaka. To npr. pomeni, da zatkdege W03 in FO3 razlika med &oim in
pribliznim inputom obstaja le ob prvi obliki. Retati, predstavljeni na sliki 5.2, so pokazali, a¢a s
odstopanja w&jo po visini konstrukcij, oziroma z #anjem vpliva prve oblike, za katero je pri vseh
obravnavanih konstrukcijah obstajala razlika mehito in pribliznim inputom (za oblike z nihajnimi
¢asi manjSim od 0,15 s ni razlike mednon in pribliznim inputom).

Primerjava direktnih PFA, dobljenih s predlaganimsiopkom, je narejena tudi za neelasdi
konstrukcije in rezultati so pokazani na slikah-5.8. 1z rezultatov je razvidno, da predlagani
postopek daje bolj naténe rezultate v primeru podajnih konstrukcij (W10FH0). V primeru togih
konstrukcij (W03 in FO3) so rezultati tBloma nekonservativni, v nekaterih primerih pa qedejo
pod vrednost thega PFA, zmanjSanega za standardno devijacijo.
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Direktna metoda za dol@&anje etaznih spektrov odziva v elasthih in neelasténih MDOF
konstrukcijah

V poglavju 6 je razvita in preverjena metoda zakiino dol@éanje etaznih spektrov pospeskov v
neelasttnin MDOF konstrukcijah. Metoda izhaja iz direktnetade, razvite za SDOF konstrukcije in
iz rezultatov parametmine Studije, opravljene na MDOF konstrukcijah.

V predlagani metodi so etazni spektri odziva defo za posamezne oblike in so nato kombinirani. Ta
postopek je v primeru neelastih konstrukcij seveda priblizek.

Prvi korak predlagane metode predstavljadareetaznega spektra odziva za posamezno obliken|zv
resonatinega obmgja se to naredi za vsako etazo z uporab@kan&.1 (str. 124). V resonarem
obmaju se spektralne vrednosti doi z eng&bo 6.3 (str. 125), ob uporabi eaza izréun AMP
(en&ba 6.4 za EP model in aeffm 6.5 za Q model, str. 125). Pri Q modelih je arelpoStevati
podaljSanje osnovnega nihajnegmsa konstrukcije, oziroma eftm 6.2 (str. 124). Pomemben del
direktne metode je N2 metoda in njeni rezultatidstavljajo kolEine, ki so uporabljene v omenjenih
enabah. V poglavju 6 so podani natan komentarji, ki se nanaSajo na posameznecikaiin
uporabo rezultatov iz N2 metode. Dodatno je v PRELD prikazan n&n dolotanja etaznih
pospeskov iz etaznih pomikov.

Drugi korak predstavlja kombinacija direktnih spekt dolaenih za posamezne oblike. Postopek je
opisan in analiziran v poglavju 6. Poudariti jebienaslednje: v prvem delu obé&je period opreme
(med T=0 in vrednostjoTs, ki se nahaja kmalu po Spici v spektru, ki izh@jgrve oblike) je treba
uporabiti eno od metod, predlaganih v USNRC 1.9206}. V preostanku obni@m period opreme
(podajna oprema) je treba uporabiti algebraivsoto (ALGSUM). Uprawienost njena uporabe je
dokazana z eghami 6.6—6.9 (str. 126 in 127). V poglavju 6 so @aal tudi navodila za povezovanje
spektrov dobljenih ob uporabi ragiih kombinacijskih pravil (USNRC in ALGSUM). Gréfii opis
povezave je prikazan na sliki 6.1.

Predlagana direktna metoda je najprej preverjenairgere elastinin konstrukcij W03, W10, FO3 in
F10. Uporabljen je ten input, Semer so eliminirane napake, ki izhajajo iz raziljnega spektra in
povpre&nega spektra izbranih akcelerogramov (slika 4.1firéktni metodi je uporabljena Guptina
metoda kombinacije, ki je bila povezana z metodonjk@oce mase. Glede na nihajn@se
konstrukcij je bila metoda manjka® mase uporabljena edino v primeru konstrukcije W& ultati
primerjave so pokazani na slikah 6.2-6.9. Rezulkatfejo, da za vse obravnavane primere
konstrukcij, v vseh etazah in v celotnem oljugeriod opreme predlagana direktna metoda vodi do
rezultatov, ki se zelo dobro ujemajo z rezultadblgenimi s¢asovno analizo odziva.

Pri preverjanju predlagane direktne metode za sg&l@ konstrukcije (slike 6.10-6.37) je bil
uporabljen priblizen input (ki je Ze omenjen priekitnem doléanju PFA). Razlog za to je uporaba
redukcijskih faktorjev, ki se praviloma uporabljdgza gladke spektre. V omenjenih &reh metode

so za neelasine oblike uporabljene vrednosti, dééme z N2 metodo. Dobljeni rezultati so primerjani
Z rezultati, dobljenimi sfasovno analizo odziva. V @i primerov se vidi solidno ujemanje. V
nekaterih primerih, predvsem pri Q modelih, paaéartnost predlagane metode nekoliko slabSa. Ne
glede na to lahko, ob upoStevanju vseh negotovostiezanih z dokanjem etaznih spektrov odziva
za neelastne konstrukcije, zakljgimo, da v veliki veini primerov predlagana metoda daje dobro
oceno etaznih spektrov odziva v neetashi konstrukcijah.
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Prispevki doktorske disertacije

Analize in Studije, opravijene v disertaciji, soip@ijale do raziknih ugotovitev in predlogov, ki
predstavijajo pomembne znanstvene prispevke naofjodpotresnega inZenirstva v povezavi s
projektiranjem in z ocenjevanjem opreme. Ugotovitvglavnem potrjujejo in razSirjajo opazanja
drugih raziskovalcev. Na podlagi teh opazanj, ja bazvita in verificirana originalna in za prakso
uporabna metoda za direktno dtdaje etaznih spektrov pospeskov. Predlagana méeodporabna
za elastine in neelastne konstrukcije, modelirane kot SDOF in/ali MDOBtsm. Glavni prispevki
disertacije so:

» Identifikacije najbolj pomembnih parametrov, ki waljo na etaZzne spektre pospeskov v
SDOF konstrukcijah.

Veliko Stevilo etaznih spektrov pospeskov, ki st #oloc¢eni scasovno analizo odziva ob
spreminjaju nekaj vhodnih parametrov, je omigoraziskavo vpliva, ki ga ima neelasio
obnaSanje SDOF primarne konstrukcije na odziv opreBlavne lastnosti etaznih spektrov
odziva so bile ugotovljene v celotnem ohijuoperiod opreme in narejena je bila jasnatéy
predresonatnega, resonanega in poresonégnega obm&a. Razmerje maksimalne vrednosti
etaZnega spektra odziva in pospeska konstrukcigefjairano kot faktor amplifikacij&MP.

* Predlog metode za direktno ddémje etaznih spektrov pospeSkov za neeélastiSDOF
primarne konstrukcije.

Novak in Fajar (1994) sta prikazala idejo za izkatje in razSiritev metode, ki so jo
predlagali Yasui in sod. (1993). Ta ideja je uptesta in realizirana v disertaciji. Razvita je
metoda za direktno dalanje etaznih spektrov pospeskov v nedlasti SDOF primarnih
konstrukcij. Direktni spektri dobljeni iz predlagametoda izven resonarega obmeja imajo
teorettno osnovo. V resongnem obmeju vrednosti etaznih spektrov odziva temeljijo na
empiriénih faktorjin amplifikacije, ki so predlagani nagiagi rezultatov parametrie Studije.

» |dentifikacije nekaj pomembnih parametrov, ki vplie na etazne spektre pospeskov v MDOF
konstrukcijah.

Studija etaznih spektrov odziva, dobljenin¢asovno analizo odziva za S&tiri enostavne
ravninske konstrukcije je omogjta identifikacijo nekaj zelo pomembnih karakteikisttaznih
spektrov pospeSkov v MDOF konstrukcijah. Narejemgasna Iditev med obmgji period
opreme Vv pred- in poresoramem obmeju, ki izhaja iz prve nihajne oblike. Opazeno j®bi
da se etazni spektri pospeskov priblizujejo spekttal po resonanci prve oblike. Raziskani so
bili vplivi vi§jih nihajnih oblik. Ugotovljeno je o, da imajo lahko zelo pomemban vpliv na
absolutne pospeske in etazne spektre pospesSkastth in neelastinih konstrukcijah. V
primeru togih konstrukcij je bilo ugotovljeno, da § posameznih primerih Spice etaznih
spektrov odziva, dobljene za neel&sé konstrukcije, lahko viSje od Spic, dobljenih za
elasténe konstrukcije. Se bolj zanimivo je, da obstajaidi 3pice, ki izhajajo iz oblik z zelo
visokimi frekvencami (nadi;ps). Obe ugotovitvi sta bile Ze opazeni (Sewell inl.sb986 in
Singh in sod. 1996). V primeru podajnih konstrulgipilo opazeno, da neeldasto obnaSanje
lahko obstaja tudi v vi§jih oblikah. V takSnih penih imajo resonama obmdja, ki pripadajo
drugi obliki, podobne trende, kot so se pokazatesonannih obmajih, ki so povezana s
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prvo obliko. Predlagan je postopek za oceno zahteselastinih visjih oblikah, ki temelji na
N2 metodi in modalni potisni analizi, ki sta jo glagala Chopra in Goel (2002).

e Predlog postopka za direktno dédmje maksimalnih etaznih pospe3kov (PFA) v MDOF
primarnih konstrukcijah.

Opazeno je bilo, da uporaba SRSS kombinacijskegailar za absolutne pospeSke ne
zagotavlja rezultatov zadostne natamsti v spodnjem delu konstrukcije. Zaradi tegebée
uporabljene metode za modalno kombinacijo, ki ssae v USNRC 1.92 (2006). Na ta
natin so bili dobljeni bolj nataii rezultati za PFA v elagtiih in neelastinih MDOF
primarnih konstrukcijah. V neela&tih konstrukcijah je bila za dalanje pospeSkov
uporabljena N2 metoda.

* Predlog metode za direktno ddémje etaznih spektrov pospeskov za neelestiMDOF
primarne konstrukcije.

Metoda za direktno dodanje etaznih spektrov pospeskov za MDOF konstreleijrazvita z
razSiritvijo metode, razvite za SDOF primarne kanstije. Pomembni deli metode so:
modalna superpozicija (ki je aproksimacija v primareelastinih konstrukcij), razline
metode modalne kombinacije v r&zim obmajem period opreme (metode predlagane v
USNRC 1.92 2006 in algebtamia vsota), in N2 metoda. Predlagana direktna mejeda
koristno orodje v fazi idejnega prjektiranja, indiwea kontrolo rezultatov dobljenih iz bolj
natagnih analiz. Metoda se lahko uporabi kot osnova p&npstavljene procedure v
predpisih.

Predlogi nadaljnih raziskav

Stevilo raziskav, ki so bile v preteklosti pogeae problemom potresne analize nekonstrukcijskih
elementov in vsebine stavb, ni zadostno. Bitdy potresnih zahtev za opremo, ki jecotljiva na
pospeske, je podée, ki nujno potrebuje nadaljne raziskave, zlastvezi z razvojem poenostavljenih
metod, ki lahko izboljSajo potresno projektiranjeoiceno opreme v praksi. Delni seznam problemov,
ki jih je treba raziskati, je omenjen spoda.

Parametkine Studije, vkljdno s tistimi v tej disertaciji, so oldijno narejene za razmeroma enostavne
elasténe in neelastne MDOF primarne konstrukcij€eprav dobljeni rezultati omogajo zelo dober
pregled glavnih karakteristik etaznih spektrov ms$ov, je treba narediti ¥garametidnih Studij na
bolj speciftnih in kompliciranih konstrukcijah. Posebno poz@n@e treba posvetiti vplivu visjih
nihajnih oblik.

Med razvojem in validacijo direktnih pristopov zalotanje maksimalnih etaznih pospeSkov in
etaznih spektrov pospeskov je bilo ugotovljeno, rdasplosno, w@na obstojeéih pravil za modalno
kombinacijo ne zagotavlja dovolj natarih rezultatov v primeru absolutnih pospeskov, saj
absolutni pospeski zelo altljivi na vplive visjih nihajnih oblik. Zaradi teglahko razvoj pravila za
modalno kombinacijo, ki je bolj ustrezno za uporabprimeru absolutnih pospe3kov, pripelje do
pomembnega napredka v inZzenirski praksi.

V primeru neelasthih MDOF konstrukcij, zlasti togih, daje predlagaliiektni pristop za dol@anje
maksimalnih etaznih pospeSkov na sploSno nekoli&konservativne rezultate. Zaradi tega bo v
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prihodnosti treba upoStevati doema izboljSanja predlagane procedure, morda v smiskdbe
korekcijskih faktorjev.

Predlagana direktna metoda za daltje etaZznih spektrov odziva ima teafeti ozadje izven
resonatinega obmga, saj temelji na principih dinamike konstrukaij.resonatinem obmeju so kot
osnova za definicij)AMP, uporabljenih v predlagani direktni metodi, updjate vrednostiAMP,
dobljene v parametni Studiji narejeni na SDOF sistemih. Parantetni Studija bila narejena za
izbrane nihajnecase SDOF sistemov, dve skupini akcelerogramovhisierezne modele in tri
vrednosti ciljne duktilnosti. Pripotivo je narediti dodatne parametne Studije, v katerih bi
analizirali e vé vhodnih parametrov, npr. zelo kratki nihajiasi SDOF sistemov, akcelerogrami
razlicnih karakteristik (predvsem w»near fault« akceleaoyj, histerezna pravila, v katerih je
upoStevano padanje nosilnosti.

Koncept etaznih spektrov odziva temelji na neponeaaalizi sistema konstrukcija-oprema, kar lahko
pripelje do konservativnih rezultatov. To dejstw jajbolj &itno v primerih, ko masa opreme ni
zanemarljiva v primerjavi z maso konstrukcije. \k3mih primerih je mog&e dobiti bolj nata&no
oceno etaznih spektrov odzivée se na nek ® upoStevajo vplivi povezanosti konstrukcije in
opreme. Ptiakujemo, da je to povezanost mozno upoStevati aitppdi v predlagani direktni metodi,
vendar je treba za to narediti ustrezno Studijo.

V predlagani direktni metodi je neel@stost upoStevana le v primarni konstrukciji. Kot mogt za
razsiritev predlagane direktne metode je trebatepas tudi neelastno obnaSanje opreme.
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ANNEX A: DERIVATION OF THE DIRECT METHOD PROPOSED B Y YASUI ET AL.
(1993)

Yasui et al. (1993) proposed a method for deterticinaf floor response spectra directly from ground
motion spectrum. The method is valid in the whaéqa range. The derivation was conducted for the
case of the linear elastic behaviour of a primdrycsure and equipment, which were modelled as
SDOF systems. The interaction between the struetndethe equipment was not taken into account
(uncoupled system). The equation for direct deteaton of floor response spectra was derived
analytically, by using the Duhamel integral for flesponse determination. It should be noted thet th
derivation conducted by Yasui et al. (1993) waspresented in their paper in detail. Therefore, the
derivation presented herein was conducted indep#iydm order to confirm the accuracy of the
equations derived by Yasui et al. (1993).

If a SDOF structure is exposed to ground accetmréiyt), then its response in terms of displacement,
velocity and acceleration can be expressed by Emsat\.1-A.3, respectively, wheke represents
natural circular frequency arddepresents damping coefficient.

u(t)=—%)_[; u, (7) exp{ ~éw(t-1)} sinw(t-7) dr (A.1)

a(t) =& 0, (r)exp{~&w(t-1)} sin(t-7) or -

) (A.2)
~[ d, (r)exp{ ~éw(t~1)} cosu(t-7)dr

(t) = (1= &) [, (7) exe{ ~éeo(t-7)} sinao(t-7) dr +

t (A3)
+2£a)_[0 U, (7) exp{ ~éw(t-7)} cosu(t-7)dr

In the derivation process, the absolute acceleratiothe mass of the primary structure exposed to
Ug(t) is denoted asi,(t). The absolute acceleration of the mass of thépewent exposed téi,(t) is
denoted asi(t). Additionally, the absolute acceleration of thaas of the equipment exposed directly
to Ugy(t) is denoted als(1).

Since damping coefficient is rather small, Equatho8 can be significantly simplified arigi(t), G(t)
andis(t) can be expressed as

i, (t) =a)pj-;[jg(r)exp{—£pa)p(t—r)} sinw, (t-7)dr (A.4)
u (t) = wsjéup(r)exp{ ~Ew(t-7)} sinw (t-7) dr (A.5)
U, (1) :a)sj(zug(r)exp{—{@s(t—r)} sinw (t-7)dr (A.6)

where w, and ws denote natural circular frequencies of the stmectand ecquipment, respectively,
whereas, ands denote damping coefficients of the structure andpment, respectively.
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The derivation of the equation for direct deterrtioma of floor response spectra was conducted
separately for non-resonawifws) and resonant cases,tws).

Non-resonant cased#ws)
In order to simplify the derivation of the equatiéor a non-resonant case, it was assumed that

damping coefficients for the structurg)(and equipment) amounted to 0%. By using such an
assumption and Equations A.4—A.6, Equations A.7-wege obtained.

a)j 7)sinw, (t-7)dr (A.7)
a)j r)sinw(t-7)dr (A.8)
a)j 7)sinw(t-7)dr (A.9)

Throughout the derivation process, integration bytgpwas frequently used, and it can be generally
described by Equation A.10.

Lbudv= U\i —Lb vdL (A.10)

By applying integration by parts on Equation Al& following relationships were obtained:

u=i(7) - duzdi'up(r) a
t ) cosw, (t-7) 1D

dv=sina, (t-7)dr - vzjosincc)s(t—r) =

| cosw(t-7)[7 ccosu(t-7) d _
us(t)—a)s{up(r) @ i J.O w, aup(r)dr -
=| ti, (t) -0, (0) cosm,t —J'O%u () cosoy(t-7) dr = (A.12)

0
td
=up(t)—'|'OEu (r)cosw,(t-7) dr
The relationship defined by Equation A.13 was ubedughout the derivation process.

% S RCT LR CIERTICER CIEREAE (A.13)

By usingr instead ok in Equation A.13, the following relationship wastained:
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d

t t 0
Ejo f (r,t)dr=joaf(r,t)dr+ f(7.1)] _, (A.14)
which led to
a4y (r)—ia) J'TU' (¢)sinw,(r-¢)d¢ =
dr ° dr Pl ?
(@)
=w, jo’aiug(()sinwp( ~¢)d¢ + f(r.1)|= (A.15)
T NN/

Equation A.12 was transformed into Equation A.1Biocl was subjected to integration by parts.

f(¢.1)
t)—.[0 J' )cosw (1 -¢) & cosv(t-T) o (A.16)

| S
dv

u

du=1 2] -, (¢) w,sine, (1= ¢) &+, f(r.7) o=
e (A.17)
:[—afpjorug(i)smw (r-¢)d¢ +al,(r )} ar, F—%(t_r)
0 (9=0,(9)+ AT 1y (o r-0) ] -
: . = (A.18)
LD, (¢)sine, (r-¢) o6 + ()
i, (t) =, +—L pJ' )sinw, (1-¢) & sinw t-7) dr -
0, (1) (A.19)
—g:j;ug(r)sinws(t—r)dr
ug(t) = (t +(—"j wI r)sinwt-7) dr -
(0 (A.20)

{2 afssnop-nar=u0- [ﬁjzus(t)—(%jzm

Ug 1)
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Finally, the absolute acceleration of the mas$efequipment was expressed by Equation A.21 as

(1) =;— (ﬁj i, (1) -, (1) (A21)

If elastic response acceleration spectraigif), denoted as(w,é), are used to describe maximum
values ofl,(t) andis(t) and the SRSS rule is used to combine these maxanthen the values of
floor acceleration spectraA{) can be determined from Equation A.22 &nd¢s denote damping
coefficients for the structure and equipment, respely).

&fﬁ {[EJZ%(%M} + §(wy€ ) (A.22)
4

Resonant cased,=ws)

In the case of resonanceyfws), Equation A.22 diverges, so separate derivagonecessary. It was
assumed that non-zero damping coefficients applyht® structured#0) and equipment&0).

The relationships defined by Equations A.23 and4Awere used permanently throughout the
derivation process, whereas the condition of eeqadliral circular frequencies of the structure and
equipment ¢,=ws) was used at the end of it.

fexp{ —Ew,(t-1)} sinw(t-7)dr =
A.23
=%{Essina)s(t—r)+ comu,(t-7)} exp-& w(t-7)} (A-23)

S

[exp{ =&, (t-7)} cogu,(t-7)dr =

= a)i{ —sine, (t—7) + &, cosu(t-7)} exp-&w(t-7)} (A.24)

S

When integration by parts was applied on Equatids the relationships defined by Equations A.25—
A.31 were obtained:

d.
du_dr o (7) or
v=[exp{~& e, (t-7)} sinw,(t-7)dr = (A.25)

=%{555inws(t_ r)+ cosw,(t-7)} exp-& w(t-7)}

S
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=t

i, (t) =a)sup(r)%{fssina)s(t—r)+ comw (t-7)} exp-& w (t-7)}| -

S =0
ot d :
_wsas OEU (r)exp{-Ew (t-7)} sinw(t-7)dr - (A.26)
1d
“a OEU (7)exp{-Ew (t-7)} cosv(t-7)dr

U, (t)=u,(t —Ejtiu (r)exp{ ¢ w(t-7)} sinw (t-T) o -

(A.27)
J' (7)exp{ &, (t-7)} cosv(t-7)dr
d . d T .
Sy (1) =, 0, () exp{ =€ 0, (7 - 0} sinw, (7 - ¢) o7 =
1en (A.28)
= w, J'Oraar exp{ ~&w, (7 Z)} sinw, (1=-7)d¢ + (7 1)
W, r“g IN\=¢ww, ~§ (T () sinw (1-{)dd +
I)=w jo u, ( )( w )exp{ w (1 )} sinw (7-7) A.29)

+a, [ (¢) w,exp{ ¢ w,(7 =)} coso(r-¢)d¢

d r
——Up :wsz Uy (¢ —$ w7 ¢ \T—¢)dd -
el r) IO Uy () exp{~&w,(r = ¢)} cos (r-¢) A30)

~&, ], Uy () exp{=€ (1 = )} sinw,(r-¢) dd

0, (1) = 0, (1) = & @, 0 () exp{ =€ (7= ¢ )} coso (r-¢) & T
exp{—&,w,(t-7)} sinw,(t -7)dr +

+& [ £hf ug(¢)exp=€ po,(r =)} sinw (r-¢)d¢ O

exp{ —&,w, (t - r}sina)s(t—r)dr—

a0, € ere{ & () com,(r4) 8¢

exp{ ~&,aw, (t-7)} cosu,(t-7)dr+

£ 8, (0)ol -1 ) s (r-2) 8¢

exp{ ~&,w, (t-7)} cosu,(t-7)dr

(A.31)

Equation A.31 is quite complicated and its partsenanalysed separately. It was rewritten as

g (t) =u,(t)-&,A+&B- C+ D (A.32)
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A= a2[ u,(¢)exp{-¢,w,(r =)} cosuy(r-¢) d D

exp{~&w,(t-7)} sinw,(t-7)dr

B=| &af [ ,(¢)exp(~¢ w,(r-¢)} sinw,(r-¢) a7 C
exp{-&w,(t-7) } sinw,(t-7)dr

C=| ek [ t,(¢)exp{~&,mw,(r~¢)} coso,(r-¢) a7 O

[@xp{ ~&,w,(t - 7)} cosu(t-7)dr

D= &,a2[ tiy(¢)exp{ e, (7 =)} sin, (1= ¢)dd
[@xp{ ~&,w, (t - 7)} cosu(t-7)dr

(A.33)

It should be noted th&tB can be neglected in Equation A.32 since dampirthestructured,) exists
in B, i.e. it is obvious thafy, is practically equal to zero. The following retatship was obtained:

U (t)=u,(t)-&,A-C+ D (A.34)

Integration by parts was first applied on the gadf Equation A.34 and the following relationships
were obtained:

dv=exp{-&w,(t-7)} sinw(t-7) dr
v=[exp{ -, (t-1)} sinw,(t-7)dr = (A.35)

~ %{ &, sinw,(t—7) + coz,(t-7)} exp-& w(t-7)}

S

u=af[ 0y (¢)exp{~&,w,(r - )} coso,(r-¢) &

f({.1)

du=c IJ%%(Z)exp{-fpwp(T-f)}cow( EIRARIY )}‘Y: (A.36)

= —Epa)E)I;Ug (Z)eXp[ _Epwp(r - Z)} COS&)p(T - Z) d¢dr -
_C‘fp,[orug (Z)eXp{ _Epwp(r _Z)} Sim)p(T - Z) d¢dr + wzpug (T)dT

ud %, = af [ 0 (O)exp{ &, (r = 7))} coso,(r-¢) & O

1 . L g— (A.37)
Elaz{ &, sinw,(t—7) + coxo,(t-7)} exp-¢w(t-7)} 3y {( _ rj
(r)exp{-¢,w, (t-1)} cosu,(t-7) drz—ﬁ'u (9 (A.38)
PP p a)s p '

==, (t)
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v [ 0] 4 (€)erp{ 40, (r=0) s (r=¢) e
Up(r)

@xp{ ~&.w,(t-1)} cosw(t-7)dr - (A.39)

_Z:LU (r)exp{ &, (t-1)} cosv(t-7)dr

Note that all parts of Equation A.39 which were tiplied by damping coefficient of the structure
and/or equipment were intentionally left out sidcevas multiplied by damping of the equipmedy (
in Equation A.34, i.e. these parts are practioadjyal to zero in Equation A.34.

_J';vduzgzj'; 0, (r)exp{—&.w,( t-7)} cos(t-7) or -

o (A.40)
t .o
—Z:J'Ou exp{ —Ew(t-1 } cosw (t-7)dr
—jovdu=—zz US(t)JrZZ (9 (A.41)
r= o o . CL)Z.
A== v =ty ()= u( 2y} (A42)
The following relationship between velocity and elecation was applied in Equation A.42
an(t)=u(t) (A.43)
W, w,\ w,\
A=——0, (1) = —= | W (g =] U9 (A.44)

Integration by parts was applied on the gadf Equation A.34 and the following was obtained:

dv=exp{-&,w,(t-7)} coso,(t-7)dr

v=[exp{~&w,(t-7)} cosw,(t-7)dr = (A.45)
=%{—sina)s(t— )+ &, com (t-7)} exp-Ew(t-1)}

S

u= afpj; U (()eXp[ _Epwp(r_z)} Co‘cwp(r_z) ad
du=~&,af[ 0, ({)exp{~&w, (1= ¢)} comw,(1-¢) & o - (A.46)
_a);,[;ug (Z)EXp{ _fpwp(r - ()} Sinwp(r - () dddr + wzpug(r) o



viii Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

w2, = af [, 0 (£)exp{~¢,w, (7 = ¢)} cosw,(r-¢) & O

1, . (=t (A47)
E_,Js{_smws(t— )+gr cosu t— } eXI{) fsa)s(t— )} FO((:J

. o W,
uf™ —{SZup(t)— 555 u,( 9 M

—J;vduz—{pgzj;j;'L'Jg(Z)exp{—Epa)p(r—Z)} coxop(r—Z) a4’ C
[exp{ ~&,aw, (t - 7)} sinw,(t -7)dr -
(L 10, (<)o £, (r =) s r=¢) ¢ @

tp(7)

exp{ —&w,(t-7)} sinw,(t -7)dr +

@ t. B _ _ )
+(ES] wsjoug(f)exp{ C(Sws(t T)} sma)s(t T)dr+
Ugg ()
+f%jtw‘[ exp{ ~& w (1 Z)} sinw (1-¢)d¢ 0
s a)s o Plo Q o
iip(7)

[@xp{—¢.w, (t - 7)} cosu,(t-7)dr -

£ wzj r)exp[-&w,(t-1)} cosv(t-7)dr
0 (A.49)

Note that the part of Equation A.49 which was nplikd by damping coefficients of the structure and
equipment was intentionally left out since it isically equal to zero.

-ILVdu=-fp§jI;I§ U (¢)exp{ ~£,,(r=¢)} com,(r=¢) & T
@xp{ ~&.aw,(t - 1)} sinw,(t-7)dr -

a)p ? t _ _ ) _
—(ZS] a)sjoup(r)exp{ Ew(t-T)} sinw(t-7)dr + (A.50)

ug(t)

i W
+(%j Usg(t)+{SZZJ-OUp(T)eXF{—g£L)S(t—T)} COS&)it—T) dT+
-ug(t)
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—Livdu=-<‘p§:ﬁj; 1 (¢)exp{~¢,,(r ~¢)} comu,(r—¢) & €
exp -, (t - T}Sina)s(t—r)dr—[%TUs(t)+(%}2'usg(t)— (A51)

Now the parC of Equation A.34 can be expressed as

C=—Es—pu j j exp{—fpwp(r—i)} cosv (1=-{) /' L

jz (1) +(Z’;T 0(1)- (A52)

)

exp{ ~&.w,(t - T}simos(t—r)dr—[z))p
& (%T i, () + gs(%jz e

Integration by parts was applied on the faf Equation A.34 and the following relationshipsre
obtained:

dv=exp{-&,w,(t-7)} coso,(t-7) dr
v=[exp{~&w,(t-7)} cosw,(t-7)dr = (A.53)

= %{ —sina, (t-7) + &, cosw,(t - 1)} exp-¢& w (t-7)}

S

u= fpwlzaj.or ug(Z)EXp{_Epwp(r_Z)} Sim)p(r_() a7
du=-&ap[ 0, (¢)exp{ & w,(r=¢)} sinw (1-¢) & dr + (A.54)
+£pa)?)j0rug(()eXp[_Epwp(r_()} Co‘cwp(r_() dgdr

w S, = & [ Uy (§)exp{=€ (1 =)} sinw (r-¢) & D

[—Il—{ —sina, (t-7) + &, cog,(t - 1)} exp-&w(t-7)} _ {; itrj (A.55)

w,

w2, =

—J'tvdu=5 ﬁ.[t.[r‘Ug(Z)exp{—fpa)p(r—i)} cosv,(1-{) & [

exp{~&.,(t - 7)} sinw,(t-7)dr

(A.56)
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Note that the parts of Equation A.56 which were tipliéd by two or more damping values were
intentionally left out since these parts are pradhy equal to zero.

Finally, the parD of Equation A.34 can be expressed as

=6, Joo U (€)exe{ =6, (1 =) coso (r =) ac ¢

(A.57)
exp{-&,w,(t - 1)} sinw,(t-7)dr
WhenA, C andD were inserted in Equation A.34, the following telaship was obtained:
i @, @Y (@)
o.(0=0,()+& o,y re 2] uy-e[ 2] ufys
+& “y (t)+& ﬁﬁru (()exp{—frp) (r—()} cogo (1-7)dd L
" P g, J0do 9 p p
w, w,\
e (t=7)} sinw(t-7)dr+| == | U t)-| == | U )+
xp{ =&, (t = 7)} sinw,(t-7)dr (WSJ ayt) (wj u 1) A5
@ o (D)
+<2(;J ti () fs( wsj Ugq (1) +
C(f ter |
#7 Jolo s (€)=, (7 =<} cosoy(r =¢) a0
@xp{ —&,w,(t - 7)} sinw,(t-7)dr
N AN o
0. =0,(9 {122+ 2 (ar 2H{uf-uf o)+
+2£pﬁraﬁrug(i)exp[—fpwp(r—()} cogo,(7-¢)d¢ C (A.59)
exp{ ~&.w,(t - 7)} sinw,(t-7)dr
w) (w)Y @
t, (t) =up(t){1+ 2{—"}{5" {1+ 2 u()-u )+ Z ﬁ A (A.60)
w) ()
(9=0,) {12, o[ 2] (2 2){uld-u )
) ) (A.61)
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0, (1) = Up(t){1+ 2‘(%:_ 2‘(”(%}2} '

w 2 w, w 2 w
+us(t)[ﬁj {14_ 2% - szp}_usg(t)(jJ {1+ Z-Z pj}

The condition of equal natural circular frequencadsthe structure and equipmenb,tws) was
applied, so the following expression was obtained:

0,(t) =ty (1+ 2(6,-€ ) + o1+ e - € Jp-u )1+ 4e -6 ) (A.63)

(A.62)

2(¢, - &)u,(t) =u,(1) - 1Y) (A.64)

Finally, the maximum absolute acceleration of thassnof the equipment can be expressed by
Equation A.65.

2(&,+&)u,(t)  ={u(0)- vt} (A.65)

max max

Equation A.65 can be expressed in the same masnggaation A.22, i.e. by using elastic response
acceleration spectra df(t):

A= \/S (w,¢,) “+S(w,é ) (A.66)

(f +&)

In order to obtain an equation which can be usedife direct determination of floor acceleration
spectra in the whole period range, Equations A& 66 were linked together as:

2

A= — L . {(%ste(wpfp)} + §(w,é )’ (A.67)
Halj4eafa] T

If natural periods of the structufd,) and equipmentTg) are used instead of the natural circular
frequenciesy, andws, Equation A.67 can be expressed as:

A.= — L . { L 2SF_\(TF,,fp)}Z s( T (A.68)
e

which concludes the derivation process.
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ANNEX B: APPLICATION OF THE REDUCTION FACTOR R, IN THE SEISMIC DESIGN
OF EQUIPMENT

In the seismic design of primary structures, theliagtion of inelastic pseudo-acceleration speistra
widely adopted. For the design purposes, inelagsieudo-acceleration spectra are obtained by
reducing elastic pseudo-acceleration spectra Walhréduction factoR,, which represents the ratio of
elastic and inelastic strength demand (Vidic ett8P4). Numerous researchers have investigated the
relationship between elastic and inelastic acceterapectra and proposed various definitions ef th
reduction factoR,, which is also often called strength reductiortdacsince it represents the ratio of
elastic and inelastic strength demands. A listhaf tnost important propositions made by different
authors was provided by Miranda and Bertero (1994).

In the methods for direct generation of floor resg®spectra proposed in the dissertafiyrproposed

by Vidic et al. (1994) is used. Thig, was defined on a basis of pseudo-acceleratiortrsp&ene of
the most common assumptions in earthquake engimeirithat the pseudo-acceleration is practically
equal to the absolute acceleration. It will be shdkat, generally, this assumption is valid onlyhe
case of linear elastic primary structures, whil¢hia case of inelastic structures, significanteddhces
occur, especially in the case of structures wighéar ductility demand.

First, the accuracy of the reduction fac®r proposed by Vidic et al. (1994) was investigated.
Analyses were conducted for two different setsrougd motions (described in Section 2.1). "Mass-
proportional" damping of the SDOF structure amodrite5%. The constant target ductility factor
was assumed throughout the whole period rangetaamddunted to 1.0 (linear elastic structure), 1.5,
2.0 and 4.0. The EP and {hysteretic models were taken into account. Mednegaof elastic and
inelastic pseudo-acceleration spectra for eachosground motions were calculated by using the
aforementioned hysteretic models and target dtycfaictors. Reduction factof§, were calculated as
the ratio of elastic and inelastic pseudo-accataratpectra and the results are presented in F§jdre

It can be observed from Figure B.1 that Ryeproposed by Vidic et al. (1994) is in good agreeime
with the "exact" reduction factor for both setsgobund motions, both hysteretic models and allgtarg
ductility factorsy, and therefore, this study confirms its accuracy.

Second, mean values of elastic and inelastic atesaliceleration spectra were calculated by using al
of the aforementioned input data. The "exact" rédadactorR, was calculated as the ratio of elastic
and inelastic absolute acceleration spectra ansh @genpared with thdy, proposed by Vidic et al.
(1994). The results are presented in Figure B.2.

It is obvious from Figure B.2 that the "exact" retlon factorsR, are in good agreement witR,
proposed by Vidic et al. (1994), for both sets @iumnd records and both hysteretic models, but only
cases of low target ductility factogs It can also be observed from Figures B.1 and tBa® the
"exact" reduction factor®, obtained from the absolute acceleration spectaraall cases smaller
than those obtained from the pseudo-accelerati@ctisp This means that the values of absolute
acceleration spectra are larger than the valugseidido-acceleration spectra. The conducted analyses
indicated that the differences between spectralesincrease with an increase in the ductility deima

of the structure, whereas in the case of a lin&sstie structure these differences practically db n
exist. In order to identify the causes that leadlifterences between inelastic absolute and pseudo-
acceleration spectra, additional analyses were wtad, whereby some of the structural properties
were modified.
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5 - EP model, soil B 5 - Q,o model, soil B
4 4
3 3
2 2
1 1 "exact" u=1.5 "exact" u=2.0
0 T T T 0 "IexaCt" l.‘|'|:4..() T T IT [S]
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
5 - Q,o model, soil D
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0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 25

Figure B.1: Proposed simplified and "exact" reduttiactorsR, calculated from pseudo-acceleration spectra (5%
damping of the structure)

Slika B.1: Predlagani priblizni in »tai« redukcijski faktorjiR, izratunani iz spektrov pseudo-pospeskov (5%
duSenja konstrukcije)

5 - EP model, soil B 5 - Q.o model, soil B
4
3
2
1 prop.u=1.5 ===-=- prop. u=2.0 11 "exact" pu=1.5 "exact" u=2.0
0 L === prop. u=4.0 T|s] 0 "exact" u=4.0 TJs|
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
5 - Q,o model, soil D

Tls] T|s]
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

Figure B.2: Proposed simplified and "exact" reductiactorsk, calculated from absolute acceleration spectra (5%
damping of the structure)

Slika B.2: Predlagani priblizni in »tai« redukcijski faktorjiR, izratunani iz spektrov absolutnih pospeskov
(5% dusenja konstrukcije)
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The first structural property that was modified wlas damping of the structure, and it was takemeto
equal to 0%. It is well-known that damping forcead to produce unrealistic results in the case of
inelastic structures, especially in those with hiigictility demand. By using several ground motiass
input, structures with different natural periodsdatifferent ductility demands were analysed and
absolute and pseudo-accelerations were calculdiee. results of the analyses showed that the
differences between absolute and pseudo-accelesadid no longer exist in the case of the EP model,
whereas in the case of thgyQnodel that was not the case. By keeping the zaropihg of the
structure, the Q hysteretic model was modifiedrsa the hardening was not taken into accout (Q
model). Analyses were conducted again and theraataiesults showed that the differences between
absolute and pseudo-accelerations vanished. Theréfi@ following can be concluded:

1) In the case of inelastic structures, absolute aseligio-accelerations cannot be treated as
equal.

2) An increase in the ductility demand increases ilfferdnces between absolute and pseudo-
accelerations.

3) The above mentioned differences are caused by damijorces and by the hysteretic
behaviour of the structure (hardening turned oltet@n important cause).

Up to this point a "mass-proportional” damping moslas used in all cases. In order to investigage th
influence of damping forces, two additional dampimgdels were used: damping proportional to
secant stiffness and damping proportional to caséfiness. Due to simplicity, only the EP modél o
the structure was analysed. Structural response amatysed in terms of inertial, damping and
resisting forces. In structures, inertial forces associated with absolute accelerations, whiistheg
forces are associated with pseudo-accelerationmpidg force represents the difference between
inertial and resisting forces. This difference specially obvious when inelastic structural behavio
occurs. Again, several ground motions were appisdnput and structures with different natural
periods and different ductility demands were aredys

The influence of damping forces was most signifigarthe case of the "mass-proportional” damping
model, i.e. the differences between inertial arsisting forces were the largest. Damping propoatfion
to secant stiffness gave somewhat smaller influesicelamping forces, i.e. smaller differences
between inertial and resisting forces. In the aglsen damping was proportional to current stiffness,
inertial and resisting forces were almost equalicivimeans that damping forces practically did not
influence the response in the inelastic region.

Since resisting forces in structures are associatddpseudo-accelerations, it is fully justifienl tise
pseudo-acceleration spectra and correspon&indactors for seismic design of both elastic and
inelastic primary structures. On the other handjmyent is exposed to absolute accelerations of the
primary structure. The results presented aboverlglestiow that in the case of inelastic primary
structures, absolute and pseudo-accelerations téentreated as equal. Differences between them
increase with an increase in the ductility demartis implies that the application of an inelastic
spectrum obtained by reducing the elastic accéberagpectrum by a reduction fact®, may
sometimes produce slightly non-conservative resuoltthe seismic design of equipment. The main
reason for this is the fact that the reductiondexcR, provided in the literature are based on pseudo-
accelerations. Unfortunately, as far as the autfidhis dissertation knows, there are no propofeals
the calculation of inelastic absolute acceleragpectra, nor there are any discussions regarding th
relationship between inelastic absolute and psewdelerations.
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ANNEX C: EVALUATION OF THE EQUATION FOR DETERMINATI ON OF THE
EFFECTIVE NATURAL PERIOD OF THE STRUCTURE PROPOSED BY AKIYAMA (1985)

In the case of inelastic SDOF structures whose \iehais represented by stiffness degrading (Q)
models, natural periods are longer in comparisotiéocorresponding elastic systems. Therefore, the
effective natural periodTf,,) should replace the "elastic" natural peridg) {(n analysis.

A simple proposal for approximate determinatiortied effective natural periodi{,) was made by
Akiyama (1985).T,, can be expressed by Equation C.1, which was adatamth a slight change of
the form of the equation originally proposed by yekina (1985). Note that denotes ductility factor
in Equation C.1.

- fl"' H+H
Tou=Tp 3 (C.1)

The accuracy of Equation C.1 was investigated loygusome of the results obtained in the parametric
study of floor response spectra conducted on SDfRapy structures (Chapter 2). Namely, the
values ofT, , obtained from Equation C.1 were compared with"#eeurateT, , determined from the
position of floor response spectra peaks obtainetieé parametric study. The selected results shown
herein were obtained for set of ground records whimrresponds to soil type B (see Section 2.1), for
structures with natural periods equal to 0.2, 0.3, 0.75, 1.0 and 2.0 s. The Q model with 10%
hardening (@) was taken into account, and three different \&alofgu were considered (1.5, 2.0 and
4.0). The damping of the structure amounted to B#tereas the damping of the equipmefy (
amounted to 1% and 5%.

The errors of the approximalg, obtained from Equation C.1 are shown in Tablesa&hd C.2, for
the damping of the equipment equal to 1% and 5%exs/ely. A negative error indicates that the
approximateT, , is smaller than the corresponding "accurdjg,'obtained in the parametric study.

Table C.1: The errors of the approximdg, in comparison to the "accuratg;,, 1% damping of the equipment

Preglednica C.1: Napake priblizril, v primerjavi s »ténimi« T, ,, 1% duSenja opreme

Errors [%] T,~0.2s T,03s T,=05s T,=0.75s T,~1.0s T,=2.0s

n=15 7 -3 6 5 1 11
H=2.0 5 -2 5 7 4 22
p=4.0 -2 9 -1 1 18 0

Table C.2: The errors of the approximag, in comparison to the "accurat&; ,, 5% damping of the equipment

Preglednica C.2: Napake priblizrilh, v primerjavi s »ténimi« T, ,, 5% duSenja opreme

Errors [%] T,=0.2s T,=0.3s T=05s T,=0.75s T,1.0s T,=2.0s

p=1.5 10 2 3 5 4 13
pu=2.0 4 -3 9 12 5 25
pH=4.0 0 17 9 5 7 3

It can be concluded from Tables C.1 and C.2 thaiaEgn C.1 generally provides a good estimate of
the effective natural perio@l,,. Larger deviations can be observed in the casbheo$tructure whose
natural period amounts to 2.0 s.
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ANNEX D: OVERVIEW OF THE N2 METHOD

This annex presents an overview of the nonlineahpuer-based N2 method, which was developed at
the University of Ljubljana by Prof. Fajfar and tdssociates (for method details see Fajfar 2000).
Being relatively simple, it represents a powerfubltfor the performance based design. It has been
widely accepted in practice and it was also integtan Eurocode 8 (2004). Nevertheless, like all
approximate methods, the N2 method has severahtioms. It is applicable in the case of structures
for which the influence of higher modes is smalppfoximate inelastic spectra are used in the
method, but there is no limitation on the type wélastic spectra which should be applied. The
assumption of time-independent deformed shape énptishover analysis represents an important
approximation, which may produce certain problemghe case of structures where higher mode
effects are significant. The problem of higher meffects can be overcome by using the extended N2
method proposed by Kreslin and Fajfar (2012). Thehod takes into account higher mode effects
both in plan and in elevation, and it is basedt@dssumption of elastic structural behaviour & th
case of higher modes, i.e. the contribution of &igimodes can be determined by using the elastic
modal analysis. The main steps of the standard Ethod used in the dissertation are presented
below. An approach for the determination of floocelerations from the obtained floor displacements
is also proposed.

A mathematical model of the structure should baldsthed. It should be represented with a planar
MDOF system used in standard elastic analysis, @miplemented with the nonlinear force-
deformation relationships for structural elememthjch are most commonly beam-column elements
with plastic hinges at both ends (concentratedtiplgs approach). Seismic input should be defined
and it is represented through the elastic pseudela@tion spectrurfs, through which the structural
damping is taken into account. Performing a pushamalysis represents the next step in the
application of the method. It is common to assuhee"first mode" height-wise distribution of lateral
loads. For this purpose, the vector of the firsdmdérom the elastic modal analysig)(should be
normalized so that its component in the top stam@punts to 1.0. Lateral loads should be determined
as the product of the first mode shape componeationsidered storey and the storey mass as

P=Mg (D.1)

whereP denotes the vector of lateral loads &hdlenotes a mass matrix. After the pushover analysis
is performed, a relationship between the base gr¢and the top displacemem) (s determined.

Effective massn and transformation factdr can be determined from Equations Dlaiénotes unity
vector).

. m
m=¢g M1, [ = D.2
a TP (D.2)
In order to obtain the quantities of an equivalSBXOF system, the quantities obtained for MDOF
system should be divided with the transformatioctdal”. Therefore, the base shear force and the
displacement of the equivalent SDOF systémandd’) are obtained from Equations D.3.

(D.3)

~N|m
S| a
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The obtained= —d relationship should be idealized as elasto-pdyfgatastic (see Figure D.1 taken
from Eurocode 8 2004). The vyield force, which reprds the ultimate strength of the idealized
system, is denoted aéj*, whereas the corresponding yield displacementeisot:d asdy*. Both
gquantities should be determined so that the aradsruhe actual and idealized force—deformation
curves are equal.

('!r:r. i ’

Figure D.1: The determination of the idealized édisplacement relationship

Slika D.1: Dol@itev idealizirane zveze sila—pomik

The effective natural period of the equivalent SD¥yBtem can be determined from Equation D.4.

. (D.4)

If the idealized forcé& is divided with the effective mass, the acceleratio8, is obtained. The plot
of S, versus the idealized displacementepresents a capacity diagram, in which the acatie Sy
is the one that corresponds to the yield foFge The determination of the reduction fact®y
represents the next step which can be conductedibyg Equation D.5.

R.=—5 (D.5)

In the case when the effective peribdis larger than the characteristic period of theugd motion

T¢, equal displacement rule can be applied (inelassiglacement demand is equal to elastic demand).
By contrast, whefl <Tc, equal displacement rule is not applicable. Ttspldcement demand can be
determined according to Equations DS, (s a value in the elastic displacement spectrum).

(D.6)

g =sde(T)=[T—*j2 5( 7). T> T
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The corresponding ductility demapdcan be obtained from Equations D.7.

- _q) e
,u-1+(Ry l)T“ T<T (0.7)

H=R,, T>T

The target displacement in the top storey of theQWsystemd,) can be determined from Equation
D.8 and pushover analysis should be performed itp to

d=rd (D.8)

Storey displacementd (j denotes a storey) are determined once the puslamedysis is conducted
and the floor acceleratiomscan be determined from Equation D.9.

2\ d.
«=(F) % oY

Equation D.9 is based on Equations D.10 and Daldefiotes absolute acceleration ahdenotes
displacement), which are valid for SDOF systemgeasgnted with a bilinear force—displacement
relationship (see Equations 2 and 3 in Fajfar 2000)

_s(T)

a= R (D.10)
_u(TY _(TY

d—?y[%j se(T)_y(z—ﬂJ 3 (D.11)

Storey accelerations can also be determined byyubim inelastic first mode shape vecigl®. The
component of the vector at each storey is obtamedhe ratio of floor and roof displacements,
obtained from the pushover analysis conducted tipetdarget displacemedt The acceleration in the
floor j can be determined from Equation D.12. Such ancaapris used in the proposed procedure for
the direct determination of peak floor accelerati@nd floor response spectra in inelastic MDOF
structures.

inel Se( T)
& =lg —=— (D.12)

74
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ANNEX E: FORMULA FOR DIRECT GENERATION OF FLOOR RES PONSE SPECTRA
OUTSIDE THE RESONANCE REGION FOR MDOF STRUCTURES

The derivation presented herein is similar to the presented in ANNEX A. It was conducted under
the assumption of the linear elastic behaviouthef MDOF primary structure and SDOF equipment.
The interaction between the structure and equipmestneglected, i.e. uncoupled analysis was taken
into account, and the Duhamel integral for the oesp determination was used (for equations see
A.1-A.3in ANNEX A).

The absolute acceleration of the mass of the pyirstiucture for the modieat the floorj exposed to
Ug(t) is denoted ag; j(t). The absolute acceleration of the mass of thépemnt exposed tdp (t) is
denoted adi(t). Additionally, the absolute acceleration of thess of the equipment exposed
directly tolg(t) is denoted ads(t).

Analogous to the case of elastic SDOF primary stires considered in ANNEX Al j(t), Us,i(t) and
Ust) can be expressed as

tyy (1) =7 g sy [, (r)exe{ =&, (t=0)} sinay, (1-7) o (E.1)
Usvij(t)za)sﬁup, )exp{ —&w,(t-7)} sinw(t-7) dr (E.2)
t) =, t(r)exp{-¢ w t-7)} sinw (t-7) dr (E.3)

wherew,; andws denote natural circular frequencies of the stmecfor the mode and equipment,
respectively,; andés denote the damping of the structure for the maated equipment, respectively,
I3 is modal participation factor for the modey is a value of eigenvector for the macat the floor].

The derivation of the equation for the direct deti@ation of floor response spectra was conducted fo
non-resonant case&{#ws), as shown below. Due to simplicity, zero dampivaes assumed for the
structure and equipment, i&,=~=0%. By using this assumption and Equations E.1-EcBations
E.4—E.6 were obtained.

toy (1) =79, [, (7)singg, (t-7) r (E4)
g, (t) = a)SJ.; i, (7)sine,(t-7)dr (E.5)
a)j r)sinwt-7)dr (E.6)

By applying integration by parts on Equation E.§u&tion E.7 was obtained.

(920, (9[- 6, (r)osaa(t-7) E.7)
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By using the relationship defined by Equation Airighe same manner as in ANNEX A, Equation E.8
was obtained.

d
oo (D=1964 [} (¢)cosa, (r=¢) &¢ (E8)

Equation E.7 was transformed into Equation E.9clhvas subjected to integration by parts.

f({.7)

i, (t)=u, /'qgj‘ agf iy ({)cosw, (7-¢) & cosq (t-7) o (E.9)

dv

u

du=a, [0, (), 50, (r—¢) &+, f(w)} ‘-
%) (E.10)
NI _sina(t-7)
(et [0 ()i, (r-0)ac s e (o), ==L
4 (0=0, (94 g g (14 (e)oosa (r-0) ] -
: = (E.11)
ra ;;S'”“’ (ws 6 (¢)sina, (1-7) a7 +af, (1)) ar
Uy, (t)=u,; (1) “ Na {)sina, (=) & sin (t-7) or -
Uni(7) (E.12)
g [y (1) singg (t-7) d
iq@zjoug(r)smag( r)dr
ug, ()=t (t +( ""j a)j o (T)sinay (t=1) dr -
A0 (E.13)

-ra ) af (sinaa(t-r) =, (9 (“"“jzu,m)—ri%(%jjzug(v)

)
tsg(1)

S

Finally, the absolute acceleration of the mas$efaquipment can be expressed by Equation E.14.

g, () =;{[ - J U ()= 79 4 (t)} (E.14)
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It can be observed that Equation E.14 is analogousquation A.21 from ANNEX A. The only
difference is the presence of the prodligg, which is visible in the case of the acceleratdrthe
equipment, whereas in the case of the accelerafitive structure it is contained within thg;(t) (see
Equation E.1).

If elastic response acceleration spectrdigf), denoted a(w,&), are used to describe maximum
values ofl, () and Us(t), then the maximum accelerations of the strucame equipment for the
modei and the storeycan be determined &84 Sy(wp.i.&p,) andl i@ S(ws &), respectively.

If the SRSS rule is used to combine these maximflo, acceleration spectrum values outside the
resonance region for the moidat the floorj (Asc,j) can be determined by Equation E.15.

2

ri% £&J Se(wp,i'gp,i) + %(a)s,fs)z (E.15)

2
W, ;

It is obvious from Equation E.15 that the floorpesse spectra values for individual modes may be
positive or negative, which depends on the sigthefproduct’ig. This may seem strange since by
definition any spectrum should be positive. On titleer hand, floor response spectra obtained for
individual modes do not have any physical meanwtgch justifies the negative sign.

Agi = w,,

Finally, in the case of inelastic MDOF primary stiwres, the direct determination of floor response
spectra A j) outside the resonance region can be conductediby the same approach as in the case
of inelastic SDOF primary structures, i.e. by usingR, factor (Equations E.16).

_ Iq W ZSE(wp,i'fp,i) 2 2
A, = v {a) J = +S,(w,€) (E.16)
()

p,i ]
If natural periods of the structur@,;) and equipmentTg) are used rather than natural circular
frequencieso,; andws, Equation E.16 can be expressed as

— /_i%' Tpi ZSE(Tp,i'fp,i) 2 2
el s
TS

S
which concludes the derivation process.
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ANNEX F: OVERVIEW OF MODAL COMBINATION RULES PROPOS ED BY USNRC 1.92
(2006)

USNRC 1.92 (2006) proposes methods which are ceresidacceptable for combining modal

responses and spatial components in seismic agalf/siuclear power plant structures, systems and
components. All proposed methods were previousmened and evaluated in an extensive study
which is presented in NUREG/CR-6645 (1999). Comtbidmamethods which are presented in this

annex are Gupta’s method, Lindley-Yow method ared\iissing Mass method.

In the methods defined by Gupta and Lindley-Yowdalaesponses are divided into rigid (in-phase)
and periodic (out-of-phase) componentsRItlenotes the response in the madien rigid Rr) and
periodic Rp) components of the response are obtained fromtteqsa-.1 and F.2 as

Rr =Ra (F.1)

Rp = Ry1-a? (F.2)

whereq; denotes the rigid response coefficient, whichesafrom O (for completely periodic modes)
to 1 (for completely rigid modes). The definitioh @ is different in Gupta’s and Lindley-Yow
method, which will be discussed below.

All rigid components of modal responsé¥;] should be combined by using the algebraic sununati
rule (ALGSUM) in order to obtain a total rigid cooment (Equation F.3), whereas all periodic
components of modal respons&p) should be combined by using the CQC rule (orSR&S rule in
cases when modes are sufficiently separated) ier dodobtain a total periodic component (Equations
F.4). Note that in both casaslenotes a number of considered modes in the catitamof responses
and that; denotes the modal correlation coefficient for nsidendj in the CQC combination rule.

Rr =Zn: Ry (F.3)

n n

Rp=,>.> & RpRp ( CQL, Re,>. R SR (F.4)

n
i=1 j=l i=1

The total responseR] is obtained by combining the total rigiRrf and the total periodic component
(Rp by using the SRSS rule (Equation F.5).

R=, R+ RP (F.5)

In nuclear power plants, which are stiff structures significant number of modes may have
frequencies above the frequency at which the spleaticeleration returns to zero period acceleration
(fzpn). In practice, it is commonly assumed thak amounts to 33 Hz, i.e. it is considered that itas
likely that any earthquake will trigger a structtiwerespond in modes with the frequency above 33 Hz
(see e.g. Aziz 2004). In such cases, providedahigt modes with frequencies beldyg, are included

in the analysis, the mass associated with modds fadtjuencies abovier, is missing. By ignoring
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this mass, it is likely that an underestimate a$re&c demands will occur, so therefore it should be
taken into account.

The Missing Mass method represents an approachhwthies into account the contribution of the
mass related to the modes which were not consideréde modal solution (i.e. the modes with
frequencies aboviepy). In the Missing Mass method the influence of sonddes is taken into account
through an additional — substituting mode and &sponse of the system is calculated by performing a
static analysis (the details of the Missing Masshoe are presented below). The contribution of the
missing mass represents the response which is etghpligid (in-phase) and, as such, it should be
taken into account along with the rigid componeritsnodal responseRr; (e.g. from Gupta’s or
Lindley-Yow method). This practically means thatamhmodes with frequencies abdyg, are taken
into account through the Missing Mass method, Eqodt.6 should be used instead of Equation F.3,
i.e. the total rigid Rr) response is obtained as

Rr=Zn:Rr+ R (F.6)

whereR,, denotes the response obtained from the Missing Method.

Finally, the total respons&)is again obtained by using Equation F.5.

Method proposed by Lindley-Yow

In this method the rigid response coefficienghould be determined according to Equation F.7

a =2PA (F.7)
S,

I
whereZPAis the zero period acceleration @dis the spectral acceleration for the mode

As mentioned above, values @fvary between 0 and 1. From Equation F.7 it is obsithate=1
when §;=ZPA whereas the minimum value af is reached when the peak spectral acceleration
occurs. For example, in the Eurocode 8 (2004)ielasteleration spectrum, peak value occurs at the
spectral period equal B, which is the lower limit of the constant spectiateleration branch. After
the spectral period exceetlg which is the upper limit of the constant specttedeleration brancla;
begins to increase and it would exceed 1 $grZPA According to USNRC 1.92 (2006), this
limitation of Lindley-Yow method can be overcome bgttingo; to O for all modes with natural
periods larger thafic. Based on the conclusions made in this studghould be set to 0 for all modes
with natural periods larger thalg, i.e. at the beginning of the constant spectraékecation branch,
which practically means that all modes with natyrafiods larger thafig are completely periodic
(out-of-phase). The choice of usiiiginstead ofT¢ arises from the fact that Lindley-Yow method has
the identical form as Gupta’s method (describedwgin which, according to USNRC 1.92 (2006),
Tg is used.

Maybe there is a reason why USNRC 1.92 (2006) mepdifferent boundaries for Lindley-Yow and
Gupta’s method, but there is also a possibility ¢hslight inconsistency is present in the provisio



XXV Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra
Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

In order to determine Lindley-Yow coefficients forodal combination, let us consider the elastic
primary structures W03, W10, FO3 and F10 descrilbpe8ection 4.1, as well as the mean elastic
spectrum of the chosen set of ground motions whimitesponds to the soil type B (described in
Sections 2.1 and 4.1). TI#PA of the applied elastic spectrum amounts to 0.43g.denotes the
natural period of the structure for the maéd&he obtained results are presented in TablesH1-

Table F.1: Lindley-Yow coefficients for modal comhtion in the case of the elastic structure W03

Preglednica F.1: Lindley-Yow koeficienti za modakmmbinacijo v primeru elastie konstrukcije W03

mode Toi [8] Si [g] a; (1-a9)*

1 0.30 0.92 0 1
2 0.046 0.64 0.67 0.74
3 0.017 0.43 1 0

Table F.2: Lindley-Yow coefficients for modal comhtion in the case of the elastic structure W10

Preglednica F.2: Lindley-Yow koeficienti za modakmmbinacijo v primeru elasthe konstrukcije W10

mode Tpi [8] Si [0] a; (10>

1 1.0 0.45 0 1
2 0.153 0.86 0 1
3 0.057 0.57 0.75 0.66

Table F.3: Lindley-Yow coefficients for modal comhbtion in the case of the elastic structure FO3

Preglednica F.3: Lindley-Yow koeficienti za modakmmbinacijo v primeru elastie konstrukcije FO3

mode Toi [8] Si [g] a; (1-09)>

1 0.30 0.92 0 1
2 0.079 0.72 0.60 0.80
3 0.038 0.51 0.84 0.54

Table F.4: Lindley-Yow coefficients for modal comhtion in the case of the elastic structure F10

Preglednica F.4: Lindley-Yow koeficienti za modakmmbinacijo v primeru elasie konstrukcije F10

mode Tpi [8] Si [0] a; (10>

1 1.0 0.45 0 1
2 0.315 0.92 0 1
3 0.186 0.81 0.53 0.85

Method proposed by Gupta

In this method the rigid response coefficienshould be determined according to Equation F.8

0, f<f,
In(f,/f,)
=) VLU o f < f .
a,| |n(f2/ fl) 1 i 2 (F 8)
1, f >,

wheref; denotes a frequency of the maderheread; andf, are discussed below.
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According to USNRC 1.92 (2006), in the case of lefqmpaked (unbroadened) spectra, the frequency
f, can be determined according to Equation F.9

f, = ——amax_ (F.9)

where Sinax and Simax denote maximum values of spectral accelerationvahacity, respectively. If
broadened spectra are used, according to USNRC(208®),f; can be taken equal to a frequency at
which constant spectral acceleration branch begosexample, in the case of the Eurocode 8 (2004)
elastic acceleration spectrufpshould be equal to T4.

USNRC 1.92 (2006) definds as the frequency equal fiowhich is the lowest frequency at which the
responses of SDOF oscillators become completeleleded with the input motion. Such a definition
of f, is applicable to all types of response spectraveNbeless, it should be noted that the
determination of, is not straightforward and that results of Gupta&thod are sensitive to the value
of f, used. In order to determine the frequefaciequation F.10 can be used (NUREG/CR-6645 1999).

_fi+2f5,

f, 3

(F.10)

It should be noted that Gupta’'s method is sligltiperior to Lindley-Yow method, since it has no
limitation regarding modes with natural periodgy&rthanTs.

In order to determine Gupta’s coefficients for modambination, the elastic structures W03, W10,
FO3 and F10 (described in Section 4.1) were corsidd he mean elastic spectrum of the chosen set
of ground motions which corresponds to the soietiphas multiple peaks (see Sections 2.1 and 4.1),
which led to a question of choice ff In order to simplify thingsf; was determined by taking into
account the target Eurocode 8 (2004) elastic spmctor the soil type B (described in Section 4.1).
The value ofTg which corresponds to the target spectrum amoor@sls s. Thereford, amounted to
1/Tg=6.67 Hz, whereak amounted to 24.22 Hz (from Equation F.10, by tgkinto account;p,=33

Hz). The obtained results are presented in TablesH3B. Note that the values presented in Tables
F.5—-F.8 are also applicable in the case of inelastuctures when the EP model is used.

Table F.5: Gupta’s coefficients for modal combiaatin the case of the elastic and EP structure W03

Preglednica F.5: Guptini koeficienti za modalno kamacijo v primeru elastne in EP konstrukcije W03

mode Tp’i [S] fi [HZ] 0 (1_ai2)0.5
1 0.30 3.33 0 1
2 0.046 21.74 0.92 0.39
3 0.017 58.82 1 0

Table F.6: Gupta’s coefficients for modal combiaatin the case of the elastic and EP structure W10

Preglednica F.6: Guptini koeficienti za modalno kamacijo v primeru elastne in EP konstrukcije W10

mode Tpi [s] fi [HZ] ai (1-0)°*
1 1.0 1.0 0 1
2 0.153 6.54 0 1

3 0.057 17.54 0.75 0.66
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Table F.7: Gupta’s coefficients for modal combioatin the case of the elastic and EP structure FO3

Preglednica F.7: Guptini koeficienti za modalno kadmacijo v primeru elasthe in EP konstrukcije FO3

mode Tp,i [S] fi [HZ] aj (1_ai2)0.5
1 0.30 3.33 0 1
2 0.079 12.66 0.50 0.87
3 0.038 26.32 1 0

Table F.8: Gupta’s coefficients for modal combioatin the case of the elastic and EP structure F10

Preglednica F.8: Guptini koeficienti za modalno kdmacijo v primeru elasthe in EP konstrukcije F10

mode Tpi [s] f, [Hz] a (1)
1 1.0 1.0 0 1
2 0.315 3.17 0 1
3 0.186 5.38 0 1

Gupta’s coefficients were also determined for thg r@odel (Tables F.9-F.12), since for the
considered structures, the results of modal anslgseducted in SAP and OpenSees were different.

Table F.9: Gupta’s coefficients for modal combioatin the case of the,Q@tructure W03

Preglednica F.9: Guptini koeficienti za modalno kadmacijo v primeru Qkonstrukcije W03

mode Tp,i [S] fi [HZ] Qi (1_ai2)0.5
1 0.31 3.23 0 1
2 0.041 24.39 1 0
3 0.014 71.43 1 0

Table F.10: Gupta’s coefficients for modal comhioain the case of the@tructure W10

Preglednica F.10: Guptini koeficienti za modalnankinacijo v primeru @konstrukcije W10

mode Tpi [s] f, [Hz] 0 (1-)°*
1 1.05 0.95 0 1
2 0.136 7.35 0.10 0.99
3 0.046 21.74  0.92 0.39

Table F.11: Gupta’s coefficients for modal comhimatin the case of the3tructure FO3

Preglednica F.11: Guptini koeficienti za modalnankinacijo v primeru @konstrukcije FO3

mode Tpi [s] f, [Hz] 0 (1-)°*
1 0.29 3.45 0 1
2 0.075 13.33  0.54 0.84
3 0.037 27.03 1 0

Table F.12: Gupta’s coefficients for modal comhbioain the case of the@tructure F10

Preglednica F.12: Guptini koeficienti za modalnankinacijo v primeru @konstrukcije F10

mode Tp,i [S] fi [HZ] 0 (1_ai2)0.5
1 0.99 1.01 0
2 0.312 3.21 0

1
1
3 0.186 5.38 1

0
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Note that in the case of the structure W03, thgueacy of the third mode amounts to 58.82 Hz
(elastic and EP models) and 71.43 Hz (Gdel), which is larger thaiesx=33 Hz. It is obvious from
Tables F.1, F.5 and F.9 that both Lindley-Yow andpta’'s method can include the in-phase
contribution of the third mode. However, accordiogNUREG/CR-6645 (1999), it is more practical
to apply these methods only for modes with freqienbelowfzs and to combine them with the
Missing Mass method in order to take into accobatdontribution of modes with frequencies above
fzea This is particularly meaningful in the case aftistures with a great number of DOFs.

Missing Mass method

The contribution of the mass related to the modestware omitted from the modal solution (modes
with frequencies abovgp,) should not be neglected. In the Missing Mass pwtlthe influence of
such modes is taken into account through an additie substituting mode and the response of the
system is calculated by performing a static analyss discussed above, the response obtained from
the Missing Mass method is completely in-phase Withtime-varying seismic input. This fact, even
though irrelevant in the response spectrum analyisexe only peak response is obtained, implies that
the zero period acceleratioRA) is used for the determination of the missing mbmsling.
Therefore, the vector of pseudo-static forces wigbbuld be applied to the structui@) (can be
determined from Equation F.11 as

P=M {Ub—zn:/'m}ZPA (F.11)

i=1

whereM denotes a mass matrid, denotes the influence vector (i.e. the displacemeator of the
structure when the support undergoes a unit displaat in the direction of earthquake motiam),
denotes the number of modes which were taken ictoumt in the modal solution (i.e. modes with
frequencies belovizpy), 77 represents modal participation factor for the mipdehereasg represents
the eigenvector of the modle

It should be noted that Equation F.11 was takemf&SCE 4-98 (2000) which also proposes the
Missing Mass method.

Static analysis of the structure subjected to tieefs determined from Equation F.B) ill produce
maximum responses associated with higher mo&gs),( which should be combined with the
quantities determined from the modal solution Egeation F.6).

For the purpose of floor response spectra, thatsiu is somewhat different. Namely, the response
which is important is the peak acceleration of pmént which is attached to the structure. Therefore
by taking into account a planar structure (for vahédl members of the vecttl, are equal to 1), floor
response spectra values associated with highersnodewith the missing mass, at the flp@As mm)

can be obtained from Equation F.12

A%,mmj:{l_i/—#)ij}se(-rsigs) (F12)

whereS; is a value in the input elastic acceleration spectfor the equipment with natural peridg
and damping coefficierit.
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In ANNEX G it was shown that in the case of elastiwictures, the relationship defined by Equation
F.13 is valid (note thdll denotes the total number of modes).

N
2. =1 (F.13)
i=1

From Equations F.11-F.13 it is clear that all moddsch were omitted from the modal solution
(modes with frequencies abofgg,) are automatically taken into account in the Migdilass method.

In order to conclude this annex, the main stepgh@fapplication of the above described USNRC 1.92
(2006) methods are summarized below.

1) Modal responses should be determined only for madlisfrequencies belodgpa.

2) Lindley-Yow or Gupta’s method should be appliedie responses determined in step (1).

3) The Missing Mass method should be applied in otdeobtain the response related to the
modes with frequencies abofg,.

4) The total response should be determined by contdpihia results from steps (2) and (3).
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ANNEX G: DERIVATION OF EQUATION G.1

The main objective of this annex is to presentdégvation of Equation G.1.
N
dYrg=1 (G.1)
i=1

In Equation G.IN denotes the total number of modEstepresents modal participation factor for the

modei, @ is the vector of the modeobtained from elastic modal analysis dndenotes unity vector.

Modal participation factor can be expressed by Egnas.2 (notation taken from Chopra 2012)
[i=—, L=¢gM1 M, =gM ¢ G-2)

whereM denotes a mass matrix.

Multiplying of Equation G.1 witil"M from the left leads to Equation G.3.

N
Y rii'Mg=1M1 (G.3)
i=1 " total mass

The product/iL; represents the effective modal mass for the nid@®é), as presented by Equation
G.4.

rL=—=m (G.4)

The sum of the effective modal masses for all madesgual to the total mass of the structure, as
shown by Equation G.5 (for derivation see Chopré220Note thaf denotes a floor, whereas
denotes a mass situated at the floor.

ZN:Mf =ZN:mj = total mas: (G.5)

i=1 =1

Equations G.3 and G.5 confirm the accuracy of étationship assumed by Equation G.1.
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ANNEX H: A BRIEF ANALYSIS OF SCATTER RELATED TO THE SEISMIC INPUT AND
FLOOR RESPONSE SPECTRA

All results in seismic analyses are uncertainhis annex some quantitative information is provided
about the dispersion of the results due to theawame:ss of ground motions.

The seismic input used in the dissertation consistground motions with quite different intensities
(see Figure 2.1 in Section 2.1). In the case of B@@d MDOF primary structures, a set of ground
motions which corresponds to the soil type B wasdus the study (for details see Section 2.1).
Elastic acceleration spectra of individual recoofitained for 5% damping are presented in Figure
H.1la (gray lines), along with their mean (denotedraean"), mean plus standard deviation (denoted
as "mean +¢"), mean minus standard deviation (denoted as "meatl), median (denoted as
"median”), 18 percentile (denoted as '15percentile”), and 85 percentile (denoted as "85
percentile”) values. In Figure H.1b, the coeffiti®h variation CV, which is defined as the ratio of
standard deviation to the mean, is presented.

3.5 78 Igl
3
mean
T mean +6
2 - = -mean—o
median

15% percentile

85t percentile

0.6 -

04 -

0.2 A

0 T T T T T T T T T 1 T [s]
(b) 0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure H.1: (a) Elastic acceleration spectra (5%hgiag) of individual records for soil type B, meaalues,
mean plus standard deviation values and mean ratansard deviation values; (b) coefficient of viaoia (CV)

Slika H.1: (a) Elastini spektri pospeskov (5% duSenja) posameznih zagiadip tal B, povpréne vrednosti,
povpre&ne vrednosti plus standardna devijacija in po¥peevrednosti minus standardna devijacija; (b)
koeficient varijacije (CV)
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In Figure H.1, a significant scatter can be obs®nespecially in the range of very short periods.
Roughly, the largest values of the CV are situdtetlveenT=0.05 s andl=0.20 s, i.e. in the period
range where higher modes of the analysed stiftttras (W03 and FO3) lie. The peak value of the
CV almost reaches unity. It should also be notedliththe rest of the period range the CV amoumts t
approximately 0.5, which is a quite large value.the very short period range, the mean spectral
values are also notably larger than the mediaregaiandicating that the distribution is not normal.

In Figures H.2 and H.3 several examples of flo@pomse spectra in inelastic SDOF and MDOF
structures are shown. The mean (denoted as "meae&dn plus standard deviation (denoted as "mean
+ ¢"), mean minus standard deviation (denoted as "mea), median (denoted as "median”),"™5
percentile (denoted as "“Ipercentile”), and 85percentile (denoted as “8percentile”) values of
floor response spectra obtained from the respoisterh analyses, as well as the direct floor respon
spectra obtained from the proposed method (deratéelirect”), are shown. Figure H.2 shows the
results obtained for inelastic SDOF primary struesuwith natural periodsT§) equal to 0.3 and 1.0 s
(EP and @ model were considered, with target ductilitywhich amounted to 2). Figure H.3 shows
the results obtained for the first storey of ine@MDOF primary structures: wall W03 (EP model,
pu=1.9), wall W10 (Q model,u=2.1), frame FO3 (EP modgl=2.0) and frame F10 (@nodel,u=2.2).

In all considered cases the damping of the equip@gramounted to 5%.

It is obvious from Figure H.2 that in the case BfCH- structures, there is a good agreement between
the mean and median values of floor response spemten though the median values are slightly
lower, which is most pronounced in the resonang®nre The obtained results suggest almost normal
(Gaussian) distribution. Also, a good agreement lmambserved between the "meas”-and "1%"
percentile” values, as well as between the "meahand "85 percentile” values.

The results obtained for MDOF primary structuregspnted in Figure H.3, suggest that the largest
differences between the mean and median valuebaf fesponse spectra occur in the very short
period range (i.e. betwedl=0.05 s andlr=0.20 s). This indicates that the distribution @ normal
(Gaussian). In the case of the structures W10 @B3dthe peak values of floor response spectraecklat
to the second and third mode are significantly loiughe case of the median than in the case of the
mean results. In the case of the structure WO3pélad related to the second mode is somewhat lower
in the case of the median floor response spectwimereas in the case of the third mode, there is
practically no difference between the mean and amedésults, which is quite interesting. In the case
of the structure F10, the peak related to the thiodle (whose natural period is situated in the very
short period range) is significantly lower in trese of the median floor response spectrum.

The errors of the "direct" comparing to the "me#labr response spectra presented in Figure H.3 are
shown in Figure H.4. A negative value of the eliraticates that the "direct" spectra are smaller
comparing to the "mean" spectra. It should be ndied the size of errors is related to the size of
scatter of the applied input, e.g. large scattesdismic input leads to large errors. In genefa, t
largest errors can be observed in the case otiihetigre F10.

Figure H.5 shows the CVs for the considered cat#secstructures W03, W10, FO3 and F10, as well
as the CV of the seismic input, previously presgimeFigure H.1b. It is interesting to note thatlie
case of the structures W03 and FO3, in a large qfattte period range, the CVs of floor response
spectra closely follow the CV of the input motiohsrge values of the CVs, which indicate large
scatter, are evident especially in the low peremge. Note a good correlation of the magnituddef t
errors in Figure H.4 and the CVs in Figure H.5.



XXXii

Vukobratové, V. 2015. The influence of nonlinear seismic resmoof structures on the floor acceleration spectra

Doctoral dissertation. University of Ljubljana, ety of Civil and Geodetic Engineering.

A,/ PGA

12

SDOF T,=0.3 s (EP model, p=2), £,=5%

mean
----- mean +o

== -mean—o
median

15t percentile
85th percentile
direct

SDOF T,=0.3 s (Q, model, n=2), E=5%

Figure H.2: Normalized floor response spectra 00F primary structures

Slika H.2: Normirani etazni spektri odziva za SD@rmarne konstrukcije
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Figure H.3: Normalized floor response spectra affitist storey of the structures W03, W10, FO3 &hd

Slika H.3: Normirani etazni spektri odziva v prtagi konstrukcij W03, W10, FO3 and F10
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Figure H.4: Errors of the "direct" comparing to tleean” floor response spectra
Slika H.4: Napake »direktnih« v primerjavi s »poafmiimi« etaznimi spektri odziva
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Figure H.5: The coefficient of variation for thensidered cases and the seismic input

Slika H.5: Koeficient variacije za obravnavane @imin za potresni input






