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ABSTRACT

In this work an extensive parametric study on tiedastic response of steel planar frames
which are subjected to sequential strong groundamets presented. Two families of steel
framed structures are examined. The first familgststs of moment resisting steel frames
(MRF) and the second one of multi-storey tensiomjaession X-braced steel frames.
These structures have been designed both for seiand vertical loads according to
European codes EC3 and EC8. The whole range ofefamsubjected to forty artificial
seismic sequences. In such cases, there is aisagtitlamage accumulation as a result of
multiplicity of earthquakes, and due to lack ofdinany rehabilitation action is impractical.
Comprehensive analysis of the created responséatdtas employed in order to derive
important conclusions. It is found that the seqesnaf ground motions have a significant
effect on the response and, hence, on the desigfe@lfframes.



1. INTRODUCTION

Modern seismic codes are based on the isolatedaa@ddesign earthquake' and ignore the
effects of the repeated earthquake phenomena. fReddatzigeorgiou and Beskos [1] and
Hatzigeorgiou [2-4] examined the influence of npl#i earthquakes on the response of
numerous single-degree-of-freedom (SDOF) systenasfannd that seismic sequences
lead to increased displacement demands in compafgth the 'design earthquake'.
Examining multi-degree-of-freedom (MDOF) systemsl@emseismic sequences, only few
research works can be mentioned. The first oneeisviork of Fragiacomo et al. [5] dealing
with two low rise steel frames (three and five-etjohigh) under four different seismic
sequences characterized by the repetition of ewe,dand three ground motions. However,
according to Garcia and Negrete-Manriquez [6],répetition of the same record seems to
be inappropriate for the realistic prediction ofrustural behaviour. Recently,
Hatzigeorgiou and Liolios [7] examined eight reitied concrete planar frames under
numerous real and artificial sequential ground amti Thus, the need for the study of the
inelastic seismic response of low-, medium- andhitige steel framed structures to
sequential ground motions is apparent.

This paper presents an extensive parametric stuadii@inelastic response of steel planar
frames which are subjected to sequential strongirgtanotions. Two families of steel
framed structures are examined. The first familgststs of moment resisting steel frames
(MRF) and the second one of multi-storey tensiomyo@ssion concentrically X-braced
steel frames (CBF). The examined steel framesubjesed to numerous artificial seismic
sequences and the created response databank ifoudedve important conclusions. It is
found that the sequences of ground motions havgn#isant effect on the response and,
hence, on the seismic design of steel frames.

2. DESCRIPTION OF THE FRAMES

The examined steel frames have been designedifmniseand gravity loads according to
European codes [8, 9] by Karavasilis et al. [1(, The first family of them consists of
thirty-six planar steel framed structures to repnedow-, medium- and high-rise MRF.
These frames are regular and orthogonal with stbegghts and bay widths equal to 3 m
and 5 m, respectively. Furthermore, they have tlleviing characteristics: number of
stories: 3, 6, 9, 12, 15, and 20; number of baym®6. The second family also consists of
thirty-six planar steel structures to represent-Jomedium- and high-rise CBF. These
frames are also regular and orthogonal with stbeghts and bay widths equal to 3 m and
6 m, respectively. Moreover, they have the follagvoharacteristics: number of stories: 3,
6, 9, 12, 15, and 20; number of bays: 3 and 6. iGrénad on the beams is assumed to be
equal to 27.5 KN/m (dead and live loads of flooi)e yield stress of the material was set
equal to 235 MPa. The expected design ground matias defined by the acceleration
response spectrum of EC8 [9] with soil class B pedk ground acceleratioRGA) equal

to 0.35g and 0.40g for MRF and CBF, respectivety. iRore information, the reader can
consult Refs [10-11].

3. COMPUTATIONAL PROCEDURE

An inelastic structural MDOF system with viscoudymping and a hysteretic elastoplastic
with linear hardening force-deformation relatiomshs used to investigate its seismic
response to actual records. The analysis has bedarmped using the RUAUMOKO
program [12], which is an advanced finite elemewgpam for seismic analysis of framed
structures. A brief description of the modellingalls is provided in the following. Thus,

in this work, a two-dimensional model of each stnoe is created in RUAUMOKO [12] to
carry out nonlinear dynamic analysis. Each finlement has two nodes and three degrees



of freedom at each node. The soil-structure intemacphenomenon is not taken into
account, considering fixed base conditions. Secoddr effects P-4 effects) and large
displacements are taken into account. Beam andmeolelements are modelled as
nonlinear frame elements with lumped plasticitydafining plastic hinges at both ends of
the beams and columns. On the beams, axial foreze assumed to be zero since all
floors are assumed to be rigid in plan to accoonttie diaphragm action of floor slabs.
Characteristic input data for strength that areuireg by RUAUMOKO [12] are the
bending moment-axial force interaction diagramsclmumns and bending strength values
for beams. For the braces of the CBF, the Remeriialpole model [13] is adopted.
Each of these frames is firstly analyzed for thetiwval loads. Then, with the deformed
shape taken as the initial displaced shape, nanrlith@e history analysis is carried out for
the whole gamut of the seismic input, which is eixed in the next section.

4. SEISMIC INPUT

The examined strong ground motion set that has lbeed here consists of forty (40)
artificial seismic sequences. More specifically, df@ificial accelerograms (RO1 - R10)
provided by the SRP program [14], which are conig@tvith the design process of the
frames (see Section 1), are considered to generate:

a) 20 synthetic sequences of two seismic events weéhticalPGA, and

b) 20 synthetic sequences of three seismic eventsigetiticalPGA

These two subsets of records correspon@ases 2 and 3 of seismic sequences which are
analytically examined in Refs [1, 2]. Each sequ#nground motion becomes a single
ground motion record (serial array) with a time gegual to 100sec between two
consecutive seismic events. This gap has zero eaaatien ordinates and is absolutely
enough to cease the moving of any structure dderwping.

5. SELECTED RESULTS

This study focuses on the following basic seisngisponse parameters: local or global
damage index, maximum horizontal floor displacermeand interstorey drift ratios.
Furthermore, the development of permanent displaoéms also examined. Due to lack
of space, only selected results are presented.

5.1 Interstorey drift ratio (IDR)

The interstorey drift ratiolDR) is the maximum relative displacement between stooies
normalized by the storey heigliig. 1 shows thd DR values for a 9-storey CBF both for
each single and for the sequential ground moticogsesponding to RO1 and R09 records.
It is evident that seismic sequences lead to laig#R in comparison with the
corresponding single events.

9
5 | |
7
5 L |
@ 5 ‘ J
] -
s Ll
2 J L — RO
J [ —R09
1 | | RO1+R09 -
0 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

IDR (%)
Fig. 1. IDRdistribution for a 9-storey CBF under the RO1 and R09 records



5.2 Local and global damage

This section examines the structural damage acugpridi Park and Ang [15] approach.
This damage model has been proposed for struatleadents (local damage) but they can
also be extended to storey and overall scales &blddmage), by summation of damage
indices using appropriate multiplication weight$][1Fig. 2 shows the maximum local
damage of three CBF structures: a three-storegtbay (No. 3), a six-storey/three-bay
(No. 6) and a nine-storey/three-bay (No. 9) stngtiihese steel frames are subjected to a
triple seismic sequence, examining both the sirggesmic events and the seismic
sequence. It is evident that seismic sequenceddeadreased damage in comparison with
the corresponding single seismic events.
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Fig. 2. Maximum local damage for a 3-, 6- and 9-storey CBF

5.3 Maximum and per manent displacements

The maximum horizontal displacement profiles, b@h single and sequential ground
motions appear irFig. 3, which examines a 15-storey/6-bay MRF under thense
sequence of records R10, R02 and R09.
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It is evident that due to the multiplicity of eagtrakes, increased displacement demands
are required. It should be noted that inelastitesys present permanent displacements. In
the case of repeated earthquakes, permanent dispdats are accumulated. For example,
Fig. 4 shows the time history of top horizontal displaeemfor a 12-storey/3-bay CBF
under the seismic sequence R02-R05, where the atiweulpermanent displacement is
obvious.
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Fig. 4. Displacement time history for a 12-storey CBF urtdie R02-R05 sequence

6. DUCTILITY DEMANDSFOR MULTIPLE EARTHQUAKES

This section examines the estimation of ductilign@nds for sequential strong ground
motions. As shown in Section 5, multiple earthqsateqjuire increased displacement and
ductility demands in comparison with the correspogdsingle events. The global
displacement ductility factog, can be defined in terms of the maximum displacemgsx

at the top level of the examined buildings andatkesponding yield displacemeant as

L = - 1)

The definition of yield displacement is that acaogdto Hatzigeorgiou and Liolios[7].
In order to estimate the cumulative ductility forsaquence of strong ground motions,
various empirical expressions can be developed Work proposes the following simple
and rational relation [7]

o =1+[i<ﬂi _1>pr’ @

i=1

where the cumulative ductilityssq, for a sequence of strong ground motions coneists
seismic events, results from the correspondingildyaemands s, for each one of them.
Furthermore,p is a parameter controlling the combination of Enductilities and( )
symbolizes the Macauley brackets used here in dalefiminate the influence of weak
ground motions, i.e., those feg<l. For example, for a triple seismic sequence with
>1.0, 1 <1.0 andus <1.0, Eq. (2) provides with the expected ductiigmand teq=z4. In



order to achieve the best fit for parametend for the examined structures, this work uses
the nonlinear solver of the MS-EXCEL program, whigives the optimum value of
parametep = 1.322 for MRF angb = 1.206 for CBF, examining the whole gamut of steel
frames and records. These values are quite simitar thvat proposed by Hatzigeorgiou
and Liolios [7], i.e.p = 1.305, for reinforced concrete structures.

7. CONCLUSIONS
This paper examines the inelastic behaviour of plastael frames under repeated
earthquakes. Two families of frames are examinedmemb-resisting frames and
concentrically X-braced frames, which have beengdesl according to European codes.
A detailed study of the problem leads to the follayvwconclusions:
e Multiple earthquakes require increased displacendemands in comparison with
single seismic events.
e The seismic damage for multiple earthquakes is hi¢fen that for single ground
motions.
¢ Repeated strong ground motions accumulate permdisgriacements.
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INEPIAHYH

To mapdv apBpo apopd otnv Olepedvnon Tng OVELUGTIKNG CEIGUKNG GUUTEPLPOPAS
UETAAMKOV KOTAGKEVDV VIO TNV EMOpaoT TOAAATA®V oeicpudv. EEetdleton ) tepintwon
TOV KOUTTIKOV UETOAMKOV TAUGIOV OAAG Kol TOV UETOAMK®OV O10.6VVOESEUEVOV
TAIICIOTOV KATAGKELOV Le GVVOESHOVG dvokayioc Tomov-X. H diepedvnon givar kupimg
ouyKkplTiky oyetilovtog ta amoteléopato TG OpAcMS TG OAANAOLYING GEICUIKOV
OploemV e TO OVTIGTOLYO OTOTEAEGHOTO Yo, To 10100 HETOAMKA TAaiowo OTav Gg oVTd
dpovv o1 avticTolyol pepovmpévol oelopol povo. Ta ev Adym amoTeAéoUATO 0POPOVV GTIG
PEYIOTEC  UETOTOMIGELS, OTIS OYETIKEG YOVIOKEG TOPAUOPPAOGCES OpOPOV, GTNV
TAOCTILOTNTO. Kol OTe TOMKA kot kaBolkd emimeda Prafodv. Amd v epyacia oot
YIVETOL POVEPD OTL TO PUIVOUEVO TV TOALOTADY GeElGU®V Oa mpémet vo AapPdvetal vedym
0T0 OYEOGUO TOV UETOAMKAOV KOTOGKELAOV a@oV odnyel oxeddv mavtote o€
dVOUEVESTEPT KATATOVIOT, GE GUYKPLON UE TOV GEICUO GYESIAUGILOD.



