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ABSTRACT

This paper presents a procedure for determiningmar seismic displacements from
residual displacements. To this end, the seismétagtic behaviour of 8 moment

resisting steel frames (MRF) arid concentrically X-braced steel frames (CBF) is
investigated. These structures are subjected toermum artificial ground motions

examining with different values of ground motiorsgale, and there the incremental
dynamic analyses (IDA) curves are recorded. Onhhgis of extensive parametric
studies, empirical equations are constructed forple and effective evaluation of

maximum seismic deformation from residual displaeets, which can be measured in-
situ after strong seismic events. It is found thatmeasure of residual deformation can
be effectively used to evaluate the post-earthqpakrmance level of structures.



1. INTRODUCTION

The past four decades have seen a rapid develomhlknowledge in seismic analysis. Thus,
the evaluation of post-earthquake structural peréorce has recently received considerable
attention in terms of safety assessment, maintenarcd repair.The post-earthquake
performance level of structures provides a veryartgmt source of information both for
probable rehabilitation procedures and determinatd structural response to probable
oncoming aftershocks. In this respect, the dynaaharacteristics of structures or their
seismic response can be used to obtain one of th& mportant factors of structural
performance, i.e., the damage index of the wholecttre [1-3].

It should be recognized that residual deformatiglay an important role for the assessment
of the seismic performance level of structures;slhaswn in Refs [4-10], which focus in
guantifying and reducing residual displacementsjniyain a direct displacement-based
design framework. After a strong ground motionjdesal deformations can be measured in-
situ using various methods of structural defornratieasures, such as the digital image
correlation technique [11], the global positionsystem (GPS) [12], or the usage of robotic
theodolites (RTS) [13].

Toussi and Yao [14] and Stephens and Yao [15] duiced a qualitative classification of
damage, which is based on the residual inter-stdrigyratio (IDR) of structures. However,
the damage level is directly defined by the ultienstate and available ductility levels of the
structure. Thus, in the cases of a non-ductileaddctile frame with the same residual IDR
values, the corresponding damage levels are qufferaht. Therefore, it seems more
appropriate to determine other than IDR importantcsural performance properties, such as
the maximum displacements, which are directly eglaio damage and lead directly to the
total IDR levels and ductility demands [16].

Recently, Hatzigeorgiou et al. [17] examined thesrae response of SDOF structures and
proposed a method for evaluation of maximum dispteents from residual displacements.
This paper proposes a simple and effective mettmdevaluate the post-earthquake
performance level of steel structures from thesideal deformation. Thus, the dynamic
inelastic behaviour of 8 moment resisting steahfza (MRF) and 10 concentrically X-braced
steel frames (CBF), designed by Karavasilis efldl, 19], is investigated here by using the
RUAUMOKO analysis program [20]. The proposed metpoavides empirical equations for
evaluation of the maximum structural displacemexgsfunctions of residual deformations
which can be measured in-situ after strong seigwents. These equations are constructed on
the basis of an extensive parametric study conogriine determination of the seismic
response of the aforementioned structures. Chaistctenumerical examples illustrate the
method and demonstrate its efficiency and applitgbi

3. DESCRIPTION OF THE STRUCTURES

Thirty six structures (Family A—Frames) are consgdeto represent the MRF buildings

under study. They consist of typical beam—colungelstnembers and are located in a high-
seismicity region of Europe with a design/peak gubacceleration (PGA) of 0.35g and soil

class B according to EC8 [21]. Furthermore, thgitysteel structures (Family B - Frames) are
also considered to represent the CBF buildings ustledy. It is assumed that they are
subjected to a seismic action with PGA equal t®@.dnd founded in soil class B.



The examined MRF and CBF consist of 3 and 6 bay$3a6, 9, 12, 15 and 20 stories where
typical examples of them appear in Figs 1-2.
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Fig. 1: Typical MRF (Family 4) Fig. 2: Typical CBF (Family B)

An inelastic structural multi-degree of freedom (MB) system with viscously damped
force-deformation relationship is used to invedgghe structural response to actual records.
The dynamic equilibrium equation of these systesrgven in incremental form by

Mii+Cu+ K u=-May 1)

whereM is the mass matrix, u the relative displacemeatoreC the viscous damping matrix,
KT the tangent (inelastic) stiffness matidy,the acceleration vector of the ground motion and
the upper dots stand for time derivatives. The tgmiluof the equation of motion has been
performed using the RUAUMOKO program [20], whichais advanced program for seismic
analysis of framed structures.

4. SEISMIC INPUT

The strong ground motion database that has beed beee consists of ten artificial
earthquakes, which are compatible with the desigogss, i.e., with Type 1 spectrum of EC8
[21], Soil B local conditions and PGA=0.35g or PGA40q, for MRF and CBF, respectively,
as shown in Fig. 3. These records have been geddrgitthe specialized software SRP [22].

SoiltypeB - §=5%
Artificial accelerograms|

bty e \lean spectrum
T Type 1 spectrum - EC8

N W A o o 9~
i i I I

Spectral acceleration (m!secz)

Period (sec)

Fig. 3: Response spectra of the examined earthguakes



5.RESULTS

This study proposes a new method to evaluate teeqasthquake structural performance of
MRF and CBF. It focuses on the maximum displacemerttich are directly related to the
IDR values and the ductile damage. The proposed meth@luates the maximum
displacements from the residual displacements, lwban be measured in-situ after a strong
ground motion. Thus, the aforementioned MRF and CGBE& subjected to ten different
artificial ground motions with ten different scdbetors for each ground motion: 0.60, 0.70,
0.80, 0.90, 1.00, 1.20, 1.40, 1.60, 1.80 and 2.860,from 0.40g up to 0.80g. This means that,
100 analyses have been provided (10 accelerogfirs;ale factors) and performed for each
structure, and therefore, 3600 analyses for thelavhpamut of the MRF structures and 3600
analyses for the whole gamut of the CBF structuregures 4 and5 show the permanent
deformation vs. maximum displacements diagramgh®examined structures.
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Fig. 4: Permanent deformation - maximum displacement diagram for the examined MRF
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Fig. 5 Permanent deformation - maximum displacement diagram for the examined CBF

From the created databank of results, simple eogbiequations providing the maximum
structural displacements at the top of each straas functions of residual deformations are
developed. It should be noted that the statisacalysis takes into account all the data sets
where the ratio between the permanent top displent@nd the total height of structure is
greater or equal to 0.01%, avoiding this way theesathat we have elastic structural
behaviour. Residual deformations can also be medsur situ after an intense ground
motion, as mentioned above. In this work, it isuassd that the maximum displacement.,

can evaluated from the residual displacenuggias

Un = & + 8, IN(N) + U o )

where N is the number of storeys of each structure, anda, and ag are appropriate
parameters which have been determined to have ke fli for Eqg.(2). This empirical
expression was one of the simplest equations whetter described the numerical data
following downward and upward concave curves, oiddiby Table Curve 3D program [23]



after testing about 8000 mathematical equationge Thterion for the selection of this
equation has to do with its minimum absolute resicduror using the Pearson VII limit, i.e.,
minimum sum of Infl(1+residua)]. Values of the parametem, a, and az have been
determined for all the data sets (structures, oesc@nd scale factors for records). These
parameters appear Trable 1, where the correlation coefficieRf is also provided.

al a2 a3 R?
MRF(A1-A36) -0.05571 0.11568 1.70633 0.767
CBF(B1-B36) -0.07161 0.07690 0.87576 0.892

Table 1. Valuesof a;, a; and ag parameters

The evaluation of maximum displacement from ther@erent displacement using the ‘exact’
approach (from dynamic inelastic analysis) andpifeposed method (using Eqg. (2)) is shown
in Figs 6 and 7. It is evident that the model results obtainedrfrthis study are in good
agreement with those obtained from the ‘exact’ dyicanelastic analyses.
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Fig. 6: Evaluation of maximum displacements for the examined MRF
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Fig. 7: Evaluation of maximum displacements for the examined CBF



Furthermore,Figs 8 and 9 present the time history of top-horizontal displ@ment of
characteristic frames where the permanent displanerand the maximum displacement
prediction are also shown.
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Fig. 8. Displacement time history for a typical MRF
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Fig. 9. Displacement time history for a typical CBF

6. CONCLUSIONS

This paper derives empirical equations for the watadn of maximum displacements from
permanent displacements for planar MRF and CBF deaander strong ground motions. A
detailed study of the problem leads to the follaywonclusions:

« The maximum displacements can be effectively evetudrom known residual
displacements. The proposed method requires ordy kihowledge of residual
displacement and the fundamental period of thesitre.

* The proposed method can be used both for MRF arfd f@Bnes. Furthermore, it can
be applied to low-, medium- and high-rise frames.
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INEPIAHYH

To eninedo emMTEAEGTIKOTNTOG TOV KATAGKELAOV UETA VOV 10XVPO GEIGUO TOPEYEL LU0 TOAD
OMNUOAVTIKT YN TANPOPOPNONG TOGO Y10 TIC TOUVES OUOIKOGIES OTOKATAGTUONS OGO KOl Y10,
TOV  TPOCOOPIOUHO TG  OmOKPonNG o€ mBavovg  emepyOuevovg  petacsiopovs. H
EMTELECTIKOTNTO QT TEPLYPAPETAL KUPIOG OO TIC HEYIOTEG UETOTOMIGELS TOV KATUGKELDV
ot omoieg oyetiCovtat dpeca pe Tig PAAPeg ota PEpovTa Kot pun-pépovia otowyeio. Me Bdaon
EKTEVEIC TAPUUETPIKES OIEPEVVNOELS OE UETAAMKESG SUOLVOESEUEVEG TAOIGIOTEG KATUOKEVES
LE GUVOEGLOVG dLoKOUYing TOTOV-X, GTNV €PYOCIO OVTN TPOTEIVOVTOL OMAEG SUTEPIKES
e€1o0MoELg 01 omoiec 0dNYOVV OE O OTAN] KOl OTOTEAEGUOTIKY] EKTIUNGCT TOV UEYIOTOV
CEICIIKOV LETATOMICEMV OO TIC TOPAUEVOLGES eTaTomioels. Ot tedevtaieg Umopovv va
petpnOei emi TOTOL, UETE OO 1OYVPES E0APIKEG KIVIOELS AOY® GEIoU0D. ATTd TV gpyacia
avtn yivetoar @oavepd OTL Ol TOPAUEVOVGEC WUETATOTIGELS WUTOPOVV Vo YPMNOLULOTOINOoVV
ATOTEAECUATIKG Y10 Vo, 0EtoAoynOel To emimedo eMTEAEGTIKOTNTOC UETA TOVG GEIGUOVS TV
TAGIOV A YAAvPa e SYDVIOVS GUVIEGHOVG.






