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ABSTRACT :

The use of non-linear static procedures on seismidysis of structures, mainly pushob&sed ones, has rece
known considerable developments. On that mattedjest that have been carried out focus mainly smeis that a
related to te computation of an equivalent SDOF structure amusequent conversion of the pushover ci
However, equally relevant are the modelagpects of the original structure, which influetitoe MDOF unchange
pushover curve. It is commonly accepted that twgpmaodeling possibilities are considered when hoearity is
on steak: either a fibre-based model, with nondimaodels for steel and concrete or iaearity concentrated «
plastic hinges located at elements’ extremities.

The present paper aims to go through different hioglgoossibilities, using a set of different buildingarihes
discussing its application and their relative efemn final results, obtained by assessment obdkis of norineal
static analysis. Therefore, using both [ilmiies, a direct comparison of the achieved paar curves is performe
Conclusions are set towards the establishmentative advantages and/or limitations, if relevaaiming from th
choice for each of the modeling possibilities.
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1. INTRODUCTION

The importance of seismic effects on structuresbiees widely discussed, especiatywhat concerns to its des
criterias and concepts.

An important issue that cannot be neglect is rdlatehe capacity of materials to dissipate enefgpys is the aim ¢
actual seismic design strategies, diverging froenglneral design methodologies, where the strusthehaviou
during such kind of actiors admitted to lead materials to surpass thestieldimits, reaching stresses over t
yield strength but with a simultaneous displacersetggree control. This strategy is presentedaardunted for L
the main seismic codes and legal guidelines.

Nonlinear dynamic analyses are consensually rezedrs the most accurate tool to perform seiswatuation:
and to predict the structural damages, thoughniterent complexity and time constrains conductto study ¢
simple, but also truthful methods. Herein, the Nuedr Static Focedures (NSP) emerge, being widely devel
and suggested among the engineering society itathelecade, particularly when applying to buildingssurin
similar results to the dynamic analyses. Push@a@irtiques congtite as reliable and practical instruments, mi
for design-office applications, taking into consat@n the nonlinear material behaviour.

Modeling the nonlinear material behaviour is padssito attain ptsuing two different paths: considering
distribution of plasticity along elements, reprasemnthe material nonlinearities in terms in€lastic deformatior
through the elements length — fibre-based modeisconsidering the plasticity concentrated in #lement
extremities — plastic hinge models.

Thus, the current endeavour aims at verifying tffecéveness, validity and adequacy of employithg twc
introduced alternative nonlinear models — fibre dmge models. éllowing a commonly used nonlinear st
procedure, the study focuses on the limitationghefnonlinear models and proposes specific modelsugects |
each consideration.

To accomplish those objectives two commercial safés were considered: one based on a fibre modeling
SeismoStruc{2006), and a plastic hinge based — SAP2000 (199%lastic hinge based software, develope
Porto’s University — PNL — is also considered ia #nalysis, (Varum, H., 1995).

Finally, two existing frame buildings configurat®mre assessed and scrutinjzeshcerning a role of structu
parameters, representing the structures resporassdismic input, measuring the unlikeness betwesmtelings.

2. NONLINEAR MODELS

As mentioned above two alternative nonlinear modglwere adopted in the present study, embracingepbna
differences which are traduced on the structurshaase to seismic actions. The distributed nonfityemodel is
recognized as the most accurate one neverthelesemplexity requires a sensitive and rigorous ansigs result
information and a higher numerical instability. tontrast, the concentrated nonlinearity mogetsented |
elements extremities represents a simpler strdctunalineardefinition that can provide significant reducedd
calculations to the fibre-based model, but witls leathful produced results.

2.1. Distributed Nonlinearity Model
The bar elements formulation according to a distadd nonlinearity approach is defined through aefimodeling

method, representing a more accurate charactenizafithe structural damage presented in each fraarear bar
figure 1.
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Figure 1 Bar element fibre-based modeling

The discretisation of an element cross-sectionoisstituted by a sufficient humber of subdivisipestende
throughout the element’s length. From the uniari@hlinear stress-ate response of each individual filament
possible to obtain, through integration of the rentiumber of fibres, the sectional stress-ststdte. Consequent
the main requirement to accurately model the csestion material nonlinearity congsin the number
considered fibres. A sufficient number, around 20@00, can lead to good estimativaso in the case of hi
inelasticity.

Two control nodes — integration Gauss points —spreictural element and distributed alongside itgjitudinal axis
(covering the entire fibres) are used for the nucakintegration, with a cubic inelastic formulaticsuggested

Izzudin, B.A. (1991). The interaction between axdad transversal deformations (the bemtumn effect) i

implicitly introduced in the lzzudin's cubic formation, whereinthe internal deformation state is comple

traduced by means of the axial deformation andgtheeralised curvature along the local element &hs cubi

equation allows calculating the transversal disgiaent {) as a function of the extremity rotatio#f |, at a positio

X of the element’s length, Eqn. 2.1.

vy =[ 2252 e [ 2P e 4 9, 2.1
L2 L

Previous equation is particularly adopted to shkoricrete elements, where the axial force assunomstant valu
over its length. Therefore, a precise inelastionctiral modeling requires a minimum number of sldments pe
structural bar.

This nonlinear modeling is implemented in the welbwn commercial software SeismoStruct (SS), whiak bee
used in this work.

2.2. Concentrated Nonlinearity Model

In opposition to the previous methodology, the emiated nonlinearity model considers the ensiricture
material inelasticity located only at specific psirof each element — the hinges. Thpksestic hinges represt
points where the nonlinear material deformationuegdeing situated through elements’ extremities bsean
higher bending forces. The plastic hinges behavibtiraduced by a moment versus curvature relatigrerent to
each element. The ultimate deformation capacityddp on the ultimate curvature and plastic hinggtte

Consequently, the first step consists of depict bia@s’ momenturvatures function, that will traduce
correspondent nonlinear behaviour of that elemEhis law is obtained by a fibre model program, deped b
Vaz, C.T. (1992) named BIAX, where for a speciféz klement, loaded by a pre-defined and constaat load, a
increasing curvature is imposed being obtainedtheespondent moments.

Following, it is necessary to define the corredifioning of the plastic hinges and their lengtleréin,a sensitiv



th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

study has been doneoncluding that the ideal location for the hingesresponds to a distance, relatively tc
extremity, equal to half of the hinge length. Isteso been revealed thataulating the hinge length using the n
current equations (Park and Pauley, 1975, Priesttely Park, 1984, or Park et al., 1982) providedlaimesults,
thus the plastic hinge length is obtained from b&the cross-section height.

The concentrated nonlinearity model is implemeritethis work using the commercial software SAP2(88P)
and an academic program, PNL (PNL).

3. NONLINEAR STATIC PROCEDURE

In order to accomplish the seismic assessment ofr&@e buildings with different nonlinear modelssaaarries
out a pushover analysis. The verification and egmknt of Nonlinear Static Procedures (NSRjve bee
extensivelypresented to the scientific community, and in tam@d advancement, due to its potentialities int
seismic analysis and simplicity concerns (Anton®uand Pinho, R., 2004).

Within this study it is followed a force-based pogér technique proposed by Fajfar, P. and its cikers (1988)
the N2 method. This procedure is established inBhepean Code 8 (2005), featuriagoushover analysis o
multi-degree-of-freedom (MDOF) structure, with arelastic response spectrum of its single-degreieeafdon
(SDOF) system. The capacity curve — a relation betwthe control node displacement and the base firea-
definition is dependent to the considered contaden(usually a node at the roof top levatd to the load sha
definition (herein anuniform and a modal shape were adopted). The peafoce point is obtained from -
intersection of the initial period of vibration tife equivalent SDOF system and an inelastic spectrased on tt
ductility inherent to the structure.

4. PARAMETRIC STUDY

4.1. Structural and General Descriptions

During the current work were analysed two existRG frame buildings, representing the typically rsmismicall’
designed structures (gravity-only designed), wihrmetric irregularities and different number ofreis, figure 2.

2 7

Figure 2 Considered frame buildings

The structure at left side, labelled as i, has 3 storeys with 2.75, 3.25 and 3.25 m heggpectively, and 3 spans
storey level, with 4.05, 2.0 and 3.5 m. The renmgjrframe, labelled as “mod6”, has 4 storeys with 1. each, and
spans per storey with 2.5, 5.0 and 5.0 m. The sirdelements were subdivided into four bar elememtsdtter traduc
the structural response in the different inelastionodelings.These buildings were involved under a seismic a
assessment, by means of a nonlinear static puslamadysis and two different plasticity models, coliing the
structural response by a maximum admissible irgezgtdrift of 4%.

The seismic action employed in the present wortteifined by ten accelerograms, selected from aeaahquak
database in California, covering a range of magesuand epicentral distancéssignificant duration between i
build up of 5 to 95% Arias Intensity was consideireéach record. These records were tioeeescaled to match t
NEHRP design spectrum (SAC joint venture, 1997)inde with a 10% probability of exceedance in 5ange(47!
years return period) for Los Angeles; this reems the 1.0 intensity level. Furthermore, wasothiced
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proportional factor, to the seismic action, of Q.2%, 0.75, 1.25 and 1.75. The demand spet used in tt
Nondinear Static Procedure (NSP) corresponds to thdianedemand spectrum of ten accelerograms, she
potential irregularities presented in single acwajeam spectra.

The seismic demand through the analysed structsresvduated in terms of response parameters suc
Displacements (D), Interstorey Drifts (ID), Basee8h(V), Interstorey Shear (IV) and Ductility (Ducthen, in orde
to appraise the accuracy of the different nonlimeadels (and softwares), these facemesnormalised with respec
the median of the corresponding response quantitiggned through the fibre plastic modehat is assumed as
most exact method, Eqn. 4.1. This normalisatiowvides also fairly “comparable” all response parargsince th
normalised quantities have the same unitary targkte, thus appearinthe definition of a building index. T
building index (Bl), Eqn. 4.2, is computed as thedmn of normalised results for the considered rpater, A,
throughout all m locations; the standard devia{®hD), on the other hand, measures the associated siispeavitr
respect to the median.

N — Ai,hinge
AI N D]:ID . g 1 (4.1)
Ai fibre ideally
BI, = median,, [4 ] 4.2

4.2. Structural Evaluation

This global results overview is presented separdtel both structures, initially are depicted tledorresponden
capacity curves for the nonlinear model approactteen; the(ii) comparison between the different techniq
traduced by building indexes (Bls) by responsepatar and finally the (iii) associated scattestandard deviatic
(STD).

4.2.1.mod4 — Results

Figure 3 depictshe relation between the base shear force andisp&cement of the control node at top roof I¢
using an uniform and a modal load shape forceibligion. These forces are applied through eacletstral nodelt
is noticeably revealed that, notwithstandiagslightly maximum base shear force obtained thwotlge fibre
modelling, there are no major differences amorgstchpacity curves.
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Figure 3 Capacity curves considering an uniformamnebdal load shape

According to structural parameters, it has beenpawed the previously referred building indexes (B#jweerthe
plastic hinge models and the fibre-based modelr the 6 intensity levels (l.Lv.), figure, 4or both uniform an
modal load shapes.
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Figure 4 Building-Indexes over the entire intenityels

An additional results overview consists on the cotafion of the median Bl over all intensity levdigure 5.
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Figure 5 Median Building-Indexes and Standard-Dinties over all entire intensity levels

Due to space constrains it is not possible to sgprethe entire role of analysed response parasetdrough
similar conclusions can be attained. Generaljyantities based on displacements produce higHéaratice
between the two types of nonlinear models, and é&&twthe two plastic hinges softwaresyticularly in whe
concerns to the modal load shape (traduced byategrecatter levelOn the other hand, shear parameters as
an almost perfect comparison between differentasiel modelings, and at the satirae lower dispersion valut
for both load patterns. Whehis evaluated the Bl involving the whole integsiévels, a closest to unit inde>
revealed for both plastic hinge based programd) @nthanced results when performing an uniform paftasove!
analysis. The assessed response parameters aaetetiaed by lower dispersion levels.

Major divergences between the two nonlinear modeddinked with the appearance of tension forcesutih bear
elements, when it is performed a pushover analygidying the lateral loads in each nadeontrast of applying ti
forces distribution over the first piers’ alignmeitthis fact is accounted for by SeismoStruct caraig) a linee
tensile strength relationship, in opposition SAR280d PNL assume non tensile strength andatkiat loads do n
influence the nonlinear behaviour of each section.

In general, the study ehod4building has indicated relatively good approxiraa from nonlinear concentratec
nonlinear distributed modelings, witletter accuracy for shear quantities, and also Bpalty to an uniform loa
shape. It is not possible to point out a plastighiprogram from the considered ones, witly diverged values f
the modal pattern.
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4.2.2.mod6 — Results

Mod6 frame building revealed a slightly different beiwaw between nonlinear models, comparingniod4 Herein
it has been detected a less ductile structureudestiby an abrupt decay of the maximum strengthrgiwy th
fibre-based model, figure 6. This can be explaibgdhe impossibility to traduce through plasticges softwares
the moment-curvatures functions from which, eacktiee reaches its maximum moment. Thect tha
SeismoStruct is the only to consider P-delta effean explains in part the global structural pastding behaviour
in agreement with the statemehat the third alignment (from the left) goverhe toverall performance due to
higher lateral stiffness, thus a degradation of giers will conduct the structure to a global nsagbm that éllows
a different path to the other models.
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Figure 6 Capacity curves considering an uniformamnebdal load shape

According to structural parameters, figure 7 evadensimilar results between both plagticges softwares, a
also with the fibredbased model. Nevertheless, major differences inianeBl values (and consequently, hic
dispersion, Std) can be explained by the distiradt fyielding behaviour, depicted in the capacityves. The
beginning of these differences corresponds to méity level equal to 0.75.
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Figure 7 Median Building-Indexes and Standard-Dinties over all entire intensity levels

5. CONCLUSIONS AND CONCLUDING REMARKS

The present endeavour aims at validating the efeess of employing different nonlinear modelgha seismi
assessment of RC frame buildings using a pushaadyss, through comparison with results of botthtequedor
three different softwares. The study revealed &ajlp good response estimates between a plastge modelin
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and a fibre-based modeling, represented by a bgildidex valueBl, inherent to a specific structural respc
parameter. These results evidenced arngitrally dependence to the analysed frame buildieipg necessary
rigorous interpretation of the structural behavitmthe applied loading and a complementary stagglving both
upgrades to the plastic-hinges based softwaresdngher set of &ame buildings, covering seismic dimensiol
and regular and irregular structures.

To assure an improved comparison, the plastic-kinlgéinition in terms of momemtirvatures function should w
characterize this relation. Characterizing thigtteh from the point thais mobilized the maximum admissi
moment. This fact is not implemented in the SAP2800 PNL softwares, its influence can be easily seenod¢
structure, evidenced by figures 6 and 7. Geomeinialinearities in both plastic-hingggograms should also
assumed.

Another diverging issue may be linked with the flhett SeismoStruct considers the stiffness deggaaliriensione
elements, represented by a linear tension streegition, however the other involved softwares dbatcount fc
this reduction of stiffness what explains someeddhces between these two models. Subsequensligpitid b
implemented when it is performed a comparison betwenlinear models.

Finally, as future developments, this study shal&b bedeveloped following different pushover modalitiésy;
instance the Adaptive Capacity Spectrum Method, &idtlshover Analysis or Capacity Spectrum Method
these results compared also with the dynamic neatianalysis, in order to establish a complete evisgn.
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