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ABSTRACT :

Non-linear static procedures, such as pushbased ones, have been continuously refined andiradralon
the past few years as a complement or even adeanalve to dynamic timhaistory analysis. On that matt
great relevance has been given to the procedutieeomethod itself. By other words, effort has beet ir
studying the best way to obtain thguésalent necessary SDOF structure quantities tosvétne performan
point attainment. Prior to those aspects, subsiaintierest remains on the computation of the pushourve
for the original MDOF structure, where modeling @sg come up decisivel{rhis paper intends to readdr
that issue from the modeling type point of view.r@atly, most of the structural seismic analyses carrie
out considering either fiber-based or plastic hisggactural models. Depending on the choice, distivaysof
considering the nohnear behavior of the elements are regarded affdreint parameters and calibrai
procedures need to be set. With the purpose ofiigating the accuracy of both modeling possileiiti:
parametric study is conducted on different bridgefigurations, comparing pushover cungswell as NS
results which make use of those pushover curkpsplication issues, such as advantages and/ations, ir
each of the modeling types are discussed. Accusa®gsted with the goal dinding out if the option for one
the models is either desirable or irrelevant.
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1. INTRODUCTION

When studying the structural behavior of bridgedammearthquake loading, ademjuate characterization
interpretation of the damage demand requests thsideration of the nonlinear behavior of the stia
elements. Given that current seismic design andsaggent codes emphasize the need for moreradecu
deformation analyses, instead of the common foe=et onesthere is a clear advantage in using nonli
features to obtain a more precise characterizatialeformation measures such as ductility demand.

The use of nonlinear static procedureasddl on the computation of pushover curves, a®lafdo seismir
assessment of bridges, constitutes a possible glading the aforementioned featur&githin this kind o
framework, the modeling aspects assume relevanninmgajiven that the pushoveurve will be greatl
influenced by the model itself. Currently, two mbdg possibilities are taken into account: fiber taspc
hinge based ones. Advantages and pitfalls of trehaeertype of analysis, carried out according to E
making use of those two different modeling appreachvill be presented herein.

Starting with the description of the considered elmd) possibilities, the study carries on with d et
comparative analyses towards a better understamditige complexity associated tois sort of approach ir
structural behavior assessment context. The infleieof different issues involved in a nonlinear is
procedure, such as the inelastic modeling of stratbehavior, definition of plastic hinge lengthdapositiol
or the definition of the lateral load pattern amtkstion of control node, is discussed thorougtesem.
Subsequently, a study on the seismic behavior obR@yes using pushover analysis is carried ousefo
seven different structural configurations weetected and two modeling approaches for the nealibehavic
were considered: concentrated plasticity with mareginvature for cross section behavior and distridi
plasticity with a fiber modeling approach for tHeraent behavior.

In order to perfan a comparison of the different pushover strategssne seismic response mea
parameters, such as deck displacements and bemadimgnts, piers and abutments shear forcese sadecter
Results were somewhat statistically treated andlasions and final remarks wetaken on the way to ident
eventual advantages and limitations of the differemlinear modeling modalities.

2. PUSHOVER ANALYSISAND MODELING POSSIBILITIES

Current design codes and guidelines already stagduire the consatation and corresponding identifical
on how plasticity influences the structural resmgnsogether with the energy dissipation cap
characterization. Ideally, according to what is anlgj accepted, seismic analysis should be dyn
time-history lased. However, computational effort and compleaggociated to this sort of approach mak
still less feasible than other simplified altermati. One of these alternatives is the pushbased Nonline
Static Procedures (NSP), such as well knowmpaCay Spectrum Method or N2 or other recent impo
proposals, such as Modal Pushover Analysis or AgapTapacity Spectrum Method. NSPs have g¢
supporters during the past few years due to ityguraapacity of, in a simple manner, providing med
performance parameters without going through thaathel of a dynamic time-history analysie first ste
within the application of a given NSP is the congpian of the pushover curve for the structure, Wwhitay b
obtained using a fiber or plastic hinge based model

2.1. Plastic hinge models

When considering a concentrated plasticity modhe,rtonlinear behavior of the bar elementedsited il
a rotational spring in both extremities of the gtakehavior part of the element. Indeed, and ndigg the
particular application to bridges, studies caroed in the recent past have shown that bridge piave
clear tendency to assume a nonlinear behavior ih dedined regions, which somewhat enables
plastic hinge approach. Nevertheletsgs kind of simplified model should be handledhweare given th.
accuracy of the results may be compromised whenutfeg does not have reasonable know-twow
calibration of inelastic elements parameters. Lations in the use of plastic hinge modgliassumptior
can be found in work from Charney and Bertero ()982 Berteroet al (1984), among others. T
assumption of the concentrated plasticity zonestHer structural elements, with corresponding pt



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

hinges formation is currently used to estimaterded deformation capacity, taking duly account o t
material nonlinear behavior, Figure 1.

/%

Figure 1 Plastic hinge formation (on the base piea subjected to horizontal load)

Using this kind of approach, the nonlinear analysiscess bsomes greatly simplified, namely to w
concerns the numericdhta processing. The deformation capacity of teeneht depends on the ultim
curvature and plastic hinge length, hence, diffecerteria used for the definition of these parangima
imply a different deformation level. Within the cemt work, different possibilities for the definitiof the
plastic hinge length are considered in a short ¢ementary parametric studyhe characterization of
plastic hinge requires a moment-curvatutiagram to be defined, or other “equivalent” omhjch is
obtained from the monotonic loading of the crosgisa. The carried study has used, for the pldstige
models’ analyses, the bar finite element progranP&B¥0 and BIAX, developed at Univysof Porto
for the moment-curvature behavior curves.

2.2. Fiber based models

A structural model that includes nonlinearity idiatributed fashion, using finite fiber elementsable t
characterize in higher detail the reinforced comcrelements and thought to captun®re accurate
response effects on such elements. Geometricaihaterial properties are the only required onespist
According to Casarotti and Pinho (2006) a fiber model managesepoesents the propagation of
nonlinea effects over the cross section of the elementelsas along its extension. Consequently, hi
accuracy in the structural damage estimate isnaiiaieven for the case of high inelasticity levElber
based analysis may have numerical solution usisiiffaess or flexibilitybased formulation. Differenc
between the two possibilities have been studigdapaionnou et al (2008nd the choice for the clas
formulation based on the stiffness matrix developgdzzuddin (2001) has been made. Bus kind o
models analysis, the fiber-based finite elementavape package Seismtfict (2006), which basical
performs 3D finite element modeling, with behaviediction for high displacement levels of struct
subjected to static or dynamic loading, has be@sat Material nonlinearity and second order effect
taken into account. A stiffness based cubic fortnutais used to represent the development o
inelasticity along the element, together with aXe#ld and transverse deformatimteraction. Numeric
integration makes use of two Gauss points per elgnand the reinforced concrete cross sectit
discretized in fibers, as represented in Figure 2.

Gauss
section b ©ONode B

Gauss _us
sechiong ——
e
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Unconfined Steel fibres
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concrete fibres

Figure 2 Reinforced concrete element discretizatifiber modeling approach (Casarotti and Pinh@620

RC section
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2.3. Model calibration

The option for any of the exposed modeling possi#slinvolves important initial assumptions such as
plastic hinge length and locatiorA calibration study focusing on those parametas,well as
comparison of the cross section moment-curvatureesy coming from both approachéss been carris
out, leading to the following conclusions:

* The plastic hinge length can be estimated accortirggveral proposals availabtecurrent literatur
and design codes or guidelines. Three alternatisge been analyzed: Kappos (19%riestley (200°
and ECS8 (CEN, 2005). The approach from Kappos, Bdn has been adopted, for the simple fac
it provided the intermediate results among theghemdgiven the fact that no significant differen
coming from the use of any of the three approablsseen found.

Ip:k[l]c+lSp (2.1)
where k = 0.2[::—&—1} < 004, |, is the distance from the critical section to thifeixion point of th
Sy

element deformed shape, ahg = 0.022f @, .

» Another relevant parameter, from a concentratestiplty perspective, is the plastitnge location i
the element, which, according to the used softwakage, SAP2000, can be at any position witidn t
ending portion of the discretized bar. It has, tlgubeen verified that, apart from being neglig
differences are mainly related to the maximum adtiaie base shear capacity rather than the
shape itself.

» For the capacity curve computatiomhich is the main result of a pushover analysis, rieed for &
accurate consideration of the behavior of the p@oss sections isbvious, given that the piers will
the bridge elements with nonlinear behavior. Thigdbition study showed that,teer for hollow o
solid cross sections, and different loading condgj the momenturvature behavior given by both
the programs (plastic hinge or fiber-based) iseysimilar leaning possible the proceeding with
pushover based comparative study.

3. CASE STUDY

Seven reinforced concrete bridge structures haven beonsidered for the parametric study, origit
considered within the research project PRE@Bidge Research Programme (Guedes, 1997, Piratlo, 4996
and modeled later on used in a nonlinear statityses context by Casarotti et al. (2005he set include
short/long, 200m or 400m deck length, and regutagular configurations, with piers 1, 2 or 3, espondin
to heights of 7, 14 or 21 meters, respectivelyprasented in Figure 4.
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Figure 4 Considered bridge configurations (Casieebtl., 2005)

The employed set of seismic excitation, used imitdinear static proceduris, defined by an ensemble of
records selected from a suite of historical eardkgs scaled to match the 10% probability of exceeslin 5(
years (475 years return period) uniform hazard tepecfor Los Angeles (SAC Joint Venture, 1997), eh
corresponds, in the current endeavor, to the iittelevel 1.0. Additional intensity levelsinkearly proportion:
to the latter by a factor of 0.5, 0.75, 1.5, 3.d &b, were also considered, thus allowing an agarnon hov
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results evolve with increasing seismic intensitye Ground motions were obtained from Californiaregrake
with a magnitude range of 6-7.3 recorded on firmugd at distances of 13 km; their significant duratic
(Bommer and MartineRereira, 1999) ranges from 5 to 25 seconds, whiésPGA (for intensity 1) varies frc
0.23 to 0.99¢g, which effectively implies a minim of 0.11g (when intensity level is 0.5) and a mmm of
3.5g (when intensity level is 3.5). The demand spet was defined as the median response spectruire
ten records. Pushover analyses for plastic hingdetsowere carried out using SAP2000, wheffeadiber
based models analyses, SeismoStruct has been used.

4. RESULTS

4.1. Pushover curves

The NSP application was carried out according tatvigh suggested in EC8, which makes use of N2 nde
According to that, two load shapes have been cermid uniform, namediniform, and first mod
proportional, namednodal. Moreover,within the NSP application, the reference nodeemmended to |
taken as the central one, nanoedtral. Additionally, for irregular not symmetric configations, thepossibility
of choosing the maximum modal displacement aseafar node, namadax, has also been considered.
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Figure 5 Capacity curves for short irregular brigge3)
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Figure 6 Capacity curves for long irregular brigg831312)

Figures 5 ad 6 show the capacity curves computed for two ul@gconfigurations, a short and a long «
Results show that differences in the capacity cargenot significant regardless the modeling optarrplastic
hinges or fiber elements. Slightly less matchirgults seem to occur for theng bridges, mainly for increasi
inelasticity levelsAs for the load pattern, no relevant differences @bserved: the behavior in both cas
actually quite similar. However, a closer matchwesin the two modelingechniques is attained if 1
maximum modal displacement is used as reference. ram the rest of the configurations, the resultsict
are not presented for the sake of simplicity, comtihe observations just made.
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4.2. Nonlinear Static Procedure results
The differences in the capacity curve, coming ftbm pushover analysis, will surely, to some extigfitience
the NSP predictions. To compare the NSP predictimmsing from different modeling possibilities, thetio,
A, for different evaluation parametefdeck displacements and bending moments and giertshents she
forces), is computed at each significant locatioconsidered to be at the piers or the abutmeotsrding t
Eqn. 4.1, which is written for a generalized pargamna.

A

— Ai,Push SAP

(4.2)
Ai ,Push SSruct

Furthermore, a single index per bridge, able towbkkther the agreement of the modeling possiegdiisgooc
or not, the Bridge Index, Bl, based on the origic@ahcept from the work of Casarotti and Pinho (3006&s
herein defined as the mean of the ratios acroghalbcations, for each intensity leveking Bridge Indexes
is possible to look at results in terms of evolutwith intensity level.

In Figure 7, Bl results are presented for deckldsgments and two representative bridge configumgtihe
same used in the pushover curves comparison.
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Figure 7 Bl for displacements with intensity lef@l short bridge (213), left, and long bridge (2332), right
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Generally, close to unit ratios are obtained, nagdiom 0.8 to 1.2, approximatelfor the modal max case,
best performing oneFor the long bridge, the agreement of the two efind possibilities increases with
inelasticity level. First mode proportional loacapk leads to bettegeeement between plastic hinges and
elements approaches than uniform loading aeduse of the maximum modal displacement as referaad
seems to be associated to more coherent resuttaeFuore, it is important to notice that irreguitaidges are
being shown, which are supposed to be critical ag¢hin the application of such nonlinear simgit
procedures. This stands for the stability of thé°N&sen with not regular structures.

If the median of the Bls is computed for all intéypdevels, for every studied bridge, a structural camfégior
level of results may be obtained, as presentedgar&s 8 and 9where only the maximum modal refere
node has been included, given that better resaits heen obtained for that case.
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There seems to be no clear trend between the wtaliconfiguration and quality of agreement in tessWha
can be seen is that displacement predictions difiere from plastic hinge models to fiber-based dhaa th
rest of the parameters, since those indexes arfat&eto unit ones. The use of thérhode proportional lo:
shape is confirmed to yield more consistent resuottinly for deck displacements and bending momedit
the other hand, shear forces, either at the pieebotments seem to be unaffected by the load sbafe
pushover analys. Displacements and abutment shears seem tons bccording to the plastic hinge mc
estimates, with the opposite occurring for someegas deck bending moments and pier shédesertheles
quite good median values, close to one in the ntgjof the configurations and parameters, are obtaivigdh
indicates that there is no clear advantage in usiregof the modeling possibilities instead of theeo.

4. CONCLUSIONS

The use of different modeling possibilities, plasthiinge models or fibdsased models, within t
pushoverased seismic analysis of bridge structures has $tedied. The employed analysis method has
the Nonlinear Static Procedure recommended by Bae®& and a set of seven different bridges, inoly
short/long, regular/irregular configurations, hae used in a parametric stuelyaluating deck displaceme
and bending moments and pier/abutments shear foesalis. Seismic action has been equally widefinee
through ten real earthquake records. The folloveimigcluding remarks can be made:

» An initial calibration study on the plastic hinge mbdesumptions has been carried out, pointing
that variables such as plastic hinge length ortiosado not majorly influence the results in terof
pushover curveAdditionally, it has been verified that inelasbehavior for the piers cross sec
(moment-curvature trends) was similarly assumefdis models.

» Concerning the direct comparison of pushover cyrivdms been seen that larger differences ared
in initial cracked elastic behavior, although nand#icant, whereas maximum forces and yielc
deformation are quite similar in both cases.

* Regarding the response parameters, results havenghat, globally, both modeling possibilities
results n quite fair agreement, mainly for higher intenddyels. Only for lower intensity levels so
disagreement was found. These differences weredfdonbe due to the NSP base concej
bilinearizing the pushover curve for the performapoint, which, fo low intensities, will suffer in
larger way, with the coinciding differences in fhashover curves. Generally it can be said thatip
hinge models are associated to lower predictiorgetk displacements and abutment shear and |
estimates for deck bending moments and piers dloeees than fibebased models. Furthermc
within the NSP application, the uniform load pattérad to less agreeing results.

Summing up, the developed work proved that no magbrantages are found when choosindisdributec
plasticity model, instead of a concentrated onethEolatter maye pointed out that more assumptions ha
be made, such as plastic hinge length or locatean though it has also been seen the low influenchos
parameters in suchf anodel type. In the end, the option will have te made taking into considerat
additional aspects, such as computational effod eansumed time or even personal preference c
practitioner.
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