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ABSTRACT: This paper presents a design method for stiffeladjés used in steel box girc
bridges based on a set of design curves that ta&eaccount all relevant parameters regarding
the ultimate strength of stiffened flanges, inchglithe real boundary conditions for the in-
plane displacements at the edges. These desigascwere developed and calibrated based on
the results obtained with nonlinear analysis usirggsemi-analytical and finite element meth-
ods and they were validated by comparison withréfsellts of experimental tests in accordance
with the target failure probability of the Europestandard EN-1990. A comparison between
the ultimate strength obtained using the proposaigh curves with that obtained using the
nonlinear analysis and the current bridge desitgsns presented.

1 INTRODUCTION

National standards with design rules for stiffefladges used in steel box girder bridges were
almost non-existent until the early nineteen seesntThese design rules were based on the
elastic critical stressog,) obtained by the linear buckling theory of platgth some correction
factors to take into account the favorable effecthe post-critical strength reserve (ECCS
Committee8 1976).

Research work to establish new design rules faeglatructures was strongly increased in
the early nineteen seventies as a result of walknaccidents during construction involving
box girder bridges (Galambos 1998). Although thlaawer and strength of stiffened plates
have been extensively studied over the last foelyry, there are still some inconsistencies and
gaps between the results of some studies and shig®btained through the design rules es-
tablished in the European and American standarbis1#3-1-5 2006, AASHTO-LRFD-BDS
2007), which are usually adopted by the bridgegiess to solve the problem of predicting the
ultimate strength of stiffened plates.

In wide flanges and webs of considerable heigit @ommon to use longitudinal stiffeners
to reduce the problems associated with the eftefdbsickling.

The study of the behavior and strength of stedieplavith longitudinal stiffeners is very
complex because they depend on a large numberriables, such as the shape and amplitude
of the initial geometric imperfections, the resibs@esses, the boundary conditions for the in-
plane and out-of-plane displacements, the loaditond and the geometric and material data.
Recent numerical studies (Ferreira 2012, Braun P6h6wed that the behavior and strength of
steel plates are very sensitive to in-plane diggtants boundary conditions and the European
and American standards (EN-1993-1-5 2006, AASHTG-DRBDS 2007) do not provide a
definition and clear guidance for the proper usé¢hefsimplified rules available to designers.
These rules may give considerable errors, partiguehen applied to the safety verification of
stiffened plates where the transverse in-planelatements at longitudinal edges cannot be
considered as uniform (in-plane displacements pelipalar to the longitudinal edges con-



strained to remain straight).

In European standard (EN-1993-1-5 2006) the rasistaassessment of webs and internal
flanges with longitudinal stiffeners used in stbek girder bridges is performed through the
same criterion and independent of the in-planelaégment boundary conditions of the plate.
Just apparently both elements may have the samplame- displacement boundary conditions.
Indeed, the webs are usually connected to flanggs gossess sufficient rigidity to consider
uniform the in-plane displacements at longitudiadgjes, while the flanges are connected to
webs that usually do not provide this type of caist and it is more conservative to consider
free the in-plane displacements at longitudinalesgd@s shown in the work of Ferreira & Virtu-
0s0 (2011) through a comparison between humenaheaperimental results.

The design proposal presented in this paper fifestdd flanges aims to fill a gap in the cur-
rent European bridge design rules, which shouldeatpplied to stiffened plates with the fully
free transverse in-plane displacements at longialdidges.

2 DESIGN PROPOSAL

The design proposal is a model based on desigresyarithmetic expressions) describing the
influence of all relevant parameters on the ultengtrength of stiffened flanges used in steel
box girder bridges. It was developed and calibraéi@sed on the results obtained with the semi-
analytical and finite element methods and it walidated by comparison with the results of
experimental test in accordance with the targétfaiprobability of EN-1990 (2002).

These design curves consider that the plate isesuldp compressive longitudinal direct
stress with a stress ratio higher than 0.5 (lovenpressive longitudinal stress to the higher
compressive longitudinal stress ratifp>0.5), the transverse stiffeners provide rigid supp
lines, the longitudinal stiffeners are fully effegt and equally spaced and the plates have the
longitudinal in-plane displacements constrainedetmain straight at loaded edges (transverse
edges) and the other in-plane displacements fraky.fThis design model does not consider the
effects of local buckling of the stiffener elemeatsd tripping of the stiffener. These effects can
be avoided by adopting minimum values for the gadmeroperties of the longitudinal stiff-
eners as used in European and American standak$ 4&3-1-5 2006, AASHTO-LRFD-BDS
2007).

The design proposal is a design approach baseteoretuced section concept, where the
mean compressive stress at peak load (or ultimegagthoy) of a stiffened plate is estimated
through the yield strength of the effective crosstimnal area according to
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wherefy = yield stresspgon = global reduction factoiesoc = effective local cross-sectional ar-
ea which takes into account the local buckling@ffeandA = gross cross-sectional area of the
stiffened plate.

From Equation 1 it can be noted that the effectx@ss-sectional ared\di = PgiobAeftiod)
which takes in-to account the local and global tingkeffects is obtained by reducing the
cross-sectional area of the stiffened plate indifi@rent steps, as illustrated in Figure 1.

In the first step the effect of local buckling imet panels between longitudinal stiffeners is
taken into account and an effective width of theaeels is adopted to obtain an effective local
cross-sectional aredds . according to

ng+1
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wherens; = number of longitudinal stiffenerpioc = the local reduction factob, = width of the

panels between longitudinal stiffenets; plate thickness; arndk = gross cross-sectional area
of a single longitudinal stiffener (without the ¢ohution of the plate). The local reduction fac-
tor (poc) takes into account the favorable effects frontjooisical strength reserve and the un-



favorable effects of the initial imperfections ahis defined for each panel between longitudi-
nal stiffeners by
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whereA, norm = relative slenderness of the panels. For a velaienderness of the panels lower
than 0.673 the local reduction factor should besmared equal to 1. Equation 3 is the same
criterion used in European standard (EN-1993-1{620
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Figure 1. Reduction of the cross-sectional area sfiffened plate in the design proposal: (a) ttesg
cross-sectional area, (b) the effective local ceestional area and (c) the effective cross-seatiarea.

In the second step, which takes into account thecebf global buckling in the stiffened
plate, a global reduction factgugn) is considered to reduce the effective local ceesgional
area Aciilod. The global reduction factor is given by

pglob = max(Xc; pp,oo) (4)

wherex. = reduction factor for the column buckling behayviandp,. = reduction factor for
the plate buckling behavior estimated for a loriifested plate (stiffened plate where the elastic
critical streso¢: no longer depends of the plate length

Column buckling behavior is considered in stiffempdates with insignificant post-critical re-
sistance. This behavior is modeled by removingstigports along the longitudinal edges of the
plate and considering the cross-section of thenanlaquivalent to the plate composed of a sin-
gle stiffener with an effective width of the adjat@anels to the stiffener. The reduction factor
for the column buckling behavior is obtained by
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whereAcnom = relative slenderness of the equivalent colunmat @ = parameter that depends
on the initial imperfections, the relative slendess of the equivalent columNcgom), the rela-
tive flexural stiffness of the stiffened plat¢second moment of area of the stiffened plat®

the second moment of area for bending of the mlateected by the effect of the Poisson coef-
ficient (bt¥[12(1v?)]) ratio) and the number of longitudinal stiffeadnsy).

The first term in Equation 5 (0.86°™ is the critical criterion in stiffened flangestivilow
values of equivalent column relative slendern@ssofy and it is equal to the reduction factor
established in the American standard (AASHTO-LRHADSB2007) for the column buckling
behavior of stiffened plates. The other term in &apn 5 is the determinant criterion in stiff-
ened plates with intermediate and high values afvadent column relative slendernes {om)
and it is equal to the reduction factor establisinettie European standard (EN-1993-1-5 2006)
for the column buckling behavior of stiffened pktsith an improvement that takes into ac-
count the relative flexural stiffness of the stiféel plate y) and the number of longitudinal
stiffeners ().




Figure 2 presents the reduction factor for the molbuckling behavioryg) obtained using
the design proposal. It is also shown the yield, éhastic buckling and the European standard
criteria. An equivalent geometric imperfection &400 of the plate lengtla) was used.
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Figure 2. Reduction factor for the column bucklbehavior obtained using the design proposal.

Plate buckling behavior is considered in stiffepéates with post-critical resistance. The de-
sign proposal uses this type of behavior to defireeminimum ultimate strength of the stiff-
ened plate, which is estimated considering a |datgpThe reduction factor for the plate buck-
ling behavior of a long stiffened plate is obtairgd
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whereAp norm = relative slenderness of the stiffened plate; argarameter that depends on the
compressive longitudinal stress ratip) (the panel slenderness (width of the panels between
stiffenersh, to the plate thicknedsatio), the relative cross-sectional ade@ross-sectional ar-
ea of the stiffeners without any contribution oé fhlatens.As to the cross-sectional area of the
plate pt) ratio), the relative flexural stiffness of théfened plate §) and the number of longi-
tudinal stiffenersrs).

The reduction factor for the plate buckling behaestimated for a long stiffened plaf®£)
is governed by the parameferand Equation 6 becomes the well-known criteriooppsed by
Winter when this parameter is equal to 0.22. Basethe geometric parameters of the stiffened
flanges identified in the survey of stiffened flasgused in real steel box girder brides present-
ed in Ferreira (2012) the minimum and maximum valakthe parametdr are 0.19 and 0.64
respectively.

Figure 3 presents the reduction factor for theeplhatckling behavior of a long stiffened plate
(ppw) Obtained using the design proposal with differealues of the parametér It is also
shown the yield, elastic buckling and Winter cider

Figure 3 shows that the application of the desigipgsal results in a lower ultimate strength
(ou) of the stiffened flange with fully free in-plaésplacements at longitudinal edges than that
obtained by the current European bridge desigrsyuidich is consistent with the results ob-
tained using nonlinear finite element simulationd avith the results of experimental tests pre-
sented in the works of Ferreira & Virtuoso (201012).

The complete definition of the procedures and Wéem used in the design proposal and the
statistical evaluation using experimental test andherical results within the framework of a
probabilistic reliability theory in accordance wi#N-1990 (2002) can be found in the work of
Ferreira (2012). It is noted that the numericaliealor the partial safety factoy) obtained
from the statistical evaluation is 1.10, whichtie tecommended numerical value for the partial
factor for resistance of members to instabilityegsed by member checks4) on bridges (EN-



1993-2 2006).
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Figure 3. Reduction factor for the plate bucklirghlvior obtained using the design proposal witfedif
ent values of the parameter

3 RESULTS, DISCUSSION AND CONCLUSIONS

The comparison between the ultimate strengthdbtained using the design proposal with that
obtained using nonlinear analyses and current erafgsign rules established in the European
and American standards (EN-1993-1-5 2006, AASHT@-DRBDS 2007) was performed con-
sidering 20 stiffened flanges. The 20 stiffeneddles were obtained based on two types of
cross-sections, SF1 and SF2, and considering fdn eeoss-section the plate aspect ratio
(=a/b) ranging from 0.5 to 5.0 at intervals of 0.5. Battoss-sections have five longitudinal
equally spaced and single sided stiffeners, tifieséd flanges with the cross-section SF1 have
a relative flexural stiffnesg (=12s(1-v?)/(bt®)) of 65 and the stiffened flanges with the cross-
section SF2 have a relative flexural stiffngsef 130. All stiffened flanges have a relative
cross-sectional area (=As/(bt)) of 0.5, plate slenderneds: (=b/t) of 150 and panel slender-
nesshp (=by/t) of 25.

The nonlinear analyses were performed using tha-aeafytical model presented in the
work of Ferreira (2012) and considering a yieleéss$rfy)) of 355 Nmmn?, Young's modulusE)
of 2.1x16G Nmn72 and Poisson's coefficient)(of 0.3.

The stiffened flanges were considered simply sugpounder longitudinal uniform com-
pression @) with the following two cases for the in-plane glecement boundary conditions:
in-plane displacements perpendicular to the edgest@ined to remain straight in all edges
(case CC) and in-plane displacements perpendituldre edges constrained to remain straight
at loaded edges and free at unloaded edges (case CF

Figure 5 presents the comparison between the u#istaength ¢u) obtained by the design
proposal, the semi-analytical model and currerdd®idesign rules. Figure 5a shows the ulti-
mate strength for the stiffened flanges with thessrsection SF1 and Figure 5b shows the ulti-
mate strength for the stiffened flanges with thessrsection SF2. The results are presented in
terms of normalized strength (mean compressivasiae peak load, to the yield stresf ra-
tio) for different values of the plate aspect ragiG-a/b).

From the analysis of Figure 5 it can be noted thatultimate strengtho() obtained by the
design proposal presents a much better agreeméntive nonlinear analysis results obtained
by the semi-analytical model considering the caBefd@@ the in-plane displacement boundary
conditions than the ultimate strength obtainedHgydurrent bridge design rules. This observa-
tion is particularly clear in the case of long pgtwhere the design rules established by the Eu-
ropean standard leads to nonconservative resudtsh@ndesign rules established by the Ameri-
can standard leads to extremely conservative sesult

The design proposal predicts the ultimate strefgthin a quick and simple way and pro-
vides viable and conservative results, which thasgs its usefulness as a design tool.
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Figure 5. Comparison between the ultimate streogtiained by the design proposal (DCP), the semi-
analytical model (SAM) and current bridge desigiesuor the stiffened flanges with the cross-sect{a)
SF1 and (b) SF2.
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