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1. ABSTRACT

The objective of the paper is to propose advankezbetdimensional models based on the
use of shell elements that can be used for thelation of the structural steel behaviour
under elevated temperatures. The problem is hartdfedgh thermo-mechanical analysis
in the context of the finite element method. Thee¢h— dimensional numerical model that
is proposed in the current study, is developedgugia non-linear finite element code MSC
MARC. Parametric analyses are conducted consideliiiferent amplitudes for the local
and global imperfections, in order to obtain thenmeat — rotation curves for steel IPE
beams in elevated temperatures. These curves camsdgk for the analysis of frame
structures under fire conditions through simpleftvgare packages, utilizing beam finite
elements with concentrated nonlinear behaviour.

2.  INTRODUCTION

The global plastic analysis of steel structuresiireg that at the plastic hinge locations, the
cross sections of the members which contain thetipldinge should have rotational
capacity greater than the required at this positdacording to Eurocode 3, this problem is
handled through the classification of the crosstiees. More specifically, sufficient
rotation capacity may be assumed at the plastigehihthe cross section of the member is
of Classl. In the case of the fire design of sstelctures, the classification of the cross
sections is performed in the same way as in roonpéeature, except that a factor of 0.85
is used for the calculation of i.e.:



e=0.89 235/f,]" 1)

where f, is the yield strength at 20. As it is stated in Eurocode 3 — Part 1.2 [3], the

reduction factor considers influences due to tloeeiased temperature. This consideration
could be conservative or not, since it does no¢ iako account several factors that affect
the rotational capacity of steel members under doaditions, as the lack of the strain
hardening in the stress-strain relationship aftertemperature of 40G, the effect of the
initial imperfections etc. These parameters mag kwaa premature occurrence of local or
lateral torsional buckling in the plastic rangayghimiting the available rotational capacity.

In fact, the experimental and numerical researaiteming plastic local buckling
and plastic lateral torsional buckling of steeltnsaunder fire conditions is rather limited.
According to R.B. Dharma and K.H. Tan [1] the cresstion classification of Eurocode 3
— Part 1.2 [3], which is based on the cross-seatidimensions and the material yield
strength, is inadequate to address the ductilitypedms at elevated temperatures. This
study reveals that the rotational capacity of stebeams is reduced at elevated
temperatures. The results of the experimental pragoresented in [1] indicate the effect
of the main parameters (web slenderness, flangedateess, effective length) on the
rotational capacity at elevated temperatures. Alsnumerical models that are developed
in [2] are validated against the test results amdused for further research in order to
guantify the inelastic behaviour of steel beamseurfde conditions. Finally, a simple
moment — rotation model is proposed that is usiutiesign purposes. This model takes
into account all the experimental and numericalihgs.

The objective of the present study is to proposeadvanced three-dimensional
numerical model for the evaluation of the real behar of steel beams under fire
conditions. It must be noticed that the presergatdimensional model is based on shell
finite elements and takes into account the exisiimgal imperfections of the steel
members. Specifically, parametric analyses are wtted with respect to the amplitude of
the initial imperfections, in order to obtain morherrotation curves for steel IPE beams at
elevated temperatures. Finally, moment — rotatimgrdams are obtained, that take into
account the reduced rotational capacity of steahizeat elevated temperatures and the
effect of the initial imperfections. These diagracen be used for the global plastic
analysis of frame structures under fire conditions through more senpommercial
software packages, utilizing beam finite elements.

3. DESCRIPTION OF THE PROBLEM

First, a two span continuous steel I-beam undefoumi loading is considered. The
objective of the study is to define the rotatiooapacity of steel IPE beams at the possible
plastic hinge locations under fire conditions. Eiere, it is important to assess the fire
behaviour of the beam at the hogging moment regienat the internal supports. In order
to simplify the problem, a simply supported bearadssidered which is loaded at the mid-
span. This beam can represent the part of a canttnbeam close to the internal support,
between the points where the bending moment diadpeeomes zero (Figure 1a). In the
case of the simply supported beam the plastic hiwge be formed at mid-span,
corresponding actually to the internal supporthef ¢continuous beam.

The structural system that is considered in thislysis presented in Figure 1b. In detalil,
the total length of the simply supported beam igaédo 2.5m. Also, web stiffeners are
used at the support and at the mid-span whereotiek ik applied. The beam is laterally
restrained at the position of supports at both emu$ at the mid-span. Therefore, the
effective length of the beam is equal to 1.25m. Tnade of the structural steel is



considered to be S275. Moreover, it is noticed tthatclassification of the cross section for
the elevated temperatures results to Class 1.
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Fig. 1a Simplification of tkréproblemfrom a Fig. 1b: The structural system
continuous beam to a simply supported beam.  (dimensions of the cross section in mm).
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It is stressed that the beam is laterally restrhioely at the ends and at the mid-
span and, therefore, the plastic lateral-torsiobatkling is possible under certain
conditions at elevated temperatures. Moreover,tipldscal buckling may arise. Taking
into account the latter, the problem that is hasdfethis study is the evaluation of the
rotational capacity of a simply supported steeleédm under fire conditions. More
specifically, moment-rotation curves are obtaintxt, different temperatures, under the
consideration that the temperature of the beamnifonm and constant. Additionally,
various analyses are conducted taking into accdifférent amplitudes of the initial
geometric imperfections. It must be noticed thatlbleam is free to expand longitudinally,
which means that the study does not take into adctne effect of compressive forces.
Moreover the assumption that the temperature ifoumisimplifies the problem, since
there is no thermal gradient at the cross section.

At this study the available rotational capacityis calculated as the ratio between

the inelastic rotatio®, and the plastic rotatian, , i.e.r, = ea/ep, (see Figure 2).
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Fig. 2: Definition of the rotational capacity.

Heredp, corresponds to the plastic moment resistance afriies-section, defined as:
Mor=fyrw, (2)

wherefyt is the yield stress of steel at temperafliréhe range of the rotation over which
the plastic moment resistance of the cross seidicetained, is callef, .



4, THE NUMERICAL MODEL
41 Thenumerical ssmulation

A detailed finite element model is proposed in ordeevaluate the rotational capacity of
the steel I-beam at elevated temperatures. The meahanalysis is carried out using the
nonlinear finite element code MSC-MARC [4]. Thedérdimensional numerical model
utilizes four-node, thick-shell elements with glbdeasplacements and rotations as degrees
of freedom. Bilinear interpolation is used for tt@ordinates, displacements and rotations
and the integration through the shell thicknesgeidormed numerically using Simpson's
rule. The numerical model takes into account thalinear elastic-plastic stress-strain
relationship of steel at elevated temperatures.yldld stress, the proportionality limit and
the elastic modulus are supposed to be temperdgpendent according to Eurocode 3-
Partl.2 [3].

The Von Mises yield criterion is used in the nuroarianalysis. Additionally, the analysis
takes into account the geometric non-linearityniist be noticed that initial imperfections
are incorporated in the geometry of the steel b&@ana more realistic assessment of the
behaviour. In general, there are many different sv&y introduce initial geometric
imperfections in the structural members. A simplaywn the context of finite element
analysis is to extract the buckling eigenmodes iatrdduce them as imperfections with
predefined amplitude. More specifically, the nonzed buckling mode is multiplied by a
scale factor, leading to certain maximum amplitadel the resulting displacements are
added to the initial coordinates of the structunaimber. For this case study two different
eigenmodes are combined (see details in Figuréh®) first eigenmode is related with the
local buckling along the upper flange of the bearhgre compressive stresses arise under
the considered loading), while the second bucklgenmode corresponds to lateral
torsional buckling

Fig. 3a: Eigenmode corresponding to lateral Fig. 3b Eigenmode corresponding to
torsional buckling. local buckling of the upper flange.

The numerical analysis follows two different staglsthe first stage the steel beam is
heated with a rate equal t8G/min until the desired temperatufds reached. It must be
noticed that during the heating stage the temperasusupposed to be uniform along the
member. At the second stage the temperature rernaimstant and the beam is submitted
to loading at the mid-span until failure occurs.

The structural boundary conditions are describedrigure 4. At both supports the
boundary conditions are applied in the middle nadethe web. The verticaly-
displacement and the rotation about the longitdeknaxis €x) is restrained at both
supports, while the-displacement is restrained only at the left suppne out-of-plane
displacements are prevented at the location o$tipports and at the mid-span.

It must be noted that the numerical model has bedmated against the published
experimental results of [1]. The comparison of mlienerical and the experimental results
is presented in detail in [5].



right support left support

dX=0 dy:0
dy=0 rx=0
r«=0 mid-span

y{ dz=0 d=0 d=0

/ "
Z

Fig. 4: The boundary conditions of the beam.

5. PARAMETRICANALYSES

Parametric analyses are conducted at various texuperlevels in order to find out the
effect of the initial imperfection on the availabletational capacity of the beams. In
particular, the analyses are conducted for temperatranging between 19D and 800C.
The amplitude of the initial imperfections is catesied to be between 0.5mm and 5mm for
both the local buckling and the lateral torsionatiling eigenmodes.

Four different analyses are conducted for everyptature level. Initially, the steel beam
is considered to be “perfect” i.e. the initial innf@etions are not taken into account. Then,
parametric analyses are conducted considering arde$ of initial imperfections equal to
0.5mm, 2mm and 5mm. The imperfection amplitudesaastimed to be the same for both
the local buckling and the lateral torsional bueglieigenmodes. The dimensionless
moment-rotation curves at various temperature gk illustrated in Figure 5. The
idealized elastic - perfectly plastic diagram cep@nds to the design plastic moment of the
cross section obtained by equation (2).

The results of the numerical analyses of the “m¢ifeeams indicate that the
failure mode changes after the temperature of °G00More specifically, for
100°C<T< 300°C the steel beam fails due to both plastic latevegional buckling and
plastic local buckling, while foT>300°C the failure is only due to the appearance of the
plastic local buckling. This behaviour is reflectddarly in the softening branch. It can be
observed that for 10C<T<30(°C the softening branch is steeper compared with the
corresponding curves far>30(°C. Additionally, the results of the numerical analyf
the “imperfect” beams indicate that the beam fdil® to both plastic lateral torsional
buckling and plastic local buckling for all the teemature levels.

Moreover, it can be observed that the initial inipetions do not affect
significantly the maximum load bearing capacitytled beam. This result holds for all the
temperature ranges. Also, it can be observed tratemperature values less than BDO
the increase of the amplitude of the initial impetfons has a minor effect to the softening
branch of the diagram. On the contrary, for temjoeearanges between 4A@and 800C,
as the amplitude of the imperfection increases, shigening branch becomes steeper.
Also, it can be noted that for all the temperatierels the steel beam is able to reach the
plastic moment resistance, since no local or lateraional buckling takes place in the
elastic region. An exception to this can be obskree temperature equal to A and
amplitude of initial imperfections 5mm. For thisesffic case the beam is not able to reach
the plastic moment capacity. Despite the fact thatording to Eurocode 3 [3] for
temperatures ranging between 400and 300C the ultimate strength of steel
is f,; =125f ., the ultimate moment that results from the nunarianalysis

isM,; ~11IM , ;. This can be attributed to the fact that geometdnlinear phenomena
arise as the deflection of the beam increases.



It is clear that for temperatures ranging betwe@®@ and 800C, the rotational capacity

of the steel I-beam is considerably reduced. Maggothe available rotational capacity
reduces as the amplitude of the initial imperfewdidecomes larger. This reduction is
actually a consequence of the fact that the slépleeosoftening branch becomes steeper as
the amplitude of the imperfections increases.
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Fig. 5: Dimensionless moment rotation curves at various temperature levels.



The values of the obtained rotation capacity ofdteel beam, according to the results of
the parametric numerical analyses, are summarizd@ble 1. It is noticed that both the
initial imperfections and temperature have a sigaift effect on the available rotational
capacity. Notice also that the rotational capasitgms to be increased for temperatures
above 800C with respect to the values obtained for lower terafures (e.g. for 70Q).

Amplitude of initial imperfections
Temperature®C) perfect 0,5mm  2mm 5mm

100 13,69 12,22 11,91 11,18
200 10,73 9,60 7,69 8,40
300 8,96 7,99 4,49 5,74
400 8,11 4,36 2,81 1,56
500 7,98 5,32 3,45 2,06
600 7,97 3,77 2,43 1,03
700 6,83 2,64 1,56 -
800 8,21 5,13 3,10 1,07

Table 1. Available Rotational capacity of the steel beam at various temperature levels.

6. CONCLUSIONS

A numerical model is proposed in order to evaluhte effect of the temperature and the
amplitude of initial imperfections on the rotatibreapacity of compact steel I-beams at
elevated temperatures. The results of the paramat@lyses indicate that the rotational
capacity is significantly reduced for temperatugesater than 40C. Moreover, for the
same temperature range, as the amplitudes of thial itmperfections increase, a
considerable reduction of the rotational capaatyaticed.
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ITEPIAHYH

21606 NG epyaciag gival 0 VTOAOYIGUOG TNG GTPOPIKNG IKAVOTNTAG LETOAAIKDV SOKAV GE
vynAég Oeppokpaciec. Ot SoTopéG TOV UETOAMKOV SOMKAV peAd®V Tov sEetalovtal
vdyovtal otny KAdon 1, copeava pe tig dwtaéelc tov Evpokddika 3- Mépog 1-2yia tnv
Katdtatn tov dwrtopdv. To mpdPfinua avtipetomiletor pécm cuvieTng BEPLOUNYOVIKNS
avdivong oto mAaiclo ¢ pebodov Tov memepacuévov otolxsiov. Ta tplodidotata
HOVTEAD OV TOPOVCIAlovTal OMUOVPYOHVTOL HE TN ¥PNON TOL KAOIKO UN-YPOLUIKNS
avédivong MSC MARC. Xpnoipomolovvtal oTotyeio. KeAOQOVG £T61 MGTE VoL LTOPOvV va,
ANEOOVV VITOYN 01 APYKES YEMUETPIKEG ATELELEG TMOV OOUIKADV UEADV.

Ta mpotewvopeva apOuntikd poviéha, Tov 1 aStomotio Toug £xel oM emPeParmOel
O€ TPOYEVEGTEPN EPYUCIH TOV GLYYPUPEDY UEGH TNG GVYKPIONG UE ATOTEAEGLOTO TNG
Biproypapiog, ypnoonotobvtat yio TV e£0ym®YN KOUTVAGY POTNG-GTPOPNG CUVOPTNOEL
¢ Beppokpaciog. I'ia Tov okomd avtd dieEdyoviot aplOUnTIKEG AvaADGEIC GE SLOPOPETIKA
eminedo. vynhdv Bepuokpacidv Bswpdvtag T Oeppokpacio g dokov otabepn Kot
opotopopen. Tavtdypova Slopopomoleital To EVPOG TOV APYLKDOV ATELELDV LE GKOTO VO,
dtepeuvn el n EMPPON TOV GTN GTPOPIKN TKOVOTNTO TOV S0KAV GTIG VYNAES Beprokpacies.

Ta dwypdupota mov eEdyovial amoTeAoVV GNUAVTIKO pYOAEiD Yoo TNV OVOAVOT
TAIICIOTOV KATOOKEVDV 0€ GUVONKEG TUPKAYLAG LE XPNOT ATAOVOTEP®OV AOYIGUIKDV TTOV
BaciCovtor oe un-ypappkd ototyeio dokov. To amoteAécpata avadsikvoovy v peimon
NG OTPOPIKNG IKAVOTNTAG TOV HUETAAMKOV S0KOV pe TNV avénon v Beppokpaciog aild
KOL LE TNV aDENCT) TOV EVPOVE TOV YEOUETPIKAV ATELELDV.



