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Abstract:

This paper examines the question whether simptulzdion models are always on the safe side cordparadvanced
calculation models. This question is examined fer shadow effect, for the contact between steelcamdrete in
composite steel-concrete floors, for the bucklingves of steel sections and, finally, for the fasid andkx2 applied
to the bending resistance of steel beams.
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1 Introduction:

Eurocode 3 for the design of steel structures stibjeto fire [1] mentions three different levelsoadculation methods,
namely tabulated data, simple calculation modetsaatvanced calculation models.

Tabulated data, based on tests or advanced caébcutabdels, are not really present in Eurocodd & éxpected that
tabulated data may emerge in the form of desigs #@t will be prepared in the future by interestedernal
organizations.

Advanced calculation models are design models iithvingineering principles are applied in a religtanner to
specific applications. They should be based on domghtal physical behaviour and provide a realiatialysis of
structures exposed to fire.

Simple calculation models are design methods fdividual members, which are based on conservatisaraptions.

This paper examines this question whether simgulzdion methods are systematically on the safe sompared to
advanced calculation models, as implied by thend&fn of simple calculation model given in the Bcode. It will be
shown that, in fact, there are several aspecta/ficch this is not the case.

2 Shadow factor
The flux at the surface of an unprotected steehet# is given by Eq. (1).

h:net = ac(eg - Gm) + 0 Em gf(g;t - 614111) (1)

where® is the configuration factor, normally taken as alfhough it is mentioned that a lower value cchddchosen to
take account of the shadow effect.

In convex sectionsd is indeed taken as 1,0 and Eq. (1) is appliecuel & Eq. (2) for calculating the temperature in
unprotected sections with the simple calculatiomeho

Am/ .
Aem = ksh ﬁ hnet At (2)

Eq. (1) is also used in advanced calculation mod&dsa consequence, the uniform temperature cadailaith a
simple calculation model is very close to the ageraalue of the temperatures calculated with thewacked calculation
model.

For concave sections, it can be shown that the atrafuadiative energy that crosses the so calleak “section”, i.e.
the smallest convex section that can encompas®#hesection, cannot have increased when it mbetsurface of the
steel element. For convection, on the other hand, except in very closed cavities (e.g.Hwollerith composite
profiles), mass transfer provided by air circulgtin the concave re-entrant parts of the sectionbeing in energy and,
finally, the convective heat transfer in these tiasiis of the same order of magnitude as the baedccurs on the
convex parts of the section. A modification shathlds happen essentially on the radiative partefigt het flux.

Yet, it has been decided in Eurocode 3 not to heepbssibility to choose values ®f lower than 1,0 in Eq. (1); A
correction factor k calculated by Eq. (3) in most cases is appliedbath terms of the net heat flux given by Eq. (1),
the convective term as well as the radiative term.

kg = 22 ©)

This approximation has been introduced becausboivs keeping one single geometrical parameteefasent each
section (namely, the ratio,&/V) instead of two (namely AV and®) if the correction is applied only on the radiativ
part of the flux. The approximation is justifieddagise the convective heat flux is smaller thanréukative flux in



Eq. (1). Typical values for sections heated byI8® curve show that the radiative flux is quickyual to 5 or more
times the convective flux. Yet, this approximatiemot on the safe side compared to Eq. (1).

Another factor 0.9 is even applied in the calcolatof k;, for I-sections under nominal fire actions. Thegoriof this
factor and why it is limited to I-sections undemminal fire actions are unknown to the author o thaper.

If, applying the advanced calculation model in aneucal analysis, the fire curve is applied onwi®le perimeter of
the section in a way that the heat flux is caladaaccording to Eq. (1) on the whole perimeter, ghatection to
radiation provided by the concave nature of theti®@ecis not considered and the advanced model yidld
temperatures that are higher than the simple Gloal model.

In order to illustrate the discussion, some calins have been performed under ISO fire with di@edhat has the
properties of HE200B, namely, A/ = 147,2 and 4V = 102,4. The results are presented in Figure 1.

If the simple model is applied with the flux calatgd with the assumption that the concave shaparhagluence only
on the radiative flux, then Eq. (1) is used withx Ay, /Ay, = 102,4 / 147,2 = 0,696 ang, ks taken as 1,0 in Eq.(2). The
results are presented as a thick line under capvh— phi” in Figure 1. The temperature after 3ihates is 780°C.

If now the approximation is made that the influen€¢he concave shape is applied on both termsjof B, convective
as well as radiative, theh is taken as 1,0 in Eq. (1) buf,k 0,696 is used in Eq(2). The results are showa dstted
line under caption “SM — Am,b” on Figure 1. The fmmature after 30 minutes is 771°C (-1,1%).

If, in addition, the factor 0.9 is introduced;, kh Eq. (2) will be taken as 0,626 and the thirelimder caption “SM —
EC3” in Figure 1. The temperature after 30 minigess6°C (3,1%).

If the advanced calculation model is applied with(EE) applied on the whole perimeter abd: 1,0, the highest dotted
line under caption “AM” of Figure 1 is obtained. &temperature after 30 minutes is 813°C (+4,2%).
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Figure 1. Temperature evolution with different models

Other values will be obtained with different sitoas. The differences between the results obtaingld different
hypotheses are higher for massive sections, shentesistance times and highly concave shapesy atereduced for
thin sections, long fire resistance times and ¢eskave shapes.

Different techniques exist that allow considerihg toncave nature of the section in advanced eaioolmodels. The
most simple ones rely on a modification of the htany properties of the material that appear in(&}.coefficient of
convection and/or emissivity. The modification daas made with average values for the whole sectidnthis also
possible to differentiate for different boundarigsthe section, for example convex part of the isacbn one hand
(with no modification on this part) and concavetpafrthe section on the other hand. Also the coagaart can be
differentiated, e.g. between the web and the intesides of the flanges for an H section.



3 Steel-concrete composite floors

When two different materials are adjacent in a micaémodel, the usual finite element formulatiamsiders a perfect
contact between the two materials; there is nataste to heat transfer by conduction at the mberf

In composite steel-concrete floor systems basettagpezoidal or re-entrant cold formed steel sheepporting fresh
concrete in the construction stage, the steel sirebthe concrete are really in direct contacs(thiin fact a condition
for the two materials working together and deveigpa composite action) and the model representectty the
behaviour for normal temperatures.

In the fire situation yet, the steel sheets tendedoond and detach from the concrete slab. Thisokan observed in
many experimental tests. This will introduce astsice to conduction between the two materials{tbeence of the
“insulating” air gap is often mentioned in the taéure). This resistance will lead to slightly héighemperatures in the
steel sheet, but this is not very detrimental figr fire resistance of the system because the taperof the steel sheet
is very high anyway and this element hardly coniels to the load bearing capacity. The additioasistance will on
the other hand be beneficial for the temperatunethé concrete slab. The load bearing capacity léllimproved
because of the delayed heating of the re-barsatigausually present in the slab. The insulting cipaf the system
will also be improved because of the delayed teatpeg increase on the upper unexposed surface.

As an example, the composite floor system represeonh Figure 2 has been analysed numerically ftierdit
thickness of the concrete slab put over the uplpegé of the steel profile (the concrete thicknefsEigure 2 is 120
mm). The steel profile is COFRAPLUS 200 from Aradliittal with a thickness of the steel sheet eqoal,0 mm.
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Figure 2: Temperaturedistribution in a composite floor system

Figure 3 presents the fire resistance time caledléty the advanced model SAFIR [2] on the baséhefinisulating

criteria | as a function of the thickness of comerever the slab (curve with caption “AM "). On teame graph are
presented the points given in Table D.6 of Eurocb{ig] (caption “EC4”). It has to be noted thatjctty speaking, the
dimensions of the steel profile do not fit withimetlimits of applicably for simple methods givenTiable D.7 of the

Eurocode. Nevertheless, according to clause D.AwWRgn the width of the upper flange of the secimmore than

twice the width of the lower flange, which is these here, the thickness of concrete cover on tperutange can be
considered as the effective width and, as a comsemy used with Table D.6. The comparison is ttalisl \to judge

from the influence of the thermal resistance betwée steel section and the concrete.

For this geometry of the steel profile, there imiher good agreement between the advanced cébcutabdel and the
simple calculation model except, perhaps, for lbigknesses. The results of the simple model aresdnge or are on
the safe side compared to those of the advanceelmotias yet to be mentioned that this resultbeen obtained by



considering the effect of the concave shape ofstwion in the numerical analyses. For the cepial of the upper

web for example (between the two stiffeners presarthe edge of this upper flange), the heat feigiaen by Eq. (1)

has been calculated with a factbr= 0,786 (the emissivity of the material has beetuced from 0.70 to 0,55. No
reduction of the convective flux has been considlere
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Figure 3: Fireresistance time as function of the concrete thickness

In his Ph. D. thesis [4], Renaud has analysedhbenal resistance that appears in hollow filledisas and was able
to quantify it. It is thus possible to introduceaidvanced models a thin layer of fictitious matehat hast provides this
thermal resistance. It has to be recognised tH&awsections are usually made of thicker steetqdaand exhibit less
deformations, except at the very late stage befoliapse, than those exhibited by the thin steebthof composite
floors. For the latter case, the variability of fff'enomenon is much higher which makes it difficolguantify it.

From these considerations, the strategy of theoaushto model the thermal resistance between sieglconcrete for
hollow sections filled with concrete but not forngposite floors. In composite floors, the concaveireof the section
is considered by reducing the radiative heat ftuthie concave parts of the section.

4 Buckling curves
A buckling curve is presented in Eurocode 3 to &eduin the simple model for the fire resistancsteél columns.

The shape of this curve, the equation that woutdesent it as well as the parameters that wouldobsidered in the
equation have been obtained from an extensive dgmpeE some 200 000 numerical simulations made it
advanced model [5]. When the equation obtained fitmmsimulations were compared with a data basxpérimental
test results, it was observed that the numericalilt® and the experimental results showed the sasponse as a
function of the relevant parameters but the nuraéniesults were, generally, slightly lower than #wperimental
results [6]. This was attributed to the fact thathbthe geometrical imperfections as well as trsidial stresses had
been considered with their characteristic valueshi@ simulations whereas the probability of the utemeous
occurrence of the characteristic for both factersery low. As a consequence, the buckling curve vaibrated to
better represent the experimental results; the rifepion factor used in the buckling curve wasteed,65, see Eq. 4.6
of Eurocode 3.

Now, if a steel column is modelled in an advancaldudation model, it is not known which level of perfections have
tp be modelled to obtain the same results as tplsi calculation model (these supposed to corresgonthe
experimental results). It would be interestingnfyoa geometric imperfection of given amplitude lcbyield this result
because the introduction of a residual stressdsrpain a model is more complex than the introductdf an initial



imperfection. Whether this is possible and, ifwbat is the amplitude of the required imperfeci®not known to the
author.

The buckling curve for steel members in compressiasn been exclusively determined from numericalysea and
experimental results made on hot rolled H or |isest Yet, they are applied as such for all sestitypes, welded
sections, hollow steel sections, angles, U or Gimes The applicability of the buckling curve fall these sections
types has not been verified. It would then not cossea surprise that the results provided by advhmedel

calculations would be different from those giventbg simple model. Whether the results would bseclor not and
which one would be more conservative than the otteexr not been investigated. In the team of the oautimd,

approximately at the same time, in the team of é&&sgr Schaumann (private communication), sometseghtained
numerically on columns with non-conventional satsidypes, have been found to be significantly déifé from those
provided by the buckling curve of the Eurocodethig question has not been investigated thoroughly.

5 k2 factor

According to clauses (3) and (8) of section 4.2&.3Eurocode 3, the plastic bending resistancela¥s 1 and class 2
members can be divided by a fack@ = 0,85 at the supports of statically indeterngna¢éams. The plastic bending
resistance is thus 1,18 times higher on the supplogin the value calculated on the base of a teafyerdistribution
that is not disturbed by the supports. This effegiot represented as such in an analysis perfomtedan advanced
model, namely with a numerical model based on biggite elements.

It can easily be calculated in the load domain,thah given requested fire resistance time, thd learing capacity of
a central span in a continuous beam supportingfaromly distributed load is equal to

P = 16 My/L2 ()

if there is no favourable effect on the supportemghs it is equal to

P=8(1+1,18) M/L2=17,4 My/L2 (5)

if the factork2 is taken into account on the supports, withitlle plastic resistance in the span.

The first result is likely to be provided by thevadced model and the second one by the simple latitou model.
There is thus an additional safety margin providedhe advanced model compared to the simple model.

It can easily be calculated that the effect of@asing the bending resistance on the supportsiisagnt to a reduction
of the span to (16/17,4)= 96% of the theoretical distance between the suppThis means that the advanced model
would yield the same answer as the simple modal léngth of 2% of the span is left unheated fromhesupport
(slightly different figures would be calculated ftve end spans of a continuous beam).

The discussion above is based on the hypothedishthaadvanced model analysis will detect plastieitactly on the
supports which means, for the beam finite elentbat, yielding is evaluated at the ends of the etenighis will be the
case if, for instance, the longitudinal integratisrperformed with a Lobatto integration schemgoif the other hand,
integration is performed by a Gauss integrationesth as is the case for SAFIR, the first point whgetdding is

evaluated is close to the supports, but not exastlyhe supports. For example, with two point dégnations on the

length of the element, the first point is approxiehaat a distance of 02from the end of the element, wiftbeing the

length of the finite element. If 10 beam finite ralents are used on the length of the beam, teh/10 and yielding

will be evaluated at a distance of 0,02 L from shupport, which is exactly the value giving the @ase of capacity
provided by the favourable effect from non-unifalemperature on the supports.

6 xl factor

According to clauses (3) and (7) of section 4.2 . &urocode 3, the plastic bending resistancdasfscl and class 2
members can be divided by a fackdr = 0,70 for unprotected beams exposed on 3 siidtbsanconcrete slab on side
four, which means on the upper side of the uperg® (the factor is 0,85 for protected beams). fwor is applied to
the reference bending resistance that is calculatetthie base of the temperature distribution tloaischot take the slab
into account.

In fact, the slab is taken into account in the terafure distribution for the reference bendingstasice by considering
the fact that the upper side of the steel secsamot affected by the fire; an adiabatic boundamydition is assumed to



exist on this surface and, as a consequence, ttiersdactor A/V of the section is reduced compared to that of a
section heated on 4 sides.

The factorkl stems from the fact that the slab has anothectefin the temperature distribution. Not only ddes
protect the upper flange from the application af fine, but it also absorbs heat from the flangeit® own heating.
Heat is transferred from the flange to the concsktb that acts as a heat sink.

This thermal effect can easily be reproduced inntla¢ analyses performed with an advanced thermaleinstead of
just representing the steel section with an adialbmundary, the concrete slab is introduced inntieelel. When this is
done, it is indeed observed that the temperatutkerupper flange is lower compared to the sitmatihen the slab is
not modelled. For example, Figure 4 presents thmpéeature distribution calculated after 30 minuwe$SO fire in an

unprotected IPE300 section, on the left with thparpslab in the model and on the left with an aali@bboundary
condition. The temperature in the upper flange@iced from 780 to 690° when the slab is takenaotmunt.
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Figure 4: Temperature distribution with two different models

Yet, dividing the bending strength by 0,70 amountsnultiply the strength by 1,43 and such an inseeeannot be
observed in the mechanical analyses performed adttanced models. The reason is that the increasengression
capacity provided to the upper flange does notraddh to the bending capacity of the section iftéresile capacity of
the lower flange is kept the same (the temperatutie lower flange is, in Figure 4, around to 825%fA both cases). It
is equivalent to increase the compression capafity reinforced concrete beam that has been designéail at the

same time by tension in the steel bars and by cesspn in the concrete; failure will occur for aywsimilar bending

moment, by tension in the bars. In the steel bedimase is a slight effect because the cooling elgesomehow in the
web, but by no way can this lead to an increaseeofling capacity of more than 40%. For examplthafsections of
Figure 4 are used in a 5 meters simply supportachbthe load bearing capacity after 30 minutesrefdalculated by a
non-linear finite element analysis is increasednfrd,97 kN/m when the slab is replaced by an adiatundary

condition to 856 kKN/m when the slab is considdrethe thermal model (the slab is not acting inoenposite action
with the steel beam). The increase is for this edarof 7,4%, equivalent to a value of the coeffitiel equal to 0,93.
Other values would be obtained with other geometrie

To the knowledge of the author, there is no way the advanced model can yield the strength ineraliswed for by
the simple model.

The aim of the discussion was to highlight the padesdifference between advanced and simple caionlanodels.
Another question is which model better describes ltehaviour of steel sections in experimental testin real
structures under fire. It is possible that a cotecetab supported on a steel section will devetopeslevel of composite
action that, perhaps, can be activated in accitlaotepns and can explain lower valuescaffactors used in the simple
model.
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