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ABSTRACT

This contribution presents an analytical methoddtermine the distribution of temperature within
a steel section integrated into a concrete slai;hwik subjected to a time-dependent heat flux. The
method developed is based on an analytical solutiothe general heat equation for transient
conduction simplified to be usable for the caladolaof the load bearing resistance of the slim4floo
beam. This simplified analytical solution is valild by comparison against results obtained from
numerical simulations. A possible extension of deeeloped method to fire protected sections is
given.
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1 INTRODUCTION

A slim-floor beam (SFB) or a slim-floor beam witloraposite action (CoSFB), is a floor beam
which is integrated into a slab [1, 2]. It consistsa hot rolled steel section and a plate welded
under the lower flange of the hot rolled sectioheTwidth of the plate is wider than the upper
flange to allow for an easy installation of thebstdementskig. 1.
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Fig. 1. Composite Slim-Floor Beam — CoSFB [2]

The slab may be made of partially or fully prefahted slab elements or composite slabs with
metal decking [3]. In case of a fire underneathdlad, the lower edge of the slab and the ste&t pla
are exposed to hot gases from the fire, while plaat of the steel section integrated into the sab
heated by conduction only. Hence the temperatwteilolition within the height of the steel section
is highly non-uniformFig. 2.

No simple method to determine the temperatureibligton in the steel section or to determine the
load bearing resistance of a slim-floor beam carfiobed in Eurocode 3 or Eurocode 4 [4, 5]. In
order to allow for a quick and easy design in theng of fire, a simple method to assess the fire
resistance of integrated floor beams has to beladige@.
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The method together with recent developments of séab systems, e.g. Cofradal 200 and
Cofraplus 220 and a new type of shear connectdre—'€CoSFB-Betondubel” — will lead to an
overall more economic and sustainable slim-floorstauction [6, 7].

This contribution presents an analytical methoddtermine the temperature distribution of a SFB
section, which is integrated into a concrete sladh subjected to a fire, defined by a temperature-
time relationship. The presented method is basedromnalytical solution of the general heat
equation for transient conduction and simplifiedo®used for the calculation of the load bearing
resistance of a slim-floor beam. Further, the duabif the developed method is validated by
comparison with the results obtained by numerigalutations. The undeniable advantage of the
chosen approach is its possible application totgpg of fire protection, including a protection of
the lower plate of the slim-floor section with intescent coating.

2 TEMPERATURE DISTRIBUTION IN SLIM-FLOOR CROSS SECTIO NS

2.1 Temperature distribution in SFB sections in solid oncrete slabs

Temperatures obtained by numerical simulation f@FB section are presented king. 2. The
lower edge of the slab and the steel plate aresegpto hot gases from the standard temperature-
time curve (“ISO-Fire”) [8] and sampled at 30min3@ and 120min (R120). In both cases the
temperature is decreasing over the section heygtir¢ction). In addition, a gradient of the steel
temperatures in the horizontal, z-direction exigts30min, while this temperature gradient is
reducing with increasing time. Compared to the oetecslab the thermal conductivity of structural
steel is higher and the mass of the steel sectiamialler, which leads to a higher value of the
diffusivity a of the steel section and consequently, it heattefahan the concrete slab (if both
materials are subjected to the same heat flux)s Tdads to a thermal gradient between the steel
section and the concrete slab and to a heat exeHaatgveen the steel section and the surrounding
concrete.
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Fig. 2. Temperatures in a SFB cross section a) 30b)ii20min

2.2 Description of the simplified analytical approach

Precise analytical determination of the time- améce-dependent temperature distribution in
integrated beams results in a complex solutionckvie less practical for beam design. Therefore,
simplifications were introduced allowing for a sil@panalytical formulation being adequate for the
design of composite and non-composite integratedr flbeams in fire. The time-dependent
temperature distribution within a solid materiahdae formulated by a non-homogenous partial
differential equation, describing the process afhsient heat conduction, Section 3.

In case of fire, the surfaces exposed to the fiez directly subjected to thermal actions. These
thermal actions can be formulated as a net heahflito the exposed surface of the member. This
heat flux includes heat transfer by radiation aodvection. The key parameter for the amount of
radiation and convection to a surface is the teatpeg difference between the surface temperature
Tasutr@nd the gas temperature [Big. 3.

Up to 120min the temperature of the upper edgd@fconcrete slab (T remains almost at its
initial temperature (iT= 20°C) — the slab is nearly not affected by raernal heat transport from
conduction, which justifies the assumption of ammbdtic boundary condition at the upper edge.
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Using the net heat flux allowus to apply the developed method for protected ar-protectec
slim-floor beams.If the lower plate of the sli-floor beam is protected, e.g. with intumesc
coating, tlis fire protection material leads to a reduction of heat flux tothe steel plat and
corsequentl to & generalreduction of the steel temperat. To calculateh,e for protectec
member the surface temperaturas a function oftime may be taken fromfire tests It is
recommended to use test results for members wsimgar section factor /V [4] as the welde
plate. Test resulifor aspecific fire protectioimateria may be provided by thproducel

The simplifications introducet for the determination of the analytical solutioe:

- no thermal gradierin horizontal -direction is taken into accou(i.e., a uniform temperature i
the plate and the lowelange is assume),

- heat exchangbetween the steel section and the concrete isomsidere,

- the developed method is valid for solid concresdslonl,

- the temperatu dependency of the specific he,and the thermal conductiviA, of stee is
simplified, Section &

Ty o = 20°C = const. 60 .
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radiation + convection hm,

Fig. 3. Heat Flux on SFBection wih surface emperature

2.3 Application range
The developemethodhas been derived ficomposite and n-compositeSFB section, Table 1

Table 1. Lisiof considered SFB cross secti

. Plate
Hot rolled sectior by [Mm] ty [mm]
HE180E 350 20
HE200E 350 20
HE220E 400 20
HE240E 400 20
HE260E 400 20
HE280E 450 20
HE300E 500 20
HE320E 500 25
HE340E 500 25
HE360E 500 30

The geel grade of the haolled section and the welded plate is S For all sections a fixed valt
of the concrete cover ¢ of 50mm above the uppergéawas usecthe slab consiss of a solic
concrete slab with concretecompression class C30,, Fig. 6.
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3 ANALYTICAL FORMULATION OF THE TEMPERATURE DISTRIBUT  ION

3.1 Differential equation of transient conduction

A slim-floor beam subjected to the action of a h&airce as an ISO fire presents a highly non-
uniform temperature distribution and a consequexchange of thermal energy from regions of

higher temperature to regions of lower temperatline thermal exchange in space and time in the
cross section is defined by the well-known heaidfer equation. Assuming that there is no internal
heat generation in the slab and that the thermahange for conduction is one-dimensional, the
heat equation is expressed as follows:

9%T _ 10T
E_EEO<X<H’t>O (1)

Aa

With thermal diffusivitya = (Aa is the thermal conductivityy, is the density and,d@s the

Pa - Ca
specific heat of steel); x is the spatial coordenaith its origin on the hot side of the slab; the
coordinate in time; H is the thickness of the shaldl T is the temperature. In order to solve this
equation one initial condition (IC) and two boundaonditions (BC) have to be defined. As shown
in Section 2 an adiabatic BC can be used on theé siole. Further, the presence of a constant
thermal heat flux q is defined as the BC on the siithe cross section exposed to the fire. ALan |
a constant temperature of920°C is set. These conditions have been expiesséollows:

JaT

BCl: —A, 2 =q x=0 2)
BC2: g—zzo,sz (3)
IC: T=T,=20C 0<x<H, t=0 (4)

In order to reduce the amount of variables a stahpeocedure of conversion to non-dimensional
form is used by grouping the physical constanthefinitial problem:

T-T;

o 5)

- q-H/Ay

o-t

and X= % ; Fo = HE (Fo can be interpreted as dimensionless time)

By introducing the new variables, the following rdimensional 1D heat equation is obtained.

GEL:) a0

2= 5 0<X <1, Fo>0 (6)
00

BCL: —=-1X=0 (7)
00

BC2: — = 0X=1 (8)

IC: 0=00<X<1, Fo=0 9)

This non-homogeneous differential equation is sy applying the method of variation of
parameters, setting up a homogenous problem byingimg the non-homogeneous BC and
applying the separation of variables to get theeBv@lues and Eigenfunctions of the homogeneous
system. Using the orthogonality property of the dgiginctions it is then possible to solve the
original non-homogeneous system. The solutionterrton-dimensional heat equation is presented
in Eqg. (10)

H(X, FO) = Fo + %Z%o=1 COST(;”X) _ %Z$=1cosirsz)e_(nn)zFo (10)
The above assumptions have been validated throegits obtained by extensive finite element
simulations, considering different slim-floor begmometries. A dedicated finite element software
developed at the University of Liége [9] has beepleyed for this purpose.
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3.2 Determination of the heatflux for unprotected SFB section

A heat flux constant over time has to be def to enable application ' Eq. (10) The heat flux
considers heat transfer by radiation and convedrothe fire exposed surfacdower edges of th
steel plate anthe concrete slab). Based on the surfeemperature of the steel plate obtaiby
numerical simulatior [9] the net heaflux hnetas a function of tirr, is calculated anpresented il
Fig. 4. All other parameters for the calculationhye were directly taken from the Eurocodes [4

g [W/md]

Fig. 4. Heat flux for sections according to Tab

Becausethe temperatures and the bending resistance ofrthes section irequiredfor specific
times only (R30, R60, R90, R120), the constant value a$ glerived by an integration of t|
function of the heat flux, divided by the corresgmy time. Values fc the SFB sectiorHE260B +
Plate 400x20 are givein Fig. &.
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Fig. 5.Heat fluxg, for HE260B with integration example for R60 + heakflzalues for R30, R60, R90 and R

Further, due to the small vaiion of the heat flux within the giverange of SFEsection a netheat
flux q’ for all section giver in Table 1can be derived bmultiplying the heat flu q for the

HE260B byafactor,Eq. (11) g’ = q x —HEze08 (11)

Hsection
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3.2 Analytical development of the no-linear temperature distribution
Thedimensione valuesfor the emperaturs areobtained by reformulatinEq. ) as follows:

T(X,Fo) = 0(X,Fo)-q' -H/A, + T, (12)

RecallingEq. (10) and Eqg. (12), the emperaturs at specified pointwithin the SFB sectio are
computer assignini to each poina non-dimensionavertical coordinate , with origin at the lowel
edge of the plate upwal, and arelateddimensionless timFo. The valueH, is always defined sa
total height of the steel profile and the steel [. The temperature is calculd at three significar
points: Temperature ; at Point : placed in thecentre of the plate; Temperatur, at Point 2 place
in the centre of the lower flange; Temperatus at Point 3 placecat the upper edge of the rc
fillet, Fig. 6.

Temperature

|
L
< SOVT

RN

Fig. 6. SFB cross section with relevant points famperature calculatio

Because thd-o is a function of space and tinit depends n the fire resistance class ehas to be
calculatecindividually for each of the 3 Points described\a, Fig. 7.
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Fig. 7. Fo as function of X and the fire resistance ¢

With the aim to allo\ for the application oEq. (10)to all sections given itrTable 1,the Fo is
multiplied by a geometrical coefficient, expressthg square root of the ratio between the fle
thickness of thHE260B and othe chosen sectic

© Ernst & Sohn Verlag flr Architektur und technische WissenschaftenbH & Co. KG, Berlir- CE/paper (2017)



HenceEq. (10) is reformulated intc

6'(X,Fo) = Fo' + Sy UM _ 2y | SosCRD) o-(umy?ro’ (13)

n2 n

with  Fo' = Fo - \/t; yraeop/tr for R30, R60 and R9
Fo' = Fo for R120

Eq. (13 wasderived usincthe first four terms of the Fourier ser Hence he final value otthe
steel emperatur is calculatecwith Eq. (14) for the three points given Fig. 6. A fixed valuefor
the thermal conductivi A, 0f 27.3 W/mK] is used Section 3.4.1.3 o[4].

T(X,Fo) = 0'(X,Fo)-q' -H/A, +T; (14)

3.4 Validation of the developed methoc— temperatures

Eq. (12) is now fully determind to compute thtemperatures ( the three selected points. lhe
following graphs the correlatior between the analytical results and the values mddaby
numerical simultion with SAFIR [9] for the sectios given inTable lis presente, Fig. 8.
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Fig. 8 Comparison of steel temperatures calculated ®igh(12) and numericallc) R90;d) R120

Fig. 8 b) and c) sho a very goodcorrelatior of the analytically and numerically calculat
temperatures at R60 and R'‘Also for R3(and R120 the average temperature of the plate (¢
T1) and the average temperatiof the lower flange (Point 2,,) areadequat¢ A bigger difference
between the resulis found for the average temperatin the root fillet (Point 3, 3). However as
the influence of the root fillet on the bending istence is rather smalthe difference of
temperature in this poiiis considere acceptabl, se«Fig. 9.
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The position of the 400°C limit is of significanttémest for the calculation of thbending
resistanc, becauseareduction of the yield streth for structural stechas not to be considei until
this temperatui is reache [4]. The position of the 400°point in the web of the hot rolled secti
can be calculatefrom the following expression

R30  huoozzo = —1.21-H2 4+ 0.39-H (15)
R60  hyoore0 = —0.68 - H2 4+ 0.50 - H (16)
R0  huoore0 = —0.89 - H2 + 0.63 - H (17)
R120 hyor120 = —1.05- H2 +0.74 - H (18)

with H measuredn meter: [m] according tcFig. 6.

3.E Validation of the developed methoc— plastic bending resistanc

The bendincresistancehas been computed considering a full plastic momdran the section ¢
the slim-floor beamis fully yielded, applyin the equilibrium offorces with respect to the neut
axis on the depth of the cr-section.The whole steel section is consideredhe yield strength ¢
steel in tension is equal to the yield strengtitompressio. Regardini concret, only the part in
compression is considel. For the steel web, t dimensione coordinate of the 400°C poihas to
be used to define anear interpolation in terms cemperiture between this point and tlevel of
the root fillet at the bwer part of the we. As shownin Sectiors 2 and 3only the temperatur
gradientwithin the height of thecross sectic is considered analytically. Extensive numeri
stucdes haveshown that the assumption of a uniform temperadis&ibution in the plate and tt
lower flange— as it is obtained by the developed siified analytical metho«— would in certair
case leadto ar overestimation of the bending resiste, see alsoFig. 2. Thereforea reduction
factorf is introduced t thebending resistance , rq,i Obtainecby Eq. (14):

z,)l,Rd,fi = My razi/B (16)
where R30, R120(3=1.2¢

R60, R90:3 =/h/0.15 with h [m], Fig. 6.

In some cases tlchosel formulation of thef-factor lead: to very safe resul (seeFig. 9¢, e.g.
HE360E for R30 and R6). But a simple formulation of the reduction allowing fan eas)
application of the derived method was preferred.R@0 and R90 a strong correlatiorthe heght
of the hot olled section was found, which might be a subjecfirther investigation

A compaison of the bending resistance of composite amt-composite SFB sections in fi
Mpird,i With bending resistans derived by numerical simulatio9] is shown inFig. 9.
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Fig. 9. Comparison cbending resistance non-composite cross section; b) composite cross seutitinke; = 1m

The above presentecomparison of M’ with the numerically derived bemglireistance in fire
shows, that alvalues calculated th the developed simplified analytical method conservative
(“safe side”) and further, that the developed methcleadsto very precise results for n-
composite and composite cross secticAdditional parametric stuies were performecwith
compositesectionswith participating widthsup to ke = 3.0m
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4 APPLICATION EXAMPLE

The application of the developed methoddemonstrated ilan example. For hot rolled sectiol
HE200B + Plate 350x20miin steel grade S3!, the temperatures and the bencresistance in fir
is calculated for 90min 1S-Fire (R90) The lower edge of thisteel plate and the sl are eposec
to the fire. Thesteelsection isplaced in a solid concrete slab in C3(, aconcrete cover above t
upper flange of the hot rolled dion of 50mm is usei A composite action betweethe stee
section anche concrete is assured by mean< CoSFE-Betondiibe’ [6]. An effective widthbes =
1.75mof the concrete slab is activa. Table2 presentsthe calculatecsteel temperatur T for the
three reference poinin comparison tthe temperatures obtained by numerical simulati,ym[9].

Table2. ApplicationExample -Temperature calculation ffire resistanc class R90

Point| H z q’ Aa ’ T Thum | AT
[m] | [mm] X = x/H [W/m?] | [W/mK] Fo | @ (X) °Cl | °Cl | [%]

1 0.22 | 10.0C 0.0t 6745¢ 27.% 1.3C 1.58 879 | 844 | 40

2 0.22 | 27.5( 0.1: 6745¢ 27.% 1.2t 1.48 825 | 806 | 2.3
3 0.22 | 53.00 0.2£ 6745¢ 27.5 1.17 1.30 725 | 721 | 0.6

Theposition of 400°C in the web of the steel sect®nalculated usir Eq.(17):
hypo = —0.89 - H? + 0.63 - H = —0.89 - 0.222 4+ 0.63 - 0.22 = 0.0955m = 95.5mm
(This value can be compared with the value obtalyedumerical simulationsgo num= 98.4mn).

Based on the above calculated temperatures, thirngeresistance of the SFB sion for R90 car
be derived. The yield strength of steel at ated temperatures is calculated multiplying the
yield strengt of structural steel, at room temperaturby a reduction factorye, Section 3.2[4].
Annex F of 5] was applied for thcalculation of the concrete compression for.. Subsequentl
the inner forces o; can be calculate. No external normal force is acting, she position of the
plastic neutral axisp i can be found by the conditiccFg; = 0. Finally, the bending reistanct is
calculated by equilibrium witM’ p ra,i = Z(Fe,i (Zzu14) / B, Fig. 1C.

Inner forces

/ / / / Foi [kN]
ko T[°C] - [ = 18451
ol fl _ e
a & > F'un= 1065
1.0 \':
v Y
200 > [, =479.4
/
0.89 4500
0.63 1600
0.35 /700
[ — | T3=725 — F,3=214
0.10 f==——==] T2=82 — [,,=104.1
0.07 Ty =879 — F,,=1752

Fig. 10. Applicationexample Calculation of the bending resistance of a compdSK8 cross section for R

The position of the plastic neutral ais calculated tz, = 41.35mn (from the upper edgof the
concrete slab downward:Applying Eq. (16)the bending resistance at Fis obtainec

My rasi = Mpirasi/B = 159.3kNm/,/0.20/0.15 = 138.0kNm < 157.9kNm (Safir)

A significant increase of the bending resistaM’ y rqi Can be achieved by adding reinforcen
bars in the chamber of the hot rolled section igltudinal directio of the bear spar [10].

For the predesign of a CoS at room temperature for serviceability limit st S) and foi
ultimate limit state (ULS) software available[11].
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5 CONCLUSION AND OUTLOOK

A simplified method to calculate the steel temp#ned and bending resistances for SFB sections is
presented. The developed method is based on thiosobf the transient heat conduction equation
for a section exposed to the standard temperatuee-turve at one side and a constant gas
temperature at the other side. It was shown that déveloped method allows for a precise
prediction of the average temperatures of the gitge and the lower flange of the hot rolled
section. Based on the derived temperature distobuhe bending resistance for steel and steel-
concrete composite cross sections can be calculated30, R60, R90 and R120 fire resistance
classes. Finally the application of the method demonstrated in an example.

To allow for a more general use of the developedhotk additional parametric studies with
variation of the steel grade, the concrete compressdass and the height of the concrete cover
above the upper flange have to be performed. Asatrived3-factor might be subject for further
investigations. In addition the possible use ofeotblab types than a solid slab and more section
types is still to be verified. The application dfet developed approach for fire protected SFB
sections will be given in another publication.
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