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Abstract

This paper intends to present an investigatiomefitehaviour of steel beams under high temperatisesiue to fire using finite elements
simulations with ANSYS software. Cases of studysolid as well as open web beams are consideredatrdnto account uniform and

transient temperature rise, material and geomabiclinear behaviour. Input fire scenarios are déatd temperature-time curve 1ISO834
and parametric compartment fire model based upandéde EN 1991-1-2. For the latter a comparisomasle using the experimental
results from BRE-Cardington tests data. Thermal aedhamnical analysis is done using the effect of tmatpre dependent material
properties and the Eurocode recommendations imastig reduction mechanical steel properties. Thypes of cellular beams are

studied and the number of cells is shown to bécatifor their behaviour under fire conditions. Rks are related to temperature profiles
in steel beam cross-sections, variation of displesgs with respect to temperature change andalrtémperatures.

Keywords Finite element, ISO834 fire, parametric fire, ddleam, open web beam, cellular beam.

Résumé

Cet article présente une recherche sur le compontedes poutres en acier sous hautes températuessadlincendie en utilisant des
simulations par éléments finis avec le logiciel ANS Des cas d'étude pour les poutres a ame pleiss& hien que les poutres a ame
ouvertes sont considérés et tiennent compte denfgérature d'échauffement uniforme et transitaite,comportement non linéaire
matériel et géométrique. Les entrées en donnéesceesirios de feu sont la courbe standard 1ISO83éndgérature-temps et le modéle
paramétrique du feu de compartiment basé sur I'é&de EN 1991-1-2. Pour ce dernier, une comparasbfaite en utilisant les résultats
expérimentaux a partir des essais de BRE-Cardingesahalyses thermique et mécanique sont faitetilezant I'effet de la température
sur les propriétés matérielles et les recommanuiiie I'Eurocode en estimant la dégradation dgwiptés mécaniques de I'acier. Trois
types de poutres cellulaires ont été étudiés abitabre de cellules s'avére critique pour leur catepeent sous incendie. Des résultats
sont liés aux profils de température dans desmsectie poutres en acier, a la variation des déplects en tenant compte du changement
de température et aux températures critiques.

Mots-clés. Elément fini, Feu 1ISO834, Feu paramétrique, paaiaene pleine, poutre & ouverture d’ame , pouthelaiee.

structures, this progress has resulted in detailles for the
design and calculation of structural steel beamatbielr
and load bearing capacity in fire [3, 6]. The fedlwf steel
beam is reached when its strength is exceeded eatoon

1. Introduction

It is well known that steel among all materialsffets a
great reduction of yield stress and Young’s modulunsier
the effect of high temperatur¢k,2]. Remarkable progress
has been made during the last decade, in undenstatit
parameters which influence the development of ngld

more particular points termed plastic hinges, ddpanon
the way it is supported [5, 6]. Extensive resedrah been
carried out in recent years on the numerical sitrana
using finite element method (FEM) [3-7] as an alttive
to the original plastic hinge analysis method. Mwer,

fires, and also the behaviour of fire exposed structural when dealing with open cross-section castellated an

materials and structures [3-5]. In particular, fsteel

cellular beams significant phenomenon of collapse
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mechanisms occur and early research studies dédt w
under ambient temperatures [11-14]. Under fire dmntb,
studies were solid beams dedicated [5, 6] and gii®gects
considering heated cellular beams cases seeking dood
understanding their performance as isolated menibeirs
redundant structures[9]. However there is a ne#éldfet
research work based on FE analysis to study stsminb
under such conditions. In this paper 3- node quad¥a
finite element “BEAM189” , shell finite element dsnode

2. Fire curves

The ISO 834 standard fire curve [1], representmgles
phase ever rising gas temperatérén °C, at time t in
minutes. Unlike the standard fire curve, a nattiralcurve
is characterized by 3 phases: a pre-flashover plaagély

SHELL131 four thermal analysis and 4-node strut¢tura developed phase and a decay phase (Fig.1). Mostwstal
SHELL181models are used for solid beam and open webdamage occurs during the fully developed fire phase

cellular beam under uniform and transient tempeeatu
effect respectively. The primal model uses avadatdal
fire Cardington compartment test results [9-11] lateral
displacement data and compared with results frotn834
and parametric fire curves.
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Fig. 1. Fire curves — 3 phases real fire vs 1ISO 834 & cantmpent fire

only the fully developed fire phase and the deggyhase
are taken into account. The reference time tO,réigly is
regarded as the origin of the temperature-time dioate
system, corresponding to the point of flashover.

3. Eurocode parametric compartment fire models

The parametric fire modelling requires [8,10] three
parametersgq, O and b namely, the design fire load
density the opening factor that accounts for the openings
the vertical walls and the parameter which accodiots
thermal properties of the enclosuespectively to deduce
Eurocode parametric temperature-time curves [1, 8].

3.1.Input data for BRE-Cardington compartment fire sest

The following is a case of study from the BRE's-
Cardington fire tests on eight storeys steel-fraimeaitting,
(33m) steel framed construction with five bays
(5x9m=45m) by three bays (6+9+6=21m) in plan [8-9].
Table 1 summarises Test3 data for parametric fineec

model model.
Table 1: Data compartment fires
Area Floor Area of vert. Opening Height Aver. height of Material Enclosure
enclosure Area Enclosure factor “H” openings
Al ‘At A ‘0" “hel”
p :1900 kg/m
295 nt 76 nt 7t 0.031n? 40m 1.8m C :840J/kgK
A 1.0 WimK

The design value of the fire load is calculatededasn
the characteristic valugg,, of 805 MJ/m and the equation
as defined in the annex A EN 1991-1-2 [1], whichegi a
calculated design value of the fire loagaf 483 MJ/ni.

3.2.Parametric fire curves of Cardington fire tests and
steel beams temperature profiles

Plots of fire compartment curves together with 1SO
standard fire are shown in figure 2.

3.3.FE Modelling of Cardington beams under uniform
temperatures

The response of structural steel members under fire
conditions is governed by mechanical, thermal prigee

Parametric fire recommended in EN 1991-1-2 [1], is and deformations [2, 3]. A 6m span primary beam
used to simulate both compartment tests 3 and 6 and356x171x51 UB with steel materials S275 taken as a

equations in the heating and cooling phases.
eg(HOT) - 20+1325(1_ 0324e~ 02(0506t) _ 0204e” 17(0506t) _ 0472 19(05061))
6, coor, = 813~ 625 (0506t — 0405) 1)

provision for high strength requirement. The terapae
profiles for beam-section in the compartment fire a

shown in figure 2. The uniformly distributed fireegign

load Pfi,d is calculated with a load factgt0.6.
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8 W, y_fy theory which includes shear-deformation effects.e Th
Piga =1 (2) element is a quadratic three-node beam elemenfiraBd
I Ywo can accommodate for body load temperatures and &tio

1100 ISO 834 nonlinear large displacement analyses.

1000 o GasTemperature The critical temperaturd, ., at time t for a uniform
900 /f\ o gtee' Section temperature distribution in a member is determifoedany
800 /’ . -1 ompartment degree of utilization, at time t=0 [2]:

o 0N T G | %
g §E3 / J A N2 620° ea o " 3919In 533 -1[+482(°C) (3)
® 400 iy —Compartmerjt CompartmenF ! 0967u
5 ’ + --Beam Section - -Beam Section 0
g 007 sosxaesxo us 356x171x51 UB With po=ki.kom ; k1=0.7 and k2=1 adaptation factors,
2 20 P TEST: for non-uniform temperature on the section and gltre
108 A <L i beam respectively.
0 10 20 30 40 50 60 70 80 90 10CG 110120
time [min] . . .
Fig. 2. Parametric fire curve vs. ISO834 4. FE Thermo-mechanical analysis of steel beams with

open-web cross section

4.1.Heat transfer into parent solid and cellular beams

In this part of study, steel beams are exposedhmret
sides assuming that top flange will support a cetecslab
and temperature in a steel member isn’t evenlyidiged
within the across section. Finite element heat sfiem
simulations yield non-uniform temperatures since web
and bottom flange have greater exposed perimeter. A
parent solid beam IPE500 and three types of celndams
BEAMCELL1, BEAMCELL2 and BEAMCELL3 with
diameter cells of 38 cm and number of cells 10at@ 16
respectively are studied. Thermal SHELL131 four esd
finite element is used for the simulations and aot® for
radiation with the emissivity coefficiend¢, of 0.7 and

Fig. 3. Finite Element BEAM189 model convectiono, being 4 W/rK and 25 W/nK for room and
fire temperatures respectively [3].

The BEAM189 element is adopted for analysing the

solid Cardington beam. It is based on Timoshenkanbe

(b) Cross-section finite elements
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STEP=]
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Fig. 4. Contour temperatures in parent Solid Beam IPEBGDBEAMCELL1

Revue « Nature & Technologie ». C- Sciences denwWEonnement, n° 13/ Juin 2015. Pages 28a 33



Finite element investigation on the behaviour of stictural steel beams subjected to standard & paramteic fire 31

4.2.Mechanical behaviour of cellular beams

The steel beams are S355, 7m span simply supportediifferent
and all applied critical loads are uniformly dibtrted and

are finite element nonlinear analysis deductiont Viire
load coefficientn; of 0.6. Structural 4-node SHELL181

finite

element model Figure5 is generated throughba
beams with nonlinear material and large

displacement behaviour considered in the analyses.

HODAL SOLITICH

ATEF=2

Ve =34
TIHE=514.873
IEQW RE]
DX =.100304
UWdH =.FITEHTT

Fig. 5.BEAMCELL1 structural F.E. model and Virendeel maoism

5. Results and discussion

For the case of parametric compartment fire angalysi
results are presented comparison is made with 1&®ec
and Cardington fire model curves as well as vametiof
steel, figure 2. Figure6 shows that parametric rhisie
better fit to the prediction of the structural respe of the

steel beam. Time (Min)
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Fig. 6. Mid-Span Vertical displacements.

Table 2: Cardington Solid-Beam temperatures

Ks[An/V] (M) 135.8
®4/0Ga max EC3 813/803
(°C) Cardington
(Experimental) 1010/852
o 1SO834 620
Ocrt (°C) Parametric 698
timeyit /timena[min] 20/48

A maximum vertical displacement of 55 cm is reached

Temperature (°C)

1000

for a critical temperature 698°C, table2.
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Results from thermo-mechanical analyses of cellular
beams, in the form of critical temperatures andesinare
summarised in table 3.
Table 3: Cellular beams structural fire analysis results

IPE 500 Ocr Max.Vert. Time
Beam type w(mm) wia | e(mm) (°C) displt. (min.)
(mm) (cm)
Parent IPE 500 - - - 639.940 22.24 13.91
h=500
b=200 BEAMCELL1 285 0,75 665 | 614.153 10.09 8.58
:wzllé)-z BEAMCELL2 170 0,447 | 550 | 610490 11.24 8.38
f=
BEAMCELL3 50 0,132 | 430 | ©S87.560 5.70 6.63

great complications as the trend behaviour of genblead
in some cases to premature terminations which may b
For all three cases of cellular beams the mairurkail  caused by some instability.
mode is a Vierendeel collapse mechanism in whielst
hinges form at the section touching the four reserit
corners of the cells. References
The fundamental assumption that is the relationship
between the shear stress and bending stress bgiressed [1] EN 1991-1-2:2002 Eurocode 1: Actions on structur@art 1 2:

in terms of the Von Mises’s yield criterion is dba General actions. Actions on structures exposeitdo f

justified figure 5 .The higher the number of cettse [2] EN 1993-1-2:2005 Eurocode 3. Design of steel strest General
. . . rules. Structural fire design

smgller is the critical temperature and hence_ l(_)m f [3] Saab HA, Nethercot DA. Modelling of steel frame éébur under
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