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ABSTRACT

Membrane action in fire is now an intensively reshad area, for which
more improvement is always necessary. The papeyept® some numerical
simulations, done with the SAFIR program, in orderderive more simple
models for representing the partially protected posite floors in fire situation.
The numerical models are calibrated using the tesfl three full scale tests
that have been performed in recent years.

INTRODUCTION

Several full-scale fire tests on composite steelecete slabs have shown
that the load transfer mode in the slab, that sedgsentially on bending at room
temperature, changes to membrane behaviour inibesifuation, due to the
large deflections created by thermal gradients.réppate understanding and
modelling of this particular behaviour allows a esahpproach, but also
substantial savings on the thermal insulation tmat to be applied on the
underlying steel structure.

A complete and detailed numerical modelling of thembrane effect is
quite complex and CPU time consuming, due to theukaneous presence of
beams and of orthotropic shells. If such a humesgpaulation can be done in
research centres and universities, it is not praltyi applicable for real projects
that have to be analyzed in shorter time.

The first objective of the research presented is plaper is to derive more
simple models for representing the partially prtgdccomposite floors in fire
situation that, on the price of simplifications amgproximations, would
nevertheless yield a sufficiently close to reatypresentation of the structural
behaviour and a safe estimate of the load beadpgaty.

The second objective is to highlight the influemésome critical parameters
on the behaviour and fire resistance of compodsitiesssuch as the amount of
reinforcing steel in the slab, the thickness of sheb, the load level and the
flexibility of the protected edge beams.



The calibration of the numerical models is basedhenresults of three full
scale tests that have been performed in recens jieaorder to investigate
various aspects of the tensile membrane action: Hawee been performed by
CTICM in France, FRACOF [1] and COSSFIRE [1], amedyy the Czech
Technical University in Prague, in the Czech Rejould]. Different parametric
analyses have been performed on these tests wethadlianced calculation
model SAFIR of the University of Liege [4].

FRACOF TEST AND NUMERICAL SIMULATION

Considering the size of used fire furnace, thegiesi test specimen covered
an area of 7.35 m by 9.53 m[1], see Figure 1. Tiecisnen comprised 4
secondary beams, 2 primary beams, 4 short columths&d55 mm thick floor
slab incorporating a reinforcing steel mesh of 856%/m located at 47 mm over
the steel sheet. The composite steel and condadtewsas realised with open
trapezoidal steel sheet of 0.75 mm thickness. Aoumiy distributed load of
3.87 kN/m2 was applied on the slab. The two cergeabndary beams and the
composite slab were unprotected, while all othente and the columns were
fire protected. The ISO fire exposure lasted ud20 minutes, moment when
the fire was stopped due to integrity failure o floor.
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Figure 1. Tested structure

For the temperature in protected beams, thereéstain level of uncertainty
for a priori simulations because only the nominal values aofmtlaé properties
are known and some differences can be observedbaetihe predicted and the
measured steel temperature. The predictions areh nmore reliable for
unprotected beams. For the thermal analysis, tbhescsection of the slab
containing ribs has been replaced by a section waithaverage thickness
calculated according to EC4-1-2 Annex D [5] whiébr;, this profile, yielded
sufficiently accurate estimation of the temperatarehe level of the bars, see
Figure 4.

The beams have been idealised using beam elenardsthe slab using
shell elements. According to the connection defadm the test, the beam-to-
column and beam-to-beam joints were modelled aglsimmonnections. The
bars have been modelled as smeared layer haviryguomhxial strength and



stiffness. For the material properties, the nomuadlies have been used, not the
measured ones.

In Figure 2, the calculated deformed shape andng@brane stresses in the
slab are shown, at 165 minutes, i.e. just beforeiréa was reached in the
numerical the simulation. At this moment, the dinoe failed due to large
deflections of the secondary edge beams. The memlaetion, characterised
by the equilibrium between the compression of thieccete on the edges of the
slab and the tension in the bars in the middléhefdlab, was overreached, and
the slab could not support the load any longer. ditet shows the comparison
between the measured and the calculated defleatitihre centre of the slab.
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Figure 2. Deformed shape and membrane forces -e®igfh in the middle of the slab

COSSFIRE TEST AND NUMERICAL SIMULATION

The COSSFIRE test [2] was part of a project with tibjective to propose
design rules for the beam-to-column connectionsnwhgosed to a natural fire.
The designed test specimen covered an area oh®.6y 8.5 m. A specific test
specimen shown in Figure 3 was adopted, composédseicondary beams, 4
primary beams, 6 short columns and a 135 mm theék dncorporating a
reinforcing steel mesh of 251 mm?/m located at 3% aver the trapezoidal steel
sheet Cofraplus60, with 0.75 mm thickness. A umilgr distributed load of
3.75 kN/m? was applied on the slab. The two mid#leondary beams and the
composite slab were unprotected, while all the blamy beams of the floor
were fire protected. The ISO fire exposure lastedoul20 minutes.
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Here also, the temperatures calculated in the teged beams were closer
to the observed temperatures than those calculatée protected edge beams
and the temperatures calculated in the bars ofsthbe on the base of the



equivalent thickness as recommended by Eurocoderéd wveasonably close to
the temperatures observed during the test, seed~gu
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Figure 4. Temperature variation in the slab|atFigure 5. Temperature variation in the slgb
rebar level (FRACOF) at rebar level (COSSFIRE)

In Figure 6, the deformed shape and the membracedmf the slab after
150 minutes are shown. At this moment the compadate failed, in the same
manner as for the model of Fracof structure, dutnéolarge deflections of the
secondary edge beam. In the chart, a comparisevebetthe measured and the
calculated deflection of the middle of the slashswn.
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Figure 6. Deformed shape and membrane forces -e®igfh in the middle of the slab

PRAGUE TEST AND NUMERICAL SIMULATION

The aim of the fire test was to observe the ovératlaviour of the structure,
which may not be observed in tests performed oars¢p elements. Three types
of flooring systems [3] and six wall structures lwinhineral wool were tested.
The construction of the experimental building isgimented on Figure 7.

The experimental structure represents one flo@naidministrative building
of 18 x 12 m. The composite slab on the castellate®@red an area of 9 x 12 m?2
and beams with corrugated webs an area of 9 x 6Th@.deck was a simple
trapezoidal composite profile of 60 mm depth withrém of concrete over the
profile, reinforced by a smooth mesh of g5 mm 100/tnm (i.e. 196 mmz2/m)
located 20 mm over the profile.
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Figure 7. Tested structure

The dead load of the tested structure reached\¥y&% The variable load of
3,0 kN/m2 was simulated by sand bags. The fire loa@&20 MJ/m2 for this
natural fire tests consisted wooden cribs. The mgsnof 2.54 m height and a
total length of 8.00 m ventilated the compartmeht allow a smooth
development of fire, no glazing was installed.

Under the composite slab with castellated beantsymperature of 935°C
was measured after 60 minutes. The collapse ofskale occurred after 62
minutes, at the beginning of the cooling phasehef fire, with the measured
temperature of the lower flange of the beam antleespan equal to 895 °C.

The numerical simulation was performed for the 8¥6zone where the slab
is supported by Angelina beams. The columns andctbes braces were not
modelled. Therefore, the analysis was realised forlyhe Angelina beams, the
composite slab, and two types of protected edgmbea

A fire curve has first been obtained with OZonegpamn and used further in
the thermal analysis. This curve is compared irufeg.a) with the measured
gas temperatures at the test. Figure 8.b) showsctmparison for the
temperature in the lower flange of the Angelinarhga
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The castellated beams were modelled using the fmum section” for the
entire length of the beam. For the thermal distrdny the section of the slab
containing ribs has also been replaced by a sewtithnan average thickness.

In the numerical model, the edge beams and theotegied Angelina beams
were idealised using beam elements, and the slag skell elements. Vertical
supports have been used instead for the columddh@izontal restrains for the
cross braces and for the continuity of the slab.

Figure shows the deformed shape and the membrane fofdbe slab at
failure, namely a concrete failure in the cornertlod slab, see Figure 9. The



chart shows the deflection curve from the simutatompared to the measured
deflection from the test for the middle area of skeb.

0 20 40 60 80 100 120 140
- e 0 ‘ ‘ ;
0.1 ‘ ‘
g Sgna /,#\';-,._ L — Measured
e W (e -0.2 ) TR
e — \\ — Simulation
-ga.-- ._____-" -'/:_.'/ é -0.3
g S 04
A N S
i =2 06
' et [a]
L : : 0.7 \\
ek i - 08 1
= #,..-b 09
Time [min]

Figure 9. Deformed shape and membrane forces -e®igfh in the middle of the slab

PARAMETRIC STUDY

For the tree tests, a sensitive analysis has bedarmed in order to see the
influence of a number of parameters on the mechAreésponse of a composite
slab. For the Prague test, the study aimed alswlentify what could have
improved the behaviour of the slab. For each patameone or more
simulations have been done and then compared Wéhrdéference numerical
models presented above. The investigated paranseters

» the vertical supports on the edges;

» the thickness of the slab;

» the amount of reinforcement;

» the modelling of the unprotected beam;

* the influence of the lateral restraints of thabsl

Influence of the vertical supportson the edges

For the three tests, a model was built in whichteledges of the composite
slab were fully restrained vertically. The aim wassee how important the
stiffness of the edge beam is. In all three catbesslab with full vertical fixity
on the edges resisted a longer time to the fir@sx@, see Figure 10, because
the plastic hinge that otherwise formed in the sdeoy edge beams was
avoided. For the Fracof and Cossfire tests theaps# of the slab was not
reached after 4 and respectively 3 hours of IS© dixposure. For the Prague
test, the collapse at 61 minutes was also avoided.
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Figure 10. Influence of the supports on the edgeBRACOF c) PRAGUE



I nfluence of thethickness of the dlab

Models with different thickness of the slab werengidered. Figure 11
shows that a higher thickness leads to lower défies, with a minimum
thickness being required to achieve stability, tredue of this minimum
thickness being somehow different in each test.
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Figure 11. Influence of the slab thickness: a) FR&®) COSSFIRE ¢) PRAGUE

I nfluence of the amount of reinfor cement
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Models with different quantities of reinforcememsre considered with
nearly unchanged results for the first 2 tests aadamatic improvement in the
test of Prague, see Figure 12.

Modelling of the unprotected beam

For the three tests, besides the reference modsc@nd model has been
considered, in which the unprotected secondary beaene neglected, or just a
part of the section has been modelled. For theugréest, the secondary beams
were castellated beams, and the question was howotiel these, or whether it
is really necessary to model these at all. Figl®esHows the deflection for the
reference models and the models without unprotdmted.

For the Fracof test, in case the unprotected beaere neglected, the
transition from the compressive membrane to thesitenmembrane was
“violent” so that the yield lines formed leadingttee failure of the slab before
the total load could be applied.

For the Cossfire test, in case the unprotected beaene not present, the
slab entered from the beginning into tensile memérés the fire develops, the
deflection curve converged towards the same cusvth@ one obtained when
the unprotected beams are present in the model.

For Prague test, using just the upper T for théetlated beams lead to large
deflections at the beginning of the test, but thedfledtion curve did not
converged to the same displacement and time resestdaJsing the minimum
section (the upper and lower T) for the Angelinaarhe lead to a good
correlation with the test, but in the case whed jhe upper T was used, an
early failure of the slab occurred.
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Figure 13. Modelling of the unprotected beam: apERF b) COSSFIRE c) PRAGUE



Influence of thelateral restraints of the slab

For the three tests, beside the reference modsgécand model has been
considered in which the composite slab was latenadbktrained on the four
edges, with the aim to simulate an eventual coitjiraf the slab, assuming that
there is no rupture of the bars on the supportpurgi 14 shows that the Fracof
structure resisted up to 4 hours, while for theep8tructures a numerical failure
occurred and the simulation could not be run datilre.
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Figurel4. Influence of the lateral restrains of¢lab: a) FRACOF b) COSSFIRE ¢) PRAGUE

CONCLUSIONS

Using the available information from the three $eg$tracof, Cossfire and
Prague, numerical simulations have been done u#iegSAFIR program.
Differences of time resistance for Fracof and dossftests could not be
emphasised because the fire exposure in the taststapped after 120 minutes.
For the Prague structure, the fire resistance timéhe a priori numerical
simulation is almost the same as the failure tirhseoved in the test, with a
difference of 5 minutes.

In order to see the influence of different paramsets the behaviour of the
composite slabs when exposed to fire, a paramstudy has been performed
for each test.

Increasing the thickness of the slab improves #tebiour of the slab, with
lower vertical deflections and higher fire resistatimes. The average thickness
for the section of the slabs containing ribs, dali®d according to Annex D of
EC4-1-2, may be used for the thermal distributiorine numerical simulation,
at least with the open trapezoidal sections uséidese tests.

For the Fracof and Cossfire tests the failure waassed by plastic hinge
forming in the secondary edge beams. When the edfiethe slabs are
considered as completely restrained vertically, glaestic hinge forming in the



secondary edge beams is avoided and the fireamsestime is increased for the
three slabs.

If lateral restrains are used in the numerical &tmn, the failure is not
reached after 4 hours of ISO fire exposure in treedf test. For the other two
tests (Cossfire and Prague), the use of latertdares leads to early numerical
failure.

If the secondary beams are not present in the noahesimulation, the
transition from the compressive membrane to thsileemembrane is “violent”
For the Fracof test so that the yield lines leadddy failure of the slab. For the
Cossfire test, if the secondary beams are neglethedslab enters from the
beginning into tensile membrane. However, the failime and evolution of
vertical deflections are nearly the same thanterreference model. For Prague
structure, using just the upper T for the casteflaAngelina beams, large
deflections are obtained at the beginning, likethe Cossfire test, but the
vertical deflection curve does not converge toghme displacement and time
resistance as in the reference numerical model.th®iPrague test, using the
minimum section (the upper and lower T) for the Alivta beam showed good
correlation with the test.

Increasing the amount of reinforcement improveshkéeaviour of the slab
(less vertical displacement and higher fire reassatimes). However, if the
collapse is not caused by failure of reinforcemieut by compression in the
concrete, using more reinforcement will not leadatsignificant improvement
(as can be seen in the case of the Fracof and iteoss$ts). For Prague test,
using a higher amount of rebars lead to lower ealtdeflection and the
collapse was avoided.
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