Numerical analysis of partially fire protected composite slabs
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Abstract: The paper presents a numerical investigation, détiethe computer program SAFIR, in order
to obtain simpler finite element models for represg the behaviour of the partially protected cosife
steel concrete slabs in fire situations, considetiee membrane action. Appropriate understandird)y an
modelling of the particular behaviour of compossiabs allows a safe approach, but also substantial
savings on the thermal insulation that has to ldiegh on the underlying steel structure. The infices of
some critical parameters on the behaviour andréststance of composite slabs such as the amount of
reinforcing steel, the thickness of the slab arelétige conditions is also highlighted. The resoitthe
numerical analyses are compared with the resultereg full scale fire tests on composite slabs iaae

been performed in recent years.
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1. Introduction

Observations of actual building fires and largelesdime tests conducted in a number of countries
have shown that the fire performance of composéel ramed buildings with composite floors is
much better than indicated by standard fire rescgdests on composite slabs or composite beams
as isolated structural elements. The paper focosesoncrete slabs connected to steel beams by
means of headed studs, used in all the considestsl t

It is clear that there are large reserves of fa®gtance in modern steel-framed buildings and that
standard fire resistance tests on single unrestlaimembers do not provide a satisfactory indicator

of the real performance of such structures.
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Results of fire tests made during 1995-1996 ondadlle steel concrete composite building
constructed at the Building Research Establishiadatratory Cardington, U.K., indicated that the
stability of composite steel-concrete framed buidgi, where some of the steel beams are
unprotected, can be maintained even when the teyperof the unprotected beams exceeds
1000°C (STC, 1999), (Bailey et al., 1999). Wang9@)9used tensile membrane action which
develops in the composite steel-concrete slabsxptaim the excellent fire behaviour of the
composite building in Cardington full-scale tests.

Another full-scale test on a fire compartment o€ teame composite building was
performed in Cardington in 2003, within a resegoobject aimed to study the tensile membrane
action and the robustness of structural steel gountder natural fire. An assessment of the
temperature development within the fire compartmant structural elements, and of the
behaviour of the structure exposed to fire is pre=k by Wald et al. (2005, 2006) and Simdes da
Silva et al. (2005). The predicted local collaps¢he structure was not reached during the test, in
which the columns, the external joints and the ebdgam of the composite slab were fire
protected.

Recent full-scale fire tests on composite steekoete slabs confirmed a good fire
performance when exposed to a long ISO fire (Zhaa.e2008; COSSFIRE, 2006) even if some
of the interior supporting beams of the slab pamelnot protected.

The load transfer mode in the slab relies ess@ntial bending on short spans, with small
deflections, at normal temperature. In fire sitoia$, due to the large deflections, the load transfe
changes to membrane behaviour along a larger slabl.pConsidering this, a design method for
composite steel concrete floor slabs in fire wagetiped by Bailey (2004), allowing designers to
specify fire protection to only a portion of thesk beams within a given floor plate. The approach
represents a further development of a previous Igieg design method (Bailey and Moore,
2000), (Bailey, 2001), based on the experimentakwab Cardington. In Bailey design method, the
final displacement of the slab is calculated comsid) the yield-line model. An alternative method
to calculate the load capacity of simply supportednposite slabs considering the membrane
action, by dividing the slab into one center-eitipbart and four rigid parts around, at the limit
stage of load capacity, was presented by Li §2807).

Numerical modelling of six full-scale fire testsrgad out in 1995-1996 on the composite
frame constructed at BRE laboratory at Cardingtas werformed by (Huang et al, 2002), using
the computer program VULCAN, developed at the Ursitg of Sheffield. The study highlighted

that for low temperatures of the steel unprotetieaims, the influence of the concrete slabs on the



structural behaviour of the building is small, llten the steel beam temperatures are higher than
500°C, the slab became increasingly influential as pbthe load-carrying mechanism.

Another finite element modeling (Moss and Clift@®04) of the Cardington test of 2003
as an assemblage of linked composite members, shithweehree-dimensional nature of the floor
system response, involving two-way action of tl@flsystem, consistent with Bailey model.

A comparison of the Bailey design method with nioredr finite element modelling was
performed by (Huang et al, 2004). One conclusios that the simple design method may predict
a greater enhancement of fire resistance due t@léemembrane than is apparent from finite
element analyses, in particular for the case ofhilgaly reinforced square slabs, for which the
simple method predicts very large enhancement. Ca#d reinforcement quantities which are
typical for anti-crack meshes, as well as the meotangular slabs, show less enhancement, and
the disparity is less apparent.

In order to evaluate the fire resistance of a catipslab considering the membrane effect,
a finite element analysis may nevertheless be reduin particular situations. Yet, a complete and
detailed numerical modelling of the membrane effecjuite complex and CPU time consuming,
due to the simultaneous presence of beams and tbbtmpic shells. If such a numerical
simulation can be done in research centres ancersgiiies, it is not practically applicable for real
projects that have to be analyzed in shorter time.

The FE numerical analyses presented in this paperate three full scale tests that have
been performed in recent years: two have been mpeet by CTICM in France, FRACOF (Zhao
et al., 2008) and COSSFIRE (2006), and one by theckC Technical University of Prague, in
Mokrsko, the Czech Republic (Chlouba & Wald, 200Q)ald et al, 2010). The numerical
analyses have been performed with the advancedlaténn model SAFIR, developed at the
University of Liege (Franssen, 2005).

The first objective of the paper is to derive timaest possible models for representing
the partially protected composite floors in firdustions that, based on simplifications and
approximations, would nevertheless yield a suffitie close to reality representation of the
structural behaviour and a safe estimate of the bmaring capacity. This is why, the simple beam
connections were modelled as hinges and the nomabaés for material properties were used, as
would be the case for a real design situation. Thigriori” predictive simulation approach
(Beard, 2000) was considered, in the same manmeletermine the natural fire temperatures of
Mokrsko test, by means of the Ozone program (Cadamd Franssen, 2003, Cadorin et al. 2003),
rather than to consider the measured temperatiies. second objective is to highlight the

influence of some critical parameters on the behavand fire resistance of composite slabs.



2. Main features of the numerical simulations

The transient temperature distribution across #wtien of the beam and on the thickness
of the shell finite elements is determined by meafrigear triangular or quadrangular conductive
elements. Thermal properties are temperature depéradd evaporation of moisture is considered
by means of modified specific heat. Convection eadlation heat transfer are considered at the
boundaries.

To describe the geometry of the cross sectiontiegnbeam elements, the fibre model is
used. The cross section of the beam is subdividexd small fibres (triangles, quadrilaterals or
both). The discretisation that is used across ¢t of the beams to calculate the temperature
development is also used for integrating stresedssaffness across the section in the subsequent
structural analysis. Different boundary conditiaas be applied on the surface of the element or
on the surface of the insulation if relevant angyarying these conditions from beam to beam, it
is straightforward to consider some beams heatadosides and others on 3 sides.

Uniaxial mechanical properties of steel used inlitbam elements and for the re-bars that
are present in the shell elements follow the prapoSEN 1993-1-2 (2005); the stress-mechanical
strain relationship is non-linear until 2%, with heorizontal plateau from 2 to 15% and a
descending branch thereafter; unloading is plastic.

The plane stress constitutive model used for thecrate of the shell elements is an
associate plasticity model with isotropic hardenimgnsion is considered by a tension Rankine
surface and is implemented in a smeared crackecelm@dansient creep is implemented in an
implicit manner.

Strength and stiffness of steel recover during iogolvhereas this is not the case for
strength in concrete. The fact that thermal exmansilso recovers during cooling, although
partially in concrete, is another factor that expavhy the deflection reduces after an hour in the
Mokrsko test, see section 5.

Connection between the concrete slab and the lséaehs is modelled as perfect, having
both types of elements sharing the same nodes.gcbans between the unprotected steel beams
and the protected edge beams are modelled as hifgeschoice of simple connections being
used is motivated by the objective of obtainingimpte model that could be used in everyday
practice as opposed to more complex models basespimgs implemented in the component
based method.

The transient geometrically non-linear behaviouthef structure is calculated in a dynamic

analysis; acceleration forces are considered edpliowhile numerical damping is used. The



convergence criteria used in the iterations at egwé step is based on the relative norm of the
energy produced by out of balance forces multiphgderative displacements.

There is no criterion that would lead to “failuref the simulations. The simulations keep
on running until convergence is not possible, whechn indication of a possible run away failure
with displacements increasing at a very fast rabel it is up to the user to decide whereas the
displacements reached at the last converged tiepe et acceptable or whereas a displacement
criteria must be applied. Run away failure, witlvextical asymptote in the time-displacement

curve, was observed in most simulations presemntéus paper.

3. FRACOF test and numerical simulation

3.1 Test description

A typical composite steel-concrete slab, shownim E (Zhao et al., 2008), was adopted
for this test. The slab of the designed test spegicovered an area of 7.35 m by 9.53 m, layed on
6.66 m by 8.735 m steel structure. The slab coragrieur secondary beams, two primary beams,
four short columns and a 155 mm thick floor slahlised with trapezoidal steel sheet of 0.75 mm
thickness (height of the ribs of 58 mm). Normal gi#i concrete C30/37 was adopted in the
design. The reinforcing steel mesh of 7 mm usetierslab was realised with S500 steel grade and
had a grid size of 150x150 mm. The axis distancthefsteel reinforcement from top of the slab
was 50 mm. S235 steel grade was used for secobdarys and S355 for main beams. All steel
beams were linked to the concrete slab with thp bEheaded studs, and to the columns with two

common types of steel joints (flexible end platd double angle web cleats).

IPE300
HEB260

IPE400
IPE300

Fig. 1. Tested structuf&hao et al., 2008)



During the fire test, the mechanical loading of fleer was applied using fifteen sand bags
distributed over the floor leading to an equivalentform load of 3.87 kN/m2. The two secondary
beams and the composite floor were unprotectedevaliithe edge beams of the floor, namely all
beams in direct connection with columns, were fiiretected with fiber-based insulation to ensure

a global structural stability under fire situatiofi®ie ISO fire exposure lasted up to 123 minutes.
3.2 Numerical analysis

Because the edge beams were placed on the bowfdaeyslab, the fire exposure was just on two
sides. The properties of the insulation materiak thave been used in the simulation were the
nominal ones (those given by the producer). Therfilased insulation applied on the edge beams
was characterised by: 128 kd/specific mass, 0 kg/fwater content and a temperature dependent
thermal conductivity from 0.04 W/mK at 20°C, to 8. W/mK at 1200°C. The yield strength for
secondary beams was 235 N/fmmwhile for the main beams was 355 N/farfihe yield strength
of the rebars was 500 N/miniThe variation of the thermal conductivity, thetrebongation and
specific heat of steel function of temperature wassidered as given in EN 1993-1-2 (2005).
Other parameters considered for steel are: 785@%specific mass and 0.7 surface emissivity. A
siliceous type of concrete was considered, withivarital properties characterised by 30 Nfmm
compressive strength and 2 N/mtension strength. The upper limit of the therm@hductivity,
according to EN 1992-1-2 (2005) was consideredctorcrete. Other parameters considered for
the concrete within the composite slab are: 240tnhkgpecific mass, 46 kgfhwater content and
0.7 surface emissivity. Due to the ISO fire expestdor all materials, the convection coefficient
on heated surfaces was considered 25 iK/mvhile the convection coefficient on unheated
surfaces was 9 W/K.

For the unprotected beams, the fire exposure wasidered on three sides (without the top
flange). Fig. 2 shows the comparison between thaileded temperatures and the measured ones
by means of thermocouples, at mid-height of the afehe secondary unprotected beams.
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Fig. 2. Temperature in the secondary unprotectadchbgmid-height of the web)

In the structural analyses, only the concrete kxtabove the trapezoidal sheets has load
bearing capabilities. However, the presence ofitigeis important for the temperature distribution
in the concrete and in the rebars. For the thedisédibution, in order to obtain a simple numerical
model, the cross section of the slab containing hilas been replaced by a section with an
equivalent thickness calculated according to EN1B24Annex D (EN1994-1-2, 2005). Fig. 3
shows a good agreement between the evolution ahtresured and simulated temperature in the
slab at the rebar level, considering this simaiiicn.
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Fig. 3. Temperature evolution in the slab at rébael

The primary and secondary beams have been idealed beam elements, and the slab
using shell elements. For the structural analysidy the concrete that is present above the
corrugated steel profiles was considered, while dbecrete underneath only forms a thermal
protection equivalent to the protective effect loé ribs. According to the joints details from the
test, the beam-to-column and beam-to-beam conmectieere modelled as pinned. The rebars
have been modelled as an equivalent steel layénethickness of the shell element, in amount of

256 mm2/m. Even though at the test the load wasiceotrated” by using sand bags, in the



simulation the load was considered uniformly dmsited. For the material properties, the nominal
values have been used, not the measured ones.

In Fig. 4, the calculated deformed shape and thebnane stresses of the slab are shown,
at 165 minutes. At this moment, in the simulatithe structure failed due to large deflections of
the secondary edge beams. The membrane actioractérdgsed by the equilibrium between the
compression of the concrete on the edges of tieasld the tension in the rebars from the middle
of the slab, was overreached, and the slab couldipimld the load any longer. The chart shows

the comparison between the measured and the daidulaflection at the centre of the slab.
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Fig. 4 Deformed shape and membrane forces — Defitert the middle of the slab

4. COSSFIRE test and numerical simulation

4.1 Test description

The concrete slab covered an area of 6.66m by 8asnshown in Fig. 5 (COSSFIRE,
2006). The composite steel and concrete floor wadenof five secondary beams, four primary
beams, six short columns and a 135 mm thick slalsesl with trapezoidal steel sheet of 0.75 mm
thickness (height of the ribs of 58 mm). Normal gi#i concrete C30/37 was adopted in the
design. The reinforcing steel mesh with 8 mm diamased in the slab was realised of S500 steel
grade and had a grid size of 200x200 mm. The astarite of the steel reinforcement from the
top of the slab was 35 mm. As in case of the FRAGEX, the steel beams were linked to the
concrete slab with help of headed studs, and tactthemns with flexible end plate and double
angle web cleats.

During the fire test, the mechanical loading of fleor was applied using sand bags,

distributed over the floor, leading to an equivaleniform load of 3.75 kN/m2. The interior



secondary beams and the composite slab were unfmoiedll the boundary beams of the floor
were fire protected by fiber-based insulation, ides to ensure a global structural stability under
fire situations. As for the FRACOF test, the IS #xposure was stopped after 123 minutes.

IPE270

HEB200

Fig. 5 Tested structure (COSSFIRE, 2006)

4.2 Numerical analysis

The protected beams were placed on the edgesntptalia fire exposure on two sides. For the
unprotected secondary beams, the fire exposurecmasidered on three sides, as in case of
FRACOF model. The same type of insulation as foAERF model was considered for the edge
beams, characterised by: 128 ki/specific mass, 0 kgfnwater content and a temperature
dependent thermal conductivity from 0.04 W/mK at@0to 0.48 W/mK at 1200°C. The vyield
strength for both secondary and main beams wasNI&&. The variation of the thermal
conductivity, thermal elongation and specific hefsteel function of temperature was considered
as given in EN 1993-1-2 (2005). Other parametersidered for steel are: 7850 kd/specific
mass and 0.7 surface emissivity. A siliceous typeamcrete was considered, with mechanical
properties characterised by 30 N/fmoompressive strength and 2 N/ftension strength. The
upper limit of the thermal conductivity, accordibgg EN 1992-1-2 (2005) was considered for
concrete. Other parameters considered for the eturithin the composite slab are: 2400 Kg/m
specific mass, 46 kgftwater content and 0.7 surface emissivity. Dud IS0 fire exposure, for
all materials, the convection coefficient on heasedaces was considered 25 Vi#mwhile the
convection coefficient on unheated surfaces was@*/,

Fig. 6 shows the very good agreement between thmulated temperatures and the

measured ones by means of thermocouples, at migithefi the web of the secondary unprotected



beams. The FE simulation was carried out for 180, ewven if the experimental program lasted for

123 min, in order to define the failure of the carsipe assembly.
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Fig. 6 Temperature in the secondary unprotectethbémid-height of the web)

For the thermal distribution, as in case of the ER*x numerical model, the cross section
of the slab containing ribs has been replaced bgction with an equivalent thickness calculated
according to EN1994-1-2 Annex D (EN1994-1-2, 200b5l)g. 7 shows the variation of the
measured and the calculated temperature in theatkale rebar level.

500
450
400
P 350
@ 300 A
=]
T 250 1
2 200 +
£ 150 1
= 100 4 — Simulation
50 1 — Measured
0 ‘ ‘ : : : ‘ ‘
0 20 40 60 80 100 120 140
Time [min]

Fig. 7. Temperature variation in the slab at rébael

The primary and secondary beams have been idealigbdoeam elements and the slab
with shell elements of uniform thickness. The bdamgolumn and beam-to-beam connections
have been modelled as pinned. The rebars haveitdeaised as a steel layer in amount of 251
mm2z/m. In the simulation the load was consideredfoumly distributed. For the material
properties, the nominal values were considered.

In Fig. 8, the calculated deformed shape and thebmane forces of the slab after 149
minutes are shown. At this moment the composite fslded, in the same manner as for the model



of FRACOF structure, due to the large deflectiohshe secondary edge beam. In the chart, a
comparison between the measured and the calculafkgttion in the centre of the slab is shown.
After about 60 minutes a difference can be observetiveen the measured and the
calculated deflection curves. In the test, for afie¢he secondary edge beams, damage of the
insulation was observed, which was confirmed byirmrease in temperature near the upper
flange. For the mentioned edge beam, the measutemakso show an increase of deflection at the
middle of the span (see Fig. 9), affecting in thesy the deflection in the middle of the slab. This

effect, which could not be predicted before thé¢, tegs not been incorporated in the simulation.
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Fig. 8 Deformed shape and membrane forces — Difitetct the middle of the slab
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Fig. 9. Deflection of the secondary edge beam

5. MOKRSKO test and numerical simulation

5.1 Test description

The experimental structure, shown in Fig. 10a (Gb#& Wald, 2009, Wald et al, 2010),

represents one floor of an administrative buildofgl8 x 12 m. The composite slab on the



castellated beams was designed with a 9 to 12 mapé on beams with corrugated webs with a 9
to 6 m span. The composite floor has 120 mm this&mveith trapezoidal steel sheet of 0.75 mm
thickness (height of the ribs of 60 mm). The coteresed for the composite slab was classified as
C30/37, and was reinforced by a smooth mesh of @51®0/100 mm with 500 N/mm?2 strength.
The axis distance of the steel reinforcement froentop of the slab was 40 mm. The height of the
castellated Angelina beams with the sinusoidal oy design by Arcelor Mittal (ASI-AS7),
made of IPE270 section from S235 steel grade, Wasnd3m. As shown in Fig. 10b (Chlouba &
Wald, 2009; Wald et al, 2010), the particular crssstion of Angelina beams is obtained from
cutting and re-welding of a common hot-rolled pefiThe geometrical parameters which define
uniquely the shape of the opening, are governedithgtional requirements. The edge beams were
from IPE400 sections and S235 steel grade. The bedvaam and beam to column connections
were designed as header plate connections. Therfitection of the columns, primary and edge

beams was designed for 60 minutes fire resistdnckoard protection.
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Fig. 10 Tested structure (Chlouba & Wald, 2009; éh\&tlal, 2010)

The dead load of the tested structure reached I2/Gh% The variable load of 3.0 kN/m?2
was simulated by sand bags. The fire load consistedooden piles of 35.5 kg/m? simulating a
fire load density of 620 MJ/m2. The openings of42tb height and a total length of 8.00 m with
1.0 m parapet ventilated the compartment. To alasmooth development of fire, no glazing was
installed.

Under the composite floor with castellated beam&naperature of 935°C, was measured

after 60 minutes. The slab failed after 62 minugtsa time which was presumably the beginning



of the cooling phase of the fire, with the measussdperature of the lower flange of the beam at
the mid span of 895 °C.

5.2 Numerical analysis

The numerical simulation was performed for the 9%&wne, where the slab is supported
by Angelina beams (between axes A-B and 1-3, sgelld). The columns and the cross braces
were not modelled. Therefore, the thermal analysis realised only for the Angelina beams, the
composite slab, and two types of protected edgenbewvith fire exposure on three sides and
respectively on two sides.

For the numerical model, the gypsum board firegutoidn considered for the edge beams
was characterised by: 648 kd/mpecific mass, a temperature dependent thermaluctimity
ranging from 0.12 to 0.27 W/mK in the 20 to 8008mnperature range and the effect of moisture
evaporation and different endothermic chemical ncations being introduced in the enthalpy
formulation. The yield strength for all the steaams was 235 N/mmThe variation of the
thermal conductivity, thermal elongation and spedifeat of steel function of temperature was
considered as given in EN 1993-1-2 (2005). Othearpaters considered for steel are: 7850 Rg/m
specific mass and 0.7 surface emissivity. A silisedype of concrete was considered, with
mechanical properties characterised by 30 Nfrnompressive strength and 2 N/fmmension
strength. The upper limit of the thermal condutyiviaccording to EN 1992-1-2 (2005) was
considered for concrete. Other parameters considerethe concrete within the composite slab
are: 2400 kg/m specific mass, 46 kgfinwater content and 0.7 surface emissivity. Dueh® t
natural fire exposure, for all materials, the carva coefficient on heated surfaces was
considered 35 W/AK, while the convection coefficient on unheatedates was 9 W/AK.

Using the details from the test related to the liod, the openings and the boundaries of
the compartment, a fire curve has been obtained @i#one program (Cadorin and Franssen,
2003, Cadorin et al. 2003) and used further inttleemal analysis. This curve is compared in Fig.

11 with the measured gas temperatures in the test.
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Fig. 11. Comparison between the Ozone fire cuneethe gas measurements

The influence of web openings on the behaviourteélsbeams at elevated temperatures
was studied numerically by Yin and Wang (2006)w#s emphasised that the presence of the
openings have substantial influence on the critieatperatures of axially unrestrained beams,
while for restrained beams the effect of web opg®sion the beam's large deflection behaviour is
smaller. In order to simplify the numerical modéle castellated Angelina beams of the Mokrsko
test were modelled using beam elements considexrimginimum cross-section, for the entire
length of the beam. The minimum cross-section ats%f an upper and a lower T, representing
the flanges, together with the parts of the webvalkend bellow the opening. Fig. 12 shows the
comparison for the temperature in the lower flamjethe Angelina beams. For the thermal
distribution, the section of the slab containingsrihas also been replaced by a section with

equivalent thickness, in a similar way as for tRAEOF and COSSFIRE numerical models.
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Fig. 12. Temperature in lower flange of the Angelbeams

In the numerical model, the edge beams and theotegied Angelina beams were
idealised using beam elements, and the slab ubelgedements. Vertical supports have been used
for representing the columns, and horizontal resdréor the cross braces and for the continuity of
the slab.



Fig. 13 shows the calculated deformed shape andmiémmbrane forces of the slab at
failure, namely a concrete failure in the cornertio¢ slab. Failure of the numerical model
appeareed after 56 minutes, due to lack of conmemgan the concrete constitutive model,
appearing for large strains and softening behavioat developed at that stage. The chart in Fig.
13 shows the deflection curve from the simulatiompared to the measured deflection from the

test for the middle area of the slab.
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Fig. 13. Deformed shape and membrane forces — @ifein the middle of the slab

6. Sensitivity study

For the three tests, a numerical sensitivity sthdg been performed in order to see the
influence of a number of parameters on the mechbngsponse of a composite slab. For each
parameter, supplementary simulations have been dadethen compared with the reference
numerical models presented above. The influencth@fvertical supports on the edges, of the
presence of the unprotected secondary beams, dhittleness of the slab and of the amount of

reinforcement was investigated.

6.1 Influence of the vertical supportson the edges

For the three tests, a model was built in whichtla#l edges of the composite slab were
fully restrained vertically. The aim was to investie whether this simplified model may lead to a
safe estimate of the fire resistance time, thusdawg considering the fire protection on the edge
beams in the finite element model. The influencearious degrees of edge-beam protection in
the development of the membrane mechanism in cabepslabs was studied by Abu et al. (2008).

The numerical analyses under elevated temperalanes shown that the tensile membrane action



is lost when the temperatures in the protected bemxweed about 680. At this stage, plastic
hinges form in the edge beams.

For the FRACOF and COSSFIRE tests, the slab withvertical fixity on the edges
resisted a longer time to the fire exposure thansthb with the real flexible supports, as shown in
Fig. 14. The plastic hinge that otherwise formethie secondary edge beams was avoided and the
collapse of the slab was not reached after 4 asygegive 3 hours of ISO fire exposure. For the
Mokrsko test, the deflection of the edge beamsutatied for the reference case is very small; the
deflection at failure is of 25 mm, compared witk theflection of 650 mm in the centre of the slab.
This seems to indicate that the flexibility of th#ége beams did not play a role in the failure mode.
This is confirmed by the numerical simulation, ihigh the collapse occurred at the same time as
when vertical deflections are considered on theegdy the slab; the two curves can hardly be

distinguished in Fig. 14c.
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Fig. 14. Influence of the vertical supports on d¢lages: a) FRACOF b) COSSFIRE c) Mokrsko

6.2 Influence of the presence of the unprotected secondary beams

For all tests, a model has been considered in wihielhunprotected secondary beams were
neglected, or just a part of the section has beedefted. For the Mokrsko test, the secondary

beams were castellated beams, and the questiomavaso model these, or whether it is really



necessary to model these at all. Fig. 15 showsldilection for the reference numerical models
and for the models without the unprotected beams.

For the FRACOF specimen, when the unprotected beaenseglected, as shown in Fig.
15a, yield lines form in the slab during applicatiaf the load at room temperature, leading to the
failure of the slab before the total load can bpliad. For the COSSFIRE specimen, when the
unprotected beams are not present, the load capgied but the slab enters from the beginning
into tensile membrane. It can be observed in Fudp that the deflection under load at ambient
temperature is very small for the reference modelhich the unprotected beams are modelled,
while it reaches 270 mm if the these beams aranobided in the numerical model. As the fire
develops, the deflection curve converges towardssime curve as the one obtained when the
unprotected beams are present in the numerical InBde the Mokrsko specimen, using the
minimum section for the Angelina beams (by meantefupper and lower T, thus considering the
presence of the openings for the entire lengthheflieams), leads to a good correlation with the
test. In the case where just the upper T is corsibi® represent the cross-section of the Angelina

beams, an early failure of the slab occurs.
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Fig. 15 Presence of the unprotected beam: a) FRAQ@OSSFIRE
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This seems to indicate that considering a simplenarical model, in which the presence
of the unprotected beams is ignored (or considaned limited way), if this model leads to
stability after a significant duration, the dismatents calculated with this simple model are a
good approximation, on the safe side, of the despteents that would be calculated by a more
complete model. If, on the other hand, the simpiedel without the unprotected secondary beams

leads to failure, a complete model must be consitler

6.3 Influence of the thickness of the slab

Numerical models with different thickness of conereovering the steel trapezoidal sheets
(effective slab thickness) were considered. Figsi@®ws that a higher thickness generally leads to
lower deflections although the trend is not contimel as can be seen on Fig. 16a and 16c¢. This
may be due to the fact that the deflections reBoln different effects such as thermal and
mechanical elongation of the steel bars in the ¢hatt tend to increase when the thickness
decreases, but also thermal gradient across thkngss of the slab that tends to decrease with
decreasing thickness. For the FRACOF and COSSHBIE, tfire resistances over 120 minutes are
achieved even with values of the effective slabkihess lower than in the reference tests. For the
Mokrsko test, the behaviour of the slab is modifmmmpletely, from failure to stability, by
increasing the effective slab thickness from 60 fomthe reference model to 70 mm, while a
value of 50 mm leads to fire resistance times beld0 minutes. For the 70 mm slab, the

deflection recovers partly during the cooling phte is considered in the natural fire.

6.4 Influence of the amount of reinfor cement

Numerical models with different quantities of reirdements were considered with nearly
unchanged results for the FRACOF and COSSFIRE, tastshown in Fig. 17. A significant
improvement is observed for the Mokrsko test, veithehaviour changed from failure to stability

when the amount of steel is increased by 44%, gpd Fc.
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7. Conclusions

Using the available information from three realledae tests, FRACOF, COSSFIRE and
Mokrsko, numerical simulations have been done ugiegcomputer program SAFIR.

The primary and secondary beams have been idealsed beam elements, and the slab
using shell elements. In order to obtain a simplmerical model, the cross section of the slab
containing ribs has been replaced by a section avitequivalent thickness calculated according to
EN1994-1-2 Annex D. Using this approximation, tredues of the simulated temperatures in the
rebars are in the safe side compared with the sadfighe temperatures obtained from tests. The
comparison between the numerical results and sterésults shows good correlation, indicating
that the simplified numerical model may be used@sign. Differences of time resistance for
FRACOF and COSSFIRE tests could not be addressslibe the fire exposure in the tests was
stopped after 120 minutes. For the Mokrsko stregtthe fire resistance time in the numerical
simulation is almost the same as the failure tirbseoved in the test, with a difference of 5
minutes, in the safe side for the numerical model.

An important option when the numerical model islthus to consider or not the vertical
restraints along the edge of the composite floor.the FRACOF and COSSFIRE specimens, the
failure highlighted by the numerical analysis wamused by plastic hinges forming in the
secondary edge beams. When the edges of the stabsrapletely restrained vertically, the plastic
hinges forming in the secondary edge beams arededoand the fire resistance times are
significantly increased for these two slabs. Fa Mokrsko test, the presence of the vertical
restraints did not changed the failure time, wlsaggests that the flexibility of the edge beams did
not play a role in the failure mode. Considering thsults of the numerical simulations for the
three cases, it is recommended to avoid the vergstraints on the edge of the composite floor,
even if this would simplify the numerical model.

The presence of the secondary unprotected beagenerally necessary in the numerical
model. A simpler model, without these beams magdesidered, however, if this model leads to
stability after a significant duration.

There seems to be a critical thickness of the @tacslab, with lower values leading to
premature failure and higher values decreasing Bomethe vertical displacements but not
increasing significantly the fire resistance tirrea similar manner, an increase of the amount of
reinforcement does not seem to have significaricefon the condition that the minimum amount

that is required to avoid premature failure hashj@evided.
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