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Abstract

This paper presentthe experimental observations amésults of three onequarter scale
compositeslabbeam systems3.15m by 3.15m in plarandtested in fireconditions The tests
aimed to examine theeffects of unprotected intericsecondarybeams andedge rotational
restraint on the behaviour of flooassenblies. The test results show thatontinuity of
reinforcementin the slabover thesupporting beamsand the presence of interior bearoan
reducethe slabdeflection andenhanceits load-bearing capacitylnterior beams can be left
unprotected withouteading to a structural failurélhe interior beamsplay a major role in
helping the slalto movefrom biaxial bendingstageto membrane behaviourgnablingthe slab
to mobilize highertensile menbrane forcesRotationalrestraintalong theprotectededge beams
inducesintense stress concentratioabove thee beams resuling in more severe concrete
crushing athefour corners and wide cracks over gagebeams The test results are compared
to the BaileyBRE method adoptechiSCI publication P288. The method gives conservative
resuls for the case witlunprotectednterior beamsHowever, it is recommendedét it should
not be appeéd for slab panels without interior bearnscause the failure mode for thegssin a
“brittle” modewhich would occur suddenlyin addition to the experimental study, a numerical
model using ABAQUShas beendeveloped to simulate the testdielTnumerical predictions
agree well with the experimental resukbowing that the proposed model is reliable.
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1 Introduction

Largescale fire testsas well as welpublicisedaccidentalbuilding fires over the past
two decadeshave showrthat under fire conditions compos#eelframed floor systems
possess a significant lodbaring capacity which can be wellabovethat predicted by
conventional yield line theoryt is now acceptethat ths enhanced capacity is due to tensile
membrane action (TMA) which can be mobilized in the composite slabs at large
displacementsrrespective bwhether theyarerestrained or unrestrained horizontally.

A number of studies on tensile mdrane behaviouof composite slabm fire have been
conducted mainly from 1995 to 2008L-6], including experimental, numerical, analytical,
and desigfrelated researcimvestigations A design guidancelocument,SCI publication
P288 [7], for steelframed buildings using composite construction was subsequently
developed and applied the UK. This hasallowed structural engineers to take advantage of
TMA to minimize the fire protection to interior steel bearaad thus to optimizéhe costof
fire protection Although previous studieBave beenvery valuablein developinga greater
understanding oftructuralbehaviour infire, mostof thosefrom 1995 to 2003 onljocused
on isolated slab behaviougther tharon the behaviour of connectétdor assenblies.

Recognizinghis shortcoming, there has been a reg#etestin membrane behaviour of
integratedloor assenblies. In 2008, a single composite floor slab panel with two unprotected
secondary beams was tested-rance[8] as part of the FRACOF projeatnder exposure to
a 1208minute ISO 834 standard firéhe main ainof the test was to assess the fire resistance
of a full-scalepartially protected flooagainstthe SCI P288 desigguidance. All the edge
beams were firgrotectedput thetwo interior secondary beams and the compositeitdalh
were left unproteted. The results showedl fire resistance, according the criterion“R”
(structural capacitypf over 120 mintes Also, to assess the suitability of the P288 design

rulesfor usein Germany, Stadlegt al.[9] conducted twanediumscaletests oncomposite



beamslab systems in firavith the aim of investigatingthe influence of interior supporting
beams between two slab panels. They found that tensilmbraee forces changed
considerably whemterior beamswere present Zhanget al.[10] conductedurnace tests on
four 5.23m x 3.72m composite slabs under ISO 834 standarbdefang,with applied load
ratios between0.6 and0.65. Nostructuralcollapse waseenin thesetests. Their observation
wasthat, due to the mobilization of TMAsecondary beamsere not neeéd in supporting
the slals under fire conditions, and therefore these beams could be left unprdtkesteder
this was not confirmed by the results of a seofeests orcomposite flooassembés under
fire loading, presented 8010 byWellmanet al. [11]. These wereconducted as part of a
study intendedo consider the elimination of fire protectitminterior secondarycomposite
beamsin the USA. Partial composite action was achievedbimth themain and secondary
beamdyy using headed shear studs. The failure of the addenteriorcompositdbeams was
defined as excessive deflection, or excessive deflection rate, according td7®S
requirements.Based on BS 476 criteriahd observedfailure mechanism of the tested
specimensvas identified adailure of the interior beams followed by failure of the edge
beams. Therefore the conclumn of the study washot to recommend removal ofire
protection from the interior beantd lightweight composite slabis the context otturrent
construction practice ithe USA. This conclusion did not agreed with the 4onentioned
tests Thiswaspossiblybecausehte slabs used in these tests weatherthick compaed to
the span 101.6mm depth ovethe shorter span of 2.13neading to premature of the
protectecedge beams.

It can beseen fromthese previous researchudies thatsome important aspects of the
system behavioysuch as the effects ahprotectednterior beamsand of different boundary

conditions,on the development of TMAare still not clearly determinedThus further



research is required to address the above isandtis needs to include carefully monitored
experimental investigatien

This paper firdy describes arexperimental investigation on three emgarterscale
composite floor asseblies, tested under fire conditionSpecimensincluding steel beams,
four columns ané concrete slabweretotally enclosed in an electric furnacehe objectives
were to studythe effectsof leaving interior beamsunprotected and of rotational edge-
restraint on the behaviour ofomposié floor assmblies in fire. The test resulthawe been
compared with the BaileBRE methodused in SCI publication P288to verify ths method
for performancebased fire engineering desigif composite slalbeam floor systems. A
numerical model using ABAQUS/Explicitas also beerdeveloped to simulate the testsdan

detailed numerical assessments have leeaducted.

2 Experimental Programme

2.1 Heating facility

An electric furnace of length 3m, width3m and height0.75m, was designed and
commissione@t Nanyang Technological University (NTUhedimensions were diated by
space constraiatwithin the fire laboratory.Due to limitations on thepower supply the
furnace ould not simulate the ISO 834 standard fire curdewever, ininitial trial tests
conductedwithout aspecimen, the furnace temperaturasable to reach 100C€ within 50
minutes,ata heating rate of about Z0/min. This temperature ineaserateindicates that for
actual specimens the heating rate shoulditi@n the practicalrange(5°C/min to 20°C/m)

specifiedfor steel sections by BS 5950-8 [12].
2.2 Design of test specimens

The dimensions of the specimenere in turn limited by those of the furnacéhusthe

slab dimensions werscakd downto one-quarterof a prototype floor which was designed for



gravity loadingat ULS in accordance witiEN 19931-1 [13] and EN 19941-1 [14]. The
other parameteysuch as beam size, reinforcement ratio, taedatio of flexural stiffness of
the main and secondary beams to that of thb, svere selected so &s closelyreplicate the
relationships typicallypresenin conventional design of composite floors.

Although smallscale tests at elevated temperatwasresult in unrealistic temperature
distributions in thdbeamsandslals, the experimental resultk provide basic information on
themembrane behaviour in fire. They alstlow analytical methods and numerical models to
be validatedin future work realistic temperature distributioresppropriate tdull-scale slab
beam floor systemganthen be incorporatedto the validated numerical models.

Thethreespecimens were denotadS1, S2FR-IB, andS3-FR. In this nomenclaturéR
indicates aotationaly restrained system, while IBdicatesthe presence of interior beams.
Specimens S1 and $R were designed without interior beams, whileF52IB (denoted as
S2 in a previous conference paper [15]) ha interior beamsThe dimensions of all
specimensvere 2.25m londoy 2.25n wide giving an aspect ratio of 1.00 simulate interior
slab panels, all specimens were designed wibvd&m outstandbeyond the edge bearrs
both directionsas shown in Fig. 1. In this figure, the notatdB, PSB, and USRBlenotesa
protectedmain beama protected secondary beam, aand unprotectegecondary ifiterior)
beam, respectively.

The targethicknessh of the slabs waS5mm. Shrinkageeinforementmeshwith a grid
size of 8Gnm x 80mm anda diameter of 3mn{giving a reinforcement ratio of 0.16%vas
placedabout38mmbelow theslabtop surface This 0.16%reinforcementatio is well within
the allowable range specified in EN 1994 (0.2% for unpropped construction and 0.4%
for propped constructionThe mesh was continuoasrosshe whole slah without anylaps.
The specimens were casting readymixed concretgwith aggregate size ranging from 5 to

10mm to enableadequate compactiaturing placement Specimens S1 and $R-IB were



castfrom a singleconcrete batch, while SBRwas casfrom a separatdatch. Thus thenean
compressivestrengtls f., of the two bathes,determined bysix cylinder tests28 daysafter
castingfor each batchdiffer slightly. Table 1 summarises the properties of toacrete
slabs.

Because of thé&:4 scalng there was no standard steel decksngablefor the slabs. To
protectthe heating elementffom concretespalling the slabs were cast an2.0nm thick
steel sheewith small predrilled holes The contribution of thisdeckingto the slats load-
bearing capacitycould be ignored since theunprotectedsheetwould de-bondfrom the
concreteslah as observed iprevious studies.

All the beams chosenere classified aClass 1 sectiaaccording t&EN 19931-1 [13]
The use offabricatedsections for all secondary beamss necessarysince there was no
Universal Beam section suitable forthe scaling required Full-shear composite action
between the slab anthe downstandeamswas achieved by using shear studs of 40mm
height and 13mm diameter. The spacinglufar studs was delibengtelesignedo beclose
(80mm centrego-centrg, in orderto avoid prematurefailure at the shear studsThis was
successfyland nofracture of shear stugder failure caused byncompleteshearinteraction
occuredin anyof thethree testsA common type of steel joir(the flexible end platgwas
used for bottbeamto-beam and beatto-column connections, as shown in Fig. 2.

Tensile tests were conducted ambient temperature to obtain the elastic moauid
yield strengtk of the beamskor eachype of beamsection usedfour coupons weréested
two from the beam flanges and two from the beam Wable2 summarsesboththe average
results from the tensile tesaad themeasured geometrical properties of the beams

The experimental prograrapplied the fire protectiostrategyfor members recommended

in the SCI P288 publicatiolhe edge beams and columns were protetbea prescriptive



fire-protection rating of 60mirNo fire-proofingmaterialwas applied to the interior bearmis

the slabs.
2.3 Test setup and procedure

Fig. 3 shows thdinal test setupwhich consisédof a reaction frame, an electric furnace,
a 50ton hydraulic jack with 450mm available stroke, and a loading sygtkigaps between
the furnace anthe specimen werélled with thermal superwool blanket to reduce heat loss.
The test setup was changed 52FR-IB and S3FR to investigate the effect abtational
restraint on theslabbeam behaviour. A restrairt system consigstg of four 160x100x6
rectangular hollow section (RHS) beams was placed on top of the slab ousstdrited to
the reaction frame via two triangular stiffeners (Bl. It is assumed thafor all specimens,
reinforcement continuity over the supporting protected edge beamtheai@d45m wide
outstand providel little rotational restraint because only one layer of shrinkage
reinforcement was placed inside the slabs. Therefsl@ S1 can be consideredsa
rotationally unrestrainedsince theoutstandscan curl upwardsreasonablyfreely. SlabsS2
FR-IB and S3FR ae considered asotationally restrained by theadditional RHS beam
system.

The parts of thespecimes totally enclosedwithin the furnace wre connected to four
fire-protectedsupporting columnsf circular crosssection, usingight M20 bolts to ensure
rigid connection betweethe two parts These columns were locateeélow andoutside the
furnace,and connected to the strong floor hingedconnections (Fig4). These pin-ended
columns alloved the specimen to move horizontally without any restraggusedno
additional bending moments in the slabs, singplified the test sefu

The concentrated fordeom the 50ton hydraulic jack waslistributed equally to twelve
concentrategoint loads by means dod loading systendesigned taeffect a uniform load

distribution (Fig. 5). The loading system consisted of three RHS beams and four triangular



steel platesBetweenthe steel plates anthe RHS sectios, ball-andsocket jointsvere used
to maintain verticality of the loading systesten theslabdeformedexcessively.

All the specimensvere loadedto a value of15.8kN/nf, correspondingo a load ratio of
1.97 forS1 and S3R, and 0.43 foiIS2-FR-IB compared withthear low-deflection yield-line
failure loads at mbient temperature which were 8.02kN/Mmfor S1 and SFR, and
36.7kN/nf for S2FR-IB. The yieldline load atambienttemperature 082-FR-IB, calculated
with the presence dWo interiorcompositébeamsis clearlysignificantly higherthan that of
S1andS3FR, which have nanterior beams

Transientstate heating wasapplied. The specimen were first loaded to the
predetermined valyeheatingwas then started and the furnacéemperaturevas increased
while the load was manually maintained constafiter failure had beendentified the test

was ende@nd the cooling phase took plataurally.
2.4 Acquisition of deformation and temper atur e measur ements

A free-standing outeframe was fabricated and placaund the€furnaceas a reference
support for measuemens of displacements during the test$welve linear variable
differential transducers {DT) were used to measure the vertical displacenddritse slabs
and the beams, as shown in Fig. 6.

Each specimen waastrumenéd with 21 K-type thermocouples tcapturetemperatures
at various location®n the slab and beam@-ig. 7) Each member's temperaturesvere
monitored at two or more locations to check temperature uniformitifor the slab,
temperatures were measured at the bottom and top surfacestmcbatforcing meshevel,
denoedas SB, ST and &spectively. The beam temperatwaererecorded at the bottom
and top flanges, and the web The thermocouplefor beamsveredenoted a#/IB, MT and
MW for main bears, PB, PT and PW for secondary edge beamsl UB, UT and UW for

unprotected secondary beamsspectively The furnace air temperature was also monitored



by four thermocouplepositioned atwo side heating panels and two interior positionthe

furnace.

3 Experimental Observations and Results

Test resultsluringthe heatingphase ar@resentedn this paperbecause at the end of the
loading phase thelab’s centratesidualdeflectiongmeasured at LVDT1yere very smallat
2.5mm, 2.7mm and 3.™nm for S1, S2FR-IB and S3FR, respectively.Therefore the
graphical presentatioof resultsonly showsdeflectionsduring the heating phase.

The tests weréerminatedwhen ‘failure” occurred. This was definedasthe time when
either.

(2) It became inadvisable to alloweslab deflectiorto develop furtherdue to the

appearance of fullepth cracksor

(2) Therewas a significant drop in the mechanioasistanceandthe hydraulic jack

could no longemaintain tte loadlevel (violation ofcriterion“R”).
3.1 Temperaturedistributionsin the slabs

Fig. 8 shows the change dir temperature inside the furnace and the temperatures
measuredhroughthe slab thicknessTheseare each theaverage of values recorded by three
thermocouples at different locations. Fexample the temperature #the reinforcing meshs
the averageof the valuesfrom thermocouples S1 to S3 (Fi@). It is shown that the
development of air temperature was very consistent up to 48iieating. Beyondhis
pointtherewas a small but acceptable deviation of@dbetweenthe maximum temperature
of S1(909°C)compared tahat of S2FR-IB (983C). This is becauseas the temperature
increased S1 (which allowed the slab outstands tacurl upwards)experienced greater heat
loss than S2FR-IB. Test S3FR was terminated a@9min of heating whenfailure was

identified



As expected, the temperaggiat the slab bottom surfacesvealso consistenrdmong the
threetests However, the temperatwgat the mesh and the slab top surfdserged towards
the end of the testsince these temperatures degee notonly on the air temperature, but
also on the development tiiroughdepth cracks in theoncrete.As the slab deflection
increased, concrete crackssperseddifferently for the different specimen€n the other
hand, the temperatures at the miestel and the slals unexposed surface increased slowly,
progressingonly from 23C to 120C within the first40min. This is because of moisture
releasefrom inside the concrete slagbwhich slowed downthe temperaturéencrease rate
during the initial stage. Wheithe free water inthe concretehad almost evaporated, the

concretdemperaturgincreased at a greater rate.
3.2 Sab deflections

The relationships between applied lcaad time are shown in Fig9. The designated
constant level ofipplied load for all specimens was 15.8kRl/tdnfortunately, in Sit was
not possible to maintaiaconstantioad levelduring the heating phaseecauseof anoil leak
during thetest.Load had to be reapplied manually to keep it constar2-FR-IB and S3
FR the load was maintained as expected.

Fig. 10 shows comparisons ahe mid-span slab deflectionglotted againstmesh
temperature and time, together with the corresponding failure points. The maxiaum sl
deflectiors were 131Imm, 177mm and 115mm for S1, SER-IB and S3FR respectively
however,the failure time were very similar, at 86min for Sland84min for S2FR-IB. S3
FR failedvery ealy, at only45min of heating due ttrittle’ failure as explained in Section
3.5.

Because ofheoil leak, Slexperienced deflection rebountdetween30min and 50min
of heating. Although the mechanical load reduced significattising this period from

15.&N/m? to 8.16kN/nf, the deflectiorstayed constantThis indicates that thermal effects



(thermal bowing and thermal expansiavere the mainfactors incontroling the structual
response under fire conditiomatherthan mechanical load.

As shown in Fig.10(a), whenthe mesh temperature was below 100S1 and S3R
experiencedsimilar deflectios. This meansthat at small deflection(below 42 mnj,
rotationalcontinuity was maintained ke reinforcement over the supporting protected edge
beamsAbove this temperatureslab S3FR experienced larger deflection than 8de to the
restrait beam system on top of bl&3FR. This caused wide crack® form over the main
beams at a very earpoint, 20min aftetthe start oheating, while these cracks only appeared
in S1 after 30minThis demonstratethatthe presence of rotationatlgerestraintcounteracts
the increase in the mesh temperature.

The test results are summarized in Table 3. For S1 arffeRS3heload atthe mesh
failure temperaturePy meshiS very easyto calculateon the basis of conventional yielide
theory. For S2FR-IB, it is impossible to determine exactly when the interior beaade no
contribution to the yield loaddowever, atfailure of S2FR-IB (84min), temperature of the
unprotected interior beanaready reahed 892C at which the reduction factor for yield
strength of steel was only 0.06Pherefore for the purpose otomparisorit is reasonably to
assumethat at the failure of S2FR-IB, the unprotected interior beamguld provide no
assistancéo the slab capacityn otherwords,the yield load of SFR-IB at the mesh failure
temperaturewas calculatedon the basis of atrsictural configurationwhich neglectsthe

interior beams.
3.3 Behaviour of steel frames
3.3.1Steel beam

Fig. 11, which shows acomparison of the temperature development atptioéected
beam bottom flanges against time, indicates that the temperature develo@®eetryvclose

in all three teststhe differences ithe beam behaviouif any, were not caused byhermal



effects. There was onha slightly difference of the beam temperatures between S1 and S2
FR-IB beyond 60min of heatingrhis was because S1, which allowed shab outstands to
curl upwards, expegnced greater heat loss thanFS=2IB.

Fig. 12 shows the midspan deflectiors measured by LVDT8 and LVDT%or main
beamsand protected secondary beams, respectively. For S1 artleR3B, the deflection
temperature cungcan be divided into three phasésPhasel, up to 25 minutesf heating
(temperatures adbout 300C for main beamsnd 250C for protected secondary beantse
beams deflected downwards lineady a result othermal bowing.Phase Ztartedwith a
constant deflection rate up &bout 420C for both cases, followed byhancreasedateup to
700°C for main beamsand 650C for protected secondary bean¥he constant deflection
rate canbe explained by the dexase of thermal bowing as the temperatures proghgate
through theslab crosssection Beyond 450C the beams graduallgst protection causing a
greater deflection ratén Phase3 when thebottom flange temperature was about TD€or
main beamsand 650C for protected secondary beams, the beamswed ‘run away’
behavioursince at this temperatubmth the strength and stiffness of the beaadreduced
significantly.

However, in SR the deflectionemperature curve fahe main beamdid not follow
this trend. AfterPhasel, themain beanof S3FR showedsignificant deflection. This was
because in SBR severecracks appeared atvery earlystage(just 20min afterthe start of
heating)directly abovethe main beamThuscomposite action between the main bemaml
the slab could not be maintainddading toinaccurde measurementf beam deflectios,
which wereobtainedfrom theconcrete slalplaceddirectly abovehe mainbeam In contrast,
the part of the concrete slab directly above the beams in S1 aRR-E as well asthat
above the protected secondary beainns S3FR, was fully compositewith the beams.

Therefore theseecorded results areliable



After coolingin all thetests it was observed that local buckling of the beam flartupas
not occurred This could be due to the partial extension of the behrosigh the flexible end

plate connections, in addition to tbeerall expansion of thelabsystem
3.3.2 Steel columns & Connections

Fig. 13showsthe deformed shapes of the protected steel columns after cooling. They
indicate that the columns were subjected to biaxial bending due to pullwigthe edge
beamend at large deflection8uckling of the column flangesvas observeih S2FR-IB,
but was not detected i81 and S3R. This is possiblybecausen S2FR-IB, there was
greater mobilization of TMA due to unprotected interior beams. This caused drexiat
bending in thanain beams. Thesbending moments inducegteatercompression forcet®r
parts of the columns.

None of the connections failed foacturedin any of the tests, durirggtherthe heating or
the cooling phase Thisseems to indicate thait least where there is limited axial restraint,
if the connections are designed accurately in accordance with EN118927], and are
protected in fire tdhe same rating as the connectednbers composite slabs can mobilise

TMA without connectiorfailure during thedesigrated fireperiod
3.4 Development of crack patternsin the slabs

The crack patterndevelopments plotted in Figs.14-16 The heatingites at which
crackng occurred are indicated, together with therrespondingtemperature in the
reinforcing mesh and the corresponding midn slab deflectian

At approximately 10mirof heating diagonal cracks through tiséab near thdeamto-
column jointsstarted toappearconsecutivelyat the four corners. These cracks developed
gradually and opened up through the slab thicknBssy occurred in all the testandwere

due tobiaxial bending ofthe outstandsAt the slab corners, part of theutstandswas in



biaxial bending but was restrained by the columribereforethese cracksonsistently
formedatan angleangingfrom 30 to 45° to the slab edges.

After the appearance e corner cracks, additionaracks formed along therotected
edgebeams of the slabbowever the sequence diffedldbetween the testtn S1and S3FR,
cracks appeared simultaneously alongdatigebeam length followed by cracks at the slab
centre.ln S2FR-IB, more severe cracks were obsenfedt above the maindamsand then
in the vicinity of the protected secondary bean®acks along the unprotected secondary
beamsappeared nedo the end of the tesburingthistest, minor crackappeareét themid-
span of SZFR-IB. These crackbadclosedup after the test, possibly because of thleound
of deflection during cooling.These different sequence of crack development can be
attributedto the differentoad patis from the slabs to the protected edge beamsvill be
explained in Section 5.1.

For S1 and S3R, after 30min of heating, tlreoampressioming begarto form whenthe
mesh temperaturead reached about 10Q. The corresponding deflect®mere42mm and
52mm,equal to 0.8 and 0.95 of the slab thicknesgpectivelyFor S2FR-1B, after 50min of
heating the compressionring began to form at a mesh temperature of °€20The
corresponding deflection was 52mar,0.95 of theslab thicknesslt is obvious that SEFR-
IB, which hadnteriorbeamsentered the tensile mdraneactionstage later than S1 and-S3
FR, because¢he unprotected secondary beaansanced the slab capaaityringthe bending
stage.It is noticeable thaTMA was mobilised in each casat a deflection approximately

equal to 0.95 of thelab thicknessrrespective of the presence of interior beams.
3.5 Failure modes

In S1, concretecracking occurred around the column locatiph®weverthe test was
continuedsince there was no obviouglication offailure. After 72min of heatingg single

curvaturefolding mechanismat the slab miespan including the formation of plastic hinges



in the protected secondary beamss observed and is shown Fig. 17(a). At this stage,
when the beam temperaturadalready reached 692, theresidualbending resistance tiie
protected secondary bearfealculated as a composite beaat)the mid-span sectiorwas
22.2kNm, whichwas smaller than theapplied bending moment oB2.(kNm due to the
mechanical load of 15.64kNfmanddifference in temperatures of the beasp aind bottom
fibres After 86min of heatinghere wasa loud sound caused Ifgacture of reinforcement.
Two full-depth cracks were observed; one closae toain beanandthe other directly above
aprotected secondabeam(Fig. 14b)). Heating was stopped at tlpisint, andno controlled
coolingwas conducted.

Test S2ZFR-IB ended when fracture of reinforcememtcurred and fulbdepth cracks
appearectlose to the edge beanas shown in Figl8(a) However, no folding mechanism
was observed. This may be due to the presencdesfor beams anthe rotationalrestrant

beams on top of the slab, which prevented single-curvature folding.

In S3FR, a compresgn ring formed after 28min of heating with the appearaote
curved cracksat the four corners (Figl9(a). However, at 45min three futlepth cracks
appeared suddenlyne at the slab corner near the steel coluama,two above the main
beams. These cracks lemld ‘brittle’ failure of the compresshn ring and causettun-away
behaviourin the slab. The supportingpmpressiorring could no longebe maintaired, and
therefore TMA was not able tbevelop further.

In summary, thedilure mode®bserved inclueld

(a) Fractureof reinforcementlose tothe protected edge beanadl (est3;

(b) Folding in singlecurvature by formation of plastic hinges in the secondary edge

beamgS1) andayield lineacross the slab

(c) Compressinring failure(S3-FR). No global collaps#as observed



These failure modes differ in some respdotsn thoseconsideredin the SCI P288
design guide.In P288 theawo commonfailure modes are fracture of reinforcement across
the short span at the slabd-spanand compressive failure of the concrete at the slab corners.
However, in the authors’ testsriracture of reinforementat midspan wasobserved
although cracks appeared at the slab cefinés is becauséhe observedfailure modesn

these testare composite beaiab collapse mechanisms, AMIA mechanismn the slaks.

4 Finite element analysis

In this section the modaitg techniqus, includingthe type of elements usedthe
boundary conditions anthaterial modelsare describedA commercially available finite
elementprogramABAQUS [18] wasused todevelopthe finiteelement(FE) model. This FE
modelwasthen validatecgainsthetestresults,in terms ofthermal and structuraeflection
responsesand failure modes. Tie model wasthen used to provideinsight into stress
distribution It can be seethat the FE modelshowconsiderable accuragyg simulating the

structural behaviour.
4.1 M odelling technique

The Sequentially coupled thermaitress analysis proceduia ABAQUS/Explicit was
used because, whitbe thermal fields the major driver for the stress analysithe thermal
solution does not depend on the stress solulibe.Concrete damaged plasticity modeas
adopted, and reinforcement was modelled usindayeredrebar techniqueWwith regard to
concrete damaged plasticity modélere is no fixednaximum concretetrain in both tension
and compression. For compression hardenBAQUS suggests thahe maximum strain
should be calibrated to a particular case. Therefore, the compressive inelasis fetr

concrete in compregs, theconcrete strairng

cu,8

corresponding tof_, andthe maximum

concretestrain ¢, ,, were taken from EN 19982 [14]. For tension stiffening, to avoid



potential numerical problems, BAQUS enforces a lower limit on the pefgtilure stress

equal to one hundred of the initial failure stress: o,,/100. Thus if the tensile concrete

stress is approximately equal to this limit, the concrete can be consideredras failu

A four-noded doubly-curved thin or thick shelementwith reduced integration, tH#4R
shell element, wasised to discrete boththe beams and the slabhe beamtop flange and
parts of the slab above theams werdied together usingurfacebased contact interactions
to simulate fulfy composite action between the steel downstaeains and the slaBn offset
betweenthe two tied surfacesvasadopted @ avoid ay overlap between the two reference
surfaces.This form of modding assumed perfect bonding between the steel beam and the
concrete slab.

Material properties of the steel and the concrete were obtained from tensita dests
and concrete cylinder test®nductedat ambienttemperatureThe material properties at
elevated temperatures were then deduced using the material reduction factoredspecifi
EN 1994-1-2 [19]For steel materials, the strdsardening part was taken into accouarid
the strain parametersene assumed taake thevalues recommendeth EN 19941-2.
Therefore,in the fire situationthe limiting strain for yield strength,, was taken as 0.15,
and the ultimate strain in the fire situatiegy as 0.2.

Fig. 20shows asimplified onequarternumerical mode(double symmetry)taking into
account the protected and unprotecsteel beams, the concrete slab, and the reinforcing
mesh.Vertical supportto the slabedgeswasprovided by the protected edge beams. In turn,
these beams were supported by tewocky columnsThus verticalrestraint(U3 = 0) was
imposedat the columrconnectionlocations; itis assumed that the vertical displacement at
these positions isnegligible This assumption is reasonableecause the maximunecorded
vertical displacement at the columsupport positions was only 3.1mm irS3FR.

Unfortunately,this value was not measured 1 and SZFR-IB. The FE modelhad been



validatedwith good agreemerdgainstthe FRACOFtestresults[8, 20]. For S2FR-IB and
S3FR, vertical restraint along thexlge outstands was used to modelrtitationalrestrair
beam systemno springs wreneeded to model this beam system.

The recorded temperaturesrossthe beam sections wemntereddirectly into the
numerical model. For the slalitbe measuretemperature at the slab bottom surfaceeve

input, and then thermal gradient over the slab depth was identified.
4.2 Results

4.2.1 Comparisons of slab deflection and temperature development

Figs. 21-23 provideomparisons of temperature distribution and deflections of the slab
and beams between the BRalysesand the experimental results. Walthermal gradient of
10°C/mm the predicted temperatures were very ctosthe recorded ones, exceptr the
mesh temperature in SR (Fig. 23(a)). This is becausen S3-FR, severe cracks appeared
over the perimeter of protected beamapidlyleading to significant heat loss. As a result, the
recorded mesh temperature increased lower rate aftethe crackhadappearedThe mesh
temperature inS3FR only increased from 8T (after 22.5min of heating after cracks
appeared to 15C (after 45min of heating).

As shown in Figs21(b)-23(b), generallythe numerical predictiamatchwell with the
test results. Thaliscrepanes in the slab deflection curves between thediced and
experimental results after the mesh temperature reaché@ 200S1, and 100C for S3FR,
areattributedto two reasonskirstly, as the deflectiomcreasedcracks in the concrete slabs
developed]eading to significant heat losslowever the numerical model can not simulate
this phenomengnresulting in greater prediction of mesh temperature. Sedgndthe
numerical model canngdredict concrete spallingvhich hal a significant effect on the slab
behaviour.ln S2FR-IB the cracks were nassevere as those in S1 andS3 and sothe

prediction forthis testis considerably better.



4.2.2 Comparisons of the displacement of the edge beams against temperature

The results in terms dfeam ddkctions versus temperatuifeigs. 21(b)-23(b)show that
in general the model predicts the beam behaweuy well. For the main beam of &R,
althoughthe trend was similathe comparison ipoorer becausesevere cracks appeared
directly above the main beam top flandgading to greatdnaccuracyin the measuremesit
4.2.3 Failure modes & Stress distribution

Figs. 24-26show the stress distributioasrosghe sections and at the top surfacd the
slabs at failureln thesefigures, Sectionl’ denots the midspansection perpendicular the
protected secondary beamSection2’ denotesthe midspansectionperpendicular tadhe
main bears, ‘OveiMB’ is the crossectionabovea main beamand‘OverPSB is the cross
sectionabovea protected secondary beafrhe podions of thee sections are indicated in
Figs. 24(b)-26(b).

It can be seethat for S1 at 85.6min, the highest tensile stresthéreinforcingmesh
acrossa protected secondary eddeamis higher thanthat acrossthe mid-span section
(51IMPa compared to48™Pa on Section 2. For S2FR-IB at 84.0min, the maximum
tensile stresef 377MPais located above theain beamwhile the maximumstress inthe
reinforcement acrosthe slab mid-span Section } is 330MPa. For SER, the maximum
tensile stresef 659MPais foundat the slab migpan(Section 2) followed by that abovihe
protected secondalyeam(638ViIPa). Thereforeon thebass of numerical simulations, in S1
and S2FR-IB the fracture of reinforcement above the edge beams veomaldr first, before
the fracture ofeinforcement at thenid-spanof the slabsThis observedailure modein the
model concurswith experimental observations. In -ER predictedfailure is due to fracture
of reinforcemenat the slab migspan however, inthe actuatest, the failure mode was due to
failure ofthecompression ring. &shown in Table 4heequivalent plastistrairs in uniaxial

compression (PEEQ@t theslab top surface at its cornersare0.0057, 0.0031 and 0.005by



S1, S2FR-IB and S3FR respectively. These values aepproximately equal to the

compressive straiz,,, (which corresponddo f_,) according to EN 1994-2 [19], which

would have been 0.0051, 0.0039 &n@d033,for S1,S2-FR-IB andS3-FR, respectivelat the
prevailing temperature of the concrete sldbshould be noted thahe equivalent plastic

strains of S1 and SBR have exceeded tlewmpressive strairz,,,. This means thathe

failure has occured at the slab cornergor S1 and S3JR, but not for SZFR-IB.
Unfortunately, there is no obviousdication of which failure modeoccured first, and it
seemsthat fracture ofthe reinforcementis the most likelyfailure mode for slabs having
interior beams.

The principal stress distributions dhe top surface of thelals are shavn in Figs.24(b)-
26(b), in which negative values indicate compressiressesand positive values indicate
tensile stressedt can be seemhat TMA wasclear mobilized in all specimenswith the
formation of a tensile zoneat the slab centre and peripheral‘compressionring’. The
compression ringonsiss of part of the concrete slab above the edge beams and (ihet of

top flange of the edge beams.

5 Discussion

Results and observations from amperimental programme congmgf of three one
guarterscale tests on composite sladam systems in fireavebeen presented in this paper.
Two of the slabs(S1 and S3R) did not have interiocompositebeams the other(S2-FR-
IB) had two interior beams. The test setup wased in orderto investigate the effect of

rotational edgeestraint on thelabbehaviour.
5.1 Effect of interior beams

As shown in Fig.10(a), S2FR-IB failed at a deflection of 177mm whdhe mesh

temperaturehad reached 51Z. The corresponding values were 131mm at°G9and



115mm at 158C, for S1 and S3-R respectively. On the other hand, Table 3 indicates that
S2FR-IB hadthe greatesenhancement factoat 2.55 compared to 1.96r S1 and 1.54or
S3FR. This enhancement factor is defined in this paper as the ratio of tfeltestoadto

the smalldeflectionyield-line failureload at thesamemesh temperaturdt is obvious tlat
continuity of reinforcement over supporting beamusdthe presence of interior beantsave
significantly reducd the slab deflection and enhaddée slabs loadbearing capacity. The
enhanced capacity is greatly assiby thetensile forcesreatedin the interior beamsas
observed in Fig25(b).

The interior beams also consideraldyfect the magnitudeof stress in the mesh
reinforcementas well asts distribution and thismay haveled to differencesn the failure
modes of the floor ass@lies. As can be seen in Fig84(a)26(a), inthe case of SFR-IB
the maximum tensile stresstime reinforcementcrosshe midspan cross sectiongasonly
330MPa, which is smaller than thereinforcement stresabovethe edge beamsn contrast,
the corresponding valuegere 487MPa and 639Pa, for S1 and S3R respectively these
are both greater than the reinforcement stress above the bdgms Consequelty, the
failure mode may change from reinforcement fracture atgpah for case without interior
beam3 to reinforcement fracture in theicinity of edge beamgfor case with interior
beam}.

The difference in the stress distrthons can be clearlydentified in Figs.24(b)-26b).
For S2FR-IB, the tensile stressesaused by TMAIn the reinforcement above the interior
beams are reducgepartly because of theuperposedompressivestressegaused byagging
bending of the T-flange compositgerior beamsFor S1 andS3-FR with no interior beams
thetensile stressesmre continuousvith themaximum values at the cengraf the slabs.

The effect of interior beams on the deflection of edge beams can be deduced from Fig

12. At similar temperatue with the same test setup, the protected secondary bafa&%



FR hal a greatedeflection tharthose inS2FR-IB, because of the difference in load path
from the slabs to the beani3uring theinitial heating stage, in SBR load was transferred
directly to the protected edge beams, while iInF&2B the load was transferred via
unprotected interior beams to thetectededge beams. As temperatsinecreased, the load
transfer mechanism of the two slabs became the,sanee the unpitected interior beams
progressively lasboth stiffness and strength from 4@ onwardsAlso, the main beam of
S2FR-IB had a slightly greater deflectidghan that of Sbecause othe difference inload

pathsasdescribed above.
5.2 Effect of rotational restraint

As can be seen in Fig24(a) and26(a), themaximum stresgs inthe reinforcement
above the edge beamere significantly greatan S3FR at 45minof heating than those in
S1 at 85.6minof heating. The maximum stresses ithe reinforcement overmprotected
secondary andanain beaman S3FR weae 638MPa and 614MPaespectively while the
corresponding values in Sdere only 511MPa and 482MPaespectively. This can be
explained bythe effect of rotatioral restraim on the stress distributiprwhere rotational
restraint exists stressesabovethe edge beams aremore intense This resultsin severe
concrete crushing ahe four corners and widtensioncracks over thedgebeams. Thus the
failure ofthe compresginring occurredjuickly in S3-FR. Oncethe compresgn ringfailed,
the TMA mechanisntould not be sustainednd onsequentlyhe slab failed

Comparison®of beam deflection between S1 andFS3 are showin Fig. 12 It should
be noted that theutstand of S1 vereable tocurl upwardsfreely, butin S3-FR this was not
possibledue toexternalrestrain. It can beseenthat therotationalrestraint has no effect on
the vertical displacement of the main beaf@s.the other handhe PSB deflectionsof S3
FR were greatethanthoseof S1. This may battributedto the additional mechanical load of

the outstands applied to tpeotected secatary beamsf S3FR due teexternal restraint



6 Conclusions

An experimental study has been conducted reducedscale composite slatbeam
systems under fire conditions orderto studythar structural behaviourAdditionally, FE
modelsusing ABAQUS/Explicitsoftwarehave beereveloped to simulate the tesBn the
basisof the experimental results and the numerical evaluations, the following donslasin
be drawn:

(1) Both reinforcement continuity over the supportisdgebeams and the presence of
interior beamscan reduce deflectierand greatly enhance the lebdaring capacity of
theseslabbeam systemd he observecenhancement factors were 1.96, 2.55, and 1.54
above he yield line capacitjor S1, S2FR-IB and S3FR, respectively.

(2) Slabs with interior beams enter the tensile mi®ane action stage later than slabs
without interior beamsbecause theeinterior beams enhance the slab capaditg to
bendingresistance

(3) The presenceof interior beamssignificantly affecs the magnitude,as well as the
distributionof stress in the mesh reinforcement. The maximum tesisésseslid not
necessarilyoccurat the slab centrdut could belocated inthe concrete slab above the
protectededge beams. This may caudiéferent failure modedor floor assenblies,
comparedvith isolated slab panels

(4) Rotationalrestraintinducesintensestress concentratioabove the edgbeamswhich
canresultin prematureconcrete crushing ahe four corners and wide cracks over the
edgebeams Therotationalrestraintdid nothave any significant effect on the besim
vertical deflections.

(5) The test specimens revealdidferent ‘compositebeam failure modes of the floor
assenblies. These include: (a) fracture of reinforcement in the vicinity pfotected

edge beamgp) in case without unprotected interior beanfajlure occurred through



crushing ofcompressinring (S3-FR tes) or folding in singlecurvature by formation
of plastic hinges in the secondary edge beg®ides). No fracture of reinforcement
was observedt the midspan of the slabs.
(6) Irrespective of the presence of interior beat@assile menbrane action is mobilised at
a deflection equal to approximately 0.9 to af@heslab thickness
(7) None of the connections failed or fractured during either the heating or cooling phases.
(8) The accuracy of &E model in predicting the behaviour thie composite slaltbeam
systems at large deflectioris controlled by the accuracy of prediction thfe

temperatur@f themesh reinforcement.
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Tablel Propertiesof concrete slabs

Elastic Elong Elastic
h dy dy fem fetm Modulus fy /1y ation Modulus
mm mm mm MPa MPa E;, GPa MPa % E., MPa
S1 556 35 38 363 238 32.4 543/771 22.2 180000
S2FRIB 55 35 38 36.3 28 324 543/771 22.2 180000
S3FR 58 37 40 313 24 31.0 648/806 14.8 203352
Table2 Properties of-ksectionbeams
Depth  Width Thickness Yield Ultimate Elastic
stress stress  modulus
Specimens h by Web  Flange f,(MPa) f,(MPa) Es(MPa)
(mm) (mm) t,(mm) t(mm)
S1& MB 131 128 6.96 10.77 302 437 197500
S2FR-IB PSB&USB 80 80 9.01 9.14 435 533 206900
ucC 157.6 153 6.90 9.70 321 489 196698
S3FR MB 131 128 6.97 11.03 307 462 211364
PSB & USB 80 80 10.26  10.02 467 588 210645
uc 157.6 153 6.90 9.70 321 489 196698




Table3 Summaryof test results

Time Enhancement
viollated Failure Maximum
Specimen Thickness Py ‘R’ Temperature {C) Pest Load Pygmesn deflection &/d
d criterion ratio %
mm kN/IT? m|n aop emesh aoottom kN/IT? kN/n’? mm
55 8.0 85.8 172 391 630 1562 1.% 7.97 131 2.38
55 36.8 84.0 95 512 664 1513 041 5.93 177 3.22
58 104 45.0 60 150 351 1598 154 10.35 115 1.98
Table4 Strains at top surface of the sddiased on FE analyses
Equivalent ) ) Maximum
Failure  Pl@stic strain in - Temperature Compressive strai#.,,  concrete strain
time uniaxial at top corresponding tof Ecep
Corr(‘:%rri?r'som surface("C) in EN 19921-2 in EN 19921-2
S1 85.8 0.0057 172 0.0051 0.0243
S2FR-IB 84.0 0.00& 95 0.0039 0.0223
S3FR 45.0 0.008L 60 0.0033 0.0213
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