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Synopsis
The fire resistance of compaosite devk slabs is prosented in terms of their
loadcarrying copacity, integrity, and thermal insulation. It is shown that
90 min fire resistance can beachieved with mesh retnforcement i the sleh,
pravided the sfab and reinforcement are continuous over a nimber of
supparis. and imposed loads do nor exceed 6.7 KN/mi. This was
demonsirated by lurge-scale tests, and @ suntmary of available UK test duata
is made. In other cases of desipn, the fire angineering method muy be wsed.
This takes account of the reduced strengih of the elements in fire.
Mumimurn  slab depihs are determined Jrom thermal insulation
requirenients, The results of a series of unloaded tesis on different slab
depths and profile shapes are prosented. This has led o a refaxation in
mininum depths relaiive 1o previows suedance. The resalts aof ather fire
tests, mvestigating (firsily) slab temperatures udjacent to beams and
isecondlyl theemal bowing of slabs, ére also given in (itline

Tutroduction

It is estimated that the marker for steel frames in commiercinl buildings
in the UK bs some 300 000 1 p.a., and the majority of this invalves steel
decking ax animtegral part of the stewctural Moar. The 1otal ecking usupe
for fMaors (as oppased (o, cladding) is close to 2 M m® annually.

‘Composite construdtion” is the zeneral term used In this context 10 detote
the composite action of steel beams and conerere fToars, ' Composite deck
slabs” are those where profiled steel sheeting (or decking) asts as permanent
formwork and as reinforcement 1o the concrete placed on top (Fig 1), Design
of these compasite deck slabs 55 now covered by BS 5950: Zart ', When
divectly expused 1o fire, the decking loses strength and ihe slab relies on
mesh or additional reinforcement for its fire resistnee.

Composite deck slabs are usually of 100 1o | 50mm overall depth, with
spans ranging from 2.5 1o 4.0m when the slab i not propped during the
copstruction stage. Several dedks ure mirketed (Fig 2) with heights between
A6 and Tomm and sheet thicknesses bétween 0.8 and 1.Smm. The steel Iy
galvanised for durability. A common feature of all these decks is the use
of embossments 10 increase the mechanical Bond between the concrete and
steel,

The rapid increase in the use of this form of consiruction in the UK has
occurted since 1980, although the frst major project was the National
Westminsier Bank tower in London, completed in 1978, The targest current
praject is the Broadpate redevelopment in Loadon, with total floor area
of around 150 (0m”, However, the majority of ‘composire’ buildings are
of floor area SOND ta 15000 m?,
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Fig 1. Seciion through a 1ypical compoyite deck siab

The Structural Engineer/Volume 66/No.16/16 August 1988

of composite

Despite the facr thar composite conatruction has been used in North
Amencafor 20 years, reguluting authorities inthe UK and in Burope were
voncerned about the lack of data on (he fire resistance of composite slabs,
which would satishy European Dre (st vequirements, nvw embodied in BS
476 Part 207 (formerly Port 8). In 1982, an imporiant meeting was
convened By representativis of the Grester London Council, involving deck
manufucturers and designers, w which a plan of research and testing was
first discussed.

In ihe 5 years since then a considerable amount of lurge-senle testing
of composite deck slabs has been carried oul by varions research
organisations in the UK. Further [ire tedts have been carried our in
Europe’. This paper #ives ai opport umity to review these recent UK iests
and 1o put forwird guidance Yor designers.

Theoljective of the research in the UK was to show that, for the normal
range of slab depths, spans, imposed Joads and decking 1ypes, fire resistances
of up 0 9 min could be achieved with only mesh reinforcement in the
concrete. This perind ol fire resistunce would normally be required for most
large commereial buildings (except in bisement or storage areas), For greater
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Fig 2. Profiles used in composite deck stabs subject to fire tests in the UK
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periods of fire resistance, or spans or loads, additional reinforcement would
be required, usuzlly in the form of bars placed in the troughs,

Thie toral cost of this research represenrs a small fraction of the porential
sales of composite decking. Without this research, thers would have been
a marked loss in economy of this form of construction, as ndditional
amemints of reinforcement or soffit fire profection would have heen required
for most new buildings.

Review of fire tests (before 1952)

Three critersa are imposed by the standard ume-temperature five resistance
test specified in BS 476: Pars 207, These are stabllity (or strength under
[oad), integrity 1o prevent passage of smoke gr flume, and o limit on heat
LEAnsmission 1o prevent excessive tempermture rise on the upper surface of
the slabs. The stability oriterion I8 now covered hy a deflection limit of
spun/20 or a maximum rate of deflection. Prior 1o 1he imroduction of Part
20, & deflection limit of spun, 30 was wyed, although this fimit has been
relyed, dt least informally, Tor all tests on compodite deck slubs sinee 1983,

Fire tests on floors are refatively expensive if realistic bonndary conditions
are examined, and are time-consuming because of the drying-out time of
the concrete. Before 1982, few fire tests had been performed on composite
duck slabs continuous over interna) supports, Simply supported composite
deck slabs with mesh reinfore¢ment rarely demonstrated a five resistance
exceeding 30 1o 60 min atd, therefore, mostof the existing tests hud ingluded
udditional reinforeing bars. These tests are summarised in Table |

The beneficial effect of continuity of composite deck slabs iprovided
by thele mesh reinforcement) over internal supports was demaonstrated by
i lire test on the Hibond profile (hy Meteeno) which survived 78 min withour
redching the limiting deflection of span/30. This used lghtwelght concrete
(LWC) with an additional sereed. Becunse of thie constraints of the teg
furnace at TNO in the Netherlands, the slab comprised adjacent long and
short apans of 3.0m and 1.5m, respectively. A jack foree was applied at
the end of the short span, in order o provide continuiry.

The Underwriters” Laboratory (UL} in the USA: has made extensive
clissificutions® ol the fire resistances of composite deck stabs. However,
the fire test configuration wsed in North Amerlca permits development of
internal restraing forces within the slab whien heated by ise of # boundary

strong-frame. This s representative of the membrane action when one
section of a slab is heated A constrained by irs unheated neighbouss. This
mction would occur in internal bays, but would be lurgely absent in cdge
bays of floors.

In European testing the beneficial effect of inplane restramnt isnealecied,
ani for this reason many of the UL data do not satisly UK requirements,
However, e Tire resistance period shivuld alvo He considered in the contest
of the Building Regulations. For buildings of similar size and ose, a higher
fire rating would generally be specified in ihe USA than in the UK., This
tends 1o ofisel some of thi more beneTicial uspects of fire westing in North
America. :

The fire test data existing in 1982 were, therefore, considered to be
madaquale for the economic desian of vompesite deck siabs in the UK.
It wats apparent that there was a need fbr large-scale testing of composite
foors incorporating appropriate boundary conditions. Any tests should
b designed 1o be aecommpdated within the available furnace sizes of fu.6m
= A3 ar the Loss Prevention Couneil (then FIRTO), Borchamwoud, and
4.3m » 3.0m at the Warrington Fire Research Centre,

Review of fire tests hy CIRIA
Test series
Thi objectives of the test programme commissiond by 1he principal UK
deok manufaciurers, carried ont by the Construction Industry Research
& Information Association (CIRIA) betwieen 1983 and 1985, were wo:
{1} show that continuous compaosite deck slabs with standard mesh
reinforcement could achigve n fire resistunce of 90 min for spans up 1o
1.6 m and imposed loads up 10 6.7 kN:/m* (rypical of most commercinl
busilddings);
(2yiconfirm that slab deformarions neny failire would nov adverselv sifec
the performance of the supporfing frame, so that the fire behaviour of the
slul and frame coultl be consitlered separitely;
(3} demamstrate thal the long span/short span test could be used to represen
the behaviour of 2 true ¢ontinuous slab, this having implications for the
cosl of subsequent fire Tesls,

To avoid duplicaion of tesis for each of the profile types shown in Fig
2, prior agreement of the regidating anthorities (the GLC, in this case) 1o

TABLE d—Sunumpry of UK ami Exropean fire rests on-composiie deck staby (pre-i982)

Sirface
Sl Imposed iemp. (C) Test
Profile Concrete depth Span® : Reinforcemen’ petiod
typie! (mm) (m) (KN/m?) After : After (min)
th 1ah
Huolorib NWC 150 42 43 A98 mesh 45 o 60
(UK) NWC 152 s 10-0 AUE mesh 47 16 120
Y20/ 1eough
NWC 130 425 73 A98 mesh 48 B4 90
Y20/ trough
Holorib NWC 150 4-55 36 Y12 rough — — 60
(European) NWC 105 278 4-8 miesh - — 35
NWC 140 2:Ts 10-0 mesht — — 60
Hihond- LWC 120 3l 39 || Y10 @ 150 mm 38 — 78
Meteeno ' +1:3 as miésh
NWC 113 3-0s 2-5 A98 mush - — a5
NWC 140 2-4s 3-0 Al42 mesh — — 90
Y12/tfough
Holodeck NWC 150 4:0s 69 A8 mesh 42 105 i
V200 rrough
NWC 150 A+2s 33 A98 mesh 93 104
Y12 rough

Mojes: 1. NWC and LWC means normil and lghteeight concrete, respdotively.

2_ siniple spanis) ot comimuous span (0) I long spun/shoct span configuration

3. inchudes 60 mn.scresd (non:structural)
AYR or 142 indicaies 98 or 142 mm* mesh arca’ m.

Y10, 12,20 indicate the dinmeoters. of Wk sield remnforcing bars, wsing | bar/izough.
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TABLE 2—Summary of UK fire tests on composite deck skabs (post-1982)

Surface
Slab Imposed temp. (C) Test
Profile Concrete depth Span toad Reinfarcement period Test
tvpe fmm) () (KN/m? After After {min) rel.
I Ih 1:2h
Roberison LwWC 130 3-8 67 Al42 73 .- &t CIRIA |
QLsY miesh
Roberson LW 130 e 67 Al42 70 100 108 CIRIA 2
QL59 mesh
Robertson LWC 130 30 6-7 Al42 95 110 90 CIRIA 3
QL9 mesh
Hi_!ioﬁb (UK) LWC 120 30 6-7 Al42 i) 100 9) CIRIA 4
mesh
PMF CiF46 LWC 11 3-0c §-25 Y5225 1o 135 101 FRS-BSC1
as tmesh
Holorib (LK) LwWe 100 3 5-75 YS@1s0 90 120 87 FRS-BS5C2
s mesh
PMF CFan NWC 138 30 H+75 YS@22s RS 93 124y FRS-BSC3
ns mesh (136)
Robertson NWC 140 X6t 67 AlL93 6 98 L] CIRIA 'S
QL9 mesh
Meteeno NWC 140 3-6e* 67 AlY3 (5 9 90 CIRIA 6
A33 mesh

The tests are it chronological sequetce from July 1983 uptil Junulry 1986
+ Miléd prematurely beeause of Josas of protedtion to beams
* st on long span/short spun configuration

the proposed test series was obfained. One large-scale test would be carried
oul on @ section of 4 Moor comprising 1wo equal spuns 10 investigate the
frame and slab interaciion.

This would be supplemenied by i sérigs of five smiller-scale tests on the
long span-short span slab conliguration, as in Fig 3(a). These teses are
sumtnariset! in Table 2 (CIRIA tests 210 ). All 1he tests would be performed
on slab spans of 3m of 3.6m, between support beams, the main difTerence
being the heavier miesh size used in the longer span 1ests.

To reduce the number of rest variables the ef fect of the suppont conditions
was investigated by keepiog the same sinb settion and profile shape. For
this purpose a typical trapezoidal profile was nsed (Robertson QL39), 1t
wirs considered that all slubs with trapezoidal profiles dedigned for composiie
dction would behnve in @ simitar monner and than 1hose with doverail profiles
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Fig 3. Test configuration and moments in fire tests on composite deck stuhy
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would have a shghily higher fire resstance because of hewt shielding of
the ribs. This was confirmed later by idenical tests using different deck
profiles;

In CIRIA test 3 the beam layout and sizes were selected to be
reprosentative of current piactive. A two-bayv slab confieurntion was wsed
consisting of two egual, 3 m spans. The gnillage of support beams was itself
supported on columns at 6m spacing, Inan-atempt to madel the bebaviour
of a tvpical bay of @ uilding of Bm width, which was 1wice as wide s
the furmace, & shiding detail 0 the ends of the transverse beams was devised.
This would not prevent pulling-in of these beams ns the shitb deflected.

The structaral data for this test are summarised in CIRIA Repor 1077,
The 130mm-deep slab was in lightweight conerete (LWO) with A 142 mesh
ar 25mm Teom the surface, a8 in Fig 1. The Tranwe was provided with 25mm
sprayed fire protection. Far consistency, all the tests used an imposed load
of 6, TkN/m? repiresenting typic] office and pariition lgading. In the above
test S00Kg steel weights were used, as shown m Fig 4. In the other tests,
jucks wiere used both as applied loading and us the reagtion ot the end of
the cantilever span 1o muEnInin conrinuity.

Testing of all the slabs wus carvied out aler storing for 5 to 6 months

ol .
Fig 4. Loading on compasite deck in a fire test
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in dry conditions, The (inal moisture content of the lightweight (Lyiag)
coifterete was 5.0 10 6,9 Y by weightand thie of the normal weight concrete
was 3.5 to 4.5 Y. The difforence betwesn the results is explained by the
absurption of water by the Lytag apegregate, Expressed as n percentage hy
volume the resulis would be closer ir 910 12 9. These Tigures are consistent
with those given by Copier® who showed that, afier 6 months in nermal
dry conditions, the moisture content would be around 20 % higher than
under equitibrium conditions (after 2:3 vears). Provided that the effect of
excesy moisture s considered in the interpretanion ol the temperntures
recorded during the fire fest, these mosiure contenis are mot considered
excessive. The conerete was in all eases of nomindl grade 30 (cube sivength
30 N/mm').

Test resulls

All the fire tests demonstrated that %0 min fire resistance could be achieved,
providid that struciural continuity of (he compesite deck slab could be
developed. In test 3 no adverse efTect on the behaviour of the support
steclwork wits observed. Indeed, there was a net outward movement of
the slab resulting from thermal expansicin’ which was greater thun any
tendency for the slab to puall in.

M was condluded that any ‘cantenary’ action of the frame and <lab in
resisting load was small and thar slab behnviour was predemimantly flexural.

The temperatures at vanipus paints in the slab section of Fig 1 are shown
in Fig 5, The absence of any significant delay in the rise ol temperature
in the slab ar around 100°C suggested that the moisture content was nel
excessive. Al this temperature the heat upplied (o the slab would convert
any moistitre into stenm rather than increasing the slab temperature. Meun
surface temperatures were within the lmiis (140°C mse plus ambien)
temperature) of BS 4767

The ‘heat-sink’ effect of the conerete meant that the deck temperatures
were locally up to 200°C less than the furnace temperature, an importan
observation as regards the loadcarrying capacity of the slab a elevited
temperatures, Reinforcement temperatures were relatively low indicating
hut the full strength of the mesh could be mebilised. The temperature of
the lower flanges of the composite beams indicated that the tire protection
wits just adequate Lo maintain their loadearrying capavity at the and of
the test period.

An imporiant observation was the absence of severe debonding of the
deck from Lheslab during the tests. A typical view inside the test furnace
is shown in Fig 6. On cooling after the test, debonding did oceur because
of irreversible extension of the steel relative to the concrere. Any debonding
during the test might develop an insulating layer beneath the conorete,
thereby reducing the slab tempetatures, but conversely, it would mean that
the deck would have no contribution to flexural action. The influence of
the deck on the loadearmying capacity of the slab is considered in sedtion 4.3,

For much of the early part of the tests the increase in deflection was
a cesult of temperamre-induced ¢urvature, and only later due to structural
weakening. It should be noted that absolute deflections, rather than
deflections relutive 1o the beam supports, were considersd in assessing the
limiting deflections of the §labs. This is a conservative interpretation of
BS 476, At the end of test 3 (90 min), the rate of increase of deflection
was 2mm/min, well below the limit in BS 4767 which was calculated as
2. Tmm/min, However, the absolute deflection was close to the spans/20
limit. The slab recovered over 50 %9 of its deflection on cooling and survived
the reload test,

The effect of changing the stah support conditions could be seen by
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Fig 3. Thermocouple measurenents taken through the slab section In Fig |
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Fig 6. View inside the test furnace during a fire fest

comparing this test (CIRIA test 3) with CIRIA tests 1 and 2. The simply
supported slab (test 1) survived 60 min, and 1he lone span/‘shart span 1est
(test 2), 105 min, Because the relatively small contribution of the support
beams to the nbsolute deflegtion of this latter test, it was conctuded that
thee slabs in tests 2 and 3 behaved in similar manner, Therefore, provided
that continuity of the mesh reluforpement was developed, the ssatical system
of the slab test was of less significance.

A fire test on a 120mmedecp Holorib slab (1est 4) was carrigd ont to
confirm these results. A 90 min fire resistance was also achieved for this
slah, decpite being 10mm thinner than Tor the previous tests. This test
demonstrated thay stabs with 1he doversil profile offer betier insulation
and shiglding properties in a fire

The test information was extended to spans of 3.6m by 1w sty [losts

‘5 and 6) on identical normal-weight conerete (NWC) slubs, differing only

by the deck profile usad. Both tichaved in a similar manner with thee tests
terminated al %0 min. This confirmed the conclusion that slabs with
trapezoidal deck profiles may be treated as a generic type in developing
design recommendations for Tire conditions_

“The fire tests on these longer span slabs represented the Tirst attempt
at extending the recommendations for fire resistance (o a more practicel
fimit for the new generation of deeper profiles. The mesh reinforcement
wits incresed 1o A193, but in principle the tests were similar o (hose
previously performed. One novel feature was the use of shor-fired shear-
connestors rather than welded studs. This did not adversely affedt the fire
performance of the test slabs.

Review of fire lesis by FRS-BSC

Tesi series

A parallel 1t programimie wis carried out between 1984 and 1986 hy the
British Steel Corporation (BSC) supported hy the Fire Research Station
(FRS)) and the Department of the Environment. The results of this work
have been collected in a report by British Stee) Corporation’. The
objectives were (0:

(1) demonstrate the viability of the fire engineering method (see section
4.1) in determining fire hehaviour of composite deck stabs, by carryng
out large-scale lire Lests;

{2) evaluate the effect of catenary forpes (inplane resiraint) on the fire
resistance of composite deck slabs; )
(3) develop efficient reinforeement arrangements to maximise the fire
resistance of composite deck slabs,

The results of the three large-scale tests which were perlormed are
summarised m Table 2 (FRS-BSC tests 1 10 3). All the tests were performed
on continuous composite deck slabs intended to have %) min fire resistance
{bv caleularion), The test load was adjusied so that the reinforcement would
be Mully stressed at this fire resistance period. The 1est floor was 7.0m long
and the beam supports were 3m apart. The test arrangement is shown in
Fig 7. To develop catenary forces a systom of tensioning the slah was
included, A shon cantilever section developed Turther continuity. In
principle, the other features of the tests were similar to those described
earlier,

The reinforcement pattern conusied of Smm diamerer high yield bars
welded in the form of a mesh and cranked at around 0.7m from the bean
supparts. The mesh was positioned a1 25mm fromn the slab surface at the
supportsand on the surface deck in midspan. The longitudinal barsin the
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mesh were located over the deepest section of conerete and were lupped
over the beam supports, thereby giving the maximum fire resistince (see
Fig 8).

In two of the 1ests for irapezoidil profile (PMF CF 46 (shown in Fig
2)) was used, aad in the thicd, the profile Holorith was used. Both permal-
ANWO) and lightweight concrete (L WC) were included m the tesi series.
The beams were provided with bourd- type fire protection. Testing was
carried owt after storing for 6-7 months in dry conditions, and measured
molsiure conients of the concrete were 3.3 % for NWC and 5.5 % for
LWC. The concrete was again o noninil grade 30,

Ome important observation of the (est specimens was made. Because of
the deflection of the deck arising from the weight of concrele placed on
iduring construction (as would be expected in practice), the slab depih
in midspan was some 10 %% greater than the desired vilue. This wis 2
wignificam factor in interpreting the results of the fre tests,

Tesi results.
I the fire tests on the slibs with trapezoidal deck profiles (FRS-BSC 1esis

I and'3), lire resistance times in excess of W) min were achieved. Tea 3

reached the limiting deflection ¢riterion of spany 20 a1 120 min but the test
was continued until the sccelerating rute of deflection indicated that faiture
wits imminent. The test was terminited at 136 miin (see Table 2). Both tesis
wrvived the reload requirement.

The surface temperature in test | approached the BS 476 limit an 90 min,
whereas in test 30t was apparent 1hat the slub depth exceeded that required
for minimum thermol insulation in 4 fire. This test on a normal weight
concrete confirmed the observanons mude in CIRTA tests 5 and & that the
previous requirements for minimum slab depth had besn o conservative.
Test 2 on the Flolotib slab in LWC performed as expected from a (thermal
msulation point of view. Indeed, at 100mm, this was the minimum depth
ol the slabs 1ested,

Ip all the tests the deflection response wis roughly linear with time (1
o Zmm/miny until close to the end of the tests when there was a more
rapid Increase in deflection. Test 2 was terminated dAlter 87 min, well before
failure of the slab, because of loss of fire protection 1o one of the beams.
From the dellection response of the test slab it way concluded that a 90
min Ore resistance would bave been achieved.

The tensioning system wis nol used in any-of the tests because, as was

found in the CIRIA tests, the net movement of the edge beiams was

outwards, These tensile restraints were intended 1o act only as the slabs:

pulled in at large deflections, reflecting the possible ‘catenary® action of
real foors. However, the overall tempersiore expansion of the slab was
the dominant effect up to the relatively small vertieal deflection limiy
imposed by BS 476: Part 20,

The reinforcement patiern used in these tests was such that the moment
sapacity of the slabs was similar in both hogging and sagging. This
represented a much more efficient distribution of reinforcement, despite
being similur inoarea 1o the standard mesh used in the CIRIA 1ests, and
‘contributed 1o an improvement in the fire resistance of these slubs,

An observation in tests | and 3 was that some of the high yield bars over
the supports apparently reached (heir ultimite engile strain and broke. The
ultimate tensile strain of steel increnses with temperature and might be
expecied to be of the order of 2 % at the temperatures and deformations
experienced m ihe level of 1he reinforcement. Despite the resulting loss in
muomient capagity at the supports, this &id not lead 1o premature failure
of the siabs. Nevertheless this Iud highlighted the need 1o be cautions abow

Fig 7. Arrangement of lowd (n FRS-BSC fests
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Fig 8. Cranked reinforcement used in FRS-BSC testy

the use of high tensile drawn wire reinforcement at periods of fire resistunce
exceeding B0 min, As in the previous fire tests, there was little evidence
of debonding of the deck during the tests,

Fire engineering method

Analyyis method

A method of calculating the fire resisiance of concrete struciures was first
prizposed in the [StructE report Design and detailing of concrete striictures
for fire resistance®. In principle, this method uses measirements of the
lemperiiure rise in various congrete sections, together with the known
behaviour of stee] dind concrete al elevated temperatures, (o caleulate the
reduced moment capucity of the section: The appropriate fire resistance
period of simple beams or floors can be ascertained by comparing the
reduced moment capagity of the element 1o the applied moment caleulated
with reduged safety factors. For continuons brams, the hopging and sagging.
capacities are added.

The SCI report™ has modified this method to reflect the fire behaviour
ol composite deck slabs. As (he temperature rice within the concrate is,
to some extent, dependent on the shape of the deck profile, 3 modificanon
factor was introduced (o cousigder the heat flow to @ given point from the
adjacent exposid surfaces. However, reinforcing bars positioned within
the tronghs of the deck would be expected to reach their limiting strength
dfter a longer period than the equivalent reinforced conerete ribbed slats,
because of the absence of spalling. Mesh reinforcemen positioned wilhin
the slab lopping could be expected 10 be well-insulated from the fire.
Conversely, the bottom 20mm ol the congrete in the trouglhs would usually
be neglected in fire engineering calcufations, since the concrete strength
would have reduced considerably.

In continuous slabs with standard mesh reinforcement, there is a
redistribution of morment during @ fire from the midspan area to the
supports, a5 shown in Fig 3(b). This is both as wresult of thettially induced
curvature and weakening of the deck before the other elements. At failare,
the moment capacities of the'slab in hogging nod sagging (negative and
positive moment} may be combined, as in sn eguivalent plastic foilure
mechinism. The hogging capacity would remain close to its 'cold- stare’
value, whereas the sagging capacity would have diminished conaderably,

Properiies of muterials

The behaviour of conerete and stegl at elevated temperatures s well
kaown®. Typically, norinal weight concrete ldses halfl its sirength at around
TO0*C and steel at around 350°C. However, an imporant consideration
is the strain at which the strengths of these materials are assessed. 1 mosl
composite deck sinbs, steel strains im excess of 2 % would be experienved
at the limiting <lab deffection of spans 20, Compressive sirains in the conerete
would be gbout 0.5 Y,

Conventionally, the strength data for steelwork ntelevated temperarures
is given a1 0.5 % strain, @ value partly influenced by the desice 10 prevem
the fire profecton (o the members from becoming dislodged. However,
fop steel there s 4 steady increase in strength betwean 0.5 % and 2 % strain
in the important tempernure inge of 400°C 0 700°C! A1 £50°C, Lhe
tensile strength at 2 %o strain is 25 % higher than at 0.3 %o. This is rrue
Yor both sirndiural steel and reinforcing bares, but there is not yet sufficiem
data on cold-Tormed steel (such as decking) o quontify this increuse
precisely . Ar temperatures above 8007C, a residual strength of 5 % of the
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TABLE 3—Compurison of moment capacities (hased on muasured remperatures and properties) with the applied momenis in fire fists

Séction capacities (kKNm/m) Plasiie capacity of slib (KNmdm) t\t!ﬂliﬂd‘
(8] t
1T:: Table 2) Hogging (M) Sagging (M,)" M, = M, + 045 M, M:‘[k‘;::,m]
Mesh? Mesh St deck? Mesh Mesh & deck
FRS-BSC1 H-3 A2 22 7+9 -1 749
FRS-BSC2 D9 4:6 2-5 Q-fy LI-5 10-3
FRS-BSC3 14 4:h 2-4 93 ft-7 12:3
CIRIA 3 8-0 34 2-0 70 9:0 9=
CIRIA 4 K 2-9 2:7 59 Rt 9-3
CIRIA 5 (N3] 4-5 2-4 -6 12:2 14-3
CIRIA 6. 116 4-5 33 9-8 13-1 14-5

‘Mesh' means the moment capicity ol (he mesh) or reiffordement uking

. g =

imitial vield strength is appropriate for all grades of steed. High tepiperature
data for reinforcing bars i given by Holmes of al'",

Lightweight concrete hus supenior properties in fire in companson (o
normal weéight conerete. Firstly, its thermal conductivity is lower, meaning
that internal remperatures would be lower and, secondly, it loses sirength
less rapidly at higher tempetatures. The data are given inrefs. § and 9.
11 is possibile also thal [imesrone aggregate conceete is slightly better thun
gravel ageregate concrere in these respects.

Analysis of fire behaviour of 1est slabs
Fire engineering analyses have been carried out Yor all the fire tess on
cantinuons composite deck slabs, using the matenal properties given in
refs. 9and 10- Inall these tests, the results of the fire engineering cileulations
indicated considerably lower strengths (or ire resistanie periods) than the
apparent sirengths at the end of the tests. This could be explained by a
number of factors:
{1) The decking could have plaved a rolein incrensing the positive (Sagging)
moment resistance of the slab. '
(2) The strains in the reinforcing steel, particularly in the negative (hogging)
moment region, were much greater than 0.5 %o, giving a potential ingrease
in strength over the data in refs, 9 and 10,
(3) Measured muterial sirengths were greater than their characreristic values.
(4) Measured temperatures within the sections were generally lower than
those assumed in the calculations,
(5) The slab depths in midspan exceeded their nominal depths (because of
deflection of the deck under the self-welght of the concrete).
It should be noted thit the mean strength of the steel mesh in the tests
wias 610 N/mm?, some 25 9% greater than the characieristic valie of 485
N/mm®, (BS B110' now specifies 460/mm® for all high yicld
remforcement ) Measured  concrete strengihs were 40 to 45 N/mm?
(nominal grade 30).

The condition for plastic failure a1 an end span of a confinuous composite
deck slab i given by the formula:
M

S Ly s M,

JWI, + 0.3 M, (1 RA.

whore M, and M, are the sagging (positive) and hogging (negative)
moment capaciiies of the composite section, respectively, and M, is the
free bending moment applied to the simply supporied stab i fire conditions.
The second term approximeaies 10 a value of (01-45M,,

The momehi cupacities of the sections have been redetermined using
measured  [emperatures and material properties. These results are
summarised in Table 3. The plastic moment capacity of ihe composite deck
slabs has-been evaluaried using the above formula. In interpreting the test
results, gecount was also taken of the sctual depth of the slab in midspan
(4ee note 5, [h the FRSBSC tests this depth was recorded, buy in the other
tests it has been assamed that the actoal deprhs were 1 % gredter thin
the nominal depthy (e, ar the supports).

Comparison of the theoretical failure capacities of the continuous stabs
with the test moments indicates that there is still g shorpfall o capacity
formout of the tests (see Tuble 3). Béttor agreemint is obiained whena
oominal allowance of 5 % of the tensile capacity of the deck (al room
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Sugging moment capucity evalmited from the messured section depth in islapan
the measured yield strengih.
Additonul momen! capacity evaliied using ST of the tensile capicity of the deck,

Applied moment on simpic span. Span based on beam spacing minus 007 fimes heam width

temperature) s included in determining the sagging momen! capacity ol

the slab, Clearly, this ussumes that there issulficiem contacr berween the
deck and the concrete at the later stages of i lire 1 develop this 1ensile
force. However, the required bond is vary small,

The conclusion from these fire engineering calculations is thar there are
many beneficial Tactors that are not taken into account and that make the
method relatively conservative with respect 1o the test results, The test fire
resistances can, in general, be justified only by including a contribution
from the tensile strength of the decking in a fire engingering caleutation.
A residual strength of 5 % would appear ta be reasonable given the
performance of steel gt high wmperatures and the urneven temperatyre
distribution around the deck profile.

Review ol fire lests to determine minimum slab depthy

Twao fire tests were carried ouf by the Fire Research Siation in 1986 10
detérmine the thermal characteristies. of 40 different conligurations of
composite deck slabs. The individual modules rested were each nominally
Im x 0.65m and were exposed 10 BS 476: Pars 20 heating, In caih test thete
were Iwo comprehensively thermocoupled assemblies of 10 modules cach,
which were cast together to form an integral unil (Fig 9), The tests were
carried out in the large LPC furnace.

The variables used in the parametric study included overall slnb depth,
the type of congrete, and the lateral positian of the reinflorcing mesh. The
slab depehs ranged from 90 1o l9bmm to represent ihe minimum depths
recommended in the SCI report® for insulation carresponding 1o fire
resistances of % 1o h. The deck types were chosen 1o be representative
of current practice, A full range of tests in both normal (gravel nggregate)
and lightweight (Lytag aggresate) concrete was carnied ot for the Holorib
and PMF CI46 profiles. For comparison & number of slabs with the

Fige 9. Arrangement of specimens in the FRS thermal inswlation tests
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Metecno-Hibond profile were also lested. The test series is summarised in
Table 4.

The remperatures recorded at various pointy within a typical test slab
are shown' in Fig 100(z) and (b} Of most interest are the wemperatures of
the upper surface of the slabs, since this often divtates the slab depth that
can be used in design, and the temperatures of the mesh reinforcement.
In all tests the mesh was placed directly on the deck,

FABLE 4—5Summary of FRS fire inslatian tesis

Profile Concrete Slab depthy (mim) tested
PMFE CT6 LWC 101, 111, 121, 131, 170
PMF CF46 NWC L1, 136, 151, 161, 196
Holorib LwcC 90, 105, 115, 150
Holorib NWE 90, 110, 125,170
Merecno-

Hibond LWC L0, 120, 140, 185

In determining the emperatures on, and cose to, (he upper surface of

the slab, account should be taken of the “dwell® in temperature at around

100°C resulting from the vaponsation of free moisture. I is conservative
1o reduce the temperaturestime curves by the total apparent ‘dwell time’,
although a certain pereentage of moisture is present in all concrere, The
dwell time would normally be betwesn 1S and 30 min for suriace
temperatures (where any free moisture would colleet) and 520 min
internally. '

Lk ?_5‘1}1_2 FWE

£

i b1
TS e |

g

3

3
-

ESTANCE FROM EXPOSED FACE (rrim)
&

90 el SC0)

200 Ao BX) 800 KX
TEMFERATUIAZAC]

Frg 10fa), Temperature disieibution above trough of compasite deck slab
ncamorating LWE and CF46 praofile

o eent bt

The time to reach the unexposed surface temperasture lmii in BS 476;
Part 20, aiter reduction of the dwell time; is summarised for-all the vests
in Fig 11, Inmost cases the appropriate temperature limit is 140°C average
temperature rise above ambient. Traditonally, results have been expressed
in terms of the depth of concrete over the deck. in the <ase of trapezoidal
profiles, or the 1ol dipth in the ¢ase of doverail profiles.

Analternative form of preseniation of the test results isin terms of the
mean depth of concrete, which is the approach used by the ECCS, The
elMeet of 1his is 10 ciminate the influence of Lhe profile shape when
intérpreting the test results; as can be seen in Fig 1.

fand

104

LW
140 XV Smali-Scale Tests
o= ALPHALOK,
7t _~HOLORIB
1001 —~ PMF CF48

~7 ~METEGNO A5S

MEAN DEPTH OF SLAE (rmm.)]

=" Large-Scale Tesis
a0 4 + Nwe
® |LWC
&0 - v v = .
80 0 oo 120 140 160 VD Cretbeutes)

TIME TO REACH 140"C+ AMBIENT TEMPERATURE
ON UNEXPOSED SURFACE

Fiy 11, FRS insulation 1ésts expressed in terms of mean stab deprh

The curves for lightweight conerete (LWC) are displaced by around 30
min relative to those for normal weight congrete for the same mean slab
depih, demonsirating the greater insulnting properties of LWC, Alsa
presented in Fig: 1L are the results obtained from the large-scale tests reviewed
carlier and for thermal profile testh recently carried out by SCI on the
Alphalok profile,

These results now give greater confidgnee in the selection of appropriate
duta for design. To be consivtent with existing UK practice, the criteria’
for minimum stab depths (.. conerete depth over trapezaidal profiles, or
total concrete deprh for dovetail profiles) are reained, but the data
modified.

These minimum slab depihs are presenied in Table 5. This represents
i considerable reluwxation over ref.9, pasticularly for novminl weight concrete,
The SCI publication will be updated shortly to take account of this work,

TABLE 5—Different meany of expressing mininiin slab depths fmm) 1o
sarisfy the fdation criterion in o fire revisiunce fesq

Profile Criterion Concrete | BS476 insulution limit (h)
-E‘ 4 .‘..’é =D AZE ty'ﬂ.‘ Tor minimim tpe 1% 1 J A 3 4
= ' : l — ],._“ dimensian e
= & THEMUCOUILEE Trapezoidal] Depth above LWEC! G0 il 30 1180 [ILR L1
5 tap of profile | NWC | 60 | 70 | 80| 95| 115|130
=R 1
= [ i
5 Disvetail Total siab WO | (B0) [ (90) [ 100] 115 | 120 | 150
Z 0} depth NWC o0y |90y | 110|125 [ 145 | 168
E Any Mean slab
g ] S dipth LWC  [(65)) 80 | 95110 ] 130 [ 145
s ¥
B e Wropesal - Cowe |75 | 90 [ 105|125 [ 150|170,
200 Wn L] Bl 1000 Any Mean slab
TEWNFERATURE () (ECCS{3) MWC 60y 00| 80| 100|130 | 150
Fig 10(b). Temperature distritnition above crest af composite deck shab :

mcarporating LWC and CF46 profife
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For comparison, the apgicopritie mean slab depths are also given in Table
5. It should he neted that the mean stab depths in the ECCS Technical
Note? are significantly loweer than those given by this rescarch and are #iot
recommended for design use:

Thermal profiles throvugh the slab ure used in the fine engineering methods,
Representative sections through the conerete are g1 1he centreline of the
trough anid at the centreline of the erest of the profile (a5 in Fig 10). The
thermal profiles determined from the small-and Jarge-scale Tire tests have
been compared to the existing design curves given in refs. 8 and 9,

‘One observation from the tests was that the temperatures through the
section ol the centreling of the irough were not significantly greater than
through a solid section of the same depth, provided that rhe average irough
witlth exeseded (he slab depth, This is the case for most of the modern
profiles where trough widths are 120 1o 150mm. Conversely, temperatires
directly over the crest of the profile were much lower than indicated by
the minimum depth of concrete considered as a solid siab of this depth.

The results of some of these 1ests have been sumniarised in the form
of Fig 12, The data have betn corrected 1o eliminate the efTeet ol moisture.
1n the future, it should be possible 1o prepare thermal profiles for all slab
depths, voncrete types, and profile shapes, However, in the interim, it is
proposed 1o use the design data for solid stabs (Table 4.5 in ref. 9).

Analysis of thermal profiles through composite deck slabs

Various computer programs based on non-steady heat flow in solid bodies
have been developed. By Introducing the approprinte thermal conductivity,
specific heat and density values for the vanous materials, it is possible to
moddel a particular concrete steel cross=section in a séries of Nnite elements,
The influence of the standard temperature-time curve’ applied to the soffit
of a floor cian be studied by time-step integration.

Dapth mio Conefete {mm),

TEST DATA
140 7 . « Deplt; above Gl trowh
+ Depth shove CLgrays
120 4
100 1 . oo~

B0 o +
SClLAscammennitionfy)

80 4 S
404
20 o "
+ -
L} L L] . ol LB L] T
50 1o 150 200 250 ann 350 400
Temparare® G

Normal Weight Concrete
60 Minutes Fire Resistance
Data Corrected For Moisture

Fig 12. Measured temperalures i ¢concrete-compared to recammendation”

A computer simulation of heat Now through a composite devk slab has
been attempted using the program FIRES-T'. Thiswas carried out at the
University of Aston. For comparison with the rest results, an analysis was
made of g 140mm-deep normal weight conerete slab (CIRIA test 5in Table
2). designed for 90 min fire resistance. The resulting temperature profile
through the cross-sectlon is shown in Fig 13, and these are compared with
measurements made during the test.

Of interest are the relatively low temperatures at certain points on the
deck profile (particulariy the upper curves of the profile), amd the “How"
‘of temperature redycing the effect of the thinnest section of congrete.
Comparison between the model and ‘measurements was good, Surfave
temperatures were generally higher than those meassred but still within
(he BS476 limits, It should be noted that heat Now models do ot ke
into account the effect of moisture which meuns that they will tend to
overpredict temperatures in condrete,

Additional tess

Teste on staby supported by seeel brams

Although most of the fire tests reported earlier incorporated beams (o
support the camposite deck slabs, there s been one recent test in which
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Fig 13, Comparison of measured and theoretical temperdiares in o compoyie
dock slah

a special study was made of the insulating effect of the beam on the -
remperatures within the adjacent slab.

A fire test designed by the Steel Construction [nstitute and funtded by
BSC and FRS wiis carried out in 1987 on two unloaded beams supporiing
composite deck slabs. Lightweight and normal weight concreie were used,
together with apen traperoidal anid dovetail decks, The beams were provided
with sprayed fire protection. Temperatares were measured on the fire
protected beams and at various positions in the dlabis. An intresting feature
of the protection was that, in two positions on each beam; the void berween
the deck and 1op flange was left without protection. This is cantrary 1o
commen site practice where it is normal to il the voids beneath the deck
profile with either mineral wool or spray proteciion, The top fange
temperature of the beam was measured at el void and unfilled void
POSILIONS.,

The variption of (emperature al & given poimt in the slab with distance
from the centre of the benme is shown in Fig 14, 11 can be seen than the
beam has a considerable shielding effedt on the temperatures in the slab.
The shielding takes two Torms: fiestly, the beam simply avts as g shicld
reduging the hear flow imto the slab, and secondly, moispure within the
conyerete is driven by vapour pressure twards the beam, Tempernture
plateaux: at abouy 100C were observed above the beam and were not
observed o the same extent away from the beam. 1 is congluded that the
relutively cold region of <lab adjacent 16 the beam ensures that the concrets
compression flange mny be fully wtifised In establishing the strength of - —
composite btams in fire.

The measurements of lemperature an ihe top Mange of the beam were
very illuminating, The unfilled voids cuused little increase in (enperature
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Fig J4. Temperatures af point A at positions adjovent. to sieel beam
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lar the doverail decks und abouwt 167C increase or the open trapezoidal
deck. These temperatures would have little effect-on the moment capacity.
s if i the lower flange wemperature which determines the reduced sirength
of the composite beam; 1L 15 concluded that the practice of filling voids
between steel decks and the supporting composite beams is probably
UNNCCeSSary.

Thermal bowing

Furnage tests:on’ fMoors usually adopt the standard fire expasure® which
represents # ‘cellulose’ fire. With more plistics being introduced into the
conteite and fabric of somie buildings, the fire exposire mhy He more severe,
espenially in the early stage of a fully developed fire, and the remperatures
may correspond maore olosely to a ‘hydrocarbon’ fire. Composite deck slabs
have not been rested subject 10 the hvdrocarbon fire exposure, bt an
indication of their performance could be obtained from fire tests on sofid
concrete slabs if it were assumed thut the decking has a negligible effect
i the later stages of a test. The observation has already been made from
the londed fire tests that thermal bowing can be a significant part of the
1otal deflection of a floor. Thermal bowing is 2 measure of the temperature:
induced strains through the concrete or compaosite section.

FRS has undertaken a programme of furnace tests'® on pairs of
independently mounted, simply supporied solid concrete floor strips (cach
Lm 'wide, spanning 4.5m and exposed over a 4m length) to investigate the
magnitude of midspan deflection when the two different fire exposures are
used, The NPV timetemperature curve'” way used o simulate the
hydrocarbon fire exposure. Some resulis for unloaded slabs of 150mm and
250mm- depth are shown in Fig 15. This demonstrates the increased
deflections tesulting from the more severe NPV exposure, o comparison
te the standard Fire. The superior behaviour ol lightweight aggrepate
conerete (Lytag/PFA) is also illustrated, The reduced deflections are due
mainly 1o the lower coefTicient of thermal expunsion and lower thermal
conductivity of lightwelght copirete.

GENTHAL NERLECTION
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I} HWEC
201 T B
/ L'
1541 // - A
> - o
~ P
-
104 o e e e 5%
50 o (1] 1Z20
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Fig 15, Effect of heating regime and concrete [ype on theema! baowing of
concrte slaby

Comment on repuirability of composite deck slabs alter a fire

Fire i% o rare ocourrence, and its effects are rarely as serious as experienced
in 4 fire (est. Repaivability is not o criterian of the fire resistance test, which
15 concerned with strengih and siability in g five. This applies 10 all marerials,
and some repairs should generally be envisaped afier a moderate fice, In
remforced concrete it would normally be necessary 1o feplace the cuver
to the reinforcement which may have partially lost its strengih or spalled.
In composite deck slitbs it would normally be pecessary L0 cut-gway any
sections of decking which have lost contact or debonded from the soffit
of the siab. Some permanent deflection of all concrete or composite deck
slabs would be experienced after a severe fire, Fip 16 shows a typical slub
after a4 90 min Fire resistance test.

Althiough observations made during lire 1ests on campuosite deck slabs
indicate that any debonding (ends only to be localised, further debonding
is often apparent after a fire test. This is because of irreversible extension
of the deck in relarion to the conorete which causes the deck 10 pull away
on eooling. Therefors, after a moderate/severe fire, it would be necessary

The Structural Engineer/Volume 66/MNo.16/16 August 1088

Fig 16, Composite deck slab aqfter o 90 min fire resisiance test

1o'remove the damaged deck and replace it, e.g. by reinforcing burs attached
by shot fired clips between the concrete ribs. The bars could then be gunited
in sifu W0 achitve appropriste bond. In severely damaged or déformed slabs,
replacement of the complete sechon of slab between the steel beams should
be considered, Some guidance on the reinstatement of fire- damaged
structures is given in refs, 16 and 17.

Design recommendations
The fire resistant design of composite deck slabs has been considered on
the hagis of large-scale lopded (ests, 10 determing their limiting strength,
and smull- senle unjoaded 1ests 1o establish the appropriate minimum sigh
depths®. The strength of composite dick sluby is largely o funciion of their
span-to-depth rutio and the amount of *fire-reinforcement.” 11 standard
mesh reinforcement is used, the slab depth may be controlled by either
strength or insulation requirements.

In general, the large-scale tests have shown that composite deck slabs

with trapezoidal profiles, designed 1o satisfy the approprinte thermal

insulation limil, are adegquately strong in fire, provided migsh reinforcemint

TABLE 6—Simplified rules for fire resistance of compaosite deck slubs’

Max. Fire

Minimum dimensions Mesh
::3“ ra;t;‘_?g Sheet Slab depth (mm) 2
thickness NWC LWC
{rm)

27 1 0-4 130 120 Al42
ER 1] 1 9 130 1200 Al4z
144 09 1440 130 Al42

36 | 1-0 134 120 Al93
Jo 10 L 140 130 A193

(A) Trapezordal profiles (deph not exceeding 60 mm)

Max, Fire Minimum dimensions Mesh
s oy Sheest | Slab depth (mm) | O
thickness NWC LWC
{mm)
2-5 | 04 100 100 Al42
I b 8 110 105 Al42
3 1 -9 120 (0] Al42
Its 9 130 120 Al42
1-6 I 1-0 5 120 Al93
154 -0 s 125 Al193

(B) Dovetail profiles (depth not exceeding 50 mm)
Continued on page 267
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(53 No significant redugtion in wlimate foree load capacity of indsterminate
beams oceurted a4 result of coexisting thermal Toating.
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of & minimum sive is detailed. For stabs with dovetil profiles, minimum
slab depths nre controlled more by the serength than rhe nsulation T
Therefore, by increasing the amount of reinforcement, the stab depth may
be reduced, if so desired.

The principal conclusion of the research is the adequacy of contimous
compaosite deck slabs for 90 min fire resistance for spuns up to 3.6m and
imposed Toads up to 6:7kN/m?. This reduces to 30 min if adeguate
continuity cannot be provided at one or more supports. The mesh
reinforeement 18 Al42 or AT93, depending onthe spun of the slub. These
design recommiendations tire summarised in Table 6, from ref. 18, and are
consistent with thie rest results i Tahle 2,

When periods of fire resistance greater than 9 min are needed, the fire
unginecring method should be used”, consistent with the minimum slab

‘depths in Table 5. The FRS-BSC 1ests have shown that optimum detailing
of reinforcement muty be used v this method. Any relusation in the
reguirement proposed in Tables £ and 6 (and rel. 18) shiould be justified
by further fire tests or fire engineering calenlations.
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