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Abstract

The behaviar of six concretest high temperature (600C)and in particular the risk dfre spallings
studied.Two of the bur ordinary concretes areanadewith calcareousaggregategincluding one with
polypropylene fibrep and two are made with silicocalcareousaggregates(including one with
polypropylene fibre). In complement, tests are also done on thigh performanceconcretes.Tests
are performedwith two sizes of samplesmall samples (300300 x 120nm?) and small slals (700 x
600 x 150mm°). In addition to theconstituents ofconcrete other experimentalparametersare

studied. Different storage condition§pre-dryingat 80 °C air storingand waterstoring are usedo

highlight the effect of the initial water content Thanks todifferent scenariosof heating, the
influence ofthe heatingcurveandthe maximum temperaturere studied.

Results obtained enablet identify parameterthat influence highlythe riskof fire spalling initial
content of free waterand permeabilityof concrete during the heating’he permeability of concrete
can increase during heating due tbe melting of the polypropylene fibreor a strongconcrete
thermal damage Thisthermal damageis especially important wheheatingis violent (ISO 834 or
increased hydrocarborfire), or when concrete is made with silielcareous aggregateén
particularflint).

The onset ofiire spallingcannot be explaned by eitherthe only thermo-mechanical behaviar of
concrete,or only by theappearance of higlpore gas pressurduring heating Based orthe recent
theory of the critical zoneexplairing the occurrence ofire spalling the formation ofa saturated
layer of liquid wateris consistent withihe results obtained.

Keywordsconcrete, high temperature, firespalling

1 INTRODUCTION

Channel Tinnel (1996 and2008),Mont Blanc(1999)and Fréjuq2005)in France StorebealtTunnel
(1994)in Denmark Tauern(1999) in Austrig the GotthardTunnel(2001)in Switzerlandall have in
commonthat they suffereda fire which remainsin the collective memoryor the violert heatings
and the significant property damaggl]. All the nspectionsafter fire reported concretestructures
badly damagedvith in someplaces(the most severelyexposed to firg parts of concretedetached
from the structure The ejection of concreteduring fire is caused by a@hermal instabilityof the



material,a phenomenorcommonly callecexplosion or spalling(depending on thdorm it takeg. In

some cases &s in thecase of the firstfire in the Channel Tinnel), some segmentshave even
experienced acomplete ejection of the thicknessof concrete[2]. Therefore,we understand the
potential riskthat such a phenomenorepresentsfor the good behaviar of the structure duringand

after a fire by removingthe concrete the load bearing capacity aftructuresis seriously affected
and the thermal insulation functions reduced.In addition, the costsof repair and the costs of
stopping the exploitation of thestructuresdamagedby fire spallingof concrete carreach several
million Euros.

In laboratories, the risk ofire spallingof concretehas beenmainly studied, and some important
results have bee observed: the high risk of instability of high performance concretes and the
positive role of polypropylene fibres on the fire behawi@f concretewere highlighted Indeed, the
addition of a few kilograms of fibres in fresh concrete can reduce or eligminate the risk ofire
spallingof structures[3-5]. Nowadays, taking into account, in tendards the risks ofire spalling

of concrete, and its impact on the stability of a structure during a fire, is mainly based on
experimental approaches. Indd, no predictive calculation of the riskfile spallingcan becorrectly
achievel. This lack of foresight is due to ignorance, despite numerous experimental and numerical
studies, of the physical phenomena that are at the origin offttespallingof concrete. Among the
hypotheses commonly advanced in the literature, tfiee spallingof concrete is based on a
thermomechanical process where timeatter ejection is caused by high compressive stressdke

first centimetersexposed to fire. This mecham is closely related to the thermal gradient in the
material andthe restraining ofthermal expansion of the structur]. Another possible cause bife
spallingis based on a thermdygralprocess: from complex fluid movement within the concrete, the
fire spallings linked to the generation dfighpore fluid pressurecompared to the tensile strength of

the material [7]. This hypothesis has remained for a long time the most widely accepted by the
scientific community. This is particulalge one that is proposedto explain the positive role of
polypropylene fibergluring a fire: by melting (around 170 °C), fibers create preferential flow paths
for fluidswithin the concretematrix, thus reducing théluid pressure The weak understandingf the
physica origins of thefire spalling whichlimits predictive calculatiosand slows the development of
technological solutionshas led us to undertake aexperimental study whose purpose is to
contribute to the study ofhe fire spallingrisk ofconcrete.

Seveal sizes of samples were used to evaluate thehaviaur of four ordinary concrets
(compressive strength of 40 MPa) atwb high-performance concrete(compressive strength of 60
MPa).ln a previous stepthe determination ofthe evolutionof characterisicswith temperature such
as permeability, porosity, thermal properties and mechanical propemni@s done in small size
samples (at the material levdl]. Thisallowed the behaviar of concrete at high temperatur® be
better understood These tests @& complemented by measurements pbre gaspressure and
temperature onintermediatesize samples.Finally, fire tests orsmall slabs (08341 fire and
increased hydrocarbon curvdG, fire, [9]) were carried out tostudy the fire spallingof concrete.
The comparison of test resulfer different sizesallows us to discuss the parameters that appear to
be mostinfluential on fire spallingand suggest newathsof investigation.



2 Experimental settings
2.1 Mixes of studied concretes

Ourstudyis based orsixconcrete mixescontaining the same cement, the same superplasticizer and
the same sandThe chosen mixes are assumed torbpresentative ocommon civil structuresThe
first concreteis an ordinary concretéwater / cement ratio= 0.54)with acompressivestrength at28
days of about 40 MPa andit is calledB40in the document. Its compositionis given in Tablel.
Calcareous aggregates have been uddteyare crushed gravetomposedwith more than 99% of
CaC@

From the formula of B40, complementary mixgere designedThe concrete called B40SC is made
with siliceouscalcareous gravels instead g@urely calcareousgravels. The siliceotsalcareous
gravels are alluvial serarushed gravelTheycontain ahigh amountof flint, a mineral known to
strongly nodify the properties of concretaat high temperature[10] and to beunstable at a
temperature higher tharl50 °C Another important parameter in the study obncrete spallingis
the compatnessof concrete. Indeed, &igh compadnessincreases the risk dire spalling This is
particularly the case for highepformance concretes (HPGglfcompacting concrete (SCC) and fiber
reinforcedultra-high performance concret¢UHPFR{)1-12]. By reducing the W / C ratiof the B40
formula,a concretereaching acompressivestrengthof 60 MPawas madeandcalled B60. Finally, it is
now widely accepted that thaddition of polypropylene fibreto thefresh concretemix reduces or
eliminates the risk offire spallingof the material[3-5]. One aim of this study i confirm the
positiverole of polypropylene fibresluring fire exposureTheusedfibres were monofilament fibre
andtheir melting pointis around 170C.Twokg/m?® of polypropylene fibresvere addedin the B40,
B60 and B40S@ixes creatingthe concrées named B40F2, B60F2 and B4aSTable 1 presents
the different concrete mixes of the study, as well as some of their mechanical properties.

Unity B40 | B40F2| B40SC| B40SCF4 B60 | B60F2

Cement CEM II/ALL 42.5 R PI@P2 (C) kg 350 | 350 350 350 550 | 550
8/12.5 calcareous gravéChalonnes sur Loire) kg 330 | 330 330 330
12.5/20 calcareous gravéChalonnes sur Loire kg 720 | 720 720 720
iflﬁg(il(i)cnenoeua:alcareous graveMontereau kg 1050 1050

0/2 siliceous san@Chazé€) kg 845 | 845 845 845 845 845
Water (W) kg 188 | 188 188 188 165 165
Superplasticizer % by mass dE| 1 1.4 15 2 3 2
Polypropylene fibres kg 2 2 2
WIC ratio 0.54| 054 | 054 0.54 0.30 | 0.30
28 days compressive strength MPa 37 29 43 46 61 70
28 days modulus of elasticity GPa 36 26 31 30 40 41
28 days tensile strength MPa 24| 25 3.1 3.2 3.8 4.2

Table 1: mixes of the studied concretes



Different types of samples have been castpdsmaticsamples for small scale heating test, small
slabs for IS@34-1 and increased hydroadon (HG,) fire tests.The dimensions of the samples are
given in paragraph 2.Z.he samplesvere stored intwo conditions of temperature antiumidity, or
subjected tothermaltreatment prior to testing

X storagein air ("Air" in Table 2and 3: 20 °C, 56R.H.

X storage in watei("Water" in Table Zand 3: storage at 20 °@nd 50% RH. for 28 daysthen
immersionin water at 20°C until saturatioranddate of test

X preheatingat 80 °C("Dry" in Table 3)storageat 20 T and50 % RH. for at least 90 days
then preheatingat 80 °Cuntil the weight is stabilized

Table 2 gives the water content of the different samples foralieand waterstorage conditionsWe
assume that the (free) water content of the preheated samples is null.

Storage Sample B40 B40F2 B40SC | B4A0SCFZ B60 B60F2
smallsamples 2.6% 22% 2.8% 3.0% 35% 29%
Air small slabs 1ISQ834-1 fire 4.0% 2.8% 3.9% 3.7% 34 % 35%
slabs- HG, fire 45% 4.1% 4.4% 3.3% 34 %

smallsamples 55% 4.6 %

Water small slabs ISO834-1 fire 53 % 6.1 % 42 %
slabs- HG,.fire 53% 4.0 %

Table2: water content by weight of the concretes for the different storage conditions

2.2 Experimental program

The experimental program is presented in table 3.

Concrete spallingvas studied on sample with severalsizesand with different heating scenarios.
First, tests have beemarried outon prismatic samples (300 x 300 x 120 f)nby adopting
"laboratory heating} i.e. less severe than could be a real.fifben fire tests have beemmied out

on unrestrained concrete slabBifferentfire curves have beeapplied. e most severe werdSQ

834-1 and HG,.. Except in the case of Hgfire, pore gaspressures weraneasuredinto concrete,
leading to a better analysis of the thernmygral behaviour of concrete under heating.he
observationand the characterizatiorof spalling(depth of spalling, ejected volume...) alledus to
analyze the influence of the different parameters (nature of the aggregates, fibre content, concrete
compachess initial water content) on thdire spallingrisk

The Figure 1 showtke different fire curves. Thegorrespond to the evolution of the temperature in
concrete at 1 cm from the heated surface.



Tvpe samples heating Concrete fumber of sampés | Measurements
yp (mm) rate - conditions of storage*) during heating
slow 1 B40 (2A)
small 300 x 300| moderate B40 (2A 2D-2W) Temperature
B60 (2A 2D-2W)
samples x 120 and pressure
hiah B40 (2A)
g B60 (2A)
Slow 2 B40 (2A) Temperature
B60(1A) and pressure
B40 (2A 2D-2W)
B40F2 (2A)
B40SC (2A) Temperature
IS0 834 B40SCF2 (2A) and pressure
small 700 x 600
slabs x 150 B6O (24 2D-2\W)
B60F2 (2A)
B40 (2A)
_— B40SC (1A)
Hcig;'tre' B40OF2 (2A2D- 2W) ;

B60 (2A 2D- 2W)
B60F2 (2A2D- 2W)

* A = AirD = Dry W = Water

Figure 1concrete temperature at 10 mm from the heated surface for the differssgnario.
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2.2.1 Tests on small samples

The testson small samples werearried out on prismatic samples (300 x 30020 mn?) heated on
one side.Theexperimental deice, developed at CSTB][ allowstemperatureand pore gaspressure
to be measuredn a concrete specimen during a transient heat{sge Figure 2)Before concrete
casting,five metallic tubes (inner diarater of 1.6 mm) are placed inthe molds A sintered metal
round plate (diameter 12 mm, thickness 1 mm) is wedded to the extremity of the tube that is placed
into concrete.Just prior to tests, type K thermocoupl@iameter 1.5 mmpare put in these tubesit

is worth noting that the free volume between the tube and the thermocouy@i80 mnf) were not
filled with any sort of fluid, which can be different than other similar studie314]. The gas
pressurein concrete idirst transmittedvia the metalic tubesto an external'T-junction’, andthen to
an externalpressuretransducer(piezoelectrical transduceryia plastic tubes filled with silicon oBy
this way temperature and pore gas pressure are simultaneously measwatethe samelocation
Measuremets aredone at 2, 10, 20, 30, 40, and 50 mm from the heat®aiface The thermal
loading is ensured by a ceramadiantpanel (5 kW)gcoveaingthe entire surface of the specimen and
located 3 cm above it. The four sides of tbencrete specimen are insated by porous ceramic
blocks.The heat flow can béhen consideredas undimensional.

radiant heater
5000W - 800°C

2mm ] 10mm
thermal
insulation S0mm . .
(ceramic : T-junction —» —
blocks) specimen
30x30x12 cm * Pressure
Metal tube transducer
¥
to pressure & 1.6 mm L
" transducer _—r
- thermocouples Thermocouple —3
Balance Sintered

metal

Figure2: Scheme of the experimental sep for smallscale testgleft). Right: detail of a metal tube
filled with a thermocouple and connected td"&junction”.

The influence of various parameterscpOmpactnessof the concrete, nature of the aggregates,
presence of polypropylene fibres) dhermo-hygraltransferswithin the concrete and in particular
the generation opore gas pressuravere analyzedn [8].

The efect of the thermal loading istudied for B40 and B6OA reference thermal loadingcalled
"moderate heating, is defined as following:he radiant panel is controlledn such a way thathe
temperature measuredhside thepanel reaches 600 °C as fast asgible(cf. Figure 3)The powerof
the panel is then kept constant in order to maintain this temperatureés@® °Cduring 5 hours The
sample is finally naturally cooled dowA.second heating scenario, called "high heating", consists in



controlling theradiant panel in such a way that its temperature reacB86°C as fast as possil{.

Figure 3) Temperature is then maintained at 800 °C during 5 hours, after which the sample naturally
cools down.Othertests arecarried outon the B40with a thermalscenario calledslow heatingl":
temperature in the radiant panel gradually increases up to 600 °C, with a heating ra@& ©fmin.
Temperature is then maintained at 600 °C during at least 5 hours, after which the sample naturally
cools down Figure3 shows the evolution of the temperaturthat is measured: ilnsidethe radiant

panel ii) in the sample (B40), at 10 nfrom the exposed surfactr the different scenarii

For B40 and B60, the effect of water content before test is studied. Three stocmgltions are
used as explained in paragraghl: "Dry", "Air" and "Water". The water contents of the different
samples are given in table 2. These samples are heated with the moderate heating rate.
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Figure3: evolution of the temperature measureth theradiant paneland in the concrete (at 10 mm
from the exposed surfacédr the differentthermal scenarii

2.2.2 Fire tests on slabs

Smallconcreteslabs 700x 600 x150 mn7) are placed ora horizontalgasburnersfurnace(gas used:
propang (see Figure). Thefire-exposedsurfaceof the slabsis 600x 420mmz2. Theslabsare simply

laid on two of their sidesthe other two sidedeing not in contact with the furnac&de faces of the
slals are insulated byrock wool (thickness 50 mm) in order tobtain the mos$ unidimensional
heating possible.Jabs are free to expand during the tedt.is worth noting that mechanically
restraining, or loading, the specimen during a fire test can influence the spalling behaliour.
particular, it has been observed that restrang or loading a slab increases the risk and/or amount of
spalling[15]. Finally even if spalling may be underestimated in our study, the test results we present
allow different concrete/testing parameters regarding to the spallingtodke compared
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Figure3: Scheme of the experimental sap for ISO 834L fire tests.

9mall dabs are exposed to I1S&384-1 fire during one hourProbes for measuringpore gaspressure
and temperature arémplementedin the formworkbefore casting The probes are theame as those
used inthe tests on small sample¢seeparagraph2.2.1). Three probes are placed into concrete at
10, 20 and 30 mm from the exposed surfatkethermal scenariofor ISO 834l fire isdefined by the
expression

GaigP Luvw '%PESs; EG eq. 1

With Tisothe air temperaturein the furnace(°C) T, the initial temperaturein the furnace(°C)and t
the time in (min).

For each concrete of the studB40,B40F2B40SC, BA&XF2, B60, B60F2wo slabs wer@xposed to
ISO 8341 fire. For B40 and B60, two extra testsre carried out consisting in heating the slalgth
a slower rate This slower rate heatingalled "slow heating 2'torrespond to an evolution of
temperature in the sampléetween the slow heang 1 and the moderate heatingsed for thetests
on small sampleéeeFigurel).

With the aim of testing the slabsith a more severe heating, fireestswere carried outin a bigger
furnace withthe HG, fire (see Figure 1)Several slabs were groupddr each test.The thermal
scenaridfor the HCM curve idefined by the expression

Bii P L StZzrisFraitwW® i ¢Frxywo?s E6, eq. 2

With 641, ,the gas temperaturen the furnace(°C) T, the initial temperaure in the furnace(°C)and
t the timein (min).

Several concretes were testeB40, B40SC, B40F2, B60, B60F2. The samples were not equipped with
devices. Observations were done during and after heating.



3 Results
3.1 Pore gas pressure:effect of thermal load ing on small samples

Figure 4 showsthe evolution of the measuredpore gas pressuren the B40 and B60(curves
corresponding taone of two testsdepending orappliedheatingtemperature curveslow heating 1
(only for B40)moderate or high heating

Thepressures measured B40for the slow heatindl were lower thanin the testcarried outwith
moderate heating(see Figure 4)This observation is attributed to the fact thamder slow heating
conditions heat diffusionis slow enough to allowmthe drying of the material without causing
significantpore gaspressuresin the case ohigh heatingand for both concretesyery low pressures
were measurecomparing to moderate heatin(see Figure Ve observel after testinga network
of cracks on the exposesurface ofthe specimenas well as largeertical crackgopeningof the
order of 1 mm)on the side facegsee Figureb). Significanttraces of moisturevere also observed
around cracks showingthe creation ofpreferential flow paths of fluidsduring high heating It is
important to note that afterthe tests undermrelatively moderate and sloweatingl, no crackingf
this type were observedon the specimenUnder the effect ofrapid heatingthe permeabilityof the
sampleis greatly increasedhereby fadlitating the transport of fluidsand thenreducingpore gas
pressuresThe increase in thpermeability of the materiais attributed tosubstantial damagef the
specimenwhen itis subjected taapid heating higher thermal gradients involve higheompressive
stresses in the firstentimeters of exposed surfad@] and higher temperatures involve a thermal
degradation of the cement pastgl?], accompanied by an important thermal mismatch between
cement paste and aggregatfso)
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Figure5: picture of the specimerB40after highheating- lateral faceswith cracks andraces of
moisture.

3.2 Pore gas pressure: effect of water content on small samples

Figure6 shows theevolution of the pore gaspressure measureth B40 and B6Qinder moderate
heating depending onstorage conditions o$pecimenspre-dried at 80 °C("Dry"), inair ("Air") or
kept in thewater ("Water").

For both concretesthe pre-drying at 80 € greatly reduces thpore gaspressures. The effect is
particularly noticeable for the B40 for which the pressures measured ordped test arealmost
null. This shows that in the case of B&i@e water in the material, ie. the evaporable water at 80 °C,
ismainlyresponsible for the generation @ore gaspressuresin this concretewater that is released
by CSH or Portlanditelehydration does not seeno contribute to the generation opore gas
pressures. In the case of B60, tlecreaseof pore gaspressure by pralrying the specimen is less
pronounced than in the B4T his can be explained liye lower permeability of the BGOwvhich slows
down the moement of water coming from CSH dehydratidtevertheless, thelecreaseof pressure
remains important Finally, thanks tocontinuous measuremenbf weight loss achieved during
testing, we can quantify the amount of free water and bound water released dureaging:
respectively 4.26 and 6 % for B40, ® % and B % for B60. The free water content of B40 is higher
due to the greater amount of water addéd the casting (188 kg.thfor B40 and 165 kg.thfor B60).



In contrast, the bound water content isegter in the B60, probably because of its greater amount of
cement @50 kg.n? for B40and550 kg.n? for B60).

Forspecimens stored in water, it is surprising to note thatdoth concretes pore gaspressures are
generally lower than those measured iansples stored in air. This phenomenon can be attributed to
a possiblesurfacedamage of the material due to the water saturation of the pwehich are directly
exposed to heatingThis surface damage méacilitate the transport of fluids and thumay lea to
lower gas pressures. This hypothesis is supported by a particular bahabigerved during the tests
on water-stored samplescrackles are audible between the tenth atite twentieth minute of the
test. Such sounds are not audiliteall other tests(air storing and drying a80°C) These sounds
certainlycorrespondo the opening ofmany micrecracksclose tothe exposed surface.
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Figure6: evolution with time of thepore gaspressurein B40 and B6@or different storage conditions
(preheatedat 80 °Cair, water)



3.3 Pore gas pressure:1SO-834-1 fire tests

Figure 7showsthe profile of themaximum gas pressuiia the concretemeasuredduring alllSQ834-
1 fire tests performed on smallslabs For all testsunder 1SEB34-1 fire, maximumpressuresdo not
exceed0.60 MPain the first threecentimeters of theslabs zonedirectly affected by thdire spalling
of the concrete.These pressures anelatively low comparedo the resultsobtained on tests on
small samplegparagraphs3.1 and 3.2. The hugdlifference in pressure cdme explained by thénigh
heating rateinduced in concrete byhe 1ISO834-1 fire curve For the same reasondiscussedn
paragraph 3.1 to explainthe influence ofthermal loadingon the thermo-hygral behaviour of
concree, if the heating isnore severe, theconcrete ismore damaged.Therefore, thepermeability
of the materialis greatly increasedhus facilitatingthe transport of fluids This behaviournduces
low poregas pressuresthis is confirmed by the great psese values obtained during the tests on
slab with slow heating.
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Figure 7 maximumpore gaspressuresneasuredn concreteduring1SG834-1 fire tests



3.4 Concrete spalling under ISO834-1 fire tests

The analysi®f the behaviour ofconcrete under ISO834-1 allows characterizingthe risk offire
spallingof the material. Two tests have been done for each configurat{see Table 3)n addition to

the ISG834-1 fire curve, B40 and B60 slabs have been exposed to a slow heating rate (slow heating 2
in Tabé 3 and Figure 1).

Spallingdepth is measureda few daysafter the cooling of the slabs. The thickness of the ejected
concrete from the exposed surface is measured along a grid, with a mesh size ofTheciotal
volume of ejected concrete, the maximum tlickness of ejected concretecg ), the average
thickness ofjectedconcreteon the entire surfacef the sample(\ég%%%ndthe average thickness

of ejectedconcreteon the spalling surface\éeg 5 f?glaeucalctated Figure8 shows a comparisoaf
these different indicatorsiormalizedby their maximum valueThe maximum value afach indicator
is obtainedon a slab oB60exposed toslow heating Valuesobtained with the differentindicators
are consistentForthe rest ofthe study,we chose tgresent the results ofhe average thickness of

ejected concrete on the spalling surfac\fg‘m?%?s indicator is assumed to be the most reliable
for an engineeringalculation of the fire resistance of a concrete structure
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Figure8: relative values of several indicators of spalling for83®1 fire tests

Basedon Hgure 8, 9, 10 and 11, the main observationef ISO834-1 fire testsare:

{ Inthe area exposed tdahermal loading,the ejectedconcrete thicknesss fairly regularas
shown inFigure9. The potential influence of edges on spallintrsted.

{ Little digersionis observedxcepton B40exposed toslow heating? ("B40 slow).

{ For oncrete containingaggregateswith flint (B40SC)measuredfire spallingis lowerthan
concretecontainingonly limestone aggregate@40)

{ Theefficiencyof polypropylene fibreto avoid fire spallings observedunder 1SG834-1 fire.
This effectiveness has also been obserfeedsamples stored in watdyefore test



{ Soallingof concretewith highercompactnesss higher(Figures 9 and 10).

{ No spalling was observed on sampledrat 80 °C This result clearlizighlight the role of
free waterin thefire spallingphenomenon(Figures 10 and 11).

{ As for teston small sampleghe effect of water saturation is surprising. Indeed, spalling in
the case of saturated slabs is lowteanthe one ofslabs stored in aifThis can be explained
by a highelmamount ofdamage and higher permeability in sample saturated by wgteure
11).

Themore importantinformation deduced fronthese tests ishat the amount of measurespallingof
conceete is closely related toits transfer properties a temperatureinduced increase inthe
permeability of thematerial reduces the risk ofire spalling Permeability of concrete at high
temperature can be increased:

- by a thermal damage induced by the misigctabetween aggregated and cement paste. This
damage isvenhigher when using unstable and/or quite expandable aggregates (as flint in
our studyor quartzite[10]),

- by the presence of polypropylene fibrestany assumptions have been proposed intending
to explainthe mechanisms of polypropylene fitwrender fire. One common explanation is
that concrete permeability is increased both by fibres melting and by induced ftrianking
[5,17].

- by alow initial permeability: less compact concretes experimentdpatling.

- by initialy saturating pores with water.

Finally alow free water contentof the concretetends toreduce the risk ofire spalling
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3.5 Experimental dependence between spalling and pore gas pressure

The fact thatthe fire spallingof concreteis observeddespiterelatively lowpore gaspressureqsee
paragraphs 3.3 and 3.#)ay indicate thaggas poe pressure is not the unique mechanism that should

be considered when analyzing the spalling risk of concreéea summary of the different heating
tests carried out in this study, Figure 12 presents the evolution of the measured spalling depth versus
the maximummeasuredpore gas pressurdhe following observationsanbe made

X No dependence is clearly observed between the amplitudgaspressure and the depth of
concrete ejectedFigure 2): for the same level of gas pressure, maximum ejected tlis&n
varies from 0 to 30 mmln parallel,for many tests with a pressure lower than 0.5 MPa,
spalling has been observed whereas for other tests with a pressure higher than 0.5 MPa, no
spalling has been observed.

x The pressures measured in compact concré®80), for which thefire spallingis more
pronounced, aran the same range of valugkan in concrete less damaged bye spalling
(B40),(Figures 7 and12).

x Under ISQ834-1 fire, the pore gaspressures measured in the concrete does not seem to
depend onthe nature of the aggregate€On the other handfire spallingis itself quite
dependent on the nature of the aggregatgmragraph 3.4Figures/ and 10.

X Thepresence of polypropylene fibedoes not inducerisiblereduction of gas pressunender

1ISG834-1 fire.
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Figure 2: relation betweenmaximum poregaspressuresneasuredn concreteduringdifferent
heatingtestsand meandepth of spalling



3.6 Behaviour of concrete exposed toHG: fire

Generally, the results from ISE34-1 and Hé¢. fire tests arequite different. This is the case in our
study wherearound 10 mm of concrete progressivdBil from the exposed surface of the slabs
during the cooling phase (mostbne day after the testlafter one hour of Hg fire test This loss of
matter, commonlycalled "sloughing off"is nonviolent regarding to the fire spalling obncrete[18].
Sloughing off is often explained hypossible rénydration of cement pastevhich results in a swelling
of the damaged pasteSloughing off can be more severe for camte containing calcareous
aggregateqas for B40 and B60 in our studyfie limestone dehydration product (Ca@uick lime
first reacts with water in ambient aito product slaked limgCa(OH) and then becomesgain
limestone on contact with the carbodioxide of the ambient air. These chemical reacti@me
associated witha swelling of thamaterial whichfirst results in a crackinghen a faldown of the
thermallydamaged cement matrixSloughing offcan affect both durability and mechanical
propetrties ofa concrete structurefter a fire

Due to this sloughing qfit was not possible to distinguish the part of concrete that just fell during
the HG, fire from the partof concretethat fell at soon as the slab cooled dowmherefore the
comparism with the 1SEB34-1 fire tests, where nosloughing offwas observed, wouldot be
reliable.As a consequeng@nly visual observations were made duriagd afterthe HG, tests. The
main findings of these tests are as follows:

X No fire spallingof concree with polypropylenefibres was observedduring heating,even
when the samples werestored in waterbefore testing.The positive roleof polypropylene
fibres on the risk offire spallingis then alsoobservedunder HG, fire. However, it is worth
noting that despite the good behaviour during heating, sloughing off amavayobserved
for concretes containing polypropylene fibres (FigurE3-a and B-b). Durability and
mechanicaproperties of concrete containing pp fibres aftéG,. fire can then beaffeded.

X No spalling was observed for B40 and B60 slabs that were pre dried at 80 °C bgfaestHC
As forISO834-1 fire, thisseems todemonstratethe decisive role othe free water content
on the fire spallingrisk Interestingly, no sloughing off at lawas observed for prdried
concretes (Figure3tc). No clear explanation is given for this observation.

Finally, an interesting observation of kidire tests is the formatiorof a1 cmthick particularlayer

on the exposed side of slafisigures 13). dZ]e o C & « u- o]l u]v @Ehiokrnes@spes

relatively constant regardless of the test configuratidiis layer was observed after @est in
exposed parts of slabs where no concrete fell during the cooling phase (sloughingheffiire-
exposed side of the crustlearly shows a vitrification of the concrete (melting of the siliceous
compounds of concreteSince no sloughing off was observed for pre dried shddesexposed side
vitrification was quite well observeah these slabgFigures 1%).

As a complemerto these resultsthe behaviour of B40 under HGire curvehas been studied under
different testing conditions (bigger slabs, longer fire exposure, mechanical loading of atabs,
thermal protection with various thickneses) Those esults indicatea more important amount of
spalling during fire comparing to the I834-1 tests[19, 20].
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Figure B: a: picture of the B40F2 slabafter HG, fire testand coolingone day)
b: zoom onthe concrete layebeing detacheduring coolingone day)
c: picture of the exposed surface of the pdeied slab of B60 after fire test and coolif@ne day)

4 Experimental discussion on fire spalling mechanisms

Figure % is a synthesis of thmeasured poregaspressure of the study(maximal values are given)
Testsfor which thefire spallingof concretehas been observedre highlighted Globally, pessures
are slightly scattered (most configurations being tested twid®#hen concrete spallinfpas been
observed,the measuredpore gas pressureswere relatively low In contrast, significantpore gas
pressuresnvere measured fosometest configurationdor whichthe fire spallingwasnot observed
In addition,we haveclearly demonstratedh lack of correlatiorbetween thespallingdepth and the
level ofmeasuredpore gaspressuresFor all these reasond#t appears thapore gaspressuresioes
not seem tobe the sole causéor fire spallingof concrete.On the other handthe thermomechanical
processdoes notallow takinginto account the influence othe water content on the risk of fire
spalling for instanceit is insufficient to explain whgpalling was not observed gre-dried slabs at
80°C.,i.e. slabs withoutfree water. In another words, not only the thermal gradiers crucial for
explaining fire spalling, but also the water fiétdthe first exposed centimeters of concretéinally
the thermomechanical procestoesnot explainthe efficiencyof polypropylene fibredo avoid fire
spalling



Figure #: summary ofmaximumpore gas pressuresieasured duringhe various test®f the study
(small scale tests and IB34-1 fire tests.

The hypothesis formulated bj21l] seems to bea relevant basidor the analysis ofire spallingof
concrete.According to this authgthe fire spallingof a concrete elementepends on the existence
of a “ritical zone. The critical zonés an area ofoncretewith awater saturated zonewhichwould
be locateda few centimeters fronthe fire exposedsurfaceof concrete i.e. in the area commonly
affected by the riskof fire spalling Accordingto [21], the fire spallingof concreteclose tothis critical
zoneis not dueto the generation ofgas vapoipressure(unlike the initial ideaof [7]) but couldbe
caused bya sharp deterioratim of mechanical properties of concrete saturated with waf2t,
22].According tathe “ritical zone_ Z C %o },5n0 gpladlingcan beobserved forconfigurationswhere
the creation of a \ater saturated layer is avoide@his coulcexplainwhy we did not obsrve spalling
for the following testconfigurations

{ concrete with polypropylene fibrg

{ concrete with siliceous calcareous aggregateand flints in particulariand the thermo-
mechanical damage they induce),

{ pre-driedconcrete fo free water),

For thesetest configurationsthe conditions necessary fahe creation of §Z critical [}v _U ]X X
water saturatedlayer, arenot met. In the case opre-dried concretejt seems thatthe initial water
contentin the poresis not sufficient tasaturate the mateal, evenif water can move during heating

In the case otoncrete containingolypropylene fibresand siliceous calcareous aggregattist in
particular), the sharp increase irpermeability avoid the creation of the“%ritical zone. These
assumptionsare schematicallyshown inFigure b.



Figure B: schematic representation of thackof critical zonein pre-dried concretesat 80 T, in the
concretescontainingpolypropylene fibresndin concretes containingiliceouscalcareous
aggregates

5 CONCLUSION

The analysis dhe testspresented in this studgllowsa contributionto the physical explanationf
the risk ofconcretespallingdue to fire exposure

{ Fire spalling cannot be only explained through the bultof too high pore gas pressure.
During 1SE834-1 fire tests, spalling was observed on slabs despite low pore gas pressure. At
the opposite, during Isw heating testshigh pore gas pressures were generated without
causing any spalling (tests on small samples} considering tnermomedanical process
also insufficient toexplain thefire spallingof concrete. It was observed thdor a same
thermal gradient, the water content and/or the order of gas permeabjligy a cucial role
for fire spalling. In particular, a simple thermorhenical model cannot explain why no
spalling was observed on pre dried slabs and in slabs containing polypropylexseIfiltihe
pore gaspressure does not appear to be the direct causdiref spalling the hygralstate of
concrete has a decisive role.h& water content of theconcrete during heating and
movement of water seento be able to explain the risk dfre spalling This is the idea
proposed by[21], with the %ritical 1}v hypothesis, i.e. a water saturated area that could
trigger concrete spéhg.



Finally,in agreement with§Z ~ E]38] o I}v , ifZv@téh t&rzeadapeuickly fromthe first
exposed centimeters of concretéhe risk offire spallingis greatly reducedor in the besttasesno
spallingis observedEfficiency of polyprpylene fibers to reduce the risk of concrete fire spalling can
be explained by a highly increased permeability of the first centimeters of exposed concrete: melting
}( (] & » 00}Ae A~ E Jv]vP_ A 3 & }ud }( 3Z (]E+3 vSMaystheEs }(

E 3]}v }( 8Z ~ &E]Mdre owidgly, finding technological solutions (except thermal
protection layersxhat reduce the fire spalling of concrete consistdimding solutions that induce a
rapid departure of water from the first centinbers of exposed concrete.
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