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Abstract

Thanks to the improvement in mechanical and adhgsioperties of polymer resinspgtinstalled
Rebars(PIRs) succeeded progressively in replacing gasplace rebars in some applications by
offering equivalent or even higher mechanicabgaries at ambient temperaturelowever, the
mechanical behavior d?IRsis essentially governed by the mechanical behavior of polymer resins,
which is highly sensitive to teperature Consequently, fire safety presents a potemtédardthat
should beaakeninto accounwwhen designing. This paper presesrisexperimentafull-scalefire test
carried out on the Vulcain furnace of CSTB CharmapsMarne on its7m x 4 m horizontal
configuration in order to test a new fire design method propdeedIRs.The2.%4 x 2 x 0.15
testedslabwas mechanically loaded 1325 kg ancheatedollowing the ISO 8341 timetempeature
curve until its collapseThe experimental time o€ollapseis comparedo that predicted by the new
design method

Keywords: Chemical postnstalled rebars, Fublicale fire test, Cantilever skamll connectionBond
strength Fire design method.

1. Introduction
Anchoring systemsare used in reinforced concrete structuresriter to ensure thstress transfer
betweentwo neighboring structuratlements[1]. Their installation can be carried out using two
differentmethodsThe firstmethod F D QOadtHGplacerebars, consistsn placing a steel rebam
adesired positiorin the formworkand then casting the concrete arauhile, the secondnethod
F D O O H-&staBdr Mdrs, consistsin embedding thesteel rebainside a holedrilled into the
hardenedconcrete [2]. Postinstalled rebars (PIRs) offer advantageous solutions for concrete
construction byproposinga viable and economical method for adding new concrete sections or
attaching steel members to stkig structure$3] [4]. Indeed PIRswere initially used for correcting
fabrication errors in precast concrete, and then in retrofiteéx¢gndingand repairing existing
structures[5] [6]. Today, PIRs are also useih new constructins to meetthe high architectural
requirement$®y providingmore flexibility in the planning and design of concrete structiies

Postinstalled bonded rebacsin be divided into two groupecording tahe bonding agentssed for
therebarseup[8]. hemicalpostinstalled rebar§ whererebarsarebondedusingchemical bonding
agents such gmlyeste, vinylesterand epoxy resi) and Groutedrebars, whererebarsarebonded
using norhemical bonding agents such as mortard cement groyB]. Mortars and cement grout
can be easily pumped into deep embedded heleish allowsmakingPIRswith high loal bearing
capacity[9]. Howevergroukedrebarsrequirea longcuring time andyenerally darge hole diameter
Neverthelesschemicalpostinstalled rebargrovide a high load bearing capagitusing small hole
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diameter and embedment lengitnerefore, thause of chemicdPIRsin concrete constructianis today
more suitable than groutagbars Indeed, the preference for chemical PIRs is the resuthef
minimization of the curing timeof chemical bonding agentsy the introduction of fasturing
adhesivesandis alsothe resultof the high stiffness provetl by the fillers added tstructuralresirs
in order to increastheir viscosityand mechanical properti€s0] [11].

Severalexperimentalresearch studies have been conducted in order to cortipamechanical
behaviorbetween the various existing anchoring systeépgeth et al[12] hadcarriedout a series of
pull-out testson castin-placerebars chemicalPIRs bonded with epoxy andopyester resins and on
hybrid PIRsbonded with a&combination of vinylesteand cementitiouscompounds. Results showed
that the hybrid systemhad a mechanicabehaviorvery close to casin-placerebarswith a slightly
better bond resistancé/hile chemicaPIRsbonded with epoxy resin showed a much higher stiffness
and a larger bond strength than dagplacerebars However, chemicaPIRsbonded with polyester
resin showed a softer behavior and ai§icgmtly lower bond strengthhan all other system3hese
results were subsequently confirmedRunsca et al[13] with an experimental study on groutedars
bonded with a cement mort&esultsshowed thathe mechanicddehaviorof groutedrebarswas very
close tocastin-placerebars Thus the comparison between the different anchoring sysshimsed
that in general, PIRs bonded with epoxy regiresvide higher mechanical properties than all other
anchorng systems.

The mechanical behavior chemicalPIRs is governed by several parameters such as materials and
geometricparametergl] [14] [15] [11], the installation procesd 6] [17] [18] [19] and by the
environmentafactorsto whichthey are subjected Severalstudies hadtonfirmed the sensitivity of
polymer resins to environmentfdctorssuch as moisture and temperat{28] [21] [22]. Indeed
temperatureseems to be the factor that affects the most the mechhgeltaliorof chemicalPIRs In

a previous pape23], we showed thathe temperature increase upuauesblow the resin glass
transition temperature leads to incretts® mechanical propertieg chemicalPIRsdue totheresin
postcure phenomenon. However, when temperature exceeds the resin glass transition temperature, a
change inviscosity and physical state ocd@d], leading thereforéo a new bond stress distribution
along thebond joirt [25] [26]. Theinfluence of theheating increase rateasstudies in[5], andit is
shownthat high heating ratesangeneratea thermal gradierdlongthe steel rebaand consequently
canlead to a new bond stress distributi®n. concludethe mechanical behavior ohemicalPIRsat

high tempeatureseems to be very complelue to several mechanical and physicochemical changes
happeningat theadhesivejoint, affecting its mechanical propertid23] [27]. Therefore, fire is a
potential hazaravhich should betaken intoaccountwhendesigring structures containinghemical
PIRs[28].

Finally, severalevaluationmethodsand desigmules exist today in order to design and to secure the
use ofchemicalPIRsat normal operating temperaturi@9] [30] [31] [32] [33]. Nevertheless, few
researcherbavefocused on the variation of the mechanical behaviétiBEat high temperature and
havesuggested design mettgid case of fireZhang el al[22] hascarried outseveral pulout tests
at different temperatures and proposed an empirical metllawing deducingthe bond stresgalue
at different temperature rangédnoteau et al[26], Eligehausen eal. [34] andLahouar et al[23]
have S U R S R boddZesistance integratiorethod” D O O Rr&dicngthe timeof collapse opost
installed rebarasing thermal calculations and bond resistaactionat different temperatures. This
methodwasvalidatedin [26] by performinga full-scale ISO fire test on a cantilewsall connection
usingchemicalPIRs andfigures todg on theEuropean Assessment DocuméBAD) 33008700
06.01[35].

This paper presents an experimefftidl-scale fire test on eantilever concrete slaf2.94 m x 2 m x
0.15 m)connected to a wall usingdBiemicalpostinstalled rebarsThis paper aims to predict the time
of collapse ofPIRs under mechanical and thermal loadi(@ccording to the ISO 83% time
temperature curvgB6]), in orderto comparebetweenexperimentabndcalculatedimes of collapse

2
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The calculation method used to predict the fire resistance ofrstatled rebars wasspired from

that presented in tieuropean Assessment Docum@aAD) 33008700-06.01[35]. The goal was to

verify therelevance of thgroposed design methaoh a new configuration, other than that tested in
[26]. The first part of this paper explains and details the design method used to predict the fire
resistance othemicalpostinstalledrebars in a concrete structure, and then shows how it can be
applied in the case of a skaall connection. The second part presents thesfidle fire test used to
validate thedesignmethod. Analyes and discussion are developed in the last foaexphin the
phenomena that occurredidled to the collapse of the sladndfinally to conclude on the accuracy

and the weakness of the method

Fig 1: Vulcain fire test configuration: Instrumentation and set up on the furnace

2. Fire design method description
The bond resistance integration method is a design method allowing to calculate the evolution of the
bearingcapacity of a PIRubjected to a temperature variatard then to predict its tinwf collapse.
To reach thisgoal, the designmethod requires the knowledge and the determination of several
parametersThe prediction of the timef collapse ofa structurecontaining PIRsequiredfive steps.

1- Determination of the applied load), g ¢

PIRsembedded in concrete sttures havéhe function of transferringthe tensile forces applied on
the concrete section. The first step in calculating the fire resistaftBRstonsists irdetermining the
applied loagdwhich can be done either by analytical calculatifiesrocode? part 11 method[29]) or
by finite element analysis. In all cases, this step requires the knowledge of sametpes such as
the geometriparameters of th&tructure, the concrete density dhd positiorof thesteelrebarin the
structure...

2- Temperature mapping :[ W

After determining the amount of tensile load appbedhe PIRs the next step consists determining
the temperature distribution at each element obtired and at different moments of fire exposure
usingthermal calculations’hermal calculations can be done either by finite element analyssingr
finite difference methodb solveFourier | ®quationsq. (1), (2) and (3) Regardless of thehosen
method.,it is necessary to know the thermal propertéghe PIR componeats (thermal conductivity

o, ecific heat &g: ; and materials density! ) to be able toperform thermal calculations.
Materials thermal properties can be determineddayying outappropriate tests or can be directly
found in design guides suels Eurocode@ part 12 [36].
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Where ! is the material density [kgfh
C, is the material specific heat [J.KKg"]
is the materiathermalconductivity [W. rit. K]
(x,t) is the temperature of an element of iR at position x and at time t [K]
Br (BsYthe convective heat flux [Wi?]
T J& the radiative heat flux [W. fi
h is the heat transfer coefficient [W2rk]
1is the StefasBoltzmann constant [W:AK™]
(s the emissivity of the material
extiS thegastemperature [K]
suriS the temperature at the surface of the material [K]

3- Bondstrength temperature relationshigy g & ;;

The third step in the calculation of the evolution of BI® bearing capacity is to assign a bond
resistance value to each element ofRle depending oiits temperature. This steplies onthe bond
strengthtemperature relationshigbtained by putbuttests at high temperatujg] [23] performedon
chemicalPIRsmadefrom the same resin.

4- Calculation of the load baring capacityy

At the end of the previous step, a bond resistance distibugi obtained over the wholeIR

embedmentength for eachmomentof fire exposure. Ths, the load bearingapacity of the post
installed bonded rebat a givenmoment 3 Wof the fire exposurecan be obtainelly integrating the
bond resistanceatthetime 3 “over the entirembedmenlength followingEq. (4).

Jw @ Zok [ WG] (4)

Where kis the load bearing capacity of tidR at time t [N]
Ns the radius of the steel rebar [mm]
. is the embedment length [mm]
2axis the bond resistance obtained by paulit tests [MPa]
T is the temperature of an element of MR at position x and at time t [K].

5- Time of collapse

The design model assumes that failure occurs when the shear stress reached e hgihat all
elementscomposinghe PIR. Therefore, the timef collapse is considered as the time at which the
load bearing capacity becomes equabtdower tharthetensile load applietb the steel rebars.e.

when)w' )pss

Fig. 2 summarizes the main steps of the calculation of the bearing cagaaityionof PIRsduring a
fire exposure using the bond resistance integration method, as represeiradtéyu et al[26].
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Fig. 2: Bondresistance integration design methaygpliedto chemicalPIRssubjected to fir¢Pinoteau et al[26])

3. TestSpecimensetup and designmethod application
3.1 Testspecimenconception
The objective of thd sectionis to explain how the configuration and the dimensions of the test
specimenwere chosenin order toevaluatethe fire resistance oPIRs on a fullscalewall-slab
connection

The fubkVFDOH ILUH WHVW ZDV FDUULHG RXW 0RCETW RitnfilsSXrOFDL Q™ PR
Marne, France(Fig. 3). The furnaceoffers three possible exposure areaperform fire tests ithe
horizontal configuration: 3m x 3m, 4m x 3m and 7m x Jime fire tesipresented in this paparas
performedonthe4 m x3 m horizontatonfiguration.Thetestspecimerconfiguration was composed

of aconcrete slab attached to a wallgnystinstalled rebarsThe choice of this configuration can be
justified by the fact thait could be representative of balconies maintained by chefIBalsealed

into a concrete wallThe setup of the test specimen on the furnace reglthie presence of a concrete
frame allowing to close the furnace and to ensure its fire integrity dilmirigst. The concrete frame
was madefrom a C45/55einforced concreteontaining propylene fibergnd repesentsthe wall in
which postinstalled relars are anchored.The configuration and dimensions chosen for the test
specimen wera 2.94m x 2m x 0.15m cantilever slab made from C20/25 reinforced concrete
containing propylene fibergonnected to the wally means oB postinstalled rebarsbondedinto
concrete usingnepoxy resin (Fig. 1)Thenumber ofPIRswas determined according to the Bt

1-1 design rule$29] which allow a maximum spacing between bonded rebausl to two times the
thickness of the slafp.e. 300 mm) The diameter of the steel rebars whssen equal t&6 mmand

the embedment length was set at 135 ffine thickness of the bond joiasequal ta2 mm according

WR WKH UHVLQ Vihdat®asAKkpading af 8DFRPaPtHe sides and 200 mm at the free end
of the cantilever slab was lefi take into accourthe thermal expansion atige rotation of the slab

in order to prevent any possible blockiagainst the frame durinthe fire test Fig. 4. The test
specimen was mechanically loaded during the fire test with 325 kg dead weight positioned at 2200
mm from the wall, as shown in Fig. 1.
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2000 mm

Fig. 4: Position of the slab in theoncrete frame

The concrete mixture proportions are represented in Tal@l&dracterization tests were carried out

on cubic concrete samples (150mm x 150mm x 150mm) after 28 days of curing under ambient
temperature and moisture conditions. The concretd i the framahoweda compressive strength
equal t058.7 MPa(+ 1.3 MPa)and a density equal to 2263 kd/h 7 kg/n¥), while the concrete used

for the cantilever slapresente@d compressive strengtigual to22.4 MPa(+ 0.3 MPa)and a density

equal to 1987 kg/f(x 5 MPa)

Tablel : Mixture proportions of theoncreteusedfor the slab and wall casting

Unity Wall Slab
Cement (C) [Kg/m?] 280 300
Aggregate/Sand ration [%0] 107 100
Water/Cement ratio (w/c)  [%] 59 57
Superplasticizer [% of 0.3 0.54
Propylene fibers [Kg/m?] 1.2 1.2



https://doi.org/10.1016/j.engstruct.2018.07.069

Final version of the pger published in Engineering Structures, 174, October 2018, p-9481
[https://doi.org/10.1016/j.engstruct.2018.07.069

3.2Design method application

3.2.1Quantification of the applied tensile loadFapp

Chemical pstinstalled rebarmstalled in the studied structure atdjected taensile forcegenerated
by vertical forcesnducedon one handy themassof the slalX5.9 kN/m), andon the other hanbly
thedead weight positioned at the nexposed surfacef the slal(3.2 kN at 2200 mm from the wall)
(Fig. 1). Calculations shoed that thetotal bending momentat the walslab interfaceis equal
to / cacl utda GOl The position of the neutral axis of the slaldeterminedby an equilibrium of
forces between the compressed area of the concrete section and th& hebpesition of the neutral
axis is found equalto <4 L twévl |l . Hence the pivot pointposition ¢c) is determined by the
position of the gravitycenter (G)of the trianglerepresentinghe concrete compressed grea
explained in Fig5. The steel straiis obtained by dividing thappliedbending momen{M:.) by the
lever armdistancg < L @F <z and by thesection and thelastic modulusf the steel rebar§ hen,
thecompressive stress in the concrete seatimridbe calculate@dccording tdeq. (5), by considering
the straincompatibility between theoncrete and the steel rehafhe resultingcompressivdorceis
thenobtained by irggrating the compressive stresgr the entirehicknessof the compressed zone
according tdq. (6) (by assuminghat the concrete deforms elasticallginally, the total tensile force
applied to the whol®IRsis thereforeequal to the value of the force obtained by ).

Nevertheless the slabwall connection through 8 poststalled rebars represents statically
indeterminatesystemThereforethe load distribution between the steel rebairsiisalitynot uniform.

In order b simplify the calculations, itis supposed at thistage that the tensile forieuniformly
distributed between thateel rebarsConsequently, theensile loadappliedon eachrebaris equal to

the total tensile force divided by the number of rebinsis, thecalculated value of the tensile force
applied to eachebaris foundequal toFap,= 48 kN (= 3 kN). The uncertainties otine applied tensile
load resulfrom the uncertaintiesnthe position of the steel rebars in the slab, the position of the dead
weightatthe norexposed surface armhthe mechanical properties of steel and concrete.

BV LS rQVQY (5)

(6L i, b Vid s28@ V (6)

Where d is the position of the rebars in the slab (d = 92+dnmmn)
b is thewidth of the slab (b = 2000 mm)
Esis the elastic modulus of the steel rebars{E205 GPazt 5 GPa[29])
E. is the elastic modulus of the concrete B30 GPat 2 GPa[29])

Fig. 5: Determinationof the neutral axis anthe pivotposition in the concrete slab cross section
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3.2.2Calculation of temperature profiles [ W

Thecalculation of the temperatupgopagation in the concrete sectisiwarried out using 2Dfinite
element analysid he studied geometiig composed of the slab section and of the entire thickness of
the wall, in order to take into account the impact of the gedimetryon the temperature propagation.
The meshs created using quadrilateral elements with 4 nodes. The elemeig sttequal to 5 mm.
The initial temperature of the entire structure before starting calculatiees equal to 20°C. lie
structureis then heated on the lateral surface of the wall and oloter surface of the slab (Fid)

by applying convective anddiative thermal flux in accordance with ther&code2 part 2. The gas
temperature followthelSO 8341 timetemperature curvadhelSO 8341 curve[36] is a conventional
time-temperature curvelescribed b¥q. (7), whichreproduces the temperature increase in a structure
in fire situation The consstency of thermal calculations éhecked by verifying the propagation of
isotherms parallel to thexposedsurface of the slab, at the furthest area from the wall/slab interface.
The influence othe resin andthe steel rebars on the thernmalopagationis not consideredhn this
model The heat exchange coefficients and thermal properties of the concretsedin thermal
calculatiors arethose provided by the Euroco@eart 12 [36] (Fig. 6) (Table2). The thermephysical
properties of the concrete used in calculations correspond to a conithete5% moisture content

Thermal calculations allowezbtainingthe thermal distribution at tHelRspositionat differenttimes

of fire exposure(Fig. 7). The thermal profiles highlighthe presence of a thermal gradient along the
PIRs. Indeed,he beginningof the PIRs exhibitsthe highesttemperaturesyith a high temperature
increase ratewhile temperatures at the bottom of BFl&saremuch lowemwith a slower increase rate
The thermal gradient between the two ends of the iRlfiReasesontinuously during the fire exposure

‘W ORJ W (7)

:KHUH LV WKH JDV WHPSHUDWXUH >f&@
t is the fire exposure time [min]

Fig. 6: Concrete thermal conductivity, densitgd specific heat variation under heat effect

Table2: Heat exchange coefficients for concrete surfaces exposed andxpmsed to fire

Convective exchange Emissivity of the StepharBoltzmann
coefficient (h) concrete Q constant ¢)
Exposedsurface 25 W/m2/K 0.7 )
Non-exposed surface 4 Wim?/K 0.7 5.67 x 10° W/mz/K
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Fig. 7: Thermal distrilution along thePIR at different moments of IS@d exposure obtained by F.E. analysis

3.2.3Bond strength +Temperature relationship T-y5: ;;

The relationship between the bond strength and tempeiamibtained experimentalijhtough pult
out tests performelly applying econstanbond stress in the adhesive joifihe description of thesst
procedure and the main results are presented in a previoug2#jp€hetestsareperformel onsteel
rebars bonded to concrete cylinders (160 mm diameter and 250 mm height) using the same epoxy
resin than thawill be used in the fullscale fire test. Steel rebasemechanically loaded by applying
a constant tensile force using a hydraulic jdt¢legeneratd sheaistress in the bond join$ calculated
following Eq. (8) by assuming a uniform stress distribution alongRH& The applied bond stress is
comprised between 3 MPa and 27 MPa. Once the constant load is apelahcrete cylinderare
heatedusing an electrical heating device until thetal extraction of therebars The average
temperature at failurs measured by two thermocouples positioned aettdand at 10 mm from the
top surface of thbond Therefore, for each putiut test, a failure taperaturds associated to a given
bond resistancePull-out test result@re shown in Fig. 8The bond resistance decay elevated
temperaturess mainly caused by set of physical, chemical and mechanical phenomigctaas resin
glass transitionThesephenomenaredetailed and examinddom experimental and theoretical point
of viewin a previous papde3].

Eq. (9) representshie bond strength xtemperature relationshig he bond resistandge assumed to be
constant for temperatures below 27°C. The ddnathe bond esistance under heating effast
described by anxponential law, which represents good accuracywith experimental results
(R=0.98). Above 115°C, the bond resistarise&onsideredqualto zao.

B0l t)

Where F is the tensile load applied on the steel rebar [N]
d is thediameter of the steel rebar [mm)]
L is the embedment length [mm]
2axis the bond strength [MPa]

ty f "us &
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Fig. 8: Bondstrength- Temperatureelationshipdetermined by means of puallit tests at constant lod#3]

3.2.4Bearing capacity evolution and timeof collapse prediction

Using calculatedthermalprofiles (Fig. 7) and thebond strengthtemperature relationshif-ig. 8), a
bond resistance value assigned teeachelement of thePIR at different times of fire exposure,
according toits temperatureThe predictedevolution of the bond resistance profi different
momentsof fire exposuras shown in Fig. 9Resultsshowaconstant bond resistance at the beginning
of the fire testt{= 0 min) equal to 27 MPawhen the entire bond at 20°C. A the temperature
increasealong the bond during heating, thend resistance decreageogressivelyThe decay in the
bond resistancde more significant at the beginning of the PIR than#hés end. This can be attributed
to the important thermal gradigmtesentilong the embedded part of the steel relEsagraph 3.2)2
Therefore the most resistant parts of the RIRlocatedatits end, where temperaturagerelatively
low. Thus, the thermal gradieigads to a new bond stress distribution along Bi& with a stress
concentration in the coolest zonBy.heating the slab, the temperature contirtaéncrease along the
PIR andthereforethe bond resistanagecrease Calculations predict thafter 180 minutes of ISO
fire exposurepnly 75 mmof thetotal bondlengthwould resisto fire.

It is thenpossible to calculate the evolution of the load bearing capacityedPIR asdescribed in
paragraph 2oy the use aflatafrom Fig. 9 andEq. (4) Fig. 10represents the evolution of the PIR load
bearing capacity during the ISO fire exposure with margins of uncertainties resulting from the bond
strength ttemperature relationshiirig. 8). The appliedensile loads representeih Fig. 10by the
horizontallines, including the corresponding uncertaintiegi{ Bnd Fay).

The time of the slab collapsedetermined by the intersectibetweerthe bond resistance curvasd
the applied load curve3he first intersetion point correspond® the safest timef collapse. Itis
obtained from the intersection between the bond resistavl@tion curve indicating the lowest
resistance values with the applied load curve indicating the highest values of tensil@-faice
While, the last intersection poiigthe leassafe It corresponds$o the intersection between the bond
resistanceevolutioncurveindicatingthe highest bond resistance vawugth the applied load curve
corresponding to the lowest tensile load values)XFTherefore, obtained resultsedicta potential
collapse of the slab betwe&i4 min and 136 min of ISO 834-1 fire exposurefor 48 kN (= 3 kN)
tensile force applied to ea®IR.
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Fig. 10: Evolution of the load bearing capacity of the PIR during ISO fire exposure

3.3 Metrology

3.3.1Temperature measurements

In order to study théemperature increase durittge fire test, rows of thermocoupleseinstalled at
differentpositionsin the test specimen (Fig..H rows of thermocouplegreintroduced horizontally

into the wall (portion of the concrete frame in which ¢hemicalpostinstalled rebarareembeddejl

at the same height as tAtRs and positioned respectively at 111mm, 555mm, 1000mm, 1450mm and
1889mm from the lateral side tfie slab . Each rows composed of 5 thermocouples positioned
respectively at 10mm, 20mm, 30mm, 100mm and 150mm depth. These thermocouples measure the
temperature increassongthe PIRs during the fire test.In addition 3 rows of thermocouplesre
introduced vertically at the mididth into the slab, at 500mm, 1500mm and 2440raspectively

from the wall. Each rovis composed of 5 thermocouples positioned respectively at 10mm, 20mm,
30mm, 70mm and 100mmiepthfrom the fire exposed surface of the slab. Sehéhermocouples
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measure the temperature increase inside the slab dioefige exposureFinally, the gs temperature
inside the oveims controlled by 6 pyrometer plates located below the test specimen.

3.3.2Displacement measurements

The measuremenf thevertical displacement of the slab during fine testis carried out using three
wire displacement sensors attached to the slab at 2600mm from the wall anchat, 50800mm and
1500mm from the lateral side of the slab (Fig. 1). These displadesearorareattached to a metal
beam positioned above the test specinaiowing the measurement of the relative displacement
betweerthe slabandthe concrete framg@-ig. 11)

Fig. 11: Wire displacement sensostalledon the concrete slab

In addition to displacement sensors, a stereo digital images correlation gid@nis positioned
above the test specimém order tomeasurehe displacement fieldduring the fire testFig. 12)
Besides displacement measuring, thggtdl images correlationystemwill help in the analysis of the
curvature of the slab under the temperature effect during the fire test.
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Fig. 12: Digital Image Correlation System installed above the test specimen

3.3.3.Slab rotation measurements

Two inclinometerareinstalledatthe norexposed surface of the slab, at 240® from the wall and
respectively at 500nm and 1500mm from onelateral side of the slalfFig. 13). These two
inclinometersallow the measurment and thanalysis othe slab rotation in directions X and Y under
the heat effect during the fire test.

Fig. 13:Inclinometers installed at the na@xposed surface of tleencrete slab

3.3.4Wall/slab interface displacement

9 Invar barsareinstalledhorizontallyin the test specimeim order to measure the slip of tRéRs
during the fire testin fact, he Invar isa nicketiron alloy, known for its very low thermal expansion
coefficient[37] and therefore, expandery little when it is heatedConsequently, thsliding of the
Invar bas during the fire testorrespondgo the relative placement between the slab and the
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concretewall. Indeed, heselnvar barsareon one hand welded to the slab reinforcemantd in the

other hanctrossthe concrete section of the wall through holes drilled with a diameter equal 1.5 times
the diameter of the barm order to ensure their free sliding during the fire tasl to preventhar
friction with the concrete.

Thelnvarbarsaredividedinto 3rows positioned respectivelit555 mm, 1000mm and 1455 nfrom

one lateral side of the slgbig. 14). Each rowis composeaf 3 Invar barspositioned at 2%nm, 75

mm and 125 mrheightrespectively from the surface of the slab directly exposed tdBf@feind each

of theselnvar bars, an LVDT sensor (Linear Variable Differential Transformer seimson$talled to
measure the displacement of the bars relatively to the surface of the wall during the test. Therefore,
these barsvill help in determining bdt theaverageamount of thePIRs slip and the slab rotation
during the fire test.

Fig. 14: Positions of thénvar bars and LVDT sensors in the test specimen

4, Results and discussion

4.1 Experimental observations

Several verification tests of the metrology and the acquisition systems were carried out before
performing the fullscale fire test. The purpose of these tests was to verify the proper functioning of
the metrology in order to avoid any unforeseen that tgbur during the fire testhefull -scalefire

test was performed23 daysafter theslab concretecastingand 196 days after the concrete frame
casting The gap between the slab and the concrete frgasefilled with thermal insulation material

(Fig. 13) in order to confine heafhe fire exposed surface of the test specimen asasinuously
observed during the test with an endoscaamera During the heating, no concrete spalling was
noticed.The slab collapsed aftél7 minutesof ISO fire exposurewhen the temperature inside the

gas furnace was of 1045°Ce. in the time interval predicted by the design methbe gas burners

were turned off after the slab collapse. A loss of concrete occurred during the cooling along the slab
length, on the lowesurface up to the reinforcemeiitie slab collapse was caused by the slip of the
bonded rebars. No concrete cone failure was noticed. The failure mode is investigated further in this

paper.

4.2 Thermal distribution analysis

Fig. 15 represents the evolah of calculated and the average measured temperatures in the wall, at
the PIRs position. The dotted lines represent the evolution of the calculated temperature$udind the
lines represent the evolution of the average measured temperaheesmalysi®f measuredhermal
profiles recorded by the thermocouples instaledlizontallyin the concrete walshowsthatthe slab
heatinghadgenerated a thermal gradient along BiRs Indeed, he beginning of the bonded rebars
exhibitedthe highest temperatures, whileeendof the PIRsshowed the lowest oneBespitethe fact

that measurements of the gas temperature inside the fushaeethat the heat was uniformly
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distributedon the whole test specimdRig. 17), a temperature diffencebetween the rebamsas
noticed The maximum temperature difference was recotutdieertherebar N°1 and N°@Fig. 4),

at the beginning of the bormbsition The maximum temperature value was readtetie beginning

of the first PIR and was equal to 97°The temperature difference between rebars N°1 and N°8 was
around 20°CHowever, temperatures at thedof thebondwereclose( 0 mx = 4°C). Thistemperature
difference can be attributed to thetfltat temperature measurement is very sensitive to the position
of thermocouples. Indeed, the uncertainty on the position of a thermocouple can be estimated at
mm. Due to the high thermal gradient at the beginning of the bond, the uncertainty cathead
temperature is aboudt 13°C at 10 mm depthwhile the uncertainty on the measured temperature is
aboutt 2°C at 100 mm depth.

Fig. 15 showsthattemperatures measured along the PIRs had not exck@dddover the entire fire

test durationlndeed, thaemperature had increased continuously during tisé 90 minutes of fire
exposure anchen, a plateau wdsrmedatthe first 30 mm depth of theond.This plateawcan bethe

result ofthe water vaporizationat the beginning of the bond and its accumulation incthaest
neighboring zones, which slowed down the temperature increase by consuming the thermal energy
supplied by heat.

The superpositin of measured and calculated temperattggsalsthat calculated temperaturase
close to measured temperatures, with a maximum differarmend 30°C. The slight difference
betweenmeasured and calculatedermal profiles can be explainemh one handoy the useof
theoretical values of emissivity)(and convection factor Jhin thermalcalculationsprovided by the
Eurocod€36]. Indeed, values provided by the Eurocode are generally multipjiedsafety factor,
and lead therefore to an overestimation of the thermal propagation in the concretd2gctiamthe
other hand, tatemperature differencean beattributedto the norconsideration of theteel rebars
contribution when measuring temperagtikgith thermocouples. In fact, the bonded rebaese
extended into theoncreteslab. Theheating ofslabhadgeneratd a temperature increasethe rebars
which transferredhe heat to the end of the bordbwever thermocouples installed in the concrete
wall werefixed to a steel rod whiclwasnot extended into the slab. Therefore, thermocouples measured
only the temperature increase in thearete section of the wall and didt consider the contribution
of the steel rebars in the heat transfer. Consequentlytaimperature of the PIRsieasured by
thermocouplesouldbeslightly underestimated.

Fig. 16represents the evolution of calculated and the average measured temperatures in the concrete
section of the ska The dotted lines represeahe evolution of the calculated temperatures and the full

lines represent the evolution of the average temperatmessured by the vertical lines of
thermocouplegparagraph 3.3.1)Measured temperatures highlight thegene of a plateau which
takesplace near 100°C, reflecting the wataporizationinside the concreténdeed the vaporization

of the wateretainedn the concrete was observed during the fire test through a water condensation at
the nonexposed surface ahe slab.The duration of the vaporization plateiswery short for areas

close to the fire exposed surface, and increasinglyflomiipe furthest areas

The comparison between calculated and measunggketatures inside the slab shows thaintioelel
allows predictingcorrect temperature valués the first minutes of heating. However, the formation

of the water vaporization platedeadsto a large gap between the calculated and measured
temperaturesindeed, alculated temperatureme considerably higher than measured temperatures
when temperature exceeds 100FGr example, at 10 mm depth inside the slab, the difference between
measurd and calculatetemperaturess about 212°C after 100 minutes of ISO fire exposlréact,

the temperature differencettse result of the water vaporizatiphenomenomvhich sloneddown the
temperature increase in the concrete seciibe retardingeffect of the vaporization plateau on the
temperature propagation is simulateddyyeak of specific hedietween 100°C and 115°C (Fig. 6
However, the variation of the specific heat with tempergbuogided by the Eurocod#o not fully
reproduce the effeéf the water vaporization plateau in delaying the temperature increase in the
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concrete sectionHence calculated temperature profilese overestimatedConsequently, thermal
calculations using materials thermal properties provided by the Eur{@@jdead to a conservative
thermaldistribution when temperature exceeds 100°C

Fig. 15: Evolution ofthe averageneasured temperatures along the horizontal thermocouple lines

Fig. 16: Evolution of the average measurenperature along the vertical thermocouple lines
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Fig. 17: Evolution of the gassmperaturaneasurediuring the fire test

4.3 Slab displacement analysis

Displacements recorded by the wire displacement sefmmagraph 3.3.29re shown in Figl8. The
moment of the ignition of the burneissset aghe referenceime in the measurement of the vertical
displacement of the slaonsquently, vertical dispicements showim Fig. 18 represenbnly the
displacement of the slaturing the fire test

Fig. 18: Vertical displacement evolution during the fire test

The three wire displacement sendmaisirecordeda positive vertical displacement of the slab since the
first minutes of heatingln fact, he positive vertical displacement of the slatmainly due toa
differential thermalexpansionphenomenorcreated in the concrete section under thermal effect.
Indeed theconcrete in contact with fire \saapidly heated and therefore expemcbnsiderably under

the temperatureeffect. However, temperatures at the areas far from the fire exposed sueface
relatively low. Consequentlya thermal gradienivas creaedin the concrete secticandgeneratd a
differential thermal expansion between the two surfaces of the slab, leading to its upward
displacement.

By pursuingthe heating of the slab, the temperature at the areasméae exposed surfadead
continue to increase leading to their expansidius, the slalhad continuel to rise upward until
reaching a maximum value of vertical positive displacement. The raxipositive displacement
value recorded during the fire test veapial to +18.7 mpreachedafter 28 minutes of ISO fire 834
exposure &;§&8 | E J= 832°C)). The upward vertical displacement of the slab can be estimated
analytically from the caldation of the thermal stress generated in the esesfion of the slab
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Analytical calculations, not shown in this paper, gave values very close to those measured during the
fire test.After 28 min of heatingthe positivevertical displacemergtarted tadecreasgraduallyand

the slab startefalling slowly inside the furnace. The zero valueveftical displacement was reached
again after 92 minutes of heatifter that, the fall of the slab inside the furnace was continued until

the collapse.

The fall of the slab inside the furnace could be attributeithéslip of the PIRsas a result othe
temperature increaskdeed, as explained in paragraph 3.thdtemperaturéncreasealong the PIR
leadsto decreasdts mechanical propertieand thereforeauss its slip. Fig. 8 shows that starting
from 109 minutes of fire exposure, the negative displacenfeht slalwas accelerated until the total
failure of tte PIRsand the collapse of the slab aftdf7 minutesof fire exposureThe time of collapse
wasselectedas the moment when tmegativevertical displacement ratexceeded.0 mm/min.The
negative vertical displacemeatceleratiorobserved at the end of the fire teah be explained by the
rapid decay in th€IRsbearing capacity under the temperature efieetding to the collapsef the
slah

Displacements recorded blye threewire displacement sensors during the fire teststihat the
valuesmeasured by the sensor positioned at thewitth of the slab (sensor 2yeslightly higher
thanthosemeasured by the two lateral sensors (sensor 1 ameh&h indicate sensitively identical
values.This assumethatunderthe heateffect,the concrete slaWwascurved symmetrically to an axis
passing througlits mid-width plan.This assumptioris confirmed bythe results obtained from the
digital imagesorrelationsystem(DIC) as shown in Fig.4. In fact, DIC results shasithe creation of
displacement fieldsoncentrated in the center of the slab during fire exposeftectingthe bending
of the slalsymmetricallyto itscenter.

Fig. 19: Fields of vertical displacement recorded by DIC during the fire test

Using datacollected from the DIGystem it is possible to plot the evolution of the slab curvature
during the fire testThe slab curvaturés reconstituted by plotting thevolution of thevertical
displacement of three straight lines passing from ttiree wire dsplacement sensonsosition
designated by segment 1, 2 an@F8. 19). The displacement measurements provided by the DIC
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systemareidentical to those measured by the wire sengm®bservedbove, the measured vertical
displacements in the mididth of the slabaregreater than displacements recordethe lateral sides
due to the symmetrical curvature of the shalis center under the thermal effect

The evolution of the slab curvatyseesentedh Fig. 20showsthat the maximum vertical displacement

was reachedround30 minutes of ISO fire exposure. After that, the slab started to fall progressively
inside the furnacdue to a rotation at the wall/slab interface. The rotation of the slab can be explained
by thePIRs sliding under the thermal effect as explained in the previous paraghepburves show

thatthe differential expansion of the slab was continuetil 90 minutes of heatindighlighted by

the cunature of the slab in its centerftér 90 minutes bheating, a change in the shape of the slab

was observed. The curvature of the slab in its center was less pronounced and the negative vertical
displacemenhad become more important. Thiact can be explained by the decay in thermal

gradient betweethe exposed and unexposed surface of the slab.

Fig. 20 Evolution of the curvature of the slab during the fire test plotted from the DIC data

4.4 Slab rotation analysis

Fig. 21shows heslopeevolutionof theslab intheX and Y directionsThe incinations along the X
axis recorded by the two inclinometers weeasitivelyidentical over the entire fire test duratidfid.
21 a). Curves show a constant increaate of the slabinclinationin the X-axis direction upgo 28
minutes of fire exposure. As a reminder, 28 minutes corresgortde moment when the maximum
positive vertical displacement was reachgftier 28 minutes, the curvature of the slab had continued
to increasébut with a sloweiincreasingrate until reachlig a maximum value equal td.39 at 92
minutes of fire expsure.This observation confirmihe factthat thedifferential thermal expansioof
the slab was not interrupteatil 92 minutes of heatind\fter 92 minutes, the slab startexfall inside
thefurnace and thenclination valuein the X-axis direction startetb decreaseThe zero inclination
value was reachetbr the second timat 115 minutes of fire exposur&@herefore the recorded
inclination value at thenoment of theslab collaps€117 minuteswasnegative The sign change of
the slalrotationfollowing the X-axis indicates reversal curvature of the slaihd confirms the change
of its shape at the last minutes of the fire tastshown in paragraph 4igdicating the collapse
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Inclinations recorded along the-akis were almost symmetricaFi§. 21 b), which confirms the
curvéure of the slab symmetrically to its cent@urveshighlightsa constant increasateof theslab
rotation in the Ydirectionup to 28 minutes of fire exposure. After 28 minugeshange in the rotation
increaseaateis observed. Results in Figl b) indicate that the slab hadntinuedto curve under the
thermal effecwith a slower rate until failurevhich confirms that thdifferential thermal expansion
of the slakin theY-axis directiorwas not interrupted during the test.

Theinclinationanalysis pointed out that the curvature of the slab under thermal effect was continued
until at least thanomentof the slab falling iside the furnacerinally, the slab curvature analysis
allowed to notice that the decay in the load bearing capacity #fiRsunder temperature effebotd
started to become critical from 92 minutes of fire exposure.

Fig. 21 Slab curvature durigthe fire test. a) Along the-Xxis. b) Along the “éxis

4.5Invar bars displacement

As mentioned in paragra@3.4,threerows oflnvar bars were installed in the test specinmearder

to measure the PIRdip and the slab rotain during the fire tesiThe evolution of the PIRslip during

the fire test igpresented in Fi22. The curve shows that during the first 5 minutes of heating, the PIRs
slip was almost equal to zero. After 5 minutes of ISO fire exposurslithef the rebars started to
increase with a constant increase rate until reaching a slip value equalnbion@t 82 minutes of
heating. Starting from that moment, the rebars slip rate was acceletbtethg an exponentiarend

until the failure of the bond aftdrl7 minutesof fire exposureThe maximum value of the rebars slip
wasrecorded at the moment dfet slab collapsandwas equal to 2.8 mm.

Fig. 22 Evolution of the PIRs slip during the test measured by the Invar bars

In addition tothe measurement dghe PIRs slip, the Invar bavgereusedto assess the rotation of the
slab during the fire test. Fig.32represents the rotation of the sldixing the fire tesbver a time
interval of 15 minutes At the beginning of the fire test, the wall/slab interféacsupposedo be
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perfectly vertical ad the slabs in contact withthe wall over its entire thickness. During the first 15
minutes of fire exposure, a small openimgs observed at the wigllab interface caused by a @Onin
rebars sligFig. 22), which could begenerated by the mechanicahdting of the slabAfter 30 minutes

of heating, the wall/slab interface seemed to not rotateshifted by 0.1 mm. This shift can be
attributed to the thermal expansion of thall undertemperatureffect. Indeed, calculation showed
that after 30 minutesf fire exposure, the wall could expand by 0.1 [28J.

After 45 minutes of heating, a combination of rotation and horizontal transhagnecordedIn fact,
the slab horizontal translation can be explained by the temperature propagatiosdatithre of the
wall, which leadsto an additional thermal expansion. However, the slab rotation cexplenedby
theslip ofthe PIRs under the temperatefect, whichis the origin ofthe progressive fall of the slab
inside the furnace, adescribedn paragraph 4.3Starting from the 60 minute of heating, the slab
rotation had become more importantd was continuously increasinghe rotation of thelab is
highlighted by the important slidingf the hvar bargndicating the PIRs sligFig. 22). Thisis also
confirmed bythe analysis of the slab curvatureFiy. 20, where itis shownthat the decrease in the
vertical displacement of the slafter 30 minutes of heatingas mainly due to a rotation at the
wall/slabinterface.

After 75 minutes of fire exposure,neegative displacement value$ the order of- 0.7 mmwere
recordedoy the Invar bars positioned &5 mm height in the ab sectionThis negative displacement
values recorded in tHeottomof the slab reflecthe softening of the concrete at the wall/slab interface
under high temperature effect (paragraph 4.3), leagbingequaetly to the penetration of the slab into
the softened portion of the wall.

Fig. 23 shows that the rotatiomovement at the wall/slab interface was accelerated during the last
minutes of the fire test, and was the cause behind the slab collapstl&fternutes of I1ISO fire
exposureHence these results confirm that the slab collapse was essentially caused by the PIRs sliding
due to the decay in their load bearing capacity unddethperatureffect.
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Fig. 23: Evolution of the slab rotation durinte fire test measured by the Invar bars

4.6 Fracture interface analysis

The analysis of the data collectgdring the fire tests showed that the failwas caused by tHelRs

sliding and extraction under the high temperature effégt.24 shows a sein of a PIR after the fire

test. The fractography analystgghlightedthe presence of a mixed failure modergldhebond A
resintoncrete interface failure mode was observed abégenning of the bondjp to the two thirds

of the embedment length, W the last third of the embedded part presented a steel/resin interface
failure mode. This mixed failure mode is the result of a significant thermal grapdéesen@longthe

bondat the moment of failuteas confirmed by the thermal profiles recordedmny the tes{Fig.15).

The presence of a mixed failure mode alongRHes suggestghat failure wascaused bythe glass
transitionof the epoxy resinndeed, the resin glass transitleadsto a significant decay in the anchors

load bearingapacityas mentioned ia previous papd23]. Previous characterization tests carried out

on the epoxy resin used in this fire test showed that the resin glass transition temperature was around
61°C[23]. Thermal profiles recorded along the PIRs (El).showedthat the temperature at the bond
hadlargelyexceeded 61°C, which confirms that the resin glass transition is the main cause behind the
collapse of the slab.
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Fig. 24: Anchor'ssection analysis after collapse

Conclusion

This paper presents a fidtale validation test of a design metpodposedor postinstalled rebars in

a slab/wallconfigurationin fire situation. The tested structure was composed of a concrete cantilever
slab connected to a wall by éhemicalPIRs, mechanically loaded ky325 kg dead weight and
thermally loaded following the ISO 83Utime-temperatureurve[36]. The time of the slab collapse
predicted by the design method wasnprised between #lminutes and 136inutes of ISO fire
exposureThe prediction of the time of collapse was carried out by the determination of the PIRs
bearing capacity during heating and by the quantification of the tensile force applied on each rebar.
The slab collapse occurred after 117 minutes of hedfimg validation test showed that the proposed
design method providesfailure time close to the experimentaile Therefore, resultshow that the
established assumptions are in gagdeement with the reality.

From the analysis of the resutibtainedduring theexperimentalalidation test, several conclusions
could be derived

f The temperature measured along the PIRs during the fire test has not exceedelh 1866 C.
calculated termal profiles, using the concrete thermal properties provided by the Eurocode 2
part 12, allowed to correctly predict the temperature increase along the PIR, which helped in
some ways to accuratebstimatethe time of collapse of the cantilever slabdded, the
superposition of thermal profiles showed that the finite element thermal model using data from
the Eurocode 2 allows to precisely predict the temperatures in the concrete section as long as
the temperature is below 100°C. However, above 100&mibdelis not able to predict the
retarding effect of the vaporization plateau and therefoeds ® an overestimation of the
temperature profiles.

f The heating of the slab during the fire test have generated a thermal gradmentoncrete
section,causing a differential thermal expansion between the two surfaces of the slab, and
leading to an pward vertical displacementyhich should be taken into account when
designing PIRs in a fire situation.

f The maximum positive vertical displacement of the slab was reached after 28 minutes of ISO
fire exposure and was equal to +18.7 mm. After 28 minutes, the slab sadimednside the
furnace due to the sliding of the bonded rebeasised by the decawn itheir mechanical
properties at high temperature.

f The analysis of displacements recorded by the DIC system during the fire test showed that the
slab had curved in its center under the thermal effect. The DIC syétdtightedthat the
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thermal curvaturefdhe slab under the thermal effect was continued after at least 90 minutes
of ISO fire exposure. After that, a change in the shape of the slab was observed, which can be
the result of the concrete softening at high temperatuiéhe attenuation of thewplitude of
the thermal gradieriietween the two surfaces of the slab

f The analysis of the slab rotation during the fire test showed that the PIRs sliding had become
critical starting from 92 minutes of heating.

f Finally, the slab collapse wasainly causedy the slipof the chemicaPIRsdue to the resin
glass transition.

To conclude, the analysis of the different results obtained during the fire test showed how much
the design of structures in fire situation is complicated due to the intervention oflsever
phenomenaThe design method presented in this paiewedto determine the time of collapse

of PIRs directly fronthe evolution of the bond resistance proéiledfrom temperaturerofiles,

which allowedescapingall the complexities and difficultieinked to the determination of the

bond stresslistributionalong thebond Indeed, the determination of the bond stress distribution
along PIRs in fire situation can be carried out using analytical models, and will be the subject of
an upcoming paper.
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