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Résumé :

Cette étude traite de la modélisation numériquéétaillage thermique des bétons visant a évalaer |
cohérence des résultats calculés avec les mestiles ebservations expérimentales réalisées. Une
dalle d’essai en béton a hautes performances équilgéthermocouples a ensuite été soumise a un
essai d'écaillage sous un feu un peu plus intenseoglui de la norme ISO 834 et au cours duquel
I'écaillage s’est produit. L'essai d'écaillage timeique a ensuite été modélisé simultanément en
thermique transitoire non linéaire pour déterminler champ de température et avec un modéle
d‘endommagement isotrope pour déterminer les chagepsontraintes et d’'endommagement dans
I'éprouvette. L'évolution de la température toutlang de I'essai, mesurée par un thermocouple situé
dans la face chauffée de I'éprouvette, a été @élipour appliquer des conditions de température
imposée sur la face chauffée lors de la modélisati®@s champs de température, de contraintes et
d’endommagement et leur évolution en fonction dypgedans des noceuds sélectionnés ont été décrits.
La comparaison des températures calculées aveescaibsurées par les thermocouples s’est révélée
tres satisfaisante. Par conséquent, le champ demdagement calculé semble réaliste et
suffisamment cohérent avec les observations expptaies.

Abstract:

This study deals with numerical modelling of spajliaimed at evaluating the consistency of the
computed results with the experimental measurenagt®bservations. A high performance concrete
test-slab equipped with thermocouples was thenestdaj to spalling test under a little more severe
fire than standard ISO 834 one and during whichllepg occurred. The spalling test was then
modelled simultaneously in non-linear transientrtha to determine the temperature field and with
an isotropic damage model to determine stressegdanthge fields in the specimen. The evolution of
the temperature all along the test measured byeantbcouple located in the heated face of the
specimen was used to apply imposed temperaturdtiomsdon the heated face during the modelling.
The temperature, stresses and damage fields afdeti@ution at selected nodes with respect to time
are reported. The comparison of the computed teatpers with those measured by the
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thermocouples was very satisfactory. Hence the otedpdamage field seemed realistic and
consistent enough with the experimental observation

Mots clefs: spalling, spalling tests, 1ISO 834 firdhigh performance concrete,
thermal modelling, thermomechanical modelling, damge, damage
modelling,

1 Introduction

Thermal spalling of concrete is a complex phenomenarently under research interest because of
the rise of high performance concrete, less potbas ordinary concrete and more sensitive to
spalling. Spalling are thermal instabilities thator in concrete subjected to temperature thasléad

a loss of matter in surface or in volume. In ther&ture a lot of studies tried to understand theses

of occurrence, the influencing parameters and lmprévent it essentially by experimental approach
[1-5]. A few of them deal with modelling spallingecause of the complexity of the phenomenon [6-
7].

In the present study, thermomechanical approadheophenomenon is considered. Hence a spalling
bench test was first designed and fabricated aedtavas undertaken on a high performance concrete
slab-specimen equipped with temperature sensormdiine test, spalling occurred. The test was then
numerically modelled with isotropic damage conétitiequations in non-linear transient thermal. As
the applied thermal cycle was time dependent, ggeddency of thermo-physical and mechanical
characteristics of the material with temperatures waken into account. The evolutions of concrete
thermo-physical characteristics with temperaturgppsed by Eurocode 2 were used. As far as the
mechanical characteristics are concerned, dataopeapin a paper to be submitted were used [8]. It
was then possible to model the spalling test iy gend conditions and to obtain realistic results.

In this paper information about the material andrafional test conditions are first presented. Then
the experimental results acquired, especially #mperature recorded from the thermocouples are
reported. The third part deals with the numericaldeiling. A large placed is reserved to thermal
modelling which is essential because the damageiledibn will be based on it. In the last part vefo
conclusion, temperature, stresses and damage &iettlsevolutions are then reported and discussed.

2 Materials and properties

The studied material is a high performance conambiieh formulation is based on normalized sand. It
is constituted of 0-2 mm normalized sand of thei@ecNouvelle du Littoral, cement CEM 1 52.5
produced by Vicat, silica fume Condensil SD95 pimtl by Condensil Company, superplasticizer
Sika Viscocrete Tempo 10 produced by Sika and temwThe W/C ratio was 0.19.

The various constituents of the material wergethiaccording to a specified protocol and cast. The
molds are constituted of the assembly of Plexiglad steel walls and measure 250x250x100 (mm).
The fresh concrete was put in the molds and vibratiering 1 min 30s in two steps. In order to
measure the temperature at selected points ofptheirsen, some thermocouples, placed along the
specimen thickness, were embedded in them duriegdisting. In the specimen studied here, three
thermocouples were placed: first on the specimexteldeface, second at 10 mm and third at 20 mm.
The thermocouples locations are displayed in Fiéfter the vibration process, the molds were
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covered with a plastic film during 24 hours andntfdemolded. Hence, the cast specimens were
squared slabs with 250 mm in length and 100 mrhigkhess equipped with K type thermocouples.

In order to widely study spalling phenomenon, aiginal test bench was designed and fabricated. It
consists of a 32 KW power burner associated witkramic structure forming then a sort of furnace.
The burner was designed so that it heats unifoth@yspecimen large face. The ceramic structure is
constituted of vertical walls which one of theneuipped of a porthole where a camera can be placed
to film the test, and an upper horizontal slab gadrwith a central hole and peripheral holes. The
peripheral holes are aimed at evacuating the bugasdThe central squared hole measures 245x245
in mm and faces the burner; the specimen was platé#uke top of the furnace and was then heated
through this hole. Another independent type K tharouple was also placed in the furnace beside the
regulation thermocouple of the control unit in artiemeasure the temperature in the furnace.

During the spalling test, the three embedded theomples and the independent thermocouple placed
in the furnace were connected to an independeit alajuisition system that acquires the data all
along the spalling tests. The global view of thpaaptus is displayed in Fig.2.
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Fig.1. Schematic view of the symmetry plane ofghecimen displaying the location of the
thermocouples.

Fig.2. Photo of a- a global view of the spallingtteench and b- a detailed view of the specimen
equipped with the three thermocouples.

3  Experimental study

The test consisted in placing the instrumented ispget on the furnace once the burner reached it
minimum power after the starting regime ended. Byiihe test, the burner power was increased
manually in order to obtain a heating rate closth&olSO 834 standard curve. The evolutions of the
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various acquired temperatures with respect to timeee displayed in real time thanks to data
acquisition software. Occurring events such asenoisexplosion were collected during the test. Some
photos of water coming out of the lateral or upfsres of the specimen were taken and dated.
Thermal spalling occurred during the test.

In Fig.3 are displayed the response of the thermgeolocated in the furnace (TH_Furn), the
responses of those embedded in the specimen atigatistances to the heated face (Th_SO0, TH_S10,
TH_20) and the fire standard ISO 834 curve of Eade 2 (TH_ISO834). Globally, the responses of
all the thermocouples increased with increasing tilhis study covers the ten first min of the spgll
test (600 s). The evolution with respect to timeTéf Furn is higher at any time than the curve
Th_1SO834 indicating then a more severe appliedrbEcycle than the recommended standard. It
also presents sudden increase (at times 75 andg)3&Orresponding to the sudden increase of the
power that was controlled manually. The evolutiérihe temperature recorded by the thermocouple
which tip was located in the burned face of thecspen is quite different in intensity from the
temperature in the furnace but presented the s@uerdinuities. The difference of intensity is doe

the influence of the thermal inertia of the conerstirrounding the thermocouple. A sudden decrease
of the temperature was observed at time 490 sadttive consequence of the occurrence of very noisy
thermal spalling. At this time, the furnace temper@ TH_Furn decreased from 857 to 737 °C
whereas the one of TH_SO decreased from 424 t¢@5&hat was not the first time that the thermal
spalling occurred in the specimen but it was th& fime it impacts visibly the thermocouples rasor
This is probably due to a reduction of burner poa@rsequence the projection of concrete splinters
on it. But the zone surrounding the TH_SO was rftgcted by the spalling and that's why its
temperature decreased. Temperature of the thermplecdocated at 10 mm from the heated face
(TH_S10) increased regularly with increasing terapge and seemed not affected by the effects of
power sudden increases at time 310 s as the psedoes but was slightly affected by the power
sudden decrease at time 490 s. The thermocoug@tetbat 20 mm (TH_S20) behaved as the previous
one but at lower temperatures logically.
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Fig.4. Comparison of the results of modeling ofttinermal behavior of specimen 1 considering the
modified conductivity curve with experimental reésullThe modeling was satisfactorily improved.

During the spalling test, post-mortem observatishewed that spalling occurred uniformly on the
heated face of the specimen what mean that thedesh is adequate. The splinters ejected duriag th
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tests had various shapes and various masses. Esemich mass exceeded 4 g were considered and
their dimensions measured. It was then found tieit thickness ranged from 5 to 12 mm.

4  Thermo-mechanical study
4.1 Modelling of the thermal field

The aim of the study now is to model the thermé&ldw@or the slabs specimen during the spalling tests
reported previously. The specimen has a paralledelzil shape with the width equal to the length and
is uniformly burned on one of its large face. A Biodelling is a priori convenient. Thanks to the two
present symmetry planes and the uniformity of therrhal loading, the study of a fourth of the
specimen is representative of the whole specimbanDne fourth of the specimen was kept to define
the finite element model. Hence this model hadates where some thermal conditions were applied:
the upper face that is heated, the lower face mamd with the air, the two symmetry faces where
symmetry conditions should be applied and two reingifree faces in contact with the air (Fig.5).
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Fig.5. Definition of the areas where boundary ctads are applied on the finite elements model.

The burner heated the specimen through its facelendhode of heat transfer inside the specimen is
the conduction governed by Fourier heat equatidris €Equation can be established from the first
principle of thermodynamics and its general forrasdollowing:

—_— or
div(agradT) —pC, (5) =—P @)

Wherep is the material density is the material thermal conductivity, e material specific mass
and P the calorific power of the internal sourdeghe case where the thermo-physical charactesisti
of the material depend on the temperature, it tétke$ollowing form:

da —r 2 ar
a(T)AT + g(gradi") — p(T)C,(T) (E) = _p (2)

These last equations were used in the present sindg the temperature field varied between 20 and
500°C a range where the thermo-physical charatitarigaried significantly. No interne sources were
present so P equaled 0.

The temperature field at any point of the studiedhdin characterized by its geometrical coordinates
depend on time and can be written T(x,t).

The initial conditions were imposed at any pointref studied domain were:
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T(Ir O) = T:' (3)
where Tis the initial temperature, generally set at 20°C.

Boundary conditions are defined on the various damfethe model. First the large free face (Al in
Fig.5) and the lateral free faces (A3 and A6 in.%jigof the specimen in contact with air were
subjected to convection governed by the followiggadion:

@ =*H, (T[:Mir f) - Tgxt) (4)

Whered is the exchange flux density, i$ the heat exchange coefficient, T {Mis the temperature at
any point M of the considered surfaces ang; 1 ambient temperature generally set at 20°C.has t
other thermo-physical characteristics, H priori depends on temperature and this should be
encountered.

As to the two symmetry faces of the finite mode#i (@nd A5 in Fig.5), they are not subjected to any
exchange and are characterized by adiabatic condlifno heat transfer).

Lastly the second large face (A2 in Fig.5) of tivété element model is the loading face and was
subjected to a imposed-temperature loading. Thautation defining the loading condition is:

T(M,,t) = TH_S0(t) (5)

Where TH_SO is the temperature measured by thendwauple located at the burned face of the
specimen during the spalling test. The imposed-&zatpre condition was applied to the upper face in
thermal modelling in order to obtain a better viedaen displaying the temperature field in the
specimen, contrary to the experience where therltaee was heated.

The material thermo-physical characteristic and #neolution with respect to temperature were taken
from the Eurocode 2: between 20 and 800°C, theityedscreased from 2300 to 2185 kcj‘,mhe
specific mass increased from 900 to 1100 kg and the thermal conductivity of the material
decreased from 1.95 to 0,724 W', respectively. During this study, the thermal exufe
coefficient H was kept constant at 20 WK™,

The finite element code CAST3M developed by CEA-8AX in France was used for
thermomechanical modelling in transient nonlindaermal. Cubic quadratic 3D finite elements
(CU20) were used to mesh the model. The finite elgmmodel was discretized by 10 divisions in the
length and the width and 20 divisions in the heidlhis generated element size of 12.5 mm in length
and width and 5 mm in height. Some calculationsg there undertaken showed that reducing the
length and width of finite elements doesn’t affetgnificantly the thermal behavior but affect
considerably the computing time. That's why therent mesh was used. This mesh was designed so
that any location of the thermocouples in the speai matches with a node of the mesh. Hence the
comparison of numerical and experimental results wane on the base of coincident geometric
points. Hence along the specimen height, a nodeegent every 5 mm.

In the present study impose-temperature thermablinga was adopted since experimental
investigations allowed the measurement of the kidaige of the specimen. The evolution with respect
to time of the heating face temperature measuredhbymocouple TH_SO will be the imposed-
temperature during the numerical finite elementgletiong. That was one of the goal of the design
and fabrication of the test bench.
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4.2 Modelling of the material damage

The thermomechanical numerical modelling of thdlsgatest was based on the isotropic damage
model proposed by Mazars [9]. In the present sthdyelasticity modulus of the material as the
specific model parameters depended on temperdilegerformed various tests in compression and
in bending conditions at various temperatures oithviesults the model parameters were identified.
These results are reported in a paper that wilutenitted soon [10].

5 Results and discussion
5.1 Modelling the thermocouples temperature

A previous study [8] on the same spalling test rigabthe protocol used in order to obtain the tlarm
modelling results displayed in Figure Fig.4. Instfigure, the modelled curves M_HF-XX are quasi
superimposed with the experimental ones TH_SXX. diserepancy considered in this study is the
difference (Th_SXX - M_HF-XX) at a given time. Tllescrepancies observed at the node located at
10 mm to the heated face at times 200, 440 andw@®@: -6, -15 and -1.5 °C. At the node located at
20 mm to the heated face, at the same times tloeedancies were: -1.7, 11 and 4 °C. The results of
the calculations were quite satisfactory and then domputed temperature field was realistic. The
computations with the isotropic damage model peeahiaccess to stresses and damage fields.

5.2 Temperature stresses and damage

Fig.6 displays the temperature field in the lefluoan and damage field in the right column at steps
60, 120 and 150 corresponding to times 200, 490Gt s, respectively. However the time, the
temperature field seems to depend only on the & &tie temperature gradient is important at zones
close to the heated face of the specimen. Thendistto the heated face for which the temperature
exceeds 50°C is three finite elements thicknegisat200 s, four finite elements thickness at t#86

s and five finite elements thickness at time 60Th& longer the time, the deeper the heat penstrate
the material. It is also clear that the temperatleereased when the distance to the heated face
increased, logically. When examining the damageutiem, it first appeared at the central point
located in the heated face and then, at the highece of the symmetry planes and last, at sombeof t
points located in the heated face. But very quickBppeared in the inner layers where it reacked i
maximum values. Considering Fig.6, at any of tmees chosen the damage evolved between its
minimum value 0 and its maximum value 1. The disttion of damage is interesting. The maximum
damage does not develop in the heated face buteatootwo to three elements thickness to it. This
means that the weakest zones are not located onetited plane but at planes located deeper. The
corners located in the symmetry planes seem méeetafl by damage than the corner belonging to
the lateral faces of the specimen subjected toaxiion. Hence damage seems to likely occur at zones
located in the vicinity of the symmetry planestud specimen rather than at its corners.

In order to better understand the damage fieldestigations on the spatial distribution of normal
stresses and the damage along the central z-arkésundertaken and the curves displayed in Fig.7 and
8. Fig.7 displays the spatial distribution of tregmal x stresses at nodes located between 0 tod0 m
to the heated face at various loading times: 50, 160, 200, 250, 300, 350, 400, 450, 500, 550, and
600 s. The distance step used to display the $plidtabution was 5 mm, the size of a finite elemhe
along the specimen height (hode 1 to node 9 inFjigThe curves revealed that the stress distohuti

is complex enough and that it evolves significamtlih thermal loading time. Hence, the node located
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in the heated face (node 1) is almost always stdgeto compression stresses at moderate levels
ranging from 0 to -3.2 MPa.
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Fig. 6. Temperature (left) and damage (right) distions in the specimen according to numerical
modelling at three loading times: 200, 490 and $00

Another remarkable observation is that the statetrafss of node 2 located at d=5 mm is almost of
tensile type however the loading time except at$@Mere weak compression stresses were recorded.
Between times 0 and 100 s, the spatial distribustmresses reduced (between -1 and +1 MPa).
Between times 150 and 250 s, all the layers frofm 5 mm (nodes 3 to 5) are subjected to intense
tensile stresses which maximum values are: 1.8 MfRwde 5 (d=20 mm) at time 150, 5.5 MPa at
node 4 (d=20 mm) at time 200s, and a maximum vafut) MPa at node 4 (d=15mm) at time 250.
Times 300 to 350 appears as transition time iretledution of the spatial distribution. By time 40P

to 600s, layer near the heated face (nodes 1 tre3)n compression whereas layers far from the
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heated face are in tension the limit point beioden4 ( d=15 mm). What is remarkable is that the
biggest tensile stresses are observed on layatethbetween 5 and 25 mm.

Fig.8 displays the evolution of damage spatialritistion with thermal loading time. Until time 50 s

no damage occurred in the specimen. At time 100 slamage is still observed on the heat face
whereas damage reached 0.8 at the node 2, located far, its maximum value and then decreased
with increasing distance and is cancelled at nottecéted 25 mm far. Making parallel with normal
stresses spatial evolution reported previouslys thdicates that damage first occurs in the zone
subjected to tensile state of stress. At time 15@asnage is present at the heated face (node 1) at
moderate value (0.2) and has considerably increts@® at the node 2 located 5 mm far and then
decreased and canceled at node 7 located 30 mihéazone subjected to damage has then widened.
At time 200 s, damage has increased on the heatedaind reached its maximum value of 1 at the
nodes 3 to 5 located at 10, 15 and 20 mm to theetidace, respectively. For higher loading times,
damage increased at the heated face (node 1),medneonstant at nodes 3 to 6 located at 10, 20 and
25 mm and then decreased but increased with inogeéime. Hence at time 600 s, damage at the
node 9 located 40 mm to the heated face equal& Onk can then make the following observations:
-This damage spatial evolution is consistent whiga hormal stresses spatial evolution. As the tensil
zone moves inside the specimen, damage occurrehenedised with increasing time.

-The significant damage first appeared inside geeisnen and reached its maximum value in the zone
where it first appeared.

-The heated face of the specimen was also subjextiginage but at moderate level.

According to these results, the zones were spatioyld be initiated are those where damage ilyitial
occurred. In order to corroborate this assumptime, should compare the thickness of the first burst
of concrete with the distance to the heated facerevdamage initially occurred. The thickness of the
biggest splinters that was measured after theréegted from 5 to 12 mm, what is consistent with
modelling results.

== Time_050

.5.: : \ e Time_100
250\ SMXX

7 7 s Time 150

Time_200

=Time_250

Time_300

Time_350

Normal stress XX (MPa)

Time_400

Time_500

Time_600

Distance to the heated face (mm)

Fig.7. Evolution of the spatial distribution of Xmal stresses along the specimen’s height.
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Fig.8. Evolution of the spatial distribution of dage along the specimen’s height.

6 Conclusion

A spalling test was undertaken on a high perforreanoncrete specimen equipped with three
thermocouples that measured the temperature atahted face and at two other points located at
different distances. The temperature measuredeahé¢lated face was then used as an input for the
finite element model to compute the temperaturd fie imposed-temperature conditions. Hence, the
thermal numerical modelling satisfactorily predittine temperature evolution of the thermocouples
by computing the temperature evolution with resgectime at nodes of the same locations as the
thermocouples. It was then possible to compute idenfly stresses and damage considering an
isotropic damage constitutive model. The computedabe field showed that the most damage zones
were inner layers corresponding logically to thestnignsile stressed zones. Hence, when spalling
occurs, the thickness of the concrete bursts shmailigger than 5 mm: that is in accordance wigh th
first experimental observations.
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