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Abstract. A complete description of the mechanical behasfadigh-Performance Concrete in fire still
requires further efforts to fully understand the&ky phenomenon of spalling, whose complexity comes
from the interaction among different phenomena, elgmthe microstructural changes occurring in
concrete at high temperature, the pressure risimghie pores, and the stress induced by both thermal
gradients and external loads. To what extent thaefferent aspects influence each other is still not
completely clear, and within this context a comprediee experimental campaign has been launched at
the Politecnico di Milano, focusing on the role yga by concrete grade, aggregate type, and fibee ty
and content. Eleven concrete mixes are investigededidering three grades; ¢ 40, 60 and 90 MPa),
three aggregate types (silico-calcareous, basatt ealcareous aggregates) and different fiber typed
contents (steel and monofilament or fibrillatedypobpylene fibers).

1 INTRODUCTION

Explosive spalling is the violent or non-violenebking off of layers or pieces of concrete from the
surface of a R/C structural member when it is expdseahore or less rapidly rising temperatures, as
experienced in fires. Low-porosity High-Performari@encrete is more prone to such phenomenon with
respect to Normal-Strength Concrete due to the highleies of pore pressure developed during heating
[1], as a consequence of material low permealjlity

Concrete spalling is generally recognized to ensom fthe interaction between thermal and load-
induced stresses (thermo-mechanical problem, fifjbjeand pore pressure rise due to water vapaizati
(hygro-thermal mechanism, figure 1c), both aspdmig influenced by heat-induced damage and
microstructural changes in concrete.

An effective way to reduce concrete spalling sérigjtis to add polypropylene (pp) fiber. Even
though the reason way pp fiber reduces spallifgisisiot fully understood, it seems to be relatedrn
increase of concrete permeability induced by twannpaocesses: (a) fiber melting at 160-170°C, which
leaves free channels for vapor release (furthermfilver melting is accompanied by expansion that
favors cement past microcracking and the ensuiterdannection among the pores), and (b) further
microcracking in the cement matrix due to stressnisification around the edges of the channeldriedt
by fiber melting (notch-effect, sizeable mainlyTat 250-300°C [3,4]), this causing, again, an incréase
permeability.
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Figure 1. (a) Concrete spalling mechanisms in a-&eadsed wall; qualitative plots of: (b) temperatii; thermal
stresss and normalized compressive strengthft?®, and (c) pore pressure p and normalized tensi@gth £/ f.°.

Even though some studies regarding pore pressuchanism have been carried out in the past, how
pore pressure affects concrete tensile strengtthandmix design influences the interaction betwten
former two quantities are still open issues. Witthiis context, a few experimental investigationseha
been conducted showing that the decay of the “gppaindirect tensile strength due to pore pressare
be equal to - or even exceed - the value of thespre itself [5,6]. Furthermore, the role playedtiy
main constituents of the mix design (first of algaegate and fiber) on the tensile strength-poesgure
relationship have to be tackled, with the aim ofirgg to designers and contractors useful toolsssess
spalling sensitivity of a given concrete and toimjte the mix design [7,8].

To this aim, a comprehensive experimental campla#gmbeen recently launched at the Politecnico di
Milano, involving eleven concrete mixes (see [8] fore details): three grades have been considered
(fe> 40, 60 and 90 MPa, silico-calcareous aggregates)the intermediate class, also calcareous and
basalt aggregates were used, and in the caseiod-Gillcareous aggregates, both plain and fiber-
reinforced mixes were cast (with steel and monofdat or fibrillated polypropylene fibers).

2 TEST PROCEDURE

In order to investigate concrete spalling sensjtiaind the role played by aggregate and fiber types
compressive tests in residual conditions and bpgittests under different levels of sustained pore
pressure have been performed on the eleven mixes.

Compressive behavior has been characterized at temyerature and after heating to 105, 250, 500
and 750°C. Thermal cycles have been defined in dodiduce in each specimen a uniform thermal field
in order to consider the heat-induced damage umlfordistributed; to this end, reference to the
indications given in RILEM TC 129-MHT Committee (1998&s made. Then, all specimens were slowly
heated to the reference temperature (heating rateC#minute), at which they rested for two hours to
guarantee the uniformity of the thermal field. AWtards, the specimens were slowly cooled down to
200°C in controlled conditions (cooling rate = 0.25hinute) and to 20°C in natural conditions (inside
the closed furnace). The thermal cycles are plattdiglure 2a.

For all mixes, fifteen cylinders were ca&t € 10 cm, h = 20 cm, figure 2b), so that three Bpens
were available for each mix and reference temperatéill tests in compression were displacement-
controlled and the strain of the specimens was unedsvia 3 resistive gauges placed at 120° asthiele
mid-height section (base length 5 cm); moreovdryBTs measured the platen-to-platen distance of the
press to monitor the post-peak behavior (see figbje In all tests in compression, stearic acid was
smeared on the end sections of the specimensuceehe platen-to-concrete friction.

An electro-mechanical press was used (Schenck,citppa 1000 kN) and the loading rate was
defined according to EN 12390-3 (2009). The stéféelastic modulus, Ewas evaluated from the
stress-strain curves in compression as secant o®@uyl< 0.5 f).
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Figure 2. Tests in compression: (a) adopted theeyrés and (b) typical specimen ready to be te@tedtop platen
is connected to a self-blocking spherical head)S@heme of the splitting test under sustained poessure.

Splitting tests under sustained pore pressure bage performed on cubic specimens (L = 10 cm) for
all the mixes except steel fiber-reinforced coresetHeating was applied on two opposite faces evthi
other four faces were sealed and insulated in dénstate a transient unidimensional hygro-thérma
flux (figure 2c); pore pressure and temperatureewaeasured in the centroid of the specimens by snean
of customize probes and when peak pressure wadeagasplitting test was performed forcing the
fracture plane to coincide with the symmetry plaaegording to the procedure described in [5,6,8].

3 EXPERIMENTAL RESULTSAND DISCUSSION

3.1 Stress-strain curvesin compression in residual conditions

The mean stress-strain curves in uniaxial compmasare shown in figure 3, comparing for each
temperature the curves related to all mixes.

As expected, pp fiber does not influence signifisaicompressive strength in neither virgin nor
residual conditions (the differences are mainlated to the scattering that characterizes a hedaemyis
material such as concrete). On the contrary, thiitiad of pp fiber brings a greater heat-senskivitith
respect to plain concrete in terms of stiffnessintpaafter exposure to 250 and 500°C, where it seems
clear that the higher the fiber content, the loter stiffness; this can be ascribed to the miciking
favored by fiber melting and expansion (at 160-T)0@and by stress intensification at the edges of th
channels left free by melt fiber (notch-effect, Tor 250-300°C).

Steel fiber sizably affects compressive strengtardfeating to 500 and 750°C, leading to definitely
higher values than in plain mix; this is due to thereased dilatancy of damaged concrete and to the
effective confinement provided by steel fibers. @& contrary, there is no influence on concrefénsss.
(Note that increasing steel fiber content abov&glfn® gives no further beneficial effects).

Aggregate type proves to play a major role. In imrgonditions calcareous concrete exhibits a
compressive strength comparable to that of silmleareous concrete, while the elastic modulus ef th
former is definitely higher (f°=68.7 and 63.7 MPa,.E 40.8 and 31.7 GPa, respectively). After
heating, however, calcareous aggregate bringseirhigihest thermal sensitivity in terms of compnessi
strength and elastic modulus, this being probahiysed by a more pronounced microcracking induced by
heating. Basalt concrete shows the highest compeessiength in virgin conditions f = 78.8 MPa),
but also the lowest elastic modulus, €£26.2 GPa). Basalt concrete, however, proveslgléarbe the
least heat-sensitive in terms of both strength eladtic modulus. Hence, it is possible to staté tha
moving from basalt to silico-calcareous and calocaseaggregates, concrete solidness at high teroperat
decreases due to increasing microcracking.
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Figure 3. Mean stress-strain curves in uniaxial passion for all the mixes at different temperagure

3.2 Splitting tests under sustained pore pressure

Splitting tests under sustained pore pressure emifde cubes have been performed on all mixes,
except steel fiber-reinforced concretes. In figdrehe pressure development in the centroid of the
specimens is plotted as a function of the tempezatgether with the vapor saturation pressureecBy
(Clausius-Clapeyron equation). Generally speaking sttattering among the tests is rather limitediaind
is higher for fiber-concrete due to the random elispn of the fibers in the cement matrix. The
experimental curves, however, are rather closedd in [5]).

As concern the peak pressure reached by each temobe Figure 5a shows that: (1) the higher the
concrete grade, the higher the maximum pore predswmpare M45 S and M70 S for HR = 2°C/min,
and M70 S and M95 S for HR = 0.5°C/min), due to teerdase of porosity and permeability and the
ensuing increase in compactness; (2) basalt aiw-shicareous concretes yield similar results,levhi
calcareous concrete is characterized by a lowerey4B) adding increasing amount of monofilament pp
fiber leads to a sizable decrease of pore preshugeto the increase of concrete permeability (ded t
subsequent decrease in compactness); (4) monofitapg fiber is definitely more effective than
fibrillated pp fiber in reducing the pressure (Rgm® of the former are more efficient than 2 kd/af the
latter).

In figures 5b,c,d the values of the apparent irditensile strength are plotted for all the tegfaimst
the pore pressure measured during the splittitgFes the nine mixes, a linear regression wasoperéd
in order to investigate the influence of pore puesson concrete fracture behavior. In the insert of
figure 6, the absolute values of slope k and im!p!mgpth (that can be considered as the tensile strength of
concrete for zero pressure) of the linear regressawe shown together with the maximum pore pressur
Pmax reached by each mix and the experimental tensdegth by splitting in virgin conditiongg 0.

Note that for the adopted heating rate (0.5°C/mhg,thermal stress and the ensuing microcracking
are negligible.
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Figure 4. Pressure as a function of the temperéatutes centroid of the specimen, together withwhapor saturation
pressure curvedy (Clausius-Clapeyron equation), for two plain and ppdiber concretes.
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It is worth noting that both the maximum pore pugesand the slope k (i.e. the magnitude of the
tensile strength loss per unit value of pore pnesare related to concrete microstructure (poypsit
microcracks pattern and permeability); this is oeable because both mass transport phenomena and
fracture mechanics are influenced by concrete rstauoture.

In all the cases, the values of k are definitelyher than the value of the porosity and in fiveesas
approach the unit value (for calcareous and pp fibacretes).

As regards concrete grade, no specific trends appe@ent. However, neglecting the results
regarding the lowest grade € 40 MPa), whose sizable scattering makes any arhimardly possible, a
trend linking concrete grade and k looks possithie:higher the concrete grade (and, thereforehityteer
the compactness), the lower the influence of poesgure on the tensile strength.

This can be explained by recalling Biot's coefficiéor porous media and making an analogy with
Soil Mechanics. In fact, for heavily-cemented sestitary rocks, Biot's coefficient is close to theuabf
the porosity, while for lightly-cemented sedimegtascks is close to the unit value. Assuming faghhi
and low-porosity concretes a likeness to lightlge deavily-cemented sedimentary rocks, respectively
an explanation can be found for the abovementidresdd. This hypothesis is consistent, also, with th
value of k for fiber concretes, where k is closethte unit value (fiber concretes are characterizgd
higher values of porosity compared to plain coresket

The same comment can be made regarding aggregae ligsalt concrete shows lower thermal
sensitivity (hence, higher compactness at high &raipre) and a lower value of k, while calcareous
concrete exhibits the largest thermal sensitivitgl the highest value of k. This suggests, once nibag
the higher the compactness, the lower k.

In figure 6 the plots of the fitting curves for pik and normalized maximum pore pressug/f;
are drawn together with the experimental dataedlab silico-calcareous concretes heated at tleeafat
0.5°C/min, as a function of concrete compactnes&=Q — s, where ns is the porosity related to the
pores with radius greater than 75 nm, evaluatest akposure to 250°C).

The critical pore radius of 75 nm has been chosmuraing that permeability and strength are
influenced by large-radius pores rather than bytdked porosity, as shown in the works by Goto Ray
[9], and Mehta and Manmohan [10], where the valoethe threshold pore radius affecting concrete
water permeability were found to be 75 and 66 raspectively.

Figure 6 shows that, with a good approximationréasing values of concrete compactness are
associated with increasing values of the maximure poessure, and decreasing values of the slope k.
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Figure 6. Plots of the fitting curves for slopenkrmalized maximum pore pressurgff«’ and spalling sensitivity
index S, together with the experimental data for silicdcageous mixes heated at 0.5°C/min, as a functiaoo€rete
compactness G 1 — ns. nys = volume of the pores with radigs75 nm, per unit volume of concrete (after exposure
to T = 250°C); k = slope of the regression linefigiire 5; ax = maximum pore pressure, = fs," = indirect tensile
strength for zero pressure (intercept of the rexjpedines of figure 5);5° = indirect tensile strength by splitting in
virgin conditions.
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The index grelated to pore-pressure role in triggering cotecspalling can be defined as the product
between the normalized maximum pore pressure rdashehe given concrete mix and the value of k
(Sp = maximum normalized decay of concrete tensikengjth due to pore pressure [8]):

Sp: e (1)

where { is the indirect tensile strength at the tempegaiufor zero pressure, assumed to be equal to the
intercept of the regression lines in figure 5.

A qualitative plot of § obtained by multiplying the fitting curves of p® k and normalized
maximum pressure.pJ/fo, is reported in figure 6 as a function of concretenpactness. Since k and
Pmax have opposite trends with respect to concrete estnpss (the former decreases, while the latter
increases), any possible change pfefated to concrete type cannot be foreseen.

As regards the effect of pp fiber, moving from plaioncrete to concretes containing increasing
amounts of monofilament pp fiber, the normalizedex § decreases (from 0.37 in plain concrete to
0.23, 0.22 and 0.18 for 0.5,1 and 2 kjh pp fiber, respectively), as a demonstratiorhef decreasing
spalling risk brought in by adding pp fiber. (Naduvetion can be observed when adding fibrillated pp
fiber, being $ = 0.37 for both plain mix and concrete with 2 kghfibrillated pp fiber).

No clear trends appear with concrete grade=(8.32, 0.37 and 0.23, fog £ 40, 60 and 90 MPa,
respectively). Nevertheless, note thag®es information just about the activation oflipg induced by
pore pressure, but no indications about fractuopagation when spalling occurs. Concerning thiseissu
the higher brittleness and the markedly higher poessure typical of High-Performance Concrete, make
this material more prone to explosive spalling careg to Normal-Strength Concrete, with more violent
fracturing processes.

As concerns the aggregate type, the indgie 8qual to 0.30 in basalt concrete and 0.37 litacaous
and mixed-aggregate concretes, showing that the-p@ssure related spalling risk is almost the same
these latter two mixes, and lower in basalt comcret

4 CONCLUDING REMARKS

The influence of transient hygro-thermal conditioms concrete fracture response has been
investigated with two objectives: firstly, to quiéytthe influence of pore pressure on the tenditergyth
decay, and secondly, to understand the role pléyedoncrete grade, aggregate type, fiber type and
content in the relationship between pore pressulaensile behavior.

The experimental results show that adding 0.5 Rgifrpolypropylene fibers is sufficient to reduce
dramatically the risk of spalling (even more thaldiag 2 kg/ni of fibrillated polypropylene fibers), for
the heating rates considered in the present sitttyrate k of the strength loss in tensiafy,” = k- p(T),
due to pore pressure p(T), depends on concretestiacture: the higher the compactness, the lower k
according to Soil Mechanics analogy. In particilalecreases for higher concrete grades, while ase®
when polypropylene fibers are added and if calaseor mixed aggregate are preferred to basalt
aggregate. Pore pressure exhibits an opposite tréthdrespect to k: the higher the compactness, the
higher the maximum pore pressure;

The index of spalling sensitivity,Srelated to pore-pressure contribution to spaltingivation can be
defined as the product between the slope k andidh@alized maximum pore pressurg gSmaximum
normalized tensile-strength loss induced by poessure). The experimental results show that:

« the spalling sensitivity index,Slecreases moving from plain concrete to concretesaining

increasing amounts of monofilament polypropyleherf

« adding fibrillated polypropylene fiber is less effigee than adding similar or lower amounts of

monofilament polypropylene fiber;

« using basalt aggregate instead of calcareous @d@ggregates decreases spalling sensitivity;

e no particular trends are evident in terms of howctete grade affects spalling sensitivity.

Note that explosive spalling should occur whenitidex § reaches the critical value of 1, which
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means that the tensile-strength decay is equdidadnsile strength itself. In this work, howevitre
maximum value of Swas only 0.37, suggesting that pore pressure @siswnable to trigger concrete
spalling and that other factors should come in&y [flike thermal and load-induced stresses).
Furthermore, the index,SJives no information on fracture propagation wispalling occurs, this
limitation being critical in the case - for instancof High Performance Concrete, which is more erian
explosive spalling because of the dramatically éighalues of pore pressure (as confirmed by the
splitting tests performed by the author, which destate that even relatively small pore pressuheega
make the fracture process increasingly faster). ddmlusion is that the interaction among the waio
actors playing a role in concrete spalling - paspure in the front line - is still an open proble need
of further - and hopefully exhaustive - experiméstadence.
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