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This paper presents an experimental study on the properties of self-compacting concrete (SCC) subjected to
high temperature. Two SCC mixtures and one vibrated concrete mixture were tested. These concrete
mixtures come from the French National Project B@P. The specimens of each concrete mixture were heated
at a rate of 1 °C/min up to different temperatures (150, 300, 450 and 600 °C). In order to ensure a uniform
temperature throughout the specimens, the temperature was held constant at the maximum temperature
for 1h before cooling. Mechanical properties at ambient temperature and residual mechanical properties
after heating have already been determined. In this paper, the physicochemical properties and the
microstuctural characteristics are presented. Thermogravimetric analysis, thermodifferential analysis, X-ray
diffraction and SEM observations were used. The aim of these studies was in particular to explain the
observed residual compressive strength increase between 150 and 300 °C.
Table 1
Concrete mixes.

1 m3

CEM I 52.5 N
CEM II 32.5 R
Limestone Filler
Sand 0/4
Aggregates 4/22.5
Water
Slump (cm)
Water/Cement
Water/Powder
Strength at 90 day

l rights reserved.
© 2009 Elsevier Ltd. All rights reserved.
SCC 1 SCC 2 VC
– 350 373
328 – –

225 130 –
1. Introduction

The use of self-consolidating concrete (SCC) has considerably
developed during the last years and a growing attention has been
brought to the study of its mechanical properties at hardened state.
The mixture proportions of SCC (large paste volume, high content of
mineral admixtures, coarse to fine aggregates ratio close to 1, …) in
relation with its placing conditions could modify its mechanical
behaviour, comparatively to traditional vibrated concrete. The
behaviour of SCC subjected to high temperature has in particular to
be evaluated.

In case of fire, concrete is exposed to high temperature that
induces a material degradation: strength decrease, cracking, and
in some conditions spalling. Up to now, the effect of elevated
temperature has been studied mainly on vibrated ordinary and high
performance concretes. The few studies on SCC subjected to high
temperature showed either a decrease in strength or an increase in
the risk of spalling [1–3], or a behaviour similar to that of vibrated
concrete [4–6].

The aim of this study is to analyze the behaviour of SCC subjected
to high temperature. Three mixes were investigated: two SCC and
one Vibrated Concrete (VC). The residual mechanical strength and
physical properties have already been studied [7]. The observed
mechanical behaviours are explained through the microstructure and
the physicochemical properties of these concretes.
2. Materials and concrete mixes

The three studied mixes investigated in our research work are
presented in Table 1. These concrete mixes have been developed for
the French National Project B@P [8].

With these concretes, cylindrical specimens 16×32 cm and
prismatic specimens 10×10×40 cm were prepared. After molding,
the specimens were covered by a plastic sheet and cured at ambient
temperature during 7 days before being removed from the mould
and sealed in watertight bags for storage at ambient temperature. The
mechanical tests were carried out, according to the RILEM recom-
mendations [9], after curing for more than 90 days.
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Fig. 1. Mould and specimen for SEM observations.
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3. Tests

3.1. Test temperature

The specimens were subjected to four different temperature cycles
from 20 °C up to 150, 300, 450 and 600 °C. The first part of each cycle
consisted of a heating at 1 °C/min up to the target temperature. After
what, the temperature was held constant for 1h in order to ensure an
uniform temperature throughout the specimens. The last part of the
Fig. 2. SEM images of SCC 2 after e
cycles consisted of a cooling down to ambient temperature. The rate
of heating refers to the recommendations of the RILEM Technical
Committee TC-129 [9].

3.2. Microscopic observations (SEM — Scanning electron microscopy)

Mechanical tests were performed at ambient temperature and
after exposure to high temperature in order to determine the residual
compressive strength, flexural strength and modulus of elasticity.
All these results have been presented in a previous paper [7]. After each
mechanical test, concrete samples were taken and put in plastic bags
in order to carry out physicochemical characterizations andmicroscopic
observations. Abrasive wet-cutting was used in order to prevent dam-
aging the samples. Samples of 3 or 4cm have been drilled out concrete
without coarse aggregates.

After wet-cutting, the samples used for the SEM observations were
dried at 50 °C, and then coated in cold epoxy resin (Fig. 1).

When the resin was hardened, the samples could be polished
according to the following procedure. First, the samples were ground
with abrasive paper SiC p220, p500, p800 and p1200 (respectively
70, 30, 22 and 15 µm). Then, they were polished with diamond pastes
of decreasing diameter (6, 3, and 1 µm) during 2 min for each paste. In
xposure to high temperature.



Fig. 3. SEM images (a) and porosity images obtained after image analysis (b) (SCC 2).
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Fig. 4. Evolution of water porosity [7] and porosity obtained by image analysis (IA).
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order to remove any residual polishing compound, a cleaning with
ethanol was carried out [10]. The samples were coated with nickel to
provide a conductive surface for SEM observations. A Scanning
Electron Microscopy LEICA S430i was used.

The observations have been carried out with backscattered
electrons signal (BEI), which allows an important chemical contrast.
This contrast depends on the average atomic number of the observed
phases, the clearest phases corresponding to the largest average
atomic number [11]. Anhydrous cement appears brightest followed
by calcium hydroxide, calcium silicate hydrate, and aggregates. Voids
appear dark [11].

3.3. Image analysis

In order to quantify the porosity and the fraction of anhydrous
elements of the different concretes, image analyses have been carried
out on each sample. Twenty pictures have been collected with a
magnification 800× (approximate size 285 µm×215 µm). Before
image analysis, brightness and contrast are fitted to obtain all grey
level values between 0 and 256 [12,13].

The pictures have been analyzed using the free software “Image J”
initially developed by the Research Services Branch (RSB) of National
Institute of Health [14]. On each picture, after erasing the aggregates, a
grey level threshold is defined allowing to show either the porosity or
the anhydrous phases. The porosity and the proportion of anhydrous
elements can be determined on each picture using the surface fraction
area of each studied phase [15].

3.4. DTA–TGA

Thermogravimetric (TGA) and differential thermal analyses (DTA)
have been carried out by using a SETARAM Labsys 1200. DTA de-
termines the heat flow of materials subjected to a heating. Mortar
samples were taken from concrete specimens subjected to high tem-
perature and stored in watertight bags. Then, they were crushed in
powder and kept in hermetic flasks. Each sample was submitted to a
heating at a rate of 20 °C/min up to 800 °C under argon atmosphere.
The measure of the heat flow allows to determine the temperature
where phase changes take place [16].

Thermogravimetric analysis consists of measuring the mass var-
iation during heating and allows to determine the phase changes.

3.5. X-ray diffraction

In order to identify the crystal phases in the different samples, X-ray
diffraction analysis (using copper Kα radiation) have been conducted.
Samples were prepared the same way as for DTA.

4. Results and discussion

4.1. Microscopic observations (SEM)

Fig. 2 presents SEM images obtained on SCC 2 at ambient tem-
perature and after exposure to high temperature (approximate size
7315 µm×5485 µm, magnification X30).

Up to 150 °C, the surface of the observed concrete did not present
any features of deterioration. No visible cracking could be distinguished.

At 300 °C, few cracks appeared, notably in the interfacial transition
zone between aggregates and paste. The cracks aspect was more
pronounced for the samples heated to 450 °C and especially to 600 °C.
At these temperatures, many cracks could be observed in the inter-
facial transition zone between aggregates and paste, but also in the
paste and aggregates, notably at 600 °C. These cracks through
aggregates observed at this temperature certainly result from the
presence of quartz (SiO2) in the aggregates. Indeed, towards 570 °C,
the allotropic transformation of quartz-α in quartz-β occurred. This
reversible transformation had important effects on the physical
properties of quartz and induced in particular an expansion (0.8% in
volume). These observations could be done on each concrete. Similar
cracks appeared at the same temperatures for all the concretes.
4.2. Image analysis

Fig. 3a) and b) present the images obtained with SEM and the
images resulting from image analysis and showing the porosity of
SCC 2.

An important increase in porositywith the increase in temperature
was observed. Between 20 and 600 °C, the porosity increases by a
factor of two. It was not only due to the cracking of samples but also to
the deterioration of the cement paste with the departure of bound
water. Liu et al. [17–19] also observed an important increase in
porosity on SCC and HPC subjected to elevated temperature.
Moreover, they observed that pore size and shape are significantly
influenced by temperature. At 130 °C, porosity is lower and pores are
more irregular than those observed at 400 °C. They report that up to
500 °C, the main physicochemical changes are the loss of water and
the decomposition of calcium hydroxide. These transformations
induce the collapse of the gel structure and create additional porosity
by the alteration of the porous media: they observed an increase in
porosity by a factor of 1.5 between 400 and 500 °C. In our study, the
increase corresponds to a factor of 1.4 (in average) between 20 and
450 °C.

Fig. 4 presents a comparison between water porosity obtained
experimentally [7] and porosity measured by image analysis as a
function of temperature. The evolutions obtained by the two ex-
perimental methods were similar for each concrete mix. The porosity
obtained by image analysis had the same order of magnitude, but
was generally lower than the water porosity. The difference was
certainly linked to a better accessibility of the pores of small size by
water in comparison to the resin. Moreover, the SEM observations
didn't allow obtaining a sufficiently fine resolution to quantify the
finest porosity. The evolution of the porosity was monotonous and
increased with the temperature [2,3,20].

Fig. 5a) presents the same BEI than those shown in Fig. 3a). Fig. 5b)
presents the results of the image analysis in which the clearest phases
(in black on Fig. 5b) have been separated from the other ones.

Fig. 6 presents the variations of the surface fraction of the clearest
phases observed for each concrete as a function of the temperature.
The surface fraction of the clearest phases for the two SCC decreased
between 20 and 300 °C then increased monotonly above 300 °C. This
fraction increased monotonly with the temperature between 20 and
600 °C for the vibrated concrete.

Between 20 and 300 °C, the clearest phases on BEI corresponded
essentially to the anhydrous phases of the cement (Fig. 5). Up to



Fig. 5. SEM images (a) and anhydrous phases images (b) as function of temperature (SCC 2).

492 H. Fares et al. / Cement and Concrete Research 40 (2010) 488–496



Fig. 6. Evolution of the surface fraction of the clearest phases on the BE images as a
function of the temperature.

Fig. 8. Differential thermal analysis of unheated concretes.
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300 °C, there was a supplementary hydration of anhydrous cement,
due to the important water movements that were produced during
the heating between 100 and 300 °C. The watermovements were due,
on the one hand, to the departure of free water (up to about 150 °C)
[21] and on the other hand to the departure of bound water coming
from the dehydration of C–S–H. This later created an increase in the
porosity of C–S–H, as seen in SEM observations and allowed probably
water to attain the anhydrous grains of cement. At 300 °C, all the
anhydrous grains of cement have been rehydrated.

Above 300 °C, we observed an increase in the surface fraction of
the clearest phases. These phases certainly didn't correspond anymore
to anhydrous phases, but doubtless to dense phases coming from the
decomposition of hydrates. These phases become difficult to identify,
indeed, according to Liu et al. [19], when the samples are heated up
to 400 °C the brightness of several phases become too close to be
distinguished.

The evolution of the surface fraction of anhydrous phases allowed
explaining the results concerning the compressive strength behaviour
of concretes exposed to high temperature [7]. These results are recalled
in Fig. 7 presenting the evolution of residual compressive strength as
a function of the temperature for the three studied concretes.

The behaviour of SCC and vibrated concrete differs significantly
between 20 and 300 °C. On the one hand, for the two SCC, after a
moderate decrease in compressive strength between 20° and 150 °C,
an important increase (about 25%) is observed between 150 and
300 °C. On the other hand, for the vibrated concrete (VC), the relative
compressive strength decreases monotonly. However, the decrease
observed between 150 and 300 °C for VC is moderate (about 5%).
Given the large standard deviation observed for this concrete, this
result cannot be generalized. Beyond 300 °C, an important decrease in
strength is observed for all the mixes.
Fig. 7. Evolution of relative residual compressive strength with temperature.
Several hypotheses have been proposed in the literature to explain
this increase in strength. Dias et al. [22] attributed the increase in
the residual compressive strength between 150 and 300 °C to a
rehydration of the paste due to the migration of water in the pores. In
another study, Khoury [23] assumes that the silanols groups lose a
part of their bonds with water, which induces the creation of shorter
and stronger siloxane elements (Si–O–Si) with probably larger surface
energies that contribute to the increase in strength.

Our results clearly show that the evolution of residual compressive
strength between 150 and 300 °C is strongly correlated to the evolution
of anhydrous cement. The compressive strength of the two SCC
increases together with a decrease in the amount of anhydrous cement.
On the contrary, no further hydration is observed for the VC while its
compressive strength decreases. These results confirm thehypothesis of
Dias et al [22]. However, it has to be pointed out that the porosity of
all the concrete mixes increases between 150 and 300 °C. The increase
in compressive strength of the two SCC between 150 and 300 °C is
therefore not due to a filling of the porosity by new hydration products.
These new hydration products are certainly formed, but their volume is
not large enough to compensate the increase in porosity due to cracking
and to the dehydration of C–S–H. Dias hypothesis is not sufficient to
explain the evolution of compressive strength. The increase in strength
is therefore also due to an increase in the bonding properties of hy-
drates (a larger compressive strength is obtained for a larger porosity
of the material). We think that the two previous hypothesis [22,23]
could be combined into the following: the increase in compressive
strength between 150 and 300 °C is due to the hydration of anhydrous
phases which leads to the formation of hydrates having better bonding
properties.

Similar tests (images analysis) carried out by Liu [17] on SCC did
not show this decrease in the fraction of anhydrous cement grains.
Liu simply observed fluctuations that were related to the experimen-
tal dispersion of samples. However, he did not observe any increase in
Fig. 9. DTA on concretes heated up to 150 °C.



Fig. 10. DTA on concretes heated up to 300 °C. Fig. 12. DTA on concretes heated up to 600 °C.
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compressive strength between 150 and 300 °C. His results are in
agreement with the previous conclusion.

In order to specify the nature of the phases that decompose or
form during the heating, X-ray diffraction analysis, DTA and TGAwere
carried out.
4.3. Thermogravimetric and differential thermal analysis

Fig. 8 presents differential thermal analysis (DTA) of unheated spec-
imens (before thermal treatment). We observed 6 different endo-
thermic peaks: 110–130 °C, 200 °C, 400 °C, 500 °C, 570 °C and 850 °C.

These different peaks of heat flow are linked to the temperatures
of phase transition of the different hydrates in the cement paste.

The double peak at 110–130 °C can be attributed to the departure
of water in some hydrates like C–S–H and ettringite [24,25]. At 200 °C,
the presence of a peak indicates the dehydration of hydrated calcium
monocarboaluminate [26].

Khoury [23], Noumowé [20], and Richard [27] attribute the
slight variation of heat flow between 200 and 300 °C, to continuous
dehydration of C–S–H. According to several authors [17,28], the
variation of heat flow between 200 and 400 °C is due mainly to the
loss of water from pores of hydrates as well as to the first stage of
dehydration and breakdown of tobermorite gel.

A small peak can be observed around 400 °C. The phase
that undergoes a modification at this temperature was not clearly
identified. A similar transformation has been observed by Sha et al. [29]
and by Persy et al. [24] on cement pastes. The first authors attributed
this peak to the crystal change or to the dehydration of a solid solution
of Fe2O3 [29]. On the contrary, Persy et al. [24] attributed it to the
decomposition of brucite (Mg(OH)2). We can only emit hypotheses
on the nature of this phase.

Between 450 and 550 °C, the portlandite decomposes into free
lime (dehydroxylation) [20,21,25].
Fig. 11. DTA on concretes heated up to 450 °C.
At 573 °C, the allotropic transformation of quartz-α into quartz-β
takes place with an expansion (cracking in siliceous aggregates) [21].

As Platret et al. [21], we observed that between 600 and 700 °C,
C–S–H decomposes and forms β-C2S.

Between 700 and 900 °C, the carbonate of calcium decomposes
and CO2 escapes from the concrete [20,23]. Ye et al. [28] compared
SCC pastes with HPC pastes. SCC pastes showed a better stability
below 700 °C due to low cement content in the mixtures. However,
when the temperature was higher than 700 °C, a drastic mass loss was
observed in the SCC pastes containing limestone filler due to their
decarbonation. Indeed, our tested concrete present a high peak as a
function of the limestone filler content: SCC had a peak clearly more
marked than VC, like Ye et al. [28].

Figs. 9–12 present DTA results of heated concretes (heating at 1 °C/
min). Comparatively to the Fig. 7, several peaks have disappeared, or
are reduced, which corresponded to the partial or total decomposition
of some phases during the thermal treatments.

After a heating up to 150 °C, the results are slightly modified
in comparison to Fig. 8. In fact, the peak at 110–130 °C diminished
because of the departure of free water and dehydration of the C–S–H
and ettringite [20,25].

Afterheatingup to300 °C, freewater, boundwaterofC–S–H,ettringite
and hydrated calcium monocarboaluminate have been eliminated.

Above 300 °C (comparatively to a heating to 300 °C), the peak
at 400 °C disappeared. This result indicated the absence of the phase
that could be the crystal phase Brucite or solid solution of Fe2O3

according to the authors [24,29].
For the heating to 600 °C, the peak at 500 °C diminished significantly

in comparison to 20 °C. That corresponded to the dehydroxylation
of portlandite. Furthermore, the peak at 573 °C corresponding to the
allotropic transformation of the quartz-α in quartz-β remained
unchanged. With this reversible transformation, we could suppose
that quartz-α reformed after cooling, once the thermal treatment
finished.
Fig. 13. TGA on SCC 2 for each tested temperature.



Fig. 15. Zoom on the crystallographic modifications between 300 and 600 °C of Fig. 14.
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These results show that water in concrete (free water then bound
water) was eliminated progressively according to his cohesion forces.
The hydrates and the aggregates underwent transformations accord-
ing to the nature of the minerals they contain. These physical and
chemical transformations, in particular the departure of bound water,
resulted in an important increase in the porosity of the concrete
(Fig. 4), which then induced a change of the mechanical properties of
the material as well as of its transfer properties. All these phenomena
were similar for all the tested concretes and can be generalized.

Fig. 13 presents the results of the thermogravimetric analysis repre-
senting the mass variations of unheated and heated samples from 20
up to 800 °C for SCC 2. With the temperature elevation, the mass loss
increased, then stabilized towards 800 °C. Two important mass losses
at 450 and 700 °C which could be associated to decompositions of
portlandite and carbonate of calcium (see DTA) were observed.

The departure of water was decomposed into two domains
according to the analysis of Divet et al. [30]:

– Water evaporated to temperatures lower than 450 °C: this water
was considered as water weakly linked to the hydrates and, in
particular to the calcium-silicates hydrates (C–S–H).

– Water evaporated between 450 and 700 °C: it was considered as
strongly bound water.

Beyond 700 °C, Divet et al. [30] considered that the loss was
essentially due to the decarbonation.

For an unheated concrete, the mass loss (to temperatures lower
than 450 °C) corresponded to the evaporation of free water and water
of the C–S–H, ettringite, hydrated monocarboaluminates of calcium
[25] and phase present at 400 °C (Brucite or “solid solution of Fe2O3”)
as seen on the DTA. This loss represented about 6% of the initial mass
of the sample. The mass loss, at temperatures higher than 450 °C,
resulted from the departure of bound water contained in portlandite
and C–S–H. This loss was evaluated to about 2.2%.

After thermal treatment, the mass loss, for temperatures lower
than 450 °C, decreased. The mass loss becomes very small after a
thermal treatment up to 600 °C (only 0.9% of the initial mass of the
sample).

4.4. X-ray diffraction

Fig. 14 presents the results obtained by X-ray diffraction on SCC 2
subjected to high temperature.

The X-ray results of unheated concrete (20 °C) revealed the pres-
ence of different crystal phases as portlandite, calcite and quartz-α.
In our case, we didn't detect ettringite and monosulfoaluminate.

We noticed that the X-ray results of the heated concretes to
150 and 300 °C were very similar to that of unheated concrete. It
confirmed that the detected crystal phases did not undergo any
transformation at these temperatures (150 and 300 °C).

For higher temperatures, X-ray diffraction confirmed some of the
results obtained with DTA. In particular, X-ray results obtained with
Fig. 14. X-ray diffraction for SCC 2.
the concrete heated at 450 and 600 °C did not show the presence of
portlandite and Brucite (Fig. 15). Moreover, we did not detect the
allotropic transformation of quartz-α to quartz-β for X-ray results at
600 °C, because it is a reversible transformation.
5. Conclusions

This study concerns the behaviour of SCC subjected to high
temperature. The physical and chemical properties and the micro-
structure after exposure to 150, 300, 450 and 600 °C were studied.

Between 20 and 150 °C, from the microstructural point of view,
we did not notice any sensible degradation. We only noticed the
departure of bound water contained in C–S–H, and of free water
contained in the concrete. These departures of water lead to a slight
modification of the porosity.

Between 150 and 300 °C, we observed the first cracks in the
concrete, notably within the paste due to the departure of water of
different hydrates as C–S–H. These cracks contributed to an increase
in porosity. The fraction of anhydrous phases determined by images
analysis diminished for the two SCC showing an additional hydration
of the anhydrous cement grains. The increase in compressive strength
obtained for these two concretes between 150 and 300 °C can
therefore be explained by the hydration of anhydrous cement due
to the water movements, leading to the formation of hydrates having
better bonding properties.

Beyond 300 °C, the microstructure of concrete deteriorated quickly:
some chemical transformations took place as the crystal change of the
“solid solution Fe2O3” or Brucite, the decomposition of the portlandite
or the transformation of the quartz-α into quartz-β. All these trans-
formations produced more cracks resulting in an increase in porosity
of about 7%.
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