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a b s t r a c t

Fire resistance of self-compacting concretes (SCC) containing limestone and quartz powders, with two
different compressive strengths, were evaluated and compared with normal concretes (NC). The residual
mechanical strengths of the mixes at different temperatures were measured. The changes in the phase
composition of the cement pastes at high temperatures were examined with thermal analysis and X-ray
diffractometry methods. The SCC mixes showed a higher susceptibility to spalling at high temperatures
eywords:
elf-compacting concrete
ement paste
ire resistance
palling
hermal analysis

but the NC mixes suffered much more from loss of the mechanical strengths. Both the powder types and
the compressive strength notably influenced the fire behavior of the SCC. The quartz powder accelerated
the hydration of the SCC cement paste at high temperatures, up to 500 ◦C. However, the quartz-contained
SCC showed the highest risk of spalling among all the mixes. The results showed that the thermal analysis
could be a useful device for evaluating the fire behavior of building materials.

© 2010 Elsevier B.V. All rights reserved.

uartz powder

. Introduction

Fire resistance is a property of materials that prevents or retards
he passage of excessive heat or flames under conditions of use.
or building elements, it is defined as the ability of an element to
onfine a fire or to continue its structural function, or both, for a
tated period of time [1].

Concrete is the most important construction material in the
orld [2], therefore a lot of experiments have been carried out on
re resistance of traditional concretes. However, the fire behavior
f new concretes, like the SCC and high performance concrete (HPC)
s very different compared with traditional concretes [3–5].

The SCC was proposed for the first time in 1986 and then devel-
ped at the University of Tokyo [6–8]. The SCC fills all sections
f forms without the need of mechanical vibration and has rea-

onable flow-ability, homogeneity, resistance against segregation
nd mechanical strength [7,9–12]. Use of SCC in the construction
ndustry has been widely growing in almost the entire world and a
ood growth of use is predicted for it in the near future [13]. Thus,
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040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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it is necessary to determine its long-term properties and service
performances, such as durability and fire resistance.

The main reasons for failure of a concrete element at high tem-
peratures are spalling and loss of strength. The kind of powder in
SCC may significantly affect both of these behaviors. Moreover, the
compressive strength of concrete has an important influence on its
fire behavior. A higher compressive strength is usually seen with
more packing and less porosity, which may lead to higher pore
pressures and spalling.

It has been shown that the SCC pastes have different behav-
ior and microstructure at high temperatures relative to the NC
and the HPC pastes [14,15]. Boström [16] showed with full scale
fire resistance tests that the SCC is more sensitive to spalling rela-
tive to NC. The studies on microstructure and phase compositions
were not included in his investigation. Boström et al. [18] inves-
tigated the effects of size and loading condition on spalling of
SCC.

Most research in the field of fire behavior of concrete have
focused on the physical and mechanical properties, while the phase
composition and the thermal behavior of cement paste have an
important role in determining the fire resistance of concrete. Hence,
it was needed to investigate these properties to acquire a better

perception of the behaviors and to find out the proper solutions for
improving the fire behavior of the SCC. Thermal analysis methods
can be a very helpful device for this aim.
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Fig. 1. Cumulative PSD-curves of PC and filling powders.

.1. Scope

Fire behavior of the SCC containing quartz (Q) and limestone
L) powders (called as Q-specimens and L-specimens hereafter)
as investigated. The effects of the compressive strength on the
re resistance of the mixes were evaluated. The silica fume (SF)
as used in the high strength concretes as a mineral additive. Two
C mixes were also produced with compressive strength classes

imilar to the SCC for comparison purposes. The specimens were
xposed to high temperatures and then their residual strength and
ass were measured. The thermal behavior and phase composition

hanges of the cement pastes, exposed to different temperatures,
ere also evaluated with the simultaneous differential scanning

alorimetry and themogravimetry (DSC/TG) and X-ray diffractom-
try (XRD) tests.

. Experimental

.1. Materials

The powders consisted of ASTM-C150 standard type 2 Portland
ement (PC), very fine L- and Q-powders. The chemical analy-
is of the used PC was as following: CaO = 61.72, SiO2 = 21.18,
l2O3 = 4.10, Fe2O3 = 4.05, MgO = 1.20, Na2O + 0.658 K2O = 0.6 and

gnition loss = 2.9. Using these values in the Bogue’s equation, the
ement phases were achieved as follows: C3S = 48.43, C2S = 24.19,
3A = 4.01, C4AF = 12.32. The L- and Q-powders with high purity
ere used as fillers. The chemical analysis showed a purity of more

han 97% for both powders. The particle size distribution (PSD)
urves of the PC and the filling powders are shown in Fig. 1. Poz-
olanic activity of the Q-powder was examined with the thermal
nalysis method and 27% partial activity was acquired. A commer-
ial ether-carboxylic based product was used as superplasticizer.

Standard aggregates, complied with ASTM C33 were used. The
ggregates were of three size fractions, consisting of natural sand
0–4.75 mm), crushed coarse aggregate (4.75–12.5 mm) (gravel 1)

nd partially crushed coarse aggregate (9.5–19 mm) (gravel 2).
he characteristics of the aggregates are presented in Table 1.
he chemical analyses were carried out on all three fractions. The
esults were quite close to each other, showing that the aggregates

able 1
haracteristics of the used aggregates.

SSD (g/cm3) Dry density (g/cm3)

Sand 2.56 2.49
Gravel 1 2.58 2.53
Gravel 2 2.57 2.54

SD = surface saturated density.
Fig. 2. The used time–temperature programs.

consisted of about 61% SiO2, 12% Al2O3, 9.8% CaO, 8.5% ignition loss,
4.0% Fe2O3, 2.0% MgO and 2.7% minor constituents.

2.2. Test methods

2.2.1. Mechanical properties of the hardened concrete
The compressive and the tensile strengths were measured

according to EN 12390-3:2000 and ASTM C496 (Brazilian split-
ting method), respectively. The cubic specimens with 150 mm sides
and the cylindrical specimens with diameter of 150 mm × 300 mm
height were cast for mechanical tests.

2.2.2. Thermal analysis
DSC/TG tests were performed with a Netsch apparatus, STA

449C, Jupiter. A 10 ◦C/min temperature rise rate was used for the
tests, at atmospheric pressure, in air.

2.2.3. X-ray diffractometry (XRD)
XRD tests were performed by means of a Siemens X-ray diffrac-

tometer, using CuK� radiation generated at 35 kV and 20 mA, in the
range of 2� = 5.0–70.0◦.

2.2.4. Fire resistance
The specimens were placed in a laboratory furnace in unloaded

condition at four different temperatures, i.e. 150, 500, 750 and
1000 ◦C. The used time–temperature curves for heating the spec-
imens and the ISO 834 standard fire time–temperature curve are
shown in Fig. 2. The specimens were kept in the furnace for 2 h after
reaching the target temperature. Then the furnace was turned off
and the specimens were left in the furnace for about 24 h in order
to reach equilibrium with the ambient temperature. The appear-
ance of the specimens was visually assessed, photographed and
then their residual masses and compressive strengths were mea-
sured. The spalling behavior of the specimens was also assessed.
Two specimens were tested for each mix.
Castings of the specimens were carried out according to EN
12390-2:2000. After keeping the specimens at a moist condition
for about 24 h, they were demolded and maintained under water

Water abs. in SSD (%) Particles < 75 �m (%)

3.22 1.86
1.99 0.3
1.98 0.25
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t 23 ◦C for 7 days. Thereafter, they were kept in a controlled lab-
ratory condition (25 ± 5 ◦C and 42 ± 3% humidity) until the tests
ere performed. This curing regime is similar to the actual con-
itions of casting of the concrete in Iran, especially for residential
uilding use. Furthermore, if the specimens were kept under water
or the entire curing time, the tendency to explosive spalling would
ave been very high. This viewpoint was also taken into account by
ther researchers [17–19] for the same reasons.

The paste specimens were cast in 2 cm × 2 cm × 2 cm molds.
hese specimens were cured similar to the concrete specimens.

. Mixtures proportions and the characteristics of samples

.1. Concrete mixes

The mixtures proportions are given in Table 2. The charac-
eristics of the fresh mixes and the mechanical strengths of the
ardened concrete specimens (cured 28 days under water) are pre-
ented in Table 3. The SCC and NC codes are used in the table for
he self-compacting and the normal-vibrated concrete specimens,
espectively.

.2. Paste compositions

One normal paste including PC and water, and four pastes cor-
esponding to the SCC concretes were made. The pastes were
ompounded with the same constituents and solids proportions as
oncrete mixes, without the aggregates and superplasticizer. The
ater/cement ratios of the pastes were adjusted to achieve normal

onsistency. The following notations are used in the paper for the
ested pastes: NCP-4 for normal paste, SCCP-S4 and SCCP-S5 for SCC
astes containing the Q-powder and the SF mineral additive, and
CCP-C4 and SCCP-C5 for the SCC pastes containing the L-powder.

. Results and discussion
.1. Thermal analysis of powders

For a better assessment of the effects of thermal behavior of the
sed powders on the fire behavior of the concretes, DSC/TG tests
ere performed on the powders. The results are presented in Fig. 3.

able 2
roportions of mixes.

Code PC (kg/m3) SF (kg/m3) CA (kg/m3) FA (kg

4.75–12.5 (mm) 12.5–19 (mm) 0–2 (m

SCC-S4 320 0 313 313 306
SCC-S5 372 28 312 317 301
SCC-C4 320 0 313 313 306
SCC-C5 372 28 312 317 301
NC-4 350 0 409 415 282
NC-S5 372 28 405 413 290

C = Portland cement; SF = silica fume; CA = coarse aggregate; FA = fine aggregate; P = pow

able 3
haracteristics of the fresh and hardened SCC mixes.

Code SLF (mm) T500 (s) h2/h1 in box test V fl. time (s) V funnel

SCC-S4 640 2.0 0.84 4.0 4.0
SCC-S5 670 2.2 0.89 4.0 5.5
SCC-C4 710 1.0 0.85 3.5 4.0
SCC-C5 630 1.5 0.85 4.0 4.0
NC-4 19 – – – –
NC-S5 7.5 – – – –

LF = slump flow (or slump for the traditional vibrated mixes); V fl. = V funnel flowing tim
Fig. 3. DSC/TG curves of limestone and quartz powders.

The mass of the Q-powder was almost constant up to 1200 ◦C,
indicating that it did not decompose with temperature. The peak
at 576.2 ◦C and the slope change at 893 ◦C on the DSC curve of the
Q-powder are related to the changes of the crystalline structure of
quartz from � to � and from �-quartz to tridymite, respectively.

The TG curve of calcium carbonate showed 43% weight loss,
which starts at about 650 ◦C and continues up to about 860 ◦C.
The peak of 841 ◦C on DSC curve of calcium carbonate is related
to decomposition of CaCO3 to CaO and CO2.

4.2. Residual strength and mass loss of the concrete specimens at
high temperatures

The results of residual compressive strength (fc,res) and mass
loss of specimens tested at high temperatures are presented in
Table 4. The indexes at the end of the names of the specimens in
the table show the test temperature (e.g. SCC-S4-500 means the
SCC containing the Q-powder; 40 MPa compressive strength class;
tested at 500 ◦C). Two specimens were tested for each mix at each
temperature and the average was reported. The reported compres-
sive strength of the control samples represents the average of 3

specimens, cured for 28 days in conditions similar to the fire test
specimens.

The curves of the average relative residual strengths of the mixes
versus temperature are presented in Fig. 4.

/m3) P (kg/m3) Powder type W (kg/m3) SP (% of PC)

m) 0–5 (mm)

715 185 Quartz 175 1.35
728 120 Quartz 160 1.55
715 185 Limestone 175 0.88
728 120 Limestone 160 0.85
700 – – 175 0.75
703 – – 160 0.38

der content; W = water content; SP = super-plasticizer.

T5 (s) Sp. gr. (kg/m3) 28-Day comp. st. (MPa) 28-Day tensile st. (MPa)

Cube Cylind.

2265 41.0 31.2 ± 1.0 3.5 ± 0.2
2338 52.2 41.8 ± 0.8 3.7 ± 0.7
2290 40.4 29.7 ± 0.6 3.2 ± 0.1
2310 52.6 39.7 ± 0.3 3.4 ± 0.2
2347 34.5 25.5 ± 0.5 2.8 ± 0.1
2300 59.0 38.0 ± 0.1 4.2 ± 0.1

e; Sp. gr. = specific gravity; cylind. = cylindrical.



S. Bakhtiyari et al. / Thermochimica Acta 514 (2011) 74–81 77

Table 4
The average residual strength and the average mass loss of the concrete specimens after fire resistance test.

Code fc,25, av. (MPa) fc,res , av. (MPa) Change of comp. st., av., (%) Mass loss, av. (%) No. of spalled specimens

SCC-S4-150
43.2 ± 1.1

44.3 ± 0.1 2.5 1.75 ± 0.1 –
SCC-S4-500 51.3 18.8 6.4 1
SCC-S4-750 – – – 2
SCC-S5-150 53.4 ± 3.0 −5.2 1.78 ± 0.03 –
SCC-S5-500 56.3 ± 0.3 76.7 ± 2.1 36.2 6.1 ± 0.3 –
SCC-S5-750 Explos. Spall. – – 2
SCC-C4-150 37.8 ± 0.4 −10.8 2.0 ± 0.07 –
SCC-C4-500 42.4 ± 0.9 37.2 ± 0.8 −12.3 5.5 ± 0.2 –
SCC-C4-750 17.3 −59.2 7.42 1
SCC-C5-150 47.5 ± 0.8 −14.1 1.93 ± 0.07 –
SCC-C5-500 55.3 ± 0.8 49.0 ± 2.5 −11.4 5.84 ± 0.08 –
SCC-C5-750 17.9a −67.6 8.3 –
NC4-150 29.5 ± 0.1 −17.8 2.6 ± 0.1 –
NC4-500

35.9 ± 0.3
27.0 ± 1.9 −24.8 5.9 ± 0.1 –

NC4-750 7.6 −79.9 7.6 1
NC4-1000 3.1 ± 0.0 −91.4 12.3 –
NC-S5-150 52.4 ± 1.7 −1 5.5 1.93 ± 0.0 –
NC-S5-500

62.0 ± 0.2
47.8 ± 4.0 −22.9 6.4 ± 0.2 –

NC-S5-750 18.6 ± 0.1 −70 8.1 ± 0.3 –
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NC-S5-1000 5.9 ± 0.4 −90.5

c,25 = compressive strength of control specimens at 25 ◦C; fc,res = residual compress
ne specimen could be tested.

.2.1. Influence of the powder type on fire resistance of the SCC
The effect of the temperature on the compressive strength of

he Q-specimens was negligible at 150 ◦C, but significant at 500 ◦C.
ne of the SCC-S4 specimens explosively spalled at 500 ◦C. On the
ther hand; the second specimen of the same mix did not spall and
howed an 18% increase in the compressive strength. This should
e because that the partial pozzolanic activity of the Q-powder
ould be enhanced at high temperatures and in the presence of
ater vapor, which produced an internal autoclaved condition and

ccelerated the strength development.
A different behavior was observed from the Q-specimens of the

lass 50 MPa. The Q-specimens did not spall at 500 ◦C and their rel-
tive residual strength was considerably higher than those of class
0 MPa specimens. The reason could be the simultaneous existence
f Q-powder and SF. The pozzolanic activity brought about by Q-
owder and SF was much more effective than Q-powder alone. SF
mproves the strength of the transition zone between paste and
ggregates [20,21]. Moreover, the quality of the transition zone
n the SCC is significantly better than that of the NC [21]. It can
e expected that these phenomena together (accelerated hydra-
ion and improved transition zone) resulted in the higher tensile

trength, which could overcome the pore pressure and thermal
tresses produced at high temperatures. Hence, the higher tensile
trength of 50 MPa specimens should be the reason they showed
better resistance-to-spalling at 500 ◦C in comparison to 40 MPa

pecimens.

ig. 4. Relative residual compressive strength of SCC and NC mixes vs. temperature.
12.7 ± 0.1 –

ength; comp. st. = compressive strength; explos. spall. = explosive spalling; a: only

All four Q-specimens spalled at 750 ◦C. The spalling of the SCC-S5
specimens was highly explosive and caused damage to the furnace.

The L-specimens showed a different behavior compared to the
Q-specimens. Their residual compressive strength did not increase
with temperature. However, the strength losses were not signif-
icant up to 500 ◦C. No spalling occurred at 500 ◦C. One specimen
showed a corner type spalling at 750 ◦C. Their average relative
residual strength at 750 ◦C was considerably less than that of the
Q-specimens.

Based on the TG results (Fig. 3), about 9% of the mass of L-powder
was lost at 750 ◦C. Theoretically, this could result in increased pore
volumes and decreased pore pressure, which counteracts spalling
of the concrete.

Assessment of the mass loss of the specimens did not rise to an
obvious relation between the mass loss and the fire behavior of the
specimens.

4.2.2. Influence of type of concrete (SCC and normal traditional
vibrated)

The NC specimens did not suffer from spalling. However, their
strength losses were significantly more than those of the SCC spec-
imens were. The results showed that if spalling of the SCC can be
controlled, the residual strength of SCC is higher than NC.

Kalifa [22] showed that the spalling of concretes can be con-
trolled with use of polypropylene fibers. The improvement of
spalling behavior of concretes may be also done with replacement
of a part of the aggregates with natural or synthetic lightweight
aggregates. This will be investigated in the further stages of this
research project.

4.2.3. Influence of the compressive strength
Comparison of the 40 and 50 MPa Q-specimens at 500 ◦C showed

that the 50 MPa specimens gained about 36% increase of strength;
i.e. about two times the 40 MPa ones. Despite the expectation
that the risk of spalling would increase by compressive strength
[4,23–25], the 50 MPa specimens did not spall at 500 ◦C. The poz-
zolanic activities of the Q-powder and SF and the increased residual

tensile strength of the concrete at 500 ◦C may be the reasons of this
improved fire resistance. Ali [26] observed similar behavior in his
experiments on concrete columns and proposed that the higher
splitting tensile strength was the reason for better resistance-to-
spalling of the mixes with the higher compressive strength. The
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easurement of the tensile strengths of the specimens was not
erformed in his research.

Both 40 and 50 MPa Q-specimens spalled at 750 ◦C. The sever-
ty of spalling of 50 MPa specimens was considerably higher and
he specimens were crushed into many pieces. The reasons should
e the less pore content in 50 MPa specimens and the subsequent

ncreased pore pressure.
The behaviors of the L-specimens of both compressive strength

lasses were similar. No explosive spalling occurred for them.
Behavior similar to the L-specimens was observed for the NC

oncretes, with the difference that no spalling occurred for the NC
pecimens and their relative strength loss were more than the SCC
ixes.

.2.4. Residual tensile strength
It appeared that the residual tensile strength had a significant

ole in the spalling of concrete. Hence, it was attempted to perform
ensile tests on the available specimens. The SCC-S4 was remixed
or this purpose. A high strength SCC containing Q-powder, cured at
he same conditions, was also available in the laboratory. Its com-
osition was similar to SCC-S5, but with less water/cement ratio. As
he specimens were susceptible to spalling at 500 ◦C, the tests were
arried out at 350 ◦C. However, the SCC-S7 specimen explosively
palled even at this temperature. Thus the fire test was repeated at
50 ◦C. The results are presented in Table 5.

The ratios of the tensile to the compressive strengths were
pproximately constant at tested temperatures. This is in agree-
ent with the idea given in the above sections about the relation

etween spalling and tensile/compressive strengths of the mixes.
owever, it is expected that the tensile strength is decreased faster

han the compressive strength at higher temperatures, due to the
haracteristics of the transition zone between the paste and the
ggregates [2]. Phan [4] reported a maximum pore pressure of

.1 MPa before spalling of a 98 MPa HSC specimen (compare with
he tensile results in Table 5).

Severe explosive spalling of the SCC-S7 at 350 ◦C showed that
ery high strength SCC is highly sensitive to spalling, even at tem-
eratures of early stages of fire.

able 5
he residual tensile and compressive strengths for two SCC-S mixes.

Code Temperature (◦C) Comp. st. (MPa)

SCC-S4-R
25 45.51

350 61.45

SCC-S7
25 70.11

250 86.7
350 Explosive spallin

able 6
he average residual compressive strength, the mass loss and the shrinkage of the specim

Code fc,25 (MPa) f T
c,res (MPa) Ch

NCP-4-500
88.34 ± 11.72

90.58 ± 1.94
NCP-4-750 33.57 ± 0.87 −6
SCCP-S4-500

62.8 ± 6.07
56.79 ± 3.82 −

SCCP-S4-750 30.09 ± 0.87 −5
SCCP-S5-500

81.69 ± 1.47
80.73 ± 7.76 −

SCCP-S5-750 54.94 ± 2.52 −3
SCCP-C4-500

64.05 ± 3.45
50.35 ± 3.00 −2

SCCP-C4-750 18.64 ± 1.46 −7
SCCP-C5-500

79.91 ± 3.92
78.42 ± 2.03 −

SCCP-C5-750 21.99 ± 2.65 −7

T
c,res = average residual compressive strength at t temperature (after cooling), fc,25 = contr
Fig. 5. The relative residual compressive strength of the cement pastes at 500 ◦C
and 750 ◦C.

4.3. The residual compressive strength and the physical changes
of the cement pastes at high temperatures

The residual compressive strengths of the cement paste speci-
mens after exposure to 500 ◦C and 750 ◦C are presented in Table 6,
accompanied with the mass losses and the thermal shrinkage. The
relative residual strength of the specimens is illustrated in Fig. 5.
The thermal shrinkage of the specimens consists of both the dry-
ing shrinkage and the thermal contraction of the specimens. The
separate measurement of these two shrinkages is not possible [27].

4.3.1. Residual compressive strength
The changes of compressive strength of the normal paste and the

SCC pastes containing SF (SCCP-S5 and SCCP-C5) were very small
at 500 ◦C; see Table 6 and Fig. 5. Hence, the existence of SF in the
composition could be the reason of the better residual compressive

strengths of the S5 and C5 pastes at temperatures up to 500 ◦C.

The lowest residual compressive strength was related to the
L-specimens at 750 ◦C. The high content of L-powder in these spec-
imens is most likely the reason of this behavior.

Tensile st. (MPa) Tens. st/comp. st. ratio

2.39 0.053
3.40 0.055

2.88 0.041
3.51 0.040

g

ens after exposure to high temperature.

ange of comp. st. (MPa) Mass loss (%) Shrinkage (%)

2.54 13.66 ± 0.05 −1.3
2.00 15.19 ± 0.05 −1.5
9.57 10.42 ± 0.19 −0.7
2.09 12.59 ± 0.46 −1.0
1.18 13.57 ± 0.35 −1.2
2. 75 16.09 ± 0.35 −1.7
1.39 10.45 ± 0.20 −0.7
0.90 22.19 ± 0.33 −1.5
1.86 14.02 ± 0.55 −1.4
2.48 22.3 ± 0.44 −2.3

ol compressive strength at ambient temperature, av. = average.
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The Q-specimens showed the highest residual compressive
trength among all the specimens at 750 ◦C. It may be due to the
artial pozzolanic effect of the Q-powder and the improvement in
uality of the hydrated pastes.

.3.2. Mass loss and thermal shrinkage
An assessment of the mass loss data did not produce any addi-

ional information. The thermal shrinkage data is presented in
able 6. The strength loss of specimens at high temperatures did
ot show any particular relation with shrinkage.

.4. Phase composition and structure changes

The phase composition and the structure changes of hardened
ormal and SCC pastes were examined with XRD and DSC/TG
ests. The results are presented and discussed in the follow-
ng.

.4.1. XRD
The normal and SCC pastes, including NCP-4, SCCP-S4, SCCP-S5

nd SCCP-C4, exposed to ambient and high temperatures (500 ◦C
nd 750 ◦C), were examined with XRD. The heating procedure of
hese specimens was similar to concrete ones. After natural cooling
f the specimens to reach equilibrium with room temperature, they
ere crushed and sieved to achieve a proper specimen for XRD.

he XRD results are presented in Fig. 6. The graphs are shown at 2�
ngles between 20◦ and 40◦ that contain the most important peaks
f the cement and the powders. The following notations are used
n the graphs: CH Ca(OH)2, CnS C2S and C3S, CC CaCO3, CO CaO,

SiO2.
Fig. 6a shows a small increase in the CnS amount and consid-

rable decomposition of Ca(OH)2 at 500 ◦C, while CaCO3 is almost
onstant and unchanged at this temperature. The peaks related to
a(OH)2 and CaCO3 almost completely disappeared at 750 ◦C, indi-
ating that these compounds were almost entirely decomposed
fter 2 h exposure at this temperature. Meanwhile, the related
eaks of CnS and CaO showed a considerable increase at 750 ◦C, indi-
ating the decomposition of C–S–H gels and CaCO3, respectively.

In SCCP-S4 graphs (Fig. 6b) a distinguished peak of SiO2 was
bserved at 2� = 26.7◦. The value of peak slightly decreased at 500 ◦C
ndicating that part of SiO2 entered in the hydration reaction due
o its pozzolanic activity. The peak values of Ca(OH)2 and CnS also
ecreased due to hydration reactions.

In SCCP-S5 graphs (Fig. 6c), the peak of quartz at 2� = 26.7◦

ecreased at 500 ◦C and then increased again at 750 ◦C. This demon-
trated that SiO2 was in the hydration reactions at 500 ◦C due to its
ozzolanic effect, but subsequently was released again at 750 ◦C
ecause of decomposition of C–S–H. Decreasing and increasing of
nS at 500 ◦C and 750 ◦C agreed with this explanation.

The XRD graphs of SCCP-C4 are presented in Fig. 6d. It contained
arge amount of CaCO3 with a sharp peak at 2� = 29.5◦. The amount
f CaCO3 significantly decreased at 750 ◦C, due to its partial decom-
osition at this temperature. The peak of CaO was very small at
00 ◦C, but very distinguished at 750 ◦C, which was due to decom-
osition of CaCO3 to CaO and CO2. The amount of Ca(OH)2 increased
gain at 750 ◦C which could be due to large amounts of CaO in the
olid paste and its reaction with moisture during the cooling period.

Increase of CnS at 750 ◦C, observable in graphs of all specimens,
as a result of decomposition of the cement gels. Examining the
RD results, decomposition of C–S–H must occur at temperatures
igher than 500 ◦C. Peng [28] studied decomposition of the hard-

ned cement pastes, exposed to different temperatures, by XRD
ethod. He mentioned that the decomposition of C–S–H started at

00 and completes at 800 ◦C. However, no obvious peak of C–S–H
as found in this study and other researches [29–31], because it

s an amorphous or cryptocrystalline material and its crystalline
Fig. 6. XRD graphs for the pastes at 25, 500 and 750 ◦C: (a) NCP-4, (b) SCCP-S4, (c)
SCCP-S5, (d) SCCP-C4.

content is not sufficient to give a sharp peak in XRD tests. Step-
kowska et al. [32] also did not assign a particular peak to C–S–H
and instead used the variations of peaks of alite, belite and CaO for
assessing the C–S–H variations.

It is considerable that for the specimens exposed to high tem-
peratures, the CnS peak was much sharper for the normal and
the limestone-contained SCC pastes in comparison to the quartz-
contained SCC pastes. In other words, the amount of decomposition
of the C–S–H was much higher in the normal and the L-specimens in
comparison to the Q-specimens. It can be concluded that the qual-

ity of chemical bonds in the C–S–H gels of the quartz-contained SCC
mixes should be better than the other ones. This should be due to
the partial pozzolanic activity of the Q-powder, which decreases
Ca(OH)2 and increases the C–S–H content. This description can
explain the reasons of the higher relative strength of the quartz-
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Fig. 7. DSC/TG curves for paste specimens at 25 ◦C.

ontained SCC relative to the other mixes, from the viewpoint of
hase composition.

.4.2. Thermal analysis
The main parameters of fire resistance are stability and integrity.

he failure of these parameters is generally occurred because of
hanges in composition and structure of the element. The thermal
nalysis methods, like DSC and TG can be helpful for evaluating
hese changes and can be used for predicting the fire behavior of

aterials or as supportive data for interpretation of the results. In
his investigation, we examined this capability for interpretation of
esidual mechanical test results.

DSC/TG tests were performed on normal and SCC cement pastes,
ncluding NCP-4, SCCP-S4, SCCP-S5 and SCCP-C4. They were cured
imilar to the concrete samples. Two series of paste specimens with
n age of 28 days were exposed to 500 ◦C and 750 ◦C in accordance
ith the temperature–time curves presented in Fig. 2. After natural

ooling, the specimens were crushed and powdered, so that suit-
ble specimens were prepared for the DSC/TG tests. The results of
SC/TG measurements are depicted in Figs. 7–9.

The first peak on the DSC curve of NC4-25 was seen at 122 ◦C,
orresponding to the decomposition of ettringite and the loss of
hysical water. A mass loss of about 7% was observed at 200 ◦C,
hich relates to the release of surface water, C–S–H gels and ettrin-

ite water. The TG curve continued with a smooth slope to about
82 ◦C. The continuous decrease of the weight of the specimen indi-
ates partial release of the chemical bounded water from various
omplex hydrated compounds, [31–34]. The total weight of the lost
ater was 10.5% up to 480 ◦C.

The peak at 491 ◦C on the DSC curve of NC4-25 corresponds to
ecomposition of Portlandite [31–34]. The decomposition started

◦ ◦
rom 480 C and continued to around 507 C. Two peaks were
bserved on the DSC curve at 735 ◦C and 764 ◦C. Both of these peaks
ave been assigned to decomposition of carbonates, the first one
o the amorphous calcium carbonate and the second to the well
rystallized calcite [30,33].

Fig. 8. DSC/TG curves for paste specimens at 500 ◦C.
Fig. 9. DSC/TG curves for paste specimens at 750 ◦C.

No considerable mass loss was seen on TG curves of NC4-500
and NC4-750 specimens up to 420 ◦C. Their DSC curves also showed
an almost stable condition up to this temperature. This behavior is
because of the thermal history of these specimens. The mass loss
related to the decomposition of Portlandite was still observed for
both of these specimens, illustrating reversible nature of decompo-
sition of Ca(OH)2.

The mass loss due to the decomposition of Portlandite was very
close in all specimens with regard to the content of the cement.
The SCCP-S5 was an exception, in which the mass loss due to Port-
landite decomposition was much less than the other specimens.
The reason could be the presence of SF in the S5 formulation. SF
could react with Portlandite, and produce more gel compounds. The
weakened peaks of Portlandite on the DSC curves of SCCP-S5-500
and SCCP-S5-750 specimens agree with the discussions presented
in the previous sections about the improved pozzolanic activity of
Q-powder and SF at high temperatures. The same behavior was
observed and reported by other researchers [34 and references
11–13 in it].

Evaluation of the DSC/TG curves revealed that the tested pastes
had almost constant mass and stable structural state between
450 ◦C and 650 ◦C. In other words, it may be expected that the
pore volumes will not increase much in this temperature range,
except due to probable development of the microcracks because
of the thermal movement. As a result, the pore pressure will rise
with temperature. At the same time, the molecular bonds became
weaker with the rise of temperature, because of higher energy lev-
els of the particles and increased kinetic movements. This means
weaker adhesion ability of the hardened paste and hence, decreased
mechanical strength of the concrete. Therefore, it can be stated that
is more possible in this temperature range for the pore vapor pres-
sure to overcome residual tensile strength, resulting in the spalling.
This explanation agrees with the observed behavior of the SCC spec-
imens at 500 ◦C and 750 ◦C.

5. Conclusions

1. With considering the test results and observations, it can be
said as a general rule that 500 ◦C is a critical temperature for
concretes exposed to fire. Considering a proper safety factor
for the loadbearing elements, the loss of strength is not critical
before this temperature. The significant loss of the compressive
strength of the concrete mixes at higher temperatures is mainly
due to decomposition of the cement paste and significant loss
of adhesion.

2. The DSC/TG results of cement pastes revealed that temperatures
◦
of 480–650 C could be the most dangerous temperature range

for the occurrence of spalling in concretes.
3. The results showed that the thermal analysis methods are useful

for evaluation in the fire behavior of materials or as supportive
data for interpretation of the fire test results.
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cement containing various carbonates by means of thermal analysis, Acta Chim.
Slov. 53 (2006) 159–165.

[34] R. Vedalakshmi, A. Sundara Raj, S. Srinivasan, K. Ganesh Babu, Quantifica-
S. Bakhtiyari et al. / Therm

. The self-compacting concretes (SCC) are more susceptible to
spalling than the normal vibrated concretes (NC). However, the
relative residual strength of the NC falls considerably faster than
the SCC at high temperatures.

. If fine quartz powder is used as filler in the SCC, it will accelerate
the strength development at high temperatures up to 500 ◦C,
because of its partial pozzolanic activity, enhanced at such tem-
peratures. Such an effect could result in increased pore pressure
and therefore a higher risk of spalling of the concrete. The
significant weak point of the quartz-contained SCC at elevated
temperatures is spalling and for the limestone-contained SCC,
the loss of the adhesion ability in the cement paste is a disadvan-
tage. The effects of the age, the moisture content and the curing
condition on fire resistance of the SCC need to be investigated.

. Most of the research on the fire behavior of concretes has
been carried out on the residual compressive strength. It was
revealed that the residual tensile strength is very significant in
this regard and should be considered during investigations.
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investigation of hardened cement paste degradation, in: 11th Conf. on
Materials, Processes, Friction and Wear, MATRIB’06, Vela Luka, 2006, pp.
243–249.

32] E.T. Stepkowska, J.M. Blanes, F. Franco, C. Real, J.L. Pérez-Rodrı̌ıguez, Phase
transformation on heating of an aged cement paste, Thermochim. Acta 420
(2004) 79–87.
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