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The evaluation of high-temperature-induced damage to an ordinary Portland cement concrete was carried out. Results showed
that the uniaxial compressive strength of the concrete linearly decreased with the increasing exposure temperature. After a
high-temperature exposure, the concrete was more easily deformed under loading. The as-received cement was dense and free
of obvious holes. The cement and the aggregate were bonded tightly, and no cracks were observed. Above 200 °C, dehydration
and decomposition of calcium silicate hydrate during the high-temperature exposure led to small holes, formed in the cement,
and microcracks at the bonding aggregate/cement interface. With the increasing exposure temperature, the small holes formed in
the cement grew up and the microcracks located at the aggregate/cement interface gradually expanded into a coherent crack
network. Above 600 °C, the cement was significantly locally pulverized and the microcracks at the aggregate/cement interface
were further broadened. Below 400 °C, detected phases of the exposed mortar sample were the same as those of the as-received
mortar. After exposures to 600 °C and 800 °C, peaks of CaO were also detected besides the pre-existing phases. The reaction
between CaO and SiO» enhanced the decomposition of CaCOs while promoting the formation of Ca,SiOs.
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Avtorji so raziskovali visokotemperaturno inducirane poskodbe obic¢ajnega Portland cementa. Rezultati raziskave so pokazali, da
enoosna tla¢na trdnost cementa linearno pada z narascajoco temperaturo obremenitve. Po izpostavitvi betona visoki temperaturi
se je le-ta pod obremenitvijo lazje deformiral. Beton v izhodnem stanju je bil gost in brez ocitnih por oz. lukenj. Cement in
agregati so bili trdno povezani in ni bilo opaziti razpok. Nad 200 °C je pri§lo do dehidracije in razpada Ca-Si hidrata. Med
visokotemperaturno obremenitvijo betona je nato prislo do nastanka manjsih lukenj v cementu in mikrorazpok na vezni meji
agregati/cement. Z nara$Cajoco temperaturo so se nastajajoce luknje povecevale in prislo je do Sirjenja mikrorazpok na vezni
meji med agregati in cementom tako, da je nastala povezana mreZa razpok. Pod 400 °C so avtorji zaznali enake faze v vzorcih
termi¢no obremenjene malte kot jih je vseboval beton v izhodnem stanju. Po njegovi termi¢ni obremenitvi na 600 °C in 800 °C,
so zaznali vrhove CaO poleg predhodnih faz. Reakcija med CaO in SiO, je pospesila razpad CaCO; in pospesila tvorbo
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CagSiO4.

Kljucne besede: beton, izpostavljenost visoki temperaturi, mikrostruktura, fazne sestave

1 INTRODUCTION

Concrete construction materials are widely used in
various buildings, bridges and infra-structures. However,
when exposed to elevated temperatures, as in the case of
fire, deterioration of mechanical properties of concrete
may bring great threats to the safety of the fire-damaged
structures. For example, a fire exposure reduces the
structural strength and stiffness of rectangular, rein-
forced-concrete slab panels by heating, and highly
deflected shapes of the slabs occur.! Experimental results
also confirmed that after fire, the interaction between
load and high temperature caused an increase in the
deformation of a specimen, while the strength and stiff-
ness were reduced. After exposure at 600 °C, 800 °C and
1000 °C for 2 h, the limit load for the frame structure
decreased on 36.9 %, 48 % and 57,3 %, respectively.? In
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2003, an 8-storey reinforced-concrete (RC) frame-sup-
ported masonry structure, located in Hengyang City,
China, underwent a severe fire-induced collapse
accident. It was revealed that the collapse of the building
due to a fire exposure significantly weakened its residual
capacity and ability to redistribute gravity loads.?

The effect of a high-temperature exposure on con-
crete has been wildly researched.** It was demonstrated
that when exposed to high temperatures, water evapo-
ration, disintegration of hydration products and aggre-
gates, coarsening of the microstructure and an increase
in the porosity can be observed in concrete.*> Most of
all, with the increasing temperature, the strength and
elastic modulus of concrete became lower and lower.%” A
study on the microstructure of concrete at high tempera-
tures revealed that microcracks initiated around the
boundaries of aggregates and propagated with the
increasing temperature. Microcracks in cement pastes
and concretes consisting of mortar mixed with sand were
deformed at about 200 °C.8 However, the research on the
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Table 1: Gradation of the sand

Sieve size (mm) 4.75 2.36

1.18 0.6 0.3 0.15 sieve bottom

Cumulative sieve residue (%) 4.6 15.0

26.0 58.8 91.6 98.2 100

effect of high temperatures on the microstructural change
of concrete is mainly focused on microcracks,®® while
reports on the micromorphological change of cement are
lacking.

On the other hand, there are many reports on the
thermal behaviour of hydration products or the change in
the phase compositions in ordinary Portland cement
during heating. It was confirmed that during heating,
there are a two-step loss of water from calcium silicate
hydrate, dehydroxylation of calcium hydroxide and
decarbonation of calcium carbonate.!®!! CaO forms due
to the dehydroxylation of calcium hydroxide and decar-
bonation of calcium carbonate. It should be noted that, at
a high temperature, CaO can react with SiO,.'> Thus, a
reaction might occur between CaO and the sand in
concrete that contains a large amount of quartz (SiO,),
enhancing a decomposition of the hydration products of
cement. Therefore, the thermal behaviour, especially the
change in the phase compositions of concrete, might
differ from that of cement. However, the studies on the
thermal behaviour of concrete are lacking.

In this paper, high-temperature exposure of an ordi-
nary Portland cement concrete was conducted at 200 °C,
300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C for
2 h. In order to check the microstructural changes of the
concrete, especially the morphologies of cement and the
interface zone between the aggregate and cement,
cement-mortar samples were prepared, subsequently
ground and polished before the high-temperature
exposure. Our analysis and discussion focus principally
on the evaluation of high-temperature-induced damage to
concrete based on uniaxial compressive-strength tests,
phase compositions, microstructure observation, caloric
and weight changes during the heating studied with
differential scanning calorimetry and a thermogravi-
metric analysis (DSC-TG).

2 MATERIALS AND METHODS

Ordinary low-alkali Portland cement (Dunshi P.032.5
R, Jidong Cement Co., Ltd., China) was used. Gravel
with the size between 4.75 mm and 20 mm was used as
coarse aggregates. Sand from the banks of the Weihe
River was adopted as the fine aggregate. The fineness
modulus of the fine aggregate was 2.79. Table 1 lists the
gradation of the sand.

The mix proportions of concrete are shown in Table 2.

Table 2: Mix proportions of concrete (kg m™)

WIC ratio
0.38

sand
606

water
165

cement
434

gravel
1185
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Cubic specimens with a nominal size of 100 mm x
100 mm x 100 mm were molded. The specimens were
demolded 24 h after casting, then cured in a chamber
with a relative humidity (RH) of 95 % at 20 °C for 28 d
(days). After that, the cured samples were put into an
oven to dry the internal free water at 80 °C for 5 d before
exposure to elevated temperature.

As high temperature damages the concrete, cutting
and the following grinding and polishing of the exposed
samples may lead to an expansion of cracks or damage
made to the aggregate, interfacial transition zone (ITZ)
and cement paste or even an initiation of new cracks. In
order to check the microstructural change before and
after the high-temperature exposure, blocks with a size
of 10 mm x 10 mm x 20 mm were molded using cement
mortar, in which the gravel was replaced by fine
aggregates. After having been demolded and cured in the
same conditions, the blocks were finally polished with a
0.50 um diamond suspension. After that, they were dried
at 80 °C for 5 d, just as before. Moreover, the cement
mortar cured and dried in the same conditions was used
to check the caloric and weight changes during the
heating.

The high-temperature exposure of the concrete sam-
ples and the cement-mortar blocks took place in an auto-
matically programmed temperature-controlled electric
furnace for 2 h at the desired temperature 200 °C,
300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C.
Seven concrete samples were tested for every exposure.
After the high-temperature exposure, the specimens were
taken out of the furnace and cooled in ambient air.

Uniaxial compressive-strength tests of the cubic sam-
ples before and after the high-temperature exposure was
carried out on an Instron 1195 machine at room
temperature (25 °C and 65 % RH). The loading rate was
0.05 mm s!. The compressive strength was calculated
based on the average value of the test values, selected
within an error range of 10 %.

The phase composition of the samples was charac-
terized using X-ray diffraction (XRD, BRUKER, D8
ADVANCE A25 X). The XRD analysis was operated at
40 KV and 40 mA. Step scans were taken in a range of
260 = 20-80° with a 0.02 step, 0.01° s~! scan speed and
2-s exposure. The microstructure of the as-received and
high-temperature-exposed blocks was checked with
scanning electron microscopy (SEM, FEI Q45) equipped
with EDS and an optical microscope (OM, Axio Scope
A1 for materials research, Carl Zeiss Microscopy GmbH,
Germany).

Caloric and weight changes during the heating of
dried cement mortar were measured using NETZSCH
STA 429 CD. The measurements were conducted in air
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atmosphere, from room temperature to 1000 °C, with a
heating rate of 10 °C min™'.

3 RESULTS AND DISCUSSION

Figure 1 shows the uniaxial compressive strength
and several typical compressive strength/displacement
curves for the cubic concrete samples before and after
the exposure to high temperatures for 2 h. It seems that
the uniaxial compressive strength of the samples linearly
decreased with the increasing exposure temperature as
shown in Figure 1a. However, it should be noted that, as
shown in Figure 1b, the slope of the initial ascending
part of the compressive strength/displacement curves ob-
viously decreased with the increasing exposure tempera-
ture, especially above 600 °C. Moreover, the displace-
ment corresponding to the maximum compressive load
of the high-temperature-exposed samples increased with
the increasing exposure temperature. Such changes in the
compressive strength/displacement curves made after the
high-temperature exposure indicate that the concrete be-
comes more easily deformed under loading.

60 T
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0-‘"I"'i"'l"'l"'l"'l'"I"'

0 100 200 300 400 500 600 700 800
) Exposure temperature (°C)

—
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(b) Displacement (mm)

Figure 1: a) uniaxial compressive strength, b) several typical com-
pressive strength/displacement curves of the concrete samples before
and after high-temperature exposure for 2 h

Materiali in tehnologije / Materials and technology 53 (2019) 5, 649-654

Figure 2 shows SEM micromorphologies of the
cement-mortar samples before and after the exposure to
high temperatures for 2 h. It seems that the cement paste
and the aggregate are tightly bonded and no cracks are
observed. Moreover, the as-received cement paste is
dense and free of obvious holes as shown in Figure 3.
After the exposure to 200 °C for 2 h, small holes are
present in the cement paste and microcracks occur at the
bonding interface of the aggregate/cement paste. With
the increasing temperature, the small holes formed in the
cement paste grow up and the microcracks located at the
interface of the aggregate/cement paste gradually expand
into a coherent crack network. After the exposure to
600 °C for 2 h, large powder particles are locally formed
in the cement paste. Moreover, it seems that the cement
paste shows an obvious morphology change. After the
exposure to 600 °C for 2 h, from the, the cement paste
shows a flocculent morphology with many small holes,

Figure 2: Micromorphologies of the samples before and after high-
temperature exposure for 2 h
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Figure 4: Magnified view of the concrete before and after exposure to 800 °C for 2 h

as seen on the OM image in Figure 3. In addition, the
cement paste becomes dim rather than glossy as the
as-received cement paste. After the exposure to 800 °C
for 2 h shown in Figure 2, the cement paste clearly
becomes loose. From the magnified view of the cement
paste before and after the exposure to 800 °C for 2 h,
shown in Figure 4, the morphology changes of the
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Figure 5: Several XRD patterns of the mortar samples before and
after exposure to high temperatures for 2 h
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cement paste are more obvious than those after the
exposure to 600 °C. The morphology changes of the
cement paste indicate that the composition might have
changed.

Figure 5 shows several XRD patterns for the mortar
samples before and after the exposures to high tempera-
tures for 2 h. The as-received mortar is mainly composed
of CaCQO;, SiO, and a small amount of Ca(OH), and
Ca,Si0,4. After the exposure to 400 °C, the detected
phases of the mortar samples are the same as those of the
as-received mortar. After the exposures to 600 °C and
800 °C, peaks of CaO can be detected, besides CaCOs3,
Si0,, Ca(OH), and Ca,SiO4. The presence of CaO
suggests that decomposition took place. It can be noted
that the ratio of the intensity of the CaO, CaCO; and
Ca(OH), peaks to that of the SiO, peaks decreased with
the increasing exposure temperature. On the other hand,
the ratio of the intensity of the Ca,SiO4 peaks to that of
the SiO, peaks significantly increased with the increas-
ing exposure temperature. The weakening of the inten-
sity of the CaCO; and Ca(OH), peaks and formation of
CaO suggest that CaCO; and Ca(OH), partially decom-
posed in accordance with the following reaction:!3

Materiali in tehnologije / Materials and technology 53 (2019) 5, 649-654
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CaCO, - Ca0+CO, (g) (1)
Ca(OH), » CaO+H,0 (g) )

Furthermore, it should be noted that after the ex-
posure to 800 °C, the peaks of CaO obviously broadened
and weakened, while those of Ca,SiO, increased and
broadened. Such a change of CaO and Ca,SiO, suggests
that CaO was partially transformed to Ca,SiOs.

Figure 6 shows the differential scanning calori-
metry-thermogravimetric analysis (DSC-TG) curves of
the mortar samples during heating in air. From the TG
curves, it can be seen that a mortar sample clearly shows
a small weight loss (-0.25 %) at about 152 °C and then
an increased weight loss between 530 °C and 680 °C
amounting to about —2.85 %. On the other hand, from
the DSC curves, it can be seen that a mortar sample
shows a small endothermic peak at about 150 °C and
about 580 °C, then a significant endothermic peak bet-
ween 680 °C and 895 °C. The first small endothermic
peak at about 150 °C is considered to be the result of
dehydration reactions due to the loss of water from
calcium silicate hydrate (C—S—H).” Therefore, the mortar
sample clearly exhibits a small weight loss (-0.25 %) at
about 152 °C, shown in the TG curve.

In addition, small holes are present in the cement
paste and microcracks occur at the bonding interface of
the aggregate/cement paste of the samples exposed to
200 °C. It was confirmed that the decomposition of
Ca(OH), usually occurs between 410 °C to 550 °C,'*!7
accompanied with a weight loss of —24.32 %. Therefore,
the second small endothermic peak at about 580 °C is
considered to be the result of the dehydration of
Ca(OH),. On the other hand, above 600 °C, the CaCO;
decomposition is detectable using the thermal analysis/
chemical analysis coupling method'! or thermogravi-
metric-differential thermal analysis (TG-DTA).® Further-
more, above 720 °C, the decomposition forms active
CaO that can react with SiO, to form calcium silicate in
accordance with the following reaction:'?!8-20
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Figure 6: DSC-TG curves of the mortar samples during heating in air
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Therefore, the third significant endothermic peak
corresponds to the decarbonation of calcium carbonate,
together with possible solid-solid phase transformations.
The decomposition of Ca(OH), and CaCO; leads to the
formation of CaO and the mortar sample exhibits an
increased weight loss between 530 °C and 680 °C as
shown in the TG curves. Meanwhile, peaks of CaO can
be detected with XRD for the samples exposed to 600 °C
and 800 °C. On the other hand, heating at the tempera-
ture of 800 °C leads to the transformation of C—S—H
phases into calcium silicate.?!?> Therefore, after the
exposure to 800 °C, the peaks of CaO are obviously
broadened and weakened, while that of Ca,SiO;, is in-
creased.

During the heating above 200 °C, the dehydration is
progressive, resulting in the structure of the cement paste
being partially damaged.!® Therefore, though no phase
change is detected after the exposure to 400 °C, small
holes are present, growing up in the cement paste and
microcracks occur and propagate at the bonding interface
of the aggregate/cement paste. Meanwhile, the strength
of the cement is further decreased. Above 600 °C, the
decomposition of Ca(OH), and CaCO; results in local
pulverization of the cement paste and further broadening
of the microcracks at the bonding interface of the aggre-
gate/cement paste. Meanwhile, it can be concluded that
the formation of Ca,SiO4 promotes the decomposition of
CaCO;. Therefore, pulverization of the cement paste and
microcracks at the bonding interface of the aggre-
gate/cement paste become more obvious after the
exposure to 800 °C. As a result, the compressive strength
of the concrete is further decreased with the increasing
exposure temperature. On the other hand, pulverization
of the cement paste makes the sample prone to deforma-
tion under loading. As a result, the slope of the initial
ascending part of the compressive strength/displacement
curves decreased obviously with the increasing exposure
temperature, especially above 600 °C.

4 CONCLUSIONS

The uniaxial compressive strength of the concrete
linearly decreases with the increasing exposure tempera-
ture. A high-temperature exposure for 2 h leads to the
concrete being more easily deformed under loading.

Below 400 °C, the detected phases of the exposed
mortar sample are the same as those of the as-received
mortar. After the exposure to 600 °C and 800 °C, peaks
of CaO can also be detected, besides the pre-existing
phases. The reaction between CaO and SiO, enhances
the decomposition of CaCO; while promoting the for-
mation of Ca,SiO..

The as-received cement is dense and free of obvious
holes. The cement and the aggregate are bonded tightly,
and no cracks are observed. After the exposure to 200 °C
for 2 h, the loss of water from calcium silicate hydrate
(C-S-H) causes the formation of small holes in the

653



B. ZHANG et al.: EVALUATION OF HIGH-TEMPERATURE-INDUCED DAMAGE TO CONCRETE

cement and microcracks at the bonding interface of the
aggregate/cement. After the exposure above 400 °C, the
decomposition of Ca(OH), results in the formation of
small holes growing up in the cement, and the micro-
cracks located at the bonding interface of the aggre-
gate/cement gradually expand into a coherent network of
cracks. Above 600 °C, the decomposition of Ca(OH),
and CaCOs; results in local pulverization of the cement
and further broadening of the microcracks at the bonding
interface of the aggregate/cement.
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