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Abstract

An investigation was conducted to determine how Ordinary Portland Cement and several unconventional cementitious addi-
tives, such as magnetite, chamotte, perlite, boron carbide, and more common powdered quartz, affected the behaviour of
hardened cement paste when subjected to high temperatures. The test was conducted using a constant water—fines ratio of
0.3. The water—cement ratios were nevertheless 0.25 and 0.222 as a result of the two fine replacement ratios (20% and 35%,
respectively). Seven heat steps were used to heat the specimens of hardened cement paste to 900 °C. On the cooled specimens,
comparisons between relative residual compressive strength and residual compressive strength were made. Additionally, a
new approach known as "temperature endurance" is used to express the total area under each strength curve. Furthermore,
the specimens were analysed using a scanning electron microscope. Our research has shown that perlite, when employed
as additional cementitious material, performs remarkably well and has favourable effects, even at high temperatures. Up to
600 °C, it has the longest-lasting, practically constant residual strength values. In this area, the relative strength reductions
are less than 15%. Furthermore, it is shown that boron carbide increases compressive strength at 900 °C in comparison to
values at 600 °C. Due to the material's low melting point and the formation of secondary bindings at the highest heat step,
this effect results. The other materials under investigation, such as powdered quartz, magnetite, and powdered chamotte,
perform only slightly better than the reference homogeneous Ordinary Portland Cement, particularly in the mid and high
heat ranges. In low heat ranges and by lower addition of fines, particularly in the well-known local strength maximum of
200-300 °C, homogeneous matrixes perform better.
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Introduction

The decades-long use of supplementary cementitious mate-
rials as a replacement for Ordinary Portland Cement requires
increased research to better understand the existing, wide-
used materials' behaviour and develop new materials not
so far used by the concrete industry. Using supplementary
cementitious materials to replace the cement in concretes
effectively reduces carbon emissions [1-3]. It could be fruit-
ful to improve the behaviour of the cement matrix to differ-
ent environmental conditions.

< Séndor Fehérvari
fehervari.sandor @ybl.uni-obuda.hu

Department of Fire Safety and Construction Material
Sciences, Ybl Mikl6s Faculty of Architecture and Civil
Engineering, Obuda University, Budapest, Hungary

The heat of a fire is one of the most harmful circum-
stances to which a concrete structure may be exposed. In
the most recent decades, a number of research projects were
conducted to evaluate the extensively used supplementary
cementitious materials in order to determine the best mate-
rial and dose for different uses.

Of course, first, the widely used supplementary materi-
als, such as limestone filler, fly ash, and blast-furnace slag,
were tested with different results. The second step was to
investigate the less used material yet commonly applied for
concrete, such as trass, metakaolin, powdered quartz and
silica fume. The third step is to look for materials that could
be used as supplementary cementitious material not used
for standard concrete technology yet available in a consider-
able mass, such as rice husk ash, etc., and some materials
of the present paper. And the future will be the fourth step
where unique materials will be manufactured and used as
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Fig. 1 Chemical changes in the cement [14, 15]

Table 1 Experimental recipes of the dosage of supplementary materi-
als

Dosage of supplementary materi- Water/fines ratio Water/
als of the total mass/% cement
ratio
20 0.300 0.250
35 0.300 0.220

supplementary materials, e.g. aerogel, which are nowadays
investigated, but industrial use is not common.

To ascertain the effect of the oxide composition of Ordi-
nary Portland Cements, Lubldy [4] conducted a study. The
test variables included cement fineness (three types), heat
stages (five steps up to 800 °C), and oxide composition (four
varieties). It has been shown through research that cement's
fineness and aluminate modulus significantly affect the
material's fire resistance.

Sabri et al. [5] investigated the impact of fly ash on hard-
ened concrete that had spent two hours at 400 °C. The high
amount of fly ash could enhance the qualities of concrete
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exposed to this moderately high temperature, according to
both the mechanical and microstructural results. The most
advantageous dosage of fly ash, based on their findings, was
30 m%, whereas the relative strength loss at 28 days of age
was just 20%.

A study on metakaolin, silica fume, and fly ash-contain-
ing high strength hardened cement pastes was conducted
by Abdelmelek and Lubldy [6]. The results revealed out-
standing residual strength at the highest temperature, and
the dosages tested varied between 6 and 15 m%. This study
also showed that cement fineness affects the optimal dosage
of cementitious components.

In a series of tests, heterogenous cements, including poz-
zolana and fly ash, were used, according to Lubldy et al. [7].
At the 28" day, an electric furnace was used to test the fire
resistance up to 800 °C using a total of five types of different
blended cements with the same water-to-cement ratio. The
outcome indicated that the thermal stability of the cement
matrix is marginally improved by flay ash and pozzolana.

Maheswaran et al. [8] looked at how ternary-blended
cement pastes and mortar characteristics were affected by
high temperatures. As research variables, they employed
nanosilica (1.5-3%), silica fume (3—-6%), and lime sludge
(0-20%). The results demonstrate that adding lime sludge
and silica fume cement composites increases compressive
strength significantly, up to 26%, compared to control mor-
tars at ambient temperature and after two hours of expo-
sure to 500 °C. However, spalling of mortars occurs at 800
°C after 28 days of water curing. At all temperatures, the
residual compressive strength of lime sludge and nanosilica
cement composites decreases noticeably, although spalling
does not occur.

Glass powder's impact on the characteristics of cement
pastes that have hardened is tested by Barkauskas et al. [9].
With constant types of cement and constant ratios of water
to fines, seven compositions of cement paste mixes were
used, each containing varying percentages of crushed glass
(0-30%). Tests on density, ultrasonic pulse velocity, X-ray
analysis, and compressive strength demonstrated that the
mixture containing 5% crushed glass is stronger and denser.

El-Gamal et al. [10] showed that ceramic waste could be
used as cementitious material when coupled with a small
amount of carbon nanotubes. The experiment showed that
the best option available for regular Portland cement is
10% ceramic waste and 0.05% carbon nanotubes. The sam-
ples were heated for three hours to a maximum of 800 °C.

To determine the impact of the aerogel addition on the
performance of cement-based mortar at high temperatures,
Stefanisou and Pachta [11] carried out a research. Aerogel
(only 0.5 m%) was utilised in conjunction with a mixture
of CEM 1 42.5 type cement and siliceous sand in addition
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Fig.2 One series of specimens after heat treatment (supplementary
material: magnetite, dosage: 20%)

Fig.3 Residual compressive 140
strengths, 20% supplementary
material
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to 20 m% of perlite. It was possible to observe the physical
and mechanical characteristics of specimens after expo-
sure to the heat of 5 heat steps, even 1000 °C. The findings
demonstrated that while cementitious materials somewhat
decrease capabilities at normal temperatures, they enhance
volume stability and mechanical properties at 800 °C and
higher.

At ambient temperature, Vaiciukyniené et al. [12] inves-
tigated the effects of perlite (pure, zeolitised, and calcium
altered) on the characteristics of blended cement. The out-
come demonstrated that the cement matrix's compressive
strength might be enhanced by the hydraulic characteris-
tics of perlite.

To moderate the effects of heat on the structural matter
efficiently, it is necessary to recognise concrete's physical
and chemical changes [13]. Increasing the temperature,
water discharges; first, the ettringite and monosulphate
dehydrate, followed by the Ca(OH),, the CaCOj; and the
substituent of the concrete dehydrate (e.g. CSH) [14, 15]
from the homogenous Ordinary Portland Cement pastes
matrix as shown in Fig. 1.

This paper summarises the studies of the influence of
various unconventional types of supplementary cementi-
tious materials on the behaviour of hardened cement pastes
exposed to high temperatures. In the experiments, one type
of Ordinary Portland Cement was used.

The test variables were the types and mass of sup-
plementary cementitious materials and the tem-
perature. During the research, the water—fine ratio
(fine = cement + supplementary materials) was constant, so
altering supplementary material masses occurred, chang-
ing water—cement (water and Ordinary Portland Cement)
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ratios. The studied prime characteristic was the residual
compressive strength.

Tests on hardened cement pastes

The impact of cement additives and supplemental cementi-
tious materials on the residual characteristics of hardened
cement paste was investigated through a series of tests. Our
research's main goal was to identify how thermal shock
altered the physical and mechanical characteristics of hard-
ened cement pastes.
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Experimental recipes

To test the effect of supplementary cementitious mate-
rials, various additives such as powdered quartz (PQ),
magnetite (MA), boron carbide (BC), powdered chamotte
(PCH) and perlite (PE), were used. All the supplemen-
tary materials were pulverised, and only the particle-
sized below 0,063 mm were used. The applied cement
type was throughout CEM I 42.5 N Ordinary Portland
Cement (OPC). Two different dosages of supplementary
materials were used, with constant water—fines (w/f;
fines = cement + supplementary materials) ratio for all
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Fig.6 Boron carbide-containing specimen exposed to 900 °C

fines, as shown in Table 1. In all cases, a superplasticiser
was used to adjust the consistency.

Tests

Cube specimens of 30 mm edge length were made. The
cubes were in the form for one day until the 7" day under-
water. From the 7 to the 28" day, the specimens were
stored in laboratory air condition. All the tests started on
the 28" day and took 2—4 days.

The specimens' mass and size were measured before
the heat test. They were then placed inside a hot electrical
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furnace. No spalling effect happened due to the small size
of the specimens and the three weeks of laboratory air con-
ditioning. In each case, the test lasted 120 min. The cubes
were removed and cooled under typical laboratory cir-
cumstances. The specimens' mass and size were measured
once they had cooled, and the compressive strength was
evaluated in accordance with EN 196—1. The preheating
parameters were compared to each outcome. Each series
had a total of 40 specimens. Five samples were kept in a
laboratory setting and heated in sets of five pieces to each
of the following temperatures: 50, 100, 150, 200, 300, 600,
and 900 degrees (Fig. 2).

To evaluate the effect of the supplementary materials
of the hardened cement paste exposed to high tempera-
ture, temperature vs strength curves, temperature vs rela-
tive strength curves, the TE, i.e. temperature endurance,
and the definite integral of the relative strength curves
(i.e. area below them), were inducted. The heterogenous
cement mixtures' results were compared to a series with
the same water—cement ratio consisting of homogenous
Ordinary Portland Cement pastes.

Results

The results of compressive strength diagrams are shown in
Figs. 3 and 4.

The 20% dosages figure shows that the homogenous Ordi-
nary Portland Cement strength values were higher at the
lower heat range, up to ca. 350 °C, but then they decreased
faster than the other series. The usual local minimum of
around 150 °C is noticeable in every curve. The effect of
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Fig.8 Relative residual com-
pressive strengths, based on the
300 °C results, 20% supplemen-
tary material
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Fig.9 Relative residual com-
pressive strengths, based on the
300 °C results, 35% supplemen-
tary material
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additives is more significant over ca. 400 °C: the depression
of the results is slower.

However, the decrease of the water—cement ratio from
0.25 to 0.22 by the 35% dosage of supplementary materials
slightly increases the strength values of the pure Ordinary
Portland Cement. The effect of the increasing portion of
supplementary materials shows more increments of com-
pressive strength. It can be stated that the shape of the curves
is nearly similar to the 20% values. Nevertheless, the perlite-
containing specimens show a prolonged constant stage up
to 600 °C.
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The relative residual strength values should be used to
compare the results, where the 100% values are identically
the 20 °C results of each series.

Figure 5 shows that by adding 20% of supplementary
materials to the cement, the maximum values at 200-300
°C are equal to or lower than the homogenous Ordinary Port-
land Cement. The perlite has the best characteristics of all
results by keeping its 90% strength up to 600 °C. For refer-
ence, homogenous Portland Cement produced only 32% at
that temperature, which was the lowest.
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Fig. 10 Temperature endurance, 80000
range 20-900 °C, 20% supple-
mentary material
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Fig. 11 Temperature endurance, 50000
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It must also be noticed that the boron carbide specimens'
results show peculiar behaviour over 600 °C. The compres-
sive strength result of 900 °C is higher than the outcome at
600 °C. The specimens heated at 900 °C showed a signifi-
cant change of colour. They got shiny, slightly metallic-like
colours, as shown in Fig. 6. The evolution of colour, the
shiny metallic particle and the increase of residual compres-
sive strength indicate that the used additives melted and
caused secondary noncementous bindings. These secondary

20% 20%

CEM1425N  powdered quartz Magnetite 20%  Boron carbide
20% 20%

0 | | I | I |

CEM1425N Powdered quartz Magnetite 20%

Powdered
chamotte 20%

Boron carbide Perlite 20%

Powdered Perlite 20%

chamotte 20%

bindings resulted in a 17% increment of the compressive
strength values.

By analysing the curves of the 35% dosage pastes, it
could be stated that the relative strength values of heterog-
enous pastes, equal to the characteristics of the real values,
are also higher than the homogenous Ordinary Portland
Cement pastes results (Fig. 7). Almost at all temperatures,
the series exceed the results from the CEM 142.5 N hard-
ened cement paste results. Only the powdered quartz and
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Fig. 12 Temperature endurance, 80000
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Fig. 13 Temperature endurance, 50000

range 300-900 °C, 20% sup-

plementary material 45000

40000
35000
30000
25000
20000
15000

10000

Temperature endurance, range 300-900 °C,/% x °C

w/c =0.22

the boron carbide have m relative results in the 150 °C tem-
perature range.

The specimens containing perlite also show a nearly con-
stant value up to 600 °C. The melting of boron carbide is
also noticeable; however, there is no strength increment at
this curve, but the decrement is less than the rates of the
other series.

For a better understanding of the behaviour of the
series over 300 °C, a new relative base was set up for the
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compressive strength comparison. The new reference points
are the values of 300 °C of each series.

Figure 8 shows the results of 20% of additive-containing
pastes. The strength decrement of the trends could be aggre-
gated into three groups: The first group consists of pow-
dered quartz, magnetite, and homogenous Ordinary Portland
Cement, where the strength values at 900 °C are only 2—-10%
of the results of 300 °C. The perlite and powdered cham-
otte are in the second group, where these relative values are
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Fig. 14 Scanning electron
microscope photo, magnifica-
tion 2500 % ; 20% boron carbide:
a 600 °C; b 900 °C

Fig. 15 Scanning electron
microscope photo, magnifica-
tion 1000 % ; 35% perlite: a 20
°C; b 300 °C; ¢ 600 °C; d 900
°C

around 20%; however, at 600 °C, the perlite relative strength
is about 20% higher than the chamotte results. The boron
carbide and its peculiar behaviour stand only for the third
group.

The same methodology for the 35% additives containing
pastes shows in Fig. 9. At 900 °C, the same three groups
could also be designated; however, the relative strength val-
ues are shown to increment slightly. The results of magnet-
ite, powdered quartz and homogenous Ordinary Portland
Cement are in the relative strength range of 7-17%. The

perlite and the chamotte are about 26-29%, and the boron
carbide is 38%. It should also be noticed that the 600 °C
result of the perlite is as high as 95% compared to the 300%
value. So, this material produces outstanding performance
in the mid-high and high-temperature ranges.

Another interpretation of the data derived from the com-
pressive strength results is the Temperature Endurance (TE)
number which is the integrated area below the residual com-
pressive strength curves [16]. The definite integrals were cal-
culated using the chained trapezoidal rule method. Because
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Fig. 16 Scanning electron
microscope photo, magnifica-
tion 2500 X ; 35% perlite: a 600
°C; b 900 °C

of the diagram's axis unit of measurements, the Temperature
Endurance unit is [% X °C]. This definite integral could be
used to summarise a 2D curve to one specific number, and
also, the numbers calculated by the same methodology are
to be able to compare. It is self-evident that these definite
integrals could be calculated from the whole curve (20-900
°C) or a specific range of results (e.g. 150-300 °C).

The temperature endurance of the 20% supplementary
materials containing hardened cement pastes is shown in
Fig. 10. It can be determined that the values of the heter-
ogenous cement pastes are usually at the same level or a bit
below the adequate homogenous Ordinary Portland Cement
values except the perlite. The calculated area method equal-
ised the compressive strength alternations in positive and
negative directions. Because of the relative higher relative
residual compressive strength values of the homogenous
Ordinary Portland Cement pastes at the low-temperature
range; their heavy losses at mid- and high-temperature
ranges show not as significant decline in the temperature
endurance.

By analysing the results derived from the definite integral
from 300 to 900 °C, as shown in Fig. 11, the characteris-
tics mentioned earlier rise into view. All the heterogeneous
results except the magnetite indicate higher temperature
endurance values showing more favourable performance on
the high-temperature levels.

In both Figs. 10 and 11, it is clearly noticeable that the
perlite results are 30—70% higher than the reference homog-
enous Ordinary Portland Cement results. So, this treatment
method of the results also proved the positive effect of the
perlite supplementary material on the temperature-exposed
cement matrix.

The temperature endurance results of the 35% supplemen-
tary materials containing pastes are shown in Figs. 12 and
13, 20-900 °C and 300-900 °C, respectively.

Because of the altering compressive strength increments
by this dosage level, every heterogenous paste produced at

@ Springer

least 15% higher temperature endurance values at the 20-900
°C range and at least 25% higher values at the 300-900 °C
range. The "strength-order" of the materials remains identi-
cal to the previous result, so the higher is the perlite (137%
and 169% to the reference values, respectively), the pow-
dered quartz follows it, and the powdered chamotte and the
boron carbide are at nearly the same level irrespectively of
the shapes of the curves. The magnetite has the least favour-
able but, in this case, yet positive effect.

The scanning electron microscope (Phenom XL) was also
used to explore the unique effects of boron carbide and per-
lite. Records showed that samples containing boron carbide,
as shown in Fig. 14, develop new crystals between 600 and
900 °C. The findings deduced from the residual strength
values are supported by this crystal transformation.

The textures of the perlite-containing samples are shown
in Fig. 15 and Fig. 16. Obviously, the material's texture
remained practically the same up to 600 °C, but at 900 °C,
the visual porosity dramatically increased, making the mate-
rial appear "spongier".

Conclusions

In this study, we used unconventional cementitious ingre-
dients along with Ordinary Portland Cement to test the
temperature resistance of hardened cement pastes. In this
study, the outcomes of about 540 specimens were assessed.

The major aim of the current study was to examine the
impact of powdered perlite, magnetite, boron carbide,
chamotte, and quartz on a homogenous matrix of Ordi-
nary Portland Cement. The fines were issued at rates of
20 and 35%, respectively. Through the use of continuous
water—fines ratios (two water—cement ratios) and seven
heat steps up to 900 °C were chosen to use. The sample
was heated before being tested for compressive strength.
Compressive strengths, relative compressive strengths,
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and temperature endurance values were assessed on the
cooled pastes.
The following finding can be drawn from our research:

1. The absolute residual compressive strength of homo-
geneous Ordinary Portland Cement pastes, which only
contain 20% additional cementitious components, was
shown to be stronger in the low heat ranges, but it
degraded more quickly above 300 °C.

2. When the dosage of the supplementary materials was
raised while maintaining a fixed water-fines ratio, the
strength increase of the homogeneous Ordinary Port-
land Cement pastes was less than the heterogeneous
result.

3. The results of the blended heterogenous pastes were
higher at higher heat ranges in both cases.

4. Perlite addition produced the longest, essentially con-
stant strength curves in both cases, keeping over 85%
of its initial strength value up to 600 °C

5. At 900 °C, the boron carbide showed secondary, non-
cementous bonds, and their strength measurements
differ significantly from those of the other mixes. Par-
ticularly, the mixture containing 20% boron carbide
demonstrates a strength increase between 600 °C and
900 °C. In addition, the combinations that contain
additives at 35% of boron carbide deteriorate much
less than their competitors in the same thermal range.

6. The results of a homogenous Ordinary Portland
Cement paste at lower heat ranges were higher if the
supplementary materials dosage was 20%, but lower
or equal at 35%, according to an evaluation of relative
residual compressive strength values.

7. Additionally, Ordinary Portland Cement performed
more moderately in both situations when temperatures
were in the mid and high ranges.

8. Using a unique relative compressing strength base
of 300 °C, it is confirmed that three groups of all the
tested materials could be aggregated at both dosages of
900 °C: first, the boron carbide with its peculiar perfor-
mance at 900 °C, second, the perlite and the powdered
chamotte, which resulted in a slightly lower value, and
third, the magnetite, powdered quartz, and the homog-
enous Ordinary Portland Cement, which showed the
worst relative

9. Comparing the temperature endurance values through-
out the heat range reveals that, with the exception of
the perlite curve, results at a dosage of 20% are essen-
tially the same for all curves. However, the outcomes
of the heterogenous pastes were better since only the
mid and high heat ranges (300-900 °C) were taken into
account. In the whole range as well as the mid and high
heat ranges, the result of the mixtures, including 35%

supplementary material, was significantly greater than
the reference homogenous Ordinary Portland Cement
values.

10. The scanning electron microscope measurements fur-
ther validated the remarkable behaviour of the samples
containing perlite and boron carbide.

Summarising the conclusions, it was found that the
residual compressive strength behaviour is significantly
changed by the addition of perlite to the cement matrix.
Due to the melting of additional materials, which results in
secondary bonding and affects the residual strength incre-
ment at 900 °C, boron carbide exhibits unique behaviours.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10973-022-11921-4.
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