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Abstract: The construction industry commonly employs
concrete as a construction material, which sometimes
may be subjected to fire exposure. It is important to adopt
fire safety measures while planning and constructing such
structures to ensure the safety of the occupants and the
structural integrity of the concrete. So, determining its
performance at elevated temperatures is of utmost impor-
tance. The main objective of this study was to investigate
the impact of mineral incorporations, namely, nano bento-
nite clay (NBC) and nano fly ash (NFA), on the retained
properties of concrete at normal (27°C) and at elevated tem-
peratures. The feasibility of partly substituting ordinary
Portland cement utilizing a mixture of NBC (0-5%) and
NFA (0-50%) in concrete was assessed under the exposure to
an elevated temperature ranging from 200 to 600°C. Several
parameters were examined, including compressive strength,
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flexural strength, split tensile capacity, water penetration,
loss of mass, ultrasound pulse velocity, and microstructure
properties. After the experimental analysis, it was observed
that the fire endurance was shown to be improved with the
inclusion of nanoparticles (BC and FA). A reduction in the
loss of mass by samples subjected to elevated heat was
observed with the addition of nano bentonite and NFA.
The mechanical strength results were obtained as maximum
for the concrete specimens with 2% NBC and 20% NFA
and further, the specimens performed better when exposed
to elevated temperature as compared with normal concrete
specimens. The microstructure of the concrete also upgraded
with better impermeability owing to the use of NBC and NFA.

Keywords: nanomaterial, elevated temperature, residual
properties, microstructure analysis

Abbreviations

BC bentonite clay

FA fly ash

L path length measured between transmitter and

receiver (mm)

M, mass loss (%)

M mass of concrete block before application of high
temperature (kg)

M, mass of concrete block after application of high
temperature (kg)

NBC nano bentonite clay

NFA nano fly ash

OPC ordinary Portland cement

SCM supplementary cementitious materials

SEM scanning electron microscope

S1 concrete specimens with nano bentonite clay 1%
and nano fly ash 10%

S2 concrete specimens with nano bentonite clay 2%

and nano fly ash 20%
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S3 concrete specimens with nano bentonite clay 3%
and nano fly ash 30%

S4 concrete specimens with nano bentonite clay 4%
and nano fly ash 40%

S5 concrete specimens with nano bentonite clay 5%
and nano fly ash 50%

1L time over which ultra-sonic pulse transits the
path length (us)

UPV ultrasonic pulse velocity

14 ultra-sonic pulse velocity (km/s)

XRD X-ray diffraction

1 Introduction

Concrete is well known for having integrated fire resis-
tance and offering some degree of endurance and thermal
resistance in high-temperature scenarios. During its lifetime,
infrastructure may be exposed to a number of hazards,
including fire [1]. The durability of a concrete structure allows
it to endure catastrophes like accidental fires for a longer
period than a metallic structure. Degradation of concrete
takes place owing to exposure to fire for long duration and
maximum temperature. The mechanical properties of con-
crete can also be influenced by other attributes, namely,
the heating rate, kind of aggregate, specimen size, water con-
tent, and maturity of the specimen [2-4]. As the temperature
increases, water evaporates from the calcium-silicate-hydrate
(CSH) paste, causing the calcium hydroxide and calcium
aluminate to decompose [5,6]. Approximately 100°C is the
temperature where free water evaporates, 400-500°C is the
temperature when Portlandite (Ca(OH),) dehydroxylate and
calcium oxide (CaO) decompose, and 600°C is the tempera-
ture at which the aggregates become quartz [7,8]. As con-
crete is extensively utilized in construction, determining its
performance at elevated temperatures is of utmost impor-
tance [9,10].

According to Chen et al. [11], factors such as duration,
peak temperature, and sort of cooling affect the strength of
concrete. In early-stage curing, concrete that has been
exposed to greater heating in the range of 800°C can regain
its compressive strength. The coolant type (air/water) has
an effect on the strength recovery [12]. Coskun and Tanyil-
dizi studied the compressive and splitting tensile capacity
of lightweight concrete in relation to fly ash (FA) content
(10-30%) and the application of heat varying from 200 to
800°C [13]. Specimens that contained 30% FA demonstrated
the most remarkable strength results. In the outcome, owing
to the pozzolanic characteristics of FA, high temperatures
did not adversely affect the concrete strength [14]. According
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to Xu et al. [15], high-temperature durability and mechanical
characteristics of pulverized FA concrete improved under
temperature ranges of 450-650°C, with 450°C having the
most significant impact. In a study by Marzouk and Hussein
[16], concrete containing 25% FA was tested under a wide
range of temperature exposure between 21 and 232°C. For
the heat application of temperatures of around 121-149°C,
concrete strength was observed to be boosted. Concrete con-
taining bentonite content was tested at ambient tempera-
ture and elevated temperature by Ahmad et al. Nonetheless,
not much enhancement in compressive strength with ben-
tonite content was registered. An acid attack resistance was
found to be better when 30% bentonite was present [17].
Further, the compressive strength of concrete increased
when bentonite content was 20% of the mix [18]. The ideal
quantity of bentonite in the concrete exposed to higher
temperatures is not yet fully understood. Bentonite clay
(BC) is a clay material with a high montmorillonite quantity
in addition to being a nano clay [19]. Nano bentonite clay
(NBC) has been found to possess a greater surface area along
with a greater cation exchange capacity, which makes it an
effective material for use in concrete as a substitute for
cement [20,21]. Further, the nano size of NBC can be very
effective in filling voids which can further improve the
workability, durability, and impermeability of concrete.
There is a great deal of interest in substituting pozzo-
lanic supplementary cementitious materials (SCMs) for
cement due to its high demand as a primary building mate-
rial, its greater expense when compared to other ingredi-
ents in concrete, and the issues related to the release of
greenhouse gases over its production. Pozzolanic materials
typically have micron-sized particles; however, it is pos-
sible to crush and pulverize them to create nanoscale par-
ticles [22]. Using SCMs, such as bagasse ash [23,24], blast
furnace slag [25,26], FA, and rice husk ash [27,28], in concrete
production can improve its mechanical and durability
performance while simultaneously reducing resource con-
sumption and lowering carbon dioxide emissions. Silica
fume enhances concrete residual strength up to 200°C; how-
ever, it causes a considerable decrease in strength at higher
temperatures due to the denser transition zone [29]. The
strength of FA-based concrete declined up to 250°C, then
recovered between 250 and 350°C. Beyond 350°C, the FA
concrete lost its strength, exhibiting superior heat resistance
at 550°C than the control concrete [30]. Concrete strength
with 0 and 20% ground granulated blast furnace slag (GGBES)
declined at 100°C but increased as the temperature increased.
Up to 350°C, concrete with 40 and 50% GGBES replacement
ratios exhibited no significant change in residual strength,
but higher replacement ratios resulted in lower strength [31].
Furthermore, alternative materials such as polypropylene
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fibres [9], steel fibres [32], carbon nanotubes [33], nano
silica, nano titanium [34-36], and nano alumina [37] have
been employed in the production of concrete. Although
these materials are effective in improving the performance
of concrete in terms of mechanical and durability properties, the
cost of these materials is a concern. The waste materials from
industries can be utilized, which possess some cementitious
properties, as partial replacement for cement for achieving
cost effectiveness along with improving the mechanical and
durability performance of concrete [38—40]. A reduction in
carbon dioxide emissions can be achieved by replacing
cement with NBC and nano fly ash (NFA) as these are
obtained from waste materials and reduce the consumption
of cement which is responsible for greenhouse gas emis-
sions during its production, making concrete production
more cost-effective [41,42]. Prior studies had explored the
characteristics of mortar and concrete when incorporating
bentonite and FA as constituents. Several experiments have
presented an outcome that FA and bentonite can upgrade
cementitious materials’ pore structure, thus improving their
durability [17,43,44].

The necessity for particular research on adding nano
bentonite and NFA is a gap in the existing literature on
concrete subjected to extreme temperatures. The study
covers a major knowledge gap by considering fire sce-
narios and sustainable needs in construction, offering vital
information for building fire-resistant structures and satis-
fying industry sustainability targets. The aim of this study
is to investigate the impact of mineral incorporations,
namely, NBC and NFA, on the retained properties of con-
crete at normal (27°C) and at elevated temperatures. In this
exploration, the feasibility of partly substituting ordinary
Portland cement (OPC) utilizing a mixture of NBC and NFA
in concrete was considered. Mixtures included 1, 2, 3, 4, and
5% NBC with 10, 20, 30, 40, and 50% NFA. A post-fire expo-
sure behaviour on the retained characteristics of concrete
including NBC and NFA was investigated at an elevated
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temperature of 200, 300, 400, 500, and 600°C. Several para-
meters were examined, including compressive strength,
flexural strength, split tensile strength, water permeability,
mass loss, ultrasound pulse velocity, and scanning electron
microscopy (SEM).

The present investigation examines a unique strategy
to lessen the adverse consequences of high temperatures
by incorporating NBC and NFA into concrete. By enhancing
the thermal stability and mechanical properties of con-
crete, these nanoparticles have the capability to increase
a structure’s fire resistance and durability performance
[22,42]. In the area of civil engineering, this study is crucial
because it may help in the production of more durable
and environmentally friendly building materials that are
capable of sustaining high temperatures. Through the
use of these ingredients, the investigation encourages les-
sening the environmental effect of usual cement produc-
tion. The novel feature of this approach is the opportunity
to investigate the synergistic impacts of NBC and NFA on
the residual mechanical characteristics of concrete after
high-temperature exposure. Through thorough investiga-
tion and evaluation, the research seeks to provide the basis
for future developments in fire-resistant building mate-
rials while also offering insightful information on the effec-
tiveness of nano-modified concrete.

2 Experimental work

2.1 Material properties
2.1.1 Cement
OPC 43 grade in compliance with IS 8112:2013 [45] was

utilized as a binder for concrete production since it is the
most popular kind of binder which is being utilized for the

(a) (b)

Figure 1: Basic ingredients of concrete (a) cement, (b) fine aggregates, (c) coarse aggregates.
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Table 1: Physical characteristics of coarse aggregates

Particulars Value
Water absorption (%) 0.81
Crushing strength (%) 16.9
Loose bulk density (kg/m?) 1,325
Rodded bulk density (kg/m®) 1,455
Impact resistance (%) 18.6
Abrasion resistance (%) 25.8

purpose of concrete production. OPC 43 grade with a spe-
cific gravity of 3.15 and an initial setting time of 35min as
depicted in Figure 1(a) was used in this study.

2.1.2 Fine aggregate

Fine aggregate having a specific gravity of 2.65 with sand
sieved over an IS 4.75 mm sieve in compliance with grading
zone II of IS 383:2016 [46] as presented in Figure 1(b) was
utilized in this study. Differences in void content can result
in significant differences in water demand between fine
aggregates of the same grading [47,48]. It is more important
to consider water requirements than physical packing in
determining the optimal gradation of fine aggregate for
concrete. It is preferable to use fine aggregates with fine-
ness moduli of 2.5-3.2.

2.1.3 Coarse aggregateand cooling procedure

A local quarry crushed angular granite aggregates with a
nominal size of 10-20 mm and a specific gravity of 2.74 as
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presented in Figure 1(c) was utilized for the present investiga-
tion. Particle size distribution, water absorption, crushing
strength of aggregates, bulk density, impact resistance of aggre-
gates, and aggregate abrasion value were determined as shown
in Table 1. The particle size distribution curve for fine and
coarse aggregates is depicted in Figure 2(a).

2.1.4 Nanomaterials

The NBC is used in this study as shown in Figure 3(a). NBC
can be used in cement by way of a binding agent in addi-
tion to enhancing the properties of the final product. When
added to cement, NBC can increase the mixture’s work-
ability and flow in addition to decreasing the water content
required for mixing. It can also improve the durability as
well as the strength of the cement through the decrease in
permeability in addition to increased resistance to che-
mical and physical stress [49,50]. Additionally, NBC can
reduce the amount of shrinkage and cracking that occurs
during the drying process. Overall, the use of NBC in
cement can lead to higher quality and a more reliable final
product [42].

Pulverized coal is burned in electric generation power
plants to generate FA, a fine powder as shown in Figure
3(b). FA is a pozzolanic material which is composed of
siliceous and aluminous compounds and can react with
water to form cementitious compounds. Due to its low
embodied energy as well as its role as a by-product, FA is
accepted as an eco-friendly material [51]. Many FA sources
contain pozzolanic FA, which consists of siliceous alumina
and siliceous material that combines with calcium hydro-
xide to form cement [52]. The physical and chemical com-
position of cementitious material (NBC and NFA) is listed in

100
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s 40 1 e Nano fly ash
=
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Particle size (um)
(b)

Figure 2: Particle size distribution curves (a) fine aggregate and coarse aggregate, (b) cement, NBC and NFA.
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Figure 3: Nanomaterials (a) NBC, (b) NFA.

Tables 2 and 3. The particle size distribution curve for
cementitious materials is presented in Figure 2(b).

2.1.5 X-ray diffraction (XRD) analysis of nanomaterials

The crystallographic structure, chemical content, and phy-
sical properties of a material can all be determined by XRD
analysis, a non-destructive approach. For this purpose,
some samples of FA and BC have been processed into
nano-form and tested using XRD. Figure 4(a-d) displays
the crystalline phase of the materials that have been
identified.

A peak value pointing toward the existence of che-
mical constituents such as calcium, magnesium, alumi-
nium silicate, and silicon oxide in both FA and BC is
depicted in Figure 4(a) and (c). Similarly, as displayed in
Figure 4(b) and (d) NFA and NBC possessed the same peaks
of chemical constituents. Silicon dioxide (SiO,), aluminium
oxide (Al,03), iron oxide (Fe;03), CaO, and a few other
insignificant elements constitute a significant portion of
NFA. Montmorillonite, a form of clay substance, consti-
tutes the majority of bentonite. It additionally comprises a
variety of minerals including calcite, gypsum, quartz, and
feldspar. The part substitution of cement utilizing NFA
and NBC is possible and it can further improve concrete’s
mechanical and durability properties.

Table 2: Physical characteristics of cementitious ingredients

Particulars Cement NFA NBC
Specific gravity 3.15 21 23
Specific surface area (m?/g) 0.3 360 465
Particle size (pm) 16.03 0.02-0.07 0.01-0.05
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(b)

2.2 Mix design and specimen details

The concrete blend was prepared in accordance with
IS 10262:2009 [53] using the procedure demonstrated in
Figure 5. A total of six mixes (S0, S1, S2, S3, S4, and S5)
were prepared in this study in the proportion of 1:1.7:2:48
which was determined from the mix design of M25 grade
of concrete. SO is prepared as a reference or control spe-
cimen without any addition of nanomaterials. Further, as
observed in prior research, NFA significantly influences
the properties of concrete when added in the proportions
of 10-40% [22,54-56]. However, in the case of NBC, due to
its finer particles, it might reduce the workability and can
have negative effects on strength development when uti-
lized at higher proportions, that is why lower percentages
of up to 5% replacement were utilized similar to past
studies to get a better insight about its behaviour in con-
crete [42,57,58]. Hence the other five mixes represent the
samples with part substitution of cement by weight with
nano bentonite in proportions of 1, 2, 3, 4, and 5%, and
NFA in percentages of 10, 20, 30, 40, and 50%. The water-

Table 3: Chemical compositions of cementitious ingredients

Particulars Cement NFA NBC
Ca0 60.65 174 1.97
Si0, 19.21 53.41 50.95
Al,03 4.99 24.62 19.60
Fe,0; 411 13.12 5.62
MgO 3.02 1.22 3.29
SO3 2.44 0.22 —
Na,0 0.31 0.35 0.98
K,0 0.38 0.72 0.86
TiO, — 1.47 0.62
MnO — 0.1 —
P,0s — — 1.28
Loss on ignition (%) 1.65 0.5 15.45
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Figure 4: XRD graphs (a) fly ash, (b) NFA, (c) bentonite clay, (d) NBC.

to-cement proportion was determined as 0.42. The mix
quantities for concrete specimens with NBC and NFA
are depicted in Table 4.

The mix was prepared as per the proportion specified
and filled in the cube (150 mm side), beam (100 mm square
side and 500 mm length), and cylinder (150 mm diameter
and 300 mm height) moulds. The concrete was filled in
three layers with the packing of each layer through a
vibrating table. An overall of 432 samples were cast com-
prising 216 cubes, 108 cylinders, and 108 beam specimens.
Out of these, 72 specimens were set as control specimens
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which were tested at room temperature including 12 speci-
mens without any utilization of NFA and NBC. For each
proportion of the sample of concrete, three repetitions
were made and average results were collected for the
same. The description of the specimens is presented in
Table 5. After filling the moulds with the concrete mix,
the moulds were enfolded with a thin polythene sheet to
eliminate the decrease in water content [59,60]. After the
period of 24 h, the specimens were taken out from the
moulds and kept inside the curing tank for 28 days which
was maintained at ambient temperature [47,61]. The

Nano
Bentonite Clay

Nano Fly
Ash

Cement

v

Fine

Water

!

Concrete Mix

A4

A 4

Aggregates

Dry-mixing f

» Wet-mixing f

Coarse

T=1 min.

T=2.5 min.

Aggregates

Figure 5: Concrete mixing procedure.
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Table 4: Mix proportions for concrete with NBC and NFA
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Samples  Cement (kg/m®)  NFA (kg/m®)  NBC (kg/m®  Fine aggregate (kg/m®  Coarse aggregate (kg/m®)  Water (kg/m°)
SO 417.00 0 0 1113.12 787.65 175.14
S1 37113 41.7 417 1113.12 787.65 175.14
S2 325.26 83.4 8.34 1113.12 787.65 175.14
S3 279.39 1251 12.51 113,12 787.65 175.14
S4 233.52 166.8 16.68 1113.12 787.65 175.14
S5 187.65 208.5 20.85 1113.12 787.65 175.14

mixing of specimens, casted specimens and curing of speci-
mens are displayed in Figure 6.

2.3 Heating and cooling procedure

Figure 7 shows an electric furnace possessing the ability to
heat the specimens up to 1,150°C. The inner dimensions of

Table 5: Description of the specimens

Test type Specimen geometry (mm)  No. of
specimens
Compression 108 (18-control,
150 = 150 x 150 90-heated)
Split tensile 108 (18-control,
90-heated)
150 x 300
Flexural 108 (18-control,
90-heated)
100 x 100 x 500
Water 108 (18-control,
permeability 150 x 150 x 150 90-heated)

the furnace were measured as 500 * 500 X 600 mm. Special
trolleys were used to place the concrete samples inside the
furnace. The heat was increased by closing the furnace cap
after the samples were put inside the furnace. In a lot of
prior studies [47,59,62], samples were exposed to high tem-
peratures according to the ISO-834 fire curves [63]. In some
studies, a constant heating rate of 10°C/min or 12°C/min
was employed to achieve the elevated temperature of the
specimen [62,64]. However, in this present investigation,
a heating rate of 15°C/min was employed to increase the
temperature of the furnace. Digital thermometers were
used to record the temperature readings during exposure.
Time vs temperature increase curve for elevated heating of
about 200-600°C for the specimen recorded from thermo-
couples is shown in Figure 7(b). There was a time lag
recorded for the temperature applied by a furnace and
the observed temperature of the concrete specimen in
the time vs temperature graph for the specimen. After
attaining its ultimate temperature, the furnace’s tempera-
ture was maintained for 2 h to ensure uniform distribution
of temperature throughout the specimen such that the
inside temperature of the specimen was at the same level
as the furnace [62,65,66]. To prevent a fire from forming,
the furnace was immediately shut off once the target
heating of the specimen was reached. After shutting off
the furnace, the samples were kept inside the furnace for

Figure 6: Preparation of specimens (a) mixing of specimens, (b) casted specimens, (c) curing of samples.
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raised temperature.

some time till the temperature of the specimens reduced to
100°C. Afterwards, the samples were placed to cool down in
the air at room temperature.

2.4 Testing procedure

After heating and cooling down of the samples, the speci-
mens were tested under different testing procedures as
described in Figure 8. All the tests were conducted in the
same manner for specimens exposed to elevated tempera-
tures of about 200-600°C separately.

2.4.1 Mechanical properties

The mechanical properties were assessed by performing
compression (on cubical specimens), split tensile (on cylind-
rical specimens), and flexural strength (on beam specimens)
testing in accordance with the BIS 516:2021 [67]. The loading
was raised at a constant rate till the specimens failed.

2.4.2 Ultrasonic pulse velocity (UPV) test

Before carrying out these mechanical strength tests, the weight
loss and UPV tests were also accomplished for the cubical
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concrete samples. The UPV experiments were executed in accor-
dance with the BIS 516:2018 [68]. The UPV and mass loss of
specimens can be determined by equations (1) and (2) as follows:

V=— @

- M,
— x 100. 2
i x 100 2

2.4.3 Water permeability test

One set of cubical specimens was tested for water perme-
ability test as per DIN 1045:1991 [69]. The test was conducted
for 3 days with a water pressure of 0.5 MPa. Thereafter, the
specimen was split into two parts from the centre with the
aid of a compression testing machine. The depth of water
penetrated inside the cube specimens was determined to
represent the permeability of the concrete specimen.

2.4.4 Microstructure analysis

To assess the microstructure properties of concrete after
exposure to high heat, SEM analysis was carried out by
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employing a Nova-Nano FE-SEM 450 machine on the speci-
men’s debris obtained after the failure of specimens in
compression testing. The residues were cleaned to remove
any loose debris and contaminants by rinsing them in dis-
tilled water and then dried with the aid of a clean cloth by
gentle patting. Then, the residues were placed in SEM
holders and the surface of the residues was prepared by
grinding or polishing to have a flat surface and transferred
into the SEM chamber for SEM imaging.

3 Results and discussion

3.1 Specimen appearance

The experimental findings of the concrete samples with
NBC and NFA indicated that concrete’s colour changes
when it is exposed to high temperatures. Concrete’s colour
changes depending on how much heat treatment is applied
[70,71]. As the temperature rises from the ambient range,
no notable alteration in the appearance of the samples was
observed with no indication of cracks on the samples’ sur-
faces. However, when the temperature of the samples hits

24 hr dry High temperature
treatment treatment 100 °C to
105+5°C 600 °C —
@ —» Water permeability
150x300mm B UPV test
> Mass loss
3 L 5 SEM test
150x150x150mm /
“»| Mechanical tests

; }

Compressive test

Split tensile test

Flexural test

!

Figure 8: Testing of specimens after heat treatment.
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200°C, the specimens become bright in colour probably due
to the loss of free water [7]. A peak temperature of
300-400°C, however, produced darker colours in the speci-
mens. Peak temperatures between 500 and 600°C caused
the colour of the sample to turn from dark to light with
grey stains on the surface owing to CO, combustion [8]. In
accordance with the outcomes of the existing exploration,
all types of concrete mix produced similar results.

Figure 9 illustrates that the visual appearance of speci-
mens to which high temperatures were applied varies
depending on the ratio of mix and temperatures applied.
The appearance of the specimens slightly changes at tem-
peratures of about 200-300°C. Although the surface of the
specimens does not show any cracks at this point. The
specimens’ colours change from a light brown to a darker
brown with a raise in the temperature to 400°C. In speci-
mens at 500-600°C, small cracks can be observed and

SO

S1

S2

S3

S4

S5

Figure 9: Appearance of specimens after heat application.
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continuous long cracks can occur. Similar findings were
observed by several researchers [72-74].

3.2 Compressive strength

The residual compression strength of concrete cubical samples
with NBC and NFA after exposure to high temperature was
determined via compression test. The findings of the compres-
sion test are presented in Figure 10 for all the specimens.

3.2.1 At ambient temperature

The compression resistance of concrete specimens was
registered to be increased at lower proportions of NBC

500 °C 600 °C

400 °C
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Figure 10: Compression test results (a) residual compressive strength, (b) normalized compressive strength.

and NFA. However, at higher proportions of these nano-
materials, the compression resistance was registered to be
diminished [17]. The highest compression resistance at
normal temperature was observed for S2, which increased
the compressive strength by 21% as contrasted to the refer-
ence specimen.

3.2.2 At elevated temperature

Concrete’s compression resistance at high temperatures
depends on several factors, including additives, its strength
at room temperature (29°C), and its heating rate [50]. As the
temperature of specimens was increased from ambient
temperature, the decrease in compression resistance was
recorded. For control concrete specimens, the decline in
the compression resistance occurred at 9, 16, 25, 34, and 45%
as the temperature was raised to 200, 300, 400, 500, and
600°C, respectively. The loss of water from concrete when
heated from 200 to 300°C causes hydrothermal changes [75].
Micro-cracking can occur when internal stresses are gener-
ated at 400°C [76]. The disintegration of Ca(OH), occurs
at temperatures greater than 400°C, leading to a further
reduction in strength [77]. At about 500 and 600°C, calcium
silicate hydrate (CSH) gel begins to decompose, resulting in a
reduction in strength and stiffness [78]. A further loss of
strength occurs when calcium carbonate (CaCO3) decom-
poses between 500 and 600°C [75,79].

However, the specimen, with optimum compression
strength at ambient temperature registered an increase in
strength at a raised temperature of 200°C by 3%. Further rise
in the exposure temperature led to the decrement of the

compression strength of 7, 18, 29, and 42% for 300, 400,
500, and 600°C, respectively. Both regular concrete and con-
crete containing NBC and NFA experience small fractures
owing to the breakdown of C-S-H gel and empty water
capillaries. The reduction in compressive strength was
found to be less in the case of concrete blended with
NBC and NFA at elevated temperature in contrast to control
specimens, which implies better performance of nano-mod-
ified concrete at elevated temperature.

3.3 Flexural strength

Based on the outcomes of a flexural strength test, the resi-
dual flexural strength of concrete prism/beam specimens
with NBC and NFA after exposure to high temperatures
was determined. The outcomes of the flexural strength
experiment for each specimen are depicted in Figure 11.
Behaviour similar to that seen in the compression resis-
tance was recorded in the flexural strength test.

3.3.1 At ambient temperature

At lower proportions of NBC and NFA, the flexural strength
of concrete samples was discovered to be increased, but at
higher proportions of these nanomaterials, the flexural
strength was recorded to be reduced [17]. The sample S2
had the greatest flexural strength at normal temperature,
increasing the flexural strength by 10.11% in comparison to
the control specimen.
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3.3.2 At elevated temperature

Similar to the compressive strength, the flexural strength of
concrete at raised temperatures is impacted by numerous
variables, including additives, its strength at room tempera-
ture (27°C), and heating rate [50]. A decrease in flexural
strength was seen as specimen temperatures were raised
above ambient temperature. For control concrete speci-
mens, the flexural strength decreased with temperature
rise to 200, 300, 400, 500, and 600°C, respectively, by 2, 7,
12,17, and 24%. Hydrothermal changes occur when concrete
is heated from 200 to 300°C due to water loss [75]. The break-
down of CSH gel, drying of the cement mixture, and mod-
ification of aggregate crystal structure have been attributed
to the decline in flexural strength. Additionally, due to the
specimen’s increased temperature, the bonding between the
cement mix and the aggregates decreased, and tiny cracks
and voids increased, which decreased the specimen’s ability
to resist bending [12,80,81].

However, for S2 specimens, a 3% gain in flexural strength
was registered at the higher temperature of 200°C. Additionally,
the flexural strength decreased by 2, 8, 14, and 22% while the
temperature increased to 300, 400, 500, and 600°C, respectively.
The drying of concrete and the breakdown of the bonding
between the binder and the filler ingredient were the reasons
for the decrease in flexural strength [82,83].

3.4 Split tensile strength

Through a split tensile capacity experiment, the residual
split tensile strength of concrete cylinder specimens with
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NBC and NFA after exposure to high temperature was
obtained. For all the specimens, the outcomes of the split
tensile experiments are depicted in Figure 12.

3.4.1 At ambient temperature

Lower amounts of NBC and NFA were shown to increase
the split tensile strength of concrete specimens. The tensile
resistance, however, was recorded to diminish with larger
ratios of these nanomaterials [17]. S2, which enhanced ten-
sile strength by 10% in contrast to the reference specimen,
had the maximum tensile resistance at standard normal
temperature.

3.4.2 At elevated temperature

For control concrete samples, the tensile resistance decreased
as the temperature increased to 200, 300, 400, 500, and 600°C,
respectively, by 4, 8, 13, 19, and 26%. When heated to 200°C in
relation to S2 samples, a 1% improvement in tensile resistance
was noted. However, as the temperature was raised further
to 300, 400, 500, and 600°C, respectively, there was a 4, 9, 16,
and 24% decrease in the tensile strength. Several variables,
including additives, concrete’s strength at room tempera-
ture (29°C), and its heating rate, affect the material’s tensile
strength at high temperatures [50]. Due to the concrete’s
pore structure caused by the quick loss of moisture and its
distinctive expansion of the cement mixture and other ele-
ments, the tensile strength of the concrete decreased [47,80].
Concrete loses water when heated from 200 to 300°C, which
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Figure 11: Flexural test results (a) residual flexural strength, (b) normalized flexural strength.
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Figure 12: Split tensile strength test results (a) residual split tensile capacity, (b) normalized split tensile capacity.

results in hydrothermal alterations [75] and microcracking
at 400°C due to internal stress development [76]. Calcium
silicate hydrate (CSH) gel starts to break down between 500
and 600°C, which reduces its stiffness and strength [78].
When CaCOs breaks down between 500 and 600°C, strength
is further reduced [75,79].

3.5 Water permeability

Concrete cubical specimens containing NBC and NFA were
subjected to water penetration testing in accordance with
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DIN 1045:1991 [69]. Concrete cubes were fitted in the appa-
ratus and water at 0.6 N/mm? of pressure was applied to
the concrete surface by adding water to the water tank.
The water permeability in terms of the depth of water
penetrated inside the concrete specimens was determined.
Based on measurements done for the specimens to which
high temperature of 200, 300, 400, 500, and 600°C were
applied, Figure 13 indicates an increase in water penetra-
tion depth as temperatures rise during the fire exposure.
The test specimens exposed to fire are shown to have more
penetration of water as the temperature rises. Higher tem-
peratures result in more penetration of water, especially at
500 and 600°C.
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Figure 13: Water permeability test results (a) residual depth of water penetration, (b) normalized water permeability.
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3.4.2 At ambient temperature

Nano bentonite and NFA replaced cement in the test results,
resulting in a decrease in water penetration. Because NBC
and NFA have smaller particle sizes than conventional
cement, the binder phase is packed tightly. As a result, there
is less porosity. Consequently, water is less likely to soak into
the concrete due to this reduction in porosity [19,84]. The
reduction in water penetration depth as 2.8, 7.2, 13.8, 20, and
25.5% was registered for specimens S1, S2, 3, S4, and S5 in
comparison to control specimen.

3.4.3 At elevated temperature

For the control specimen, as the temperature was raised,
increases in the penetration depth of water as 12, 20, 34, 54,
and 74% were recorded in case of temperature exposure to
200, 300, 400, 500, and 600°C, respectively. The specimen
S2, which resulted in optimum mechanical resistance out-
comes, showed an increase in the depth of water penetra-
tion by 8, 14, 26, 45, and 64% after temperature exposure
of 200, 300, 400, 500, and 600°C, respectively. However,
maximum control on the water permeability was reflected
by the specimen S5 with 2, 7, 17, 31, and 51% increases in
the water permeability when high temperatures of 200,
300, 400, 500, and 600°C were applied to the specimens,
respectively. The rapid evaporation of moisture increases,
resulting in the porous concrete structure [85]. The micro-
cracks change to macro-cracks owing to the distinctive
thermal expansion of binder and filler materials in concrete,
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Figure 14: Mass of specimens (a) residual mass, (b) normalized mass.
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leading to higher water permeability of concrete speci-
mens [86,87].

3.5 Mass loss

Mass loss of concrete makes a significant contribution to its
durability evaluation. The mass of specimens with or
without the utilization of NBC and NFA at normal tempera-
ture and after application of high temperature is presented
in Figure 14.

3.5.1 At ambient temperature

It was demonstrated that the use of such nanomaterials
increases the mass of specimens due to more dense struc-
ture. However, the mass of specimens was observed to
decrease with an increment in the heating temperature
[31,88]. The increment of 0.6, 1.1, 1.4, 1.6, and 1.9% in the
weight of the concrete samples were observed for S1, S2, S3,
S$4, and S5 samples in contrast to reference samples.

3.5.2 At elevated temperature
As the temperature increased from room temperature to
200, 300, 400, 500, and 600°C, the loss in the mass of the

specimens was determined as 2, 4, 7, 10, and 13%, respec-
tively, for the control specimens. Similarly, for S2
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specimens, the mass loss was obtained as 1.6, 3.2, 5.8, 8.4,
and 11% after exposure to high temperature of about 200,
300, 400, 500, and 600°C, respectively. Further, the sample
S5 showed a greater reduction in the mass loss at 1, 2, 4, 6,
and 8% while the temperature of exposure increased from
standard normal temperature to 200, 300, 400, 500, and
600°C, respectively. The reduction in mass at greater tem-
peratures could be owing to the expulsion of chemically
bound water, which is a component of cement hydration
compounds and is extremely hard to disperse. This water
leaks out of the concrete as the hydration compounds
break down due to heating [52,83,89-91]. Concrete mass
decreased as a consequence of the CSH gel’s dissolution,
varied temperature stresses within the material, and the
quick drying of the concrete. The weight of the concrete
decreased after imposing high temperatures because the
porousness of the concrete specimen increased and the
bond between the cement mix and other elements was
weakened [59,92].

3.6 UPV

An UPV experiment can be employed to evaluate the
internal deterioration generated by raised temperatures
in a concrete specimen. The UPV test outcomes for the
specimens with and without NBC and NFA at elevated
temperature exposure are presented in Figure 15.
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3.6.1 At ambient temperature

The UPV values were found to be increased due to the sub-
stitution of NBC and NFA. The UPV values were increase by
4,7,9.5,11.2, and 12.7% for the specimens S1, S2, S3, S4, and
S5, respectively, in contrast to control specimen.

3.6.2 At elevated temperature

In Figure 15, when the temperature of the specimens was
increased, the UPV decreased. For the reference specimen,
the decrease in the UPV outcomes was registered as 9, 17,
28, 37, and 44% for the temperature exposure of 200, 300,
400, 500, and 600°C, respectively. Increasing temperature
results in more internal damage of the test specimen, and
reflected in an increase in the degree of damage [93]. The
UPV outcomes decline significantly from 400 to 600°C
owing to capillary water deprivation and ettringite drying.
Further, for S2 specimens, reductions in the UPV results
were obtained as 8, 16, 23, 31, and 39%. Similarly for the
specimen, S5, the lowest reduction in UPV findings was 6,
11.9. 18.1, 24.1, and 30% was observed when high tempera-
ture of 200, 300, 400, 500, and 600°C was applied, respec-
tively. Due to the expansion of fractures, weakening of the
bonding among the aggregates, dissolution of the CSH gel,
and quick loss of water, which gave rise to the generation
of concrete’s porosity and the emergence of significant
empty spaces, the pulse velocity decreased [12,51,87,94].
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Figure 15: UPV results (a) UPV values of specimens, (b) normalized UPV values.



16 —— Aditya Kumar Tiwary et al.

3.7 SEM

The thermal decomposition of concrete’s constituent mate-
rials causes it to undergo microstructural changes at high
temperatures. The extent and nature of these changes
depend on the temperature and duration of exposure.
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SEM analysis can characterize the microstructure of con-
crete after high-temperature treatment. Using SEM images,
the morphology, size, and distribution of concrete compo-
nents can be observed. A high-temperature analysis can
also reveal the extent to which the microstructure has
been damaged or degraded. Figure 16 illustrates the SEM

Dense
Structuné

Figure 16: SEM images for concrete specimen (a) SO (27°C), (b) S2 (27°C), (c) SO (200°C), (d) S2 (200°C), (e) SO (600°C), (f) S2 (600°C).
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images for the control concrete specimen (NC) and optimum
strength concrete specimen (S2). The SEM images at ambient
temperature, at the onset of elevated temperature (200°C)
and at the peak temperature of 600°C was compared to get
an idea of the behaviour of concrete specimens at lower and
higher temperature range.

The SEM results of S2 are collected because they
resulted in the optimum mechanical strength increase of
the control specimen at almost all the temperature ranges.
A concrete specimen at a normal temperature of 27°C has a
tightly combined structure, is compact, and contains dense
phases in both cases of concrete specimens. However, in
the case of the control specimen at this stage, some unde-
veloped CSH and some void can be observed. Furthermore,
there is a large amount of crystal water and gel present at
this stage in the case of the S2 specimen with minor voids
only and a well-consolidated matrix. When the sample is
heated to 200°C, the control specimens are shown to have
some major voids and some crack development. Water
vaporizes and evaporates from internal free space as
well as capillary spaces. C—S—H gel also loses adsorbed water
through cement hydration, resulting in cement dehydration
[70,95] and a dispersed structure was observed. In the case
of S2 concrete specimen shows still a dense structure with
minor disintegration of CH and some crack development at a
temperature of 200°C. The concrete surface appears porous at
temperatures of 600°C because a great deal of water is lost.
Additionally, the concrete structure is destroyed, resulting in
a non-homogeneous structure for the control specimen. It
appears that the control specimens appear white and cracks
appear on their surfaces at this temperature. As a result of
further decomposition and loosening, the specimens show
major voids at 600°C [92,96]. The Ca(OH), hydration bypro-
duct turned dehydrated as a consequence of a spike in tem-
perature since the water that was soaked by the CSH paste
vaporized resulting in the disintegration of CSH paste in the
case of the S2 specimen at a temperature of 600°C. The low-
dense structure appeared in the SEM images with some voids
at temperatures of 600°C along with CSH paste breakdown
which led to a loss in mechanical strength [62,65]. Nonethe-
less, better post-fire performance was observed for the con-
crete specimens incorporating the NBC and NFA with fewer
cracks and void development.

4 Conclusion

In the present investigation, the impact of NBC and NFA on
the mechanical and durability characteristics of concrete
specimens implemented at elevated temperatures was
determined through an experimental program. Post the
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study, the salient points that were extracted from the
study are listed below:
¢ The mechanical strengths of the concrete samples recorded
improved with the substitution of nano bentonite and NFA
at room and elevated temperatures. The optimum content
of NBC and NFA was determined to be 2%, and 20% at which
better mechanical properties of the concrete was observed.
However, further substitution of NBC and NFA beyond this
limit gave rise to a decrease in the mechanical resistance.
* At the elevated temperature, the mechanical strengths
were observed to decrease. However, the specimen having
2% NBC and 20% NFA showed the highest residual mechan-
ical strength as compared with other samples.
The water permeability of concrete specimens with NBC
and NFA decreased due to the condensed and close-
packed structure of such concrete specimens. Also, the
loss of mass was less in the case of specimens with NBC
and NFA. Due to the increase in mass, and less porous,
compact, and dense structure, the UPV in the concrete
samples also increased. However, as the temperature
increased, decrease in the mass and UPV outcomes with
a rise in permeability can be seen.
The substitution of NBC and NFA increases the compact-
ness of concrete by filling the pore of concrete resulting
in less crack formation at the lower temperatures of
the range 200°C. However, as the temperature further
increases, development of micro and some major fis-
sures might be reflected on the concrete surface. The
SEM analysis of the concrete specimen with optimum
content of NBC and NFA also indicated that the micro-
structure of concrete gets improved owing to the addi-
tion of these nanomaterials. Owing to the disintegration
of CSH gel and increase in the porosity, wide cracks and
irregular structures were observed at temperature expo-
sures of more than 400°C.

It was demonstrated in the above study that the use of
NBC (2%) and NFA (20%) in the concrete can lead to an
improvement in residual characteristics of concrete post
the application of elevated temperatures up to 200°C.
However, further increases in the temperature can result
in the degradation of the residual characteristics, yet it
showed better mechanical properties in contrast with the
specimens without the use of such nanomaterials.

5 Future scope

Following are the future perspective of the study:
* Long-term durability evaluation: Further research into
the behaviour of the concrete composed of NBC and NFA
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under high-temperature exposure might be done by car-

rying out experiments such as freeze—thaw cycles, alkali-

silica reaction, sulphate attack, carbonation resistance, etc.

Effect of curing methods: It is possible to investigate the

effects of several curing processes, such as water curing,

steam curing, or accelerated curing, on the characteris-
tics of concrete prepared with NBC and NFA and heated
to a high temperature.

* Behaviour under various temperature regimes: The
research may be expanded to examine the qualities of
concrete containing NBC and NFA subjected to high-tem-
perature regimes by replicating various fire exposure
scenarios at varied temperatures and exposure times.

* Environmental considerations: By examining energy
consumption, carbon footprint, and life cycle assess-
ments, research on the environmental impact and sus-
tainability aspects of using NBC and NFA in concrete at
elevated temperatures can be done. This will help
researchers to comprehend the overall environmental
advantages of these materials.
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