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Abstract: This study investigated the effect of elevated temperature on the mechanical, physical and
durability properties of normal strength concrete, modified with bentonite. The bentonite concrete
was cast by substituting cement with bentonite content in proportions of 5, 10 and 15% by weight.
Mechanical tests were conducted (compressive and splitting tensile strength). Furthermore, durability
performance (mass loss and sorptivity) and specimen properties (elastic modulus, stress—strain
behaviour, ductility and energy absorption) were evaluated and discussed. The results demonstrated
that samples incorporating bentonite showed better fire endurance than the control mix. The inclusion
of bentonite in concrete decreased the mass loss of the specimens exposed to high temperatures. The
performance of bentonite concrete was better in terms of mechanical behaviour (compressive and
tensile strength) than that of conventional concrete, and it had high resistance to water absorption.
Higher ductility and energy absorption capacity were observed for the concrete specimen containing
bentonite than its counterpart control specimens.

Keywords: bentonite; concrete; compressive strength; ductility; sorptivity; mass loss

1. Introduction

A major hazard that built infrastructure may face in its lifetime is fire. Concrete de-
grades when it is exposed to fire. Typically, the compressive strength, the tensile strength
and the modulus of elasticity of concrete degrades when it is exposed to high temperatures,
resulting in its explosive destruction, thus endangering the bearing capacity of the concrete
elements [1]. As the temperature rises, water starts to evaporate, causing calcium-silicate-
hydrate (C-S-H) gel dehydration along with the decomposition of calcium hydroxide and
calcium aluminates [1]. Free water vaporises at about 100 °C, Ca(OH), decomposes into
calcium oxide (CaO) and H,O between 400 °C to 500 °C, and quartz transformation of
aggregates occurs above 600 °C [2]. The extensive use of concrete as a building material
requires having sound knowledge regarding its behaviour at high temperatures [3]. In
addition, technology advancements have resulted in increasing demand to develop mate-
rials for various purposes that cannot be met by using conventional concrete. Moreover,
in the past few years, the cost of, and demand for, cement has increased significantly [4].
Therefore, it is necessary to replace cement with a material that will not affect the residual
properties of concrete, but rather will enhance them after exposure to high temperatures,
and will also be cost-effective. To understanding the stability-enhanced mechanism of
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bentonite on cement-based materials for promoting its application as a low-cost viscosity
modifying admixture (VMA), binary bentonite-water and ternary cement-bentonite-water
systems can be analyzed. The interaction between cement slurry and (Li*, Na*, Ca?*)
bentonite was analyzed by chemical analysis, XRD, XRF, XPS and SEM in previous studies.
The results indicated that the interlayer ions of bentonite play important roles in improving
the stability of fresh cement slurry, and the related performance of Ca?* bentonite can
be improved by introducing Li*; when cement/(Li*, Na*, Ca?*) bentonite systems were
separated from water and dried, all bentonites almost returned to their original ordered
structures and tended to form Ca?* bentonite.

The use of supplementary cementitious materials (SCMs) can improve the properties of
concrete and reduce pressure on natural resources and CO; emissions. The environmental
impact analysis revealed that utilization of BC and SF can reduce carbon emissions by
approximately 23% compared to control mix.

In this regard, the characteristics and suitable use of clays as an alternative to cement in
concrete have been studied for decades [5]. Previously, different materials were used to im-
prove the overall behaviour of concrete exposed to elevated temperature, such as polypropy-
lene fibres [6], steel fibres [7], carbon nanotubes [8], fly ash [9] and metakaolin [10]. How-
ever, these materials are either expensive or not freely available. Hence, this study uses
bentonite as a partial replacement for cement in concrete. Bentonite is freely available in
Jahangira [11] and Karak [12], Khyber Pakhtunkhwa, Pakistan. Bentonite is a clay mineral
and possesses pozzolanic properties [13]. In previous studies, bentonite was incorporated
as a partial replacement for cement to make a cost-effective concrete mix. Using bentonite as
a partial replacement for cement will result in reducing greenhouse gas emissions because
cement production emits a huge volume of greenhouse gases [14]. These hazardous gases
can travel throughout the world in a week’s time [15]. Hence, to support green living,
cement production should be reduced and supplementary materials, such as bentonite,
should be used. Some previous studies have been conducted to investigate the effect of
bentonite on the properties of mortar and concrete. Results from these previous studies
indicated that bentonite can improve the pore structure of cementitious materials, thereby
improving the durability of the structure, and the compressive strength of the concrete
decreased with the bentonite content [12,16]. Sulfuric acid resistance has also been stud-
ied, and it was found that bentonite content lower than 25% performs better in terms
of acid attack. The amount of bentonite replacement over 25% does not perform well
when exposed to sulfuric acid [17,18]. S. Ahmad determined the compressive strength of
concrete containing bentonite content on ambient and elevated temperatures. The results
indicated no significant improvement with bentonite content in terms of compressive
strength. However, 30% bentonite content showed better durability in terms of acid attack
resistance [16]. Reddy et al. reported an experimental study of bentonite concrete and
observed higher compressive strength with 20% bentonite content [19]. The response to
elevated temperature and optimum bentonite content to be used in concrete is still unclear.

This research investigates the behaviour and residual properties of bentonite, when
used as a partial replacement for cement, in concrete mixtures exposed to elevated tempera-
tures (200 °C, 400 °C, 600 °C and 800 °C). Tests on residual properties, such as compressive
strength, splitting tensile strength, stress—strain response, ductility, sorptivity and weight
loss, were performed along with microscopic investigation, and the results were compared
with those for the control samples, which were tested at room temperature. The empirical
findings of this study can be used as input for the analysis and design of concrete structures
containing bentonite content.

2. Experimental Investigation
2.1. Materials

Ordinary Portland Cement in compliance with ASTM C150 [20] was used as binding
material, and its chemical properties are presented in Table 1. Sand was used as fine
aggregate, and its properties are shown in Table 2. The maximum size of coarse aggregates
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used was 12.5 mm. Cement was partially replaced with bentonite (5%, 10% and 15%). The
results of XRD of bentonite are shown in Figure 1. The average size of bentonite particles
was 4 um to 5 um. Superplasticiser was used to make the mix workable [21], and the

properties of superplasticiser are shown in Table 3.

Table 1. Chemical Composition of Cement and Bentonite.

Compound Cement Bentonite
Silicon dioxide (SiO,) 19.2 54.25
Aluminum oxide (Al,O3) 9.67 20.29
Ferric oxide (Fe,O3) 3.28 8.70
Magnesium oxide (MgO) 1.66 4.1
Calcium oxide (CaO) 60.1 7.18
Sodium oxide (NayO) 0.81 1.24
Potassium oxide(K,O) 1.18 3.95
Phosphorus pentoxide (P,O5) 0.068 1.107
Sulfur trioxide (SO3) 2.65 -
Titanium oxide (TiO,) - 0.9
Zinc oxide (ZnO) - 0.18
Table 2. Physical Properties of Fine and Coarse Aggregates.
Aggregate Type Coarse Aggregate Fine Aggregate
Maximum size 12.5mm -
Water absorption (%) 0.8% 1.46%
Specific gravity (g/ cm?) 2.6417 2474
Bulk density (kg/m?) 1432
Crushing value 21 -
Fineness modulus - 1.7

—— XRD of Bentonite Clay
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Figure 1. X-Ray Diffraction test of Powdered Bentonite.
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Table 3. Properties of superplasticizer.

Properties Values
Type ViscoCrete-3100
Colour Colourless to Yellowish
Consumption 0.5-1%
Air contents Less than 1%
Freezing point 0°C
Form Liquid
Density (at 25 °C) 1.085 kg/L

2.2. Mix Proportion and Specimen Preparation

The experimental program was designed with concrete mixes containing 0, 5, 10 and
15% bentonite as a partial replacement for cement. A constant water—cement ratio of 0.58:1
was used. Given that increasing the percentage of bentonite generally makes the concrete
mix harsh and reduces its workability, to adjust the workability of the concrete to 50 mm,
superplasticiser (Sika viscocrete-3110) was introduced into the mix. The details of the mix
proportions are presented in Table 4. Cylindrical specimens (100 x 200 mm) were cast and
demoulded after 24 h and were kept in a water tank for curing under controlled conditions,
as specified by ASTM.

Table 4. Mix Proportion (Mass Ratio).

SampleID  Bentonite Cement Fine Aggregate =~ Coarse Aggregate Water
M 0 778.05 906.15 985.202 451.27
5BT 38.90 739.145 906.15 985.202 451.27
10BT 77.80 700.245 906.15 985.202 451.27
15BT 116.70 661.343 906.15 985.202 451.27

2.3. Test Equipment and Procedure

A temperature-controlled furnace with temperature ranging up to 1100 °C was used.
The furnace was equipped with a thermocouple, which was used to control the temperature.
The samples were exposed to temperatures of 200 °C, 400 °C, 600 °C and 800 °C. RILEM
test procedures were adopted for the holding time and heating rate per minute; the heating
rate used in this test was 2-5 °C per minute [22,23]. A Universal Testing Machine with a
capacity of 1000 kN was used to test the specimens under axial compression and tensile
load. The compression test was performed in accordance with ASTM C 469 [24] with a
loading rate of 0.2 MPa/s, and the modulus of elasticity was calculated from the stress—
strain response. The splitting tensile strength test was performed in accordance with ASTM
C 496 [25] with a loading rate of 0.025 MPa/s. A sorptivity test was also performed, and the
water absorption by capillary action was measured before and after exposure to elevated
temperatures. In addition, the weight loss after exposure to elevated temperatures was
measured. Furthermore, the XRD and SEM tests were performed. Samples were cured
under control conditions according to ASTM 192 (23 °C £ 2 °C, 95% humidity) [26].

3. Result and Discussion

The mechanical tests (compressive and tensile strength), the evaluation of properties
(stress—strain response, elastic modulus, ductility and energy absorption), durability as-
sessment (mass loss and sorptivity) and SEM (scanning electron microscope) analysis were
performed under the residual conditions. These test results and properties are discussed in
detail in the next section.
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3.1. Mechanical Test
3.1.1. Compressive Strength

The compressive strength at room temperature depends mainly on the water-cement
ratio, the aggregate type and size, the aggregate-paste interface transition zone, the curing
condition and the admixtures [27]. At elevated temperatures, compressive strength mainly
depends on additives, strength of concrete at room temperature and heating rate [28]. Up to
200 °C, changes in concrete occur due to loss of absorbed water; as a result, hydrothermal
changes occur [29]. At 300 °C, the generation of internal stresses results in microcrack-
ing [30]. Above 400 °C, calcium hydroxide Ca(OH), disintegrates, resulting in further
strength reduction [31]. At about 600 °C, strength reduces along with the reduction of
stiffness, due to decomposition of the calcium silicate hydrate (CSH) gel [32]. Between the
temperature range of 600 °C to 800 °C, calcium carbonate (CaCOs) decomposes, resulting
in further loss of strength [29,33].

The experimental results for axial compression are shown in Figure 2 and Tables 5 and 6.
The compressive strength of 28.8, 29.1, 30.3 and 28.6 MPa was recorded for mix CM, 5BT,
10BT and 15BT, respectively. Figure 2 and Table 6 show that the compressive strength of
the specimen increased as the bentonite content increased, up to 10% bentonite. Further
increase of bentonite, beyond 10%, reduces the compressive strength of the concrete cylin-
ders. The best possible reason for the increase in strength with bentonite is the pozzolanic
reaction, which takes place at a slower rate than the hydration of cement, coupled with
the microfiller effect caused by bentonite. Ahmad et al. [16] found that the compressive
strength decreased with the increase in the percentage of bentonite used as the cement
replacement. Studies on this topic have reported varying results, which is clearly due to the
different heating temperatures used to prepare the bentonite sample. Notably, bentonite
should be heated at 200 °C to achieve better strength of bentonite concrete.
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Figure 2. Strength for control mix and bentonite-modified concrete mixtures at ambient and targeted
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temperatures (a) Compressive strength (b) Relative compressive strength.
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Table 5. Relative Residual Splitting Tensile and Compressive Strength.
Residual Compressive Strength Residual Splitting Tensile Strength
Sample Name 23°C 200 °C 400 °C 600 °C 800 °C 23°C 200 °C 400 °C 600 °C 800 °C
CM 1 0.83 0.72 0.46 0.23 1 0.69 0.48 0.28 0.13
5BC 1 0.85 0.75 0.49 0.24 1 0.70 0.55 0.32 0.18
10BC 1 0.87 0.78 0.58 0.40 1 0.75 0.62 0.40 0.24
15BC 1 0.81 0.69 0.45 0.28 1 0.73 0.60 0.30 0.17
Table 6. Compressive Strength, Modulus of Elasticity, Energy Absorption, Tensile Strength and
Ductility at Targeted Temperatures.
D Temp. Sﬁzlr?glﬁf?;/l[;il) Ell;/::iccl;lt;u(s(;);a) Absoillie;;gl);]/m3) StreI;Itllil(llf/Ipa) Ductility
23°C 28.805 26.18 436.2 3.25 0.4
200 °C 23.79 22.27 398.1 2.24 0.47
CM 400 °C 20.88 17.613 389.3 1.56 0.68
600 °C 13.33 13.75 459.7 091 0.75
800 °C 6.67 8.60 523.6 0.42 0.83
23°C 29.10 27.10 436.7 342 0.52
200 °C 24.70 22.90 371.6 2.39 0.59
5BT 400 °C 21.69 17.86 413.8 1.88 0.83
600 °C 14.12 13.94 481.4 1.094 0.87
800 °C 7.10 8.89 489.9 0.615 0.96
23°C 30.31 27.93 450.2 3.76 0.85
200 °C 26.47 23.36 418.9 2.82 0.77
10BT 400 °C 23.59 18.48 485.8 2.33 0.84
600 °C 17.48 14.44 673.4 1.504 0.94
800 °C 12.10 9.37 867.7 0.902 1.03
23°C 28.66 25.56 423.2 3.51 0.83
200 °C 23.23 21.54 364.1 2.56 0.79
15BT 400 °C 19.75 15.00 416.6 1.82 0.87
600 °C 12.93 12.30 444.5 1.053 0.99
800 °C 7.95 8.13 607.5 0.596 1.04

The exposure temperature (200 to 800 °C) had a detrimental effect on the compressive

strength of concrete, as shown in Figure 2 and Table 6. Residual compressive strengths
of 28.0 MPa, 23.7 Mpa, 20.8 Mpa, 13.3 Mpa and 6.6 Mpa were recorded for the control
specimens exposed to temperatures of 23 °C, 200 °C, 400 °C, 600 °C and 800 °C, respectively.
This result shows a 16, 26, 52 and 76% decrease in the compressive strength of the samples
exposed to 200, 400, 600 and 800 °C, respectively, compared with the compressive strength
of the unheated specimen. The compressive strength of 5BT (5% Bentonite) at the exposure
temperatures of 23 °C, 200 °C, 400 °C, 600 °C and 800 °C was recorded as 29.1 Mpa,
24.7 Mpa, 21.6 Mpa, 14.1 Mpa and 7.1 Mpa, respectively. This result shows a 15, 25, 51 and
76% decrease in the compressive strength at the exposure temperatures of 200, 400, 600
and 800 °C, respectively, compared with that of the unheated specimen. The compressive
strength of 10BT (10% Bentonite) at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C was recorded as
30.3 Mpa, 26.4 Mpa, 23.5 Mpa, 17.4 Mpa and 12.1 Mpa, respectively. Thus, the compressive
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strength at the exposure temperatures of 23 °C, 200 °C, 400 °C, 600 °C and 800 °C was
lower by 13%, 22%, 42% and 60%, respectively, than that of the unheated sample. Moreover,
the compressive strength of 15BT (15% Bentonite) at 23 °C, 200 °C, 400 °C, 600 °C and
800 °C was recorded as 28.6 Mpa, 23.2 Mpa, 19.7 Mpa, 12.9 Mpa and 7.9 Mpa, respectively.
The recorded strength loss at exposure temperatures of 23 °C, 200 °C, 400 °C, 600 °C and
800 °C was 19%, 31%, 55% and 78%, respectively, compared with the compressive strength
of the unheated specimen.

It can be observed from these results that the samples containing bentonite showed
better performance at room temperature than the control mix did. The main reason behind
this difference may be the pozzolanic reaction that occurs more slowly than the hydration
of cement and also the filler effect that bentonite provides to the mix. The test results also
showed significant improvement in the residual compressive strength of concrete with
bentonite. The concrete containing 10% bentonite showed superior performance in terms
of post-heated residual compressive strength. This is because the heat capacity of the mix
containing bentonite is better than that of the control mix, and the thermal conductivity of
the mix containing bentonite is low, which leads to improvement in the microstructure and
reduction in the propagation of microcracks as shown in Figure 3. It can also be observed
that the loss of compressive strength below 400 °C is very low.

Figure 3. Micrographs of 10BT mix exposed to elevated temperature (a) 200 °C; (b) 400 °C; (c) 600 °C;
(d) 800 °C.

The regression equations developed for the post-heated compressive strength of CM,
BC5, BC10 and BC15 mix using the response surface methodology are shown in Equations
(1)—(4), respectively. No experimental study is available for post-heated bentonite concrete.
These equations can provide a guideline for comparing the test results of post-heated
concrete. The equations were developed using statistical modelling using the multiregres-
sion method. The normal plot of residuals is shown in Figure 4, which reveals that the
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developed regression model is significant. The low difference between the predicted and
the adjusted R? shows the validity of the developed regression model (Table 7) (Figure 4).

Compressive Strength (MPa) = 30.038 — 0.028 * T, R? = 0.9808 (1)
Compressive Strength (MPa) = 30.665 — 0.0279 * T, R*> = 0.9760 2
Compressive Strength (MPa) = 31.77 — 0.0232 * T, R* = 0.9493 3)
Compressive Strength (MPa) = 29.211 — 0.0264 * T, R*> = 0.9929 4)

Table 7. Experimental and predicted compressive strength using Response Surface Methodology.

Compressive Strength Compressive Strength

D Temfo)((elr):tsuli'ze(o (@) Mpa (Experimental) Mpa (Predicted) % Error Residual (R?)
23 28.805 29.394 2.00381 0.9808
200 23.79 24438 2.651608 0.9808
CM 400 20.88 18.838 —10.8398 0.9808
600 13.33 13.238 —0.69497 0.9808
800 6.67 7.638 12.67347 0.9808
23 29.1 30.021 3.067853 0.9760
200 24.7 25.065 1.456214 0.9760
5BC 400 21.69 19.465 —11.4308 0.9760
600 14.12 13.865 —1.83916 0.9760
800 7.1 8.265 14.09558 0.9760
23 30.31 30.1314 —0.59274 0.9493
200 26.47 26.025 —1.70989 0.9493
10BC 400 23.59 21.385 —10.311 0.9493
600 17.48 16.745 —4.38937 0.9493
800 12.1 12.105 0.041305 0.9493
23 28.66 28.6038 —0.19648 0.9929
200 23.23 23.931 2.929255 0.9929
15BC 400 19.75 18.651 —5.89245 0.9929
600 12.93 13.371 3.298183 0.9929
800 7.95 8.091 1.742677 0.9929

3.1.2. Splitting Tensile Strength

The splitting tensile strength test was performed in accordance with ASTM C 496 [25].
Figure 5 illustrates that the splitting tensile strength increased with an increase of bentonite,
up to 10%, and that further increments of bentonite resulted in decreasing the splitting
tensile strength. The Figure 5 also shows that increasing the exposure temperature resulted
in decreased splitting tensile strength.
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Figure 5. Variation of splitting tensile strength at ambient and targeted temperatures for control
mix and bentonite modified concrete (a) Absolute splitting tensile strength (b) Relative splitting
tensile strength.

The exposure temperature (200 °C to 800 °C) had a damaging effect on the splitting
tensile strength of concrete, as shown in Figure 5 and Table 6. A residual tensile strength of
3.2 Mpa, 2.2 Mpa, 1.5 Mpa, 0.9 Mpa and 0.4 Mpa was recorded for the control sample at
23 °C, 200 °C, 400 °C, 600 °C and 800 °C, respectively. This result shows 31%, 52%, 72% and
87% loss of tensile strength at 200 °C, 400 °C, 600 °C and 800 °C, respectively. Similarly, the
splitting tensile strength recorded for 5BT (5% Bentonite) at 23 °C, 200 °C, 400 °C, 600 °C
and 800 °C was 3.4, 2.3, 1.8, 1.09 and 0.6 Mpa, respectively. This result shows 30%, 45%, 68%
and 82% loss of splitting tensile strength at 200 °C, 400 °C, 600 °C and 800 °C, respectively.
The splitting tensile strength recorded for 10BT (10% Bentonite) at 23 °C, 200 °C, 400 °C,
600 °C and 800 °C was 3.7 Mpa, 2.8 Mpa, 2.3 Mpa, 1.5 Mpa and 0.9 Mpa, respectively. This
result clearly shows that the loss of tensile strength at 200 °C, 400 °C, 600 °C and 800 °C
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was 25%, 38%, 60% and 76%, respectively. Similarly, the splitting tensile strength recorded
for 15BT (15% Bentonite) at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C was 3.5 Mpa, 2.5 Mpa,
1.8 Mpa, 1.0 Mpa and 0.5 Mpa, respectively. This result shows a loss of 27%, 40%, 70% and
83% splitting tensile strength at 200 °C, 400 °C, 600 °C and 800 °C, respectively. The best
possible reason for the increase at elevated temperatures in the splitting tensile strength of
the mixes that incorporate bentonite can be the better heat capacity of bentonite. Moreover,
bentonite provides a filler effect to the concrete because the size of the bentonite particles is
smaller than that of the cement particles.

3.1.3. Stress—Strain Behaviour

To envisage the behaviour of bentonite in concrete that is exposed to elevated tem-
peratures, it is essential to consider the stress—strain behaviour of the control specimens
that are exposed to high temperatures for comparison purposes. When concrete is exposed
to heat, chemical and physical reactions occur at elevated temperatures, such as the loss
of moisture, the dehydration of the cement paste and the decomposition of the aggregate.
This phenomenon is responsible for internal microcracking and the loss of strength of con-
crete that is exposed to elevated temperatures. The experimentally obtained stress—strain
curves reveal that as the temperature increased, the stress decreased and the peak strain
increased. The stress—strain behaviour is illustrated in Figure 6. The recorded peak stress
and the corresponding peak strain of the control mix (CM) at 23 °C was 28.805 MPa and
0.00214 mm/mm, respectively. At 200 °C, the peak stress decreased by 17% and the peak
strain increased by 12%. At 400 °C, the peak stress decreased by 28% and the peak strain
increased by 35%. Similarly, at 600 °C and 800 °C, the peak stress decreased by 54% and
77% and the strain increased by 114% and 357%, respectively. The test stress—strain curves
of the specimens after exposure to different elevated temperatures are shown in Figure 6.

The stress—strain behaviour of the CM and 5BT (5% Bentonite) followed a similar trend
up to the elastic limit. After the elastic limit, a significant increase in strain was observed
in the 5BT mix compared with the CM mix. Furthermore, this effect was more evident
for a higher temperature range (400 to 800 °C). At 23 °C, the recorded peak stress and the
corresponding strain were 29.1 MPa and 0.00217 mm/mm, respectively. At 200 °C, the
peak stress decreased by 15% and the corresponding strain increased by 12%. The residual
strength at 200 °C still retained about 90% of the original unheated value. The peak stress
decreased by 25% at 400 °C, and the strain increased by 38%. Similarly, at 600 °C and
800 °C, the peak stress decreased by 51% and 76% and the peak strain increased by 125%
and 360%, respectively. It can be concluded from Figure 6 that the stress—strain relationship
significantly changes with the increase in temperature. The strength decreases, whereas
the deformation increases with temperature. These changes follow a trend similar to that
mentioned in a previous study on conventional concrete that was exposed to elevated
temperatures [34].

Similarly, 10BT (10% Bentonite) behaves better than CM, 5BT and 15BT. It can be
observed from Figure 6 that at 23 °C, the peak stress and strain was 30.31 MPa and 0.00219
mm/mm. Figure 6 also shows that at 200 °C and 400°C, the stress decreased by 13% and
22%, whereas the strain increased by 14% and 46%, respectively. Similarly, at 600 °C and
800 °C, the stress decreased by 48% and 60%, and the strain increased by 137% and 388%,
respectively. The peak strain increased with the increase in the exposure temperature for
10BT. The cement mortar structure became loose after high temperature exposure, which is
attributed to the pore expansion owing to the vaporisation of the absorbed water. During
the cooling phase, the ionised CaO decomposes from calcium hydroxide [Ca(OH),], absorbs
water and then reverts to Ca(OH),. Thus, it results in the expansion of the concrete volume.
The damage accumulated during the cooling process further reduces the residual strength.
This is a possible explanation for the change in the peak strain. Figure 6 shows that the
recorded ultimate stress and the corresponding strain at 23 °C for 15BT (15% Bentonite)
was 28.6 MPa and 0.00218 mm /mm, respectively. At 200 °C and 400°C, the stress decreased
by 19% and 31% and the corresponding strain increased by 13% and 37%, respectively.
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Similarly, at 600 °C and 800 °C, the stress decreased by 55% and 72%, and the strain
increased by 120% and 354%, respectively. This result reveals the enhanced deformation
capacity of concrete specimens containing 5% bentonite that are exposed to elevated
temperatures (200 to 800 °C).
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Figure 6. Stress—strain response at ambient and elevated targeted temperatures (a) CM; (b) 5BT;
(c) 10BT; (d) 15BT.

3.2. Discussion on Elastic Modulus, Ductility and Energy Absorption

The modulus of elasticity was calculated in accordance with ASTM C469 [35]. The
modulus of elasticity was calculated on strain corresponding to 40% of the compressive
stress for each targeted temperature. The results are shown in the form of absolute and
relative loss of elastic modulus. Figure 7 clearly shows that the elastic modulus increased
with the increase in the percentage of bentonite up to 10%. Beyond 10%, the elastic modulus
started decreasing. It can also be observed that the elastic modulus started decreasing with
the increase in the exposure temperature. It can be predicted from Figure 7 that the loss of
elastic modulus is almost the same for all mixes.
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Figure 7. Variation in modulus of elasticity of control mix and bentonite modified concrete at ambient
and elevated temperatures (a) absolute elastic modulus, (b) relative elastic modulus.

It can be clearly observed from Figure 7 and Table 6 that the modulus of elasticity
for the control mix at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C was recorded as 26.1 GPa,
22.2 GPa, 17.6 GPa, 13.7 GPa and 8.6 GPa, respectively. Similarly, the loss of absolute
modulus at 200 °C, 400 °C, 600 °C and 800 °C was 15%, 33%, 47% and 67%, respectively.
For 5BT (5% Bentonite), the modulus of elasticity at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C
was recorded as 27.1 GPa, 22.9 GPa, 17.8 GPa, 13.9 GPa and 8.8 GPa, respectively. The loss
of modulus for 5BT (5% Bentonite) was recorded as 15%, 34%, 49% and 67% at 200 °C,
400 °C, 600 °C and 800 °C, respectively. Figure 7 also shows that the modulus of elasticity
for 10BT (10% Bentonite) at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C was recorded as
27.9 GPa, 23.3 GPa, 1.4 GPa, 14.4 GPa and 9.3 GPa, respectively. For 10BT (10% Bentonite),
the loss of modulus was recorded as 16%, 34%, 48% and 76% at 200 °C, 400 °C, 600 °C and
800 °C, respectively. The modulus of elasticity for 15BT (15% Bentonite) at 23 °C, 200 °C,
400 °C, 600 °C and 800 °C was recorded as 25.5 GPa, 21.5 GPa, 15 GPa, 12.3 GPa and
8.13 GPa, respectively. From Figure 7, it can be observed that the loss of modulus for 15BT
(15% Bentonite) was recorded as 16%, 30%, 52% and 78% at 200 °C, 400 °C, 600 °C and
800 °C, respectively.

The ductility of the tested specimens was measured as the ratio of the ultimate strain
of concrete to the corresponding yield strain. The yield strain was calculated as the strain
corresponding to 65% unconfined compressive strength of concrete. Figure 8 and Table 6
show that ductility values of 0.4, 0.47, 0.68, 0.75 and 0.83 were recorded for the CM mix
(0% bentonite) at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C, respectively. A similar trend
of ductility was observed for 5BT (5% bentonite). Ductility values of 0.52, 0.59, 0.83, 0.87
and 0.96 were recorded for 5BT at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C, respectively.
Higher ductility values were observed for the 10BT mix than for the CM and 5BT mixes.
An enhancement of 53% and 19% in ductility was observed for 5BT and 10BT compared
with that for CM at 23 and 800 °C, respectively. For this group (10BT), ductility values of
0.85, 0.77,0.84, 0.94 and 1.03 were recorded at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C,
respectively. Furthermore, ductility values of 0.83, 0.79, 0.87, 0.99 and 1.04 were recorded
for 10BT at 23 °C, 200 °C, 400 °C, 600 °C and 800 °C, respectively. It was concluded that
the highest and lowest ductility values were observed for 15BT and CM mix irrespective of
the corresponding temperature. However, the ductility values of 10BT and 15BT were very
close to each other.
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Figure 8. Ductility of the tested specimens (CM, 5BT, 10BT and 15BT).

The stress—strain results showed that the mixture having bentonite showed higher peak
stress as well as peak strain. Thus, the energy absorption of all formulations was computed
and compared. Energy absorption was quantified by calculating the area under the stress—
strain curve, and the area up to ultimate strain was considered for all mixes [36]. The area
under the stress—strain curve for all mixes was calculated and compared with that for the
control mix. Table 6 shows the energy absorption capacity of all mixes. It can be clearly
observed that energy absorption increased by incorporating bentonite up to 10%, and
that beyond that level, energy absorption started decreasing. The performance of the mix
containing 10% bentonite was superior to that of all the other mixes. At23 °C, 200 °C, 400 °C,
600 °C and 800 °C, energy absorption was recorded as 450.2 ] /m3, 418.9 ] /m?, 485.8 J/m3,
673.4 J/m® and 867.7 ] /m?, respectively. This is because the addition of bentonite, up
to an optimum amount, improved the microstructure of the mix, which resulted in an
improvement of the inelastic deformation without compromising the load carrying capacity.
This increased energy absorption is attributed to the presence of bentonite, which efficiently
resists the propagation of cracks.

3.3. Durability Test
3.3.1. Sorptivity Results at Room Temperature

Sorptivity is a material property that characterises the tendency of a material to absorb
water through capillarity [37]. Sorptivity is a simple parameter and is used extensively to
assess the resistance of concrete that is exposed to an aggressive environment [38].

The sorptivity test was performed in accordance with ASTM c 1585 [39]. The test
results showed that the water absorption decreased as the cement substitution by bentonite
increased. The decrease in water absorption is attributed to the chemical reaction between
natural pozzolans and calcium hydroxide of hydrated cement paste that consumes more
lime. Further, since the particle size of bentonite is smaller than that of conventional
cement, it results in the packing of the binder phase and hence reduces porosity. This
reduction in porosity is responsible for improved resistance to water absorption. The
reported test results of sorptivity are in agreement with those of the previous literature [16].
Sorptivity is used to determine the concrete capability to convey and absorb water using
capillary suction.

Figure 9 shows that water absorption by capillary action decreases by increasing
the percentage of bentonite at 23 °C. The Figure 9 clearly shows that water absorption
also increases with the increase in exposure temperature because free and absorbed water
vanishes with a rise in temperature beyond 200 °C. Water absorption increases drastically
as the temperature rises above 400 °C. For all mixes, water absorption at 600 °C and 800 °C
increases to more than 150% of the water absorption at 23 °C. From this discussion, it is
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evident that water absorption decreases with the increase in bentonite content, regard-
less of the target temperature. The size of bentonite particles is smaller than cement; it
provides a filler effect and makes concrete less porous, resulting in less water absorption
under capillary action. Moreover, at high temperatures, bentonite behaves better than the
control sample, due to the greater thermal capacity of bentonite, resulting in decreased
crack propagation.

Intensity mm
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7
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W 23C

5

200-C
4

400°C
3 600°C
2 - H 800-C
1 ,
0 _

CM

5BC 10BC 15BC
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Figure 9. Sorptivity at ambient and targeted temperature for control mix and bentonite modified mix.

3.3.2. Mass Loss

Mass loss is a very important characteristic in the evaluation of the durability of
concrete. From previous studies, it can be noted that the mass loss in normal-strength
concrete is lower than that in high-strength concrete. This is because in normal-strength
concrete, there is enough room for the free water to easily vaporize without generating
pore pressure, unlike in high-strength concrete.

It is evident from Figure 10 that the mass loss increases with temperature, and it is
also shown that the mass loss decreases when the quantity of bentonite is increased up
to 10%. Post this, mass loss again decreases. The mass recorded for the CM at 200 °C,
400 °C, 600 °C and 800 °C was 97.1%, 95.3%, 92.2% and 86.1%, and the mass loss was 2.9%,
4.7%, 7.8% and 13.9%, respectively. Furthermore, 97.5%, 96.4%, 93.2% and 87.4% mass
was recorded for 5BT (5% Bentonite) at 200 °C, 400 °C, 600 °C and 800 °C, and mass loss
was recorded as 2.5%, 3.6%, 6.8% and 12.6%, respectively. The Figure 10 also shows that
the mass of 10BT (10% Bentonite) at 200 °C, 400 °C, 600 °C and 800 °C was 98%, 97%,
95.1% and 89.5%, and mass loss recorded was 2%, 3%, 4.9% and 10.5%, respectively. For
15BT (15% Bentonite), mass of 97.8%, 96.7%, 94% and 88% was recorded at 200 °C, 400 °C,
600 °C and 800 °C, and mass loss was recorded as 2.2%, 3.3%, 6% and 12%, respectively.
From this discussion, it can be concluded that the mixes containing bentonite behaved
better than the control mix. At high temperatures, bentonite behaves better than cement
because of its greater heat capacity and lower thermal conductivity. High heat capacity
does not support the propagation of cracks and results in better microstructure of the
bentonite mix, compared with the control mix.
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Figure 10. Mass loss variation of specimens at targeted temperature.

4. Conclusions

Results were generated from this study on the behavior of concrete when incorporating

different proportions of bentonite (5%, 10% and 15%) and were compared with the results
for conventional concrete after exposure temperatures of 200 °C, 400 °C, 600 °C and 800 °C.
The research was conducted to report new data on the fire endurance of concrete containing
bentonite content. Based on this study, the following conclusions can be drawn:

Samples containing 10% bentonite showed better performance in terms of residual
compressive strength at all targeted temperatures.

The residual tensile strength followed a trend similar to that of the residual compres-
sive strength. The performance of the sample containing 10% bentonite was superior
to that of all other samples.

The water absorption of bentonite concrete increased with temperature irrespective of
the percentage replacement of cement by bentonite. The increase was attributed to the
improved microstructure and the filler effect of bentonite.

The bentonite content in concrete slightly improved its mass loss. However, the mass
loss increased at a higher percentage of bentonite (15%) in concrete.

The bentonite concrete with 10% bentonite content showed significant improvement
in energy absorption capacity. This finding shows that the bentonite concrete can be
utilized in practical engineering applications that require high energy absorption.
The ductility of the concrete specimens improved significantly with increased ben-
tonite content.

The performance of the concrete containing 10% bentonite content was superior, in
terms of ultimate strength and the corresponding peak strain response, to that of the
concrete mixes containing other percentages of bentonite content.

The research showed improvement in properties of concrete containing 10% bentonite

content. This percentage of bentonite content improved the post-heated behavior of con-
crete. However, extreme care should be taken in using this specified percentage in practical
engineering applications, as the data base is low, and further research should be directed
towards drawing comparisons between bentonite samples obtained from various sources.
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