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ARTICLE INFO ABSTRACT

Keywords: Currently, pozzolanic materials are mostly recommended to improve the properties of cement composite ma-
Pozzolanic materials terials and reduce environmental pollution, challenging the world owing to ordinary Portland cement (OPC)
Calcination production. Bentonite is mostly available natural pozzolana, however, extensive studies conducted on other clays
22]1;0;;; like kaolin and some studies reported that bentonite exists in a consolidated form which requires heating acti-
Optimization vation methods. Therefore, it is essential to investigate the properties of bentonite in detail for its sustainable use,

and it is novel to model and optimize the optimum bentonite calcination temperature and time for the best
performance replacement in mortar. Hence, the present study investigates the optimum bentonite calcination
temperature, calcination time, and replacement dose for mortar strength and free lime using the central com-
posite design-response surface method (CCD-RSM). The mortar was prepared by replacing the calcined bentonite
with cement weight with different values of the factor variables, bentonite dose, calcination temperature, and
calcination time. Durability tests were conducted after 56 days. Thus, the results indicate that the selected model
of response variables for compressive strength and free lime were significant, accurate, reliable, and had
excellent fitness to the experimental work. Hence, CCD-RSM predicted the optimum for independent factors of
bentonite dose 19.99 %, calcination temperature 799.99 °C, and calcination time 135.04 min and experimentally
validated, which improved the strength by 24.94% and reduced free lime by 3.08% compared to the control
mortar, besides reducing CO2 emissions compared to OPC production, which requires 1450 °C. Furthermore, the
optimized bentonite replacement parameters have highly enhanced durability in different environments such as
water, acids, salt, and elevated temperature compared to the control mixture at the age of 56 days.

1. Introduction

Ordinary Portland cement is the most commonly fabricated product
and is widely used worldwide after water (Scrivener et al., 2018).
However, it creates environmental pollution because it consumes large
amounts of energy and natural resources, and every ton of ordinary
Portland cement releases equal ton of CO3 to the environment (Hamada

et al., 2021). However, because of the inflation of population and
development, the use of ordinary Portland cement (OPC) is increasing
globally (Channa et al., 2022; Milovi¢ et al., 2022). Therefore, many
researchers recommend the use of supplementary cementitious mate-
rials commonly reached in SiO3, Al303, and Fe;Os in concrete to reduce
cement content, improve concrete properties, produce cost-effective
cementitious material, and potentially decrease environmental
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Fig. 1. Size distribution of used sand.

pollution of air owing to OPC production (Raghav et al., 2021).
Supplementary cementitious materials (SCM) in cement composite
materials have several benefits, including enhancing workability,
reducing permeability, lowering the heat of hydration, and enhancing
durability and strength (Kiiciikyildirim and Uzal, 2014; Fezzioui et al.,
2021; Ahmed, 2017; Nikhil K and Ajay A, 2015; Tebbal and El Abidine
Rahmouni, 2019; Karthikeyan et al., 2015). Hence, it is highly used in
one or another way in the construction industry commonly identified as
pozzolana (Salamatpoor et al., 2018). Pozzolana is used as a cement
substituent supplementary cementitious material with significant
importance in the enhancement of concrete performance and lessening
the consumption of cement while significantly reducing COy emissions
(Channa et al., 2022; Salamatpoor et al., 2018; Hossain et al., 2018;
Ruan and Unluer, 2017; Deboucha et al., 2015; Khan et al., 2017; Park
et al., 2021; Jaskulski and Daria, 2020; Costafreda et al., 2021; Firdous
and Singh, 2021; Pacewska and Wilinska, 2020; Tayeh, 2018; Al-Ham-
mood et al., 2021a; Taklymi et al., 2020; Triimer et al., 2019; Sri-
wattanapong Photisan, 2018; Zhang et al., 2019; Arrigoni et al., 2020;
Cheng et al., 2018; Hu et al., 2020). Thus, this is an indication of SCM
beneficiaries in encouraging the economic sustainability of the coun-
tries, since the employment of SCM in cement composite materials fa-
vors the reduction of energy expenditure and production cost of mortar
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or concrete.

Bentonite mostly fulfills pozzolanic properties and is rich in alumina-
siliceous material, commonly categorized in the natural pozzolana
(Anand and Kumari, 2022; Chamundeeswari, 2012; Ahad et al., 2018).
Calcination of natural pozzolana is beneficial for the activation of
pozzolanic reactions and for creating a denser microstructure of con-
crete (Elbar et al., 2018). In particular, at higher calcination tempera-
tures, bentonite exhibits appreciable pozzolanic properties (Adjei et al.,
2021).

The pozzolanic properties of bentonite contribute to several benefits
in the construction industry as a partial substitution for cement for the
improvement of concrete properties. In addition, kaolin is a well-known
natural pozzolana that potentially differs from bentonite because of its
higher Al content and white color, whereas most bentonite is gray (Fode
et al., 2024a; Shafiq et al., 2015). Therefore, it was found that bentonite
in cement composite materials can consume more portlandite than
kaolin in concrete mixtures. This is because kaolin has high Al, which
reduces the Ca/(Si + Al) ratios while increasing the cement replace-
ment; consequently, it reduces the consumption of portlandite to form
C-S-H compared to bentonite (Wei and Gencturk, 2019). However,
extensive studies have been conducted on kaolin replacement in
cementing materials compared to bentonite, although bentonite mostly
exists in many countries. Hence, this took the attention of the present
study authors for a detailed investigation of bentonite for the sustain-
ability of construction materials.

The bentonite in cementitious materials is crucial for improving the
durability and mechanical properties of cementing materials by
increasing the resistance of mortar/concrete structures to acidic attacks
(Haqg, 2022; Rehman et al., 2019a; Xie et al., 2019; AKBAR et al., 2012;
Andrade et al., 2021). Furthermore, the addition of bentonite to
cementing materials reduces bleeding and enhances the cohesiveness of
cementitious materials with low-intensity levels (Yu et al., 2013).
Generally, employing bentonite in construction materials is a good op-
tion for reducing environmental pollution and technical and financial
aspects compared to conventional mortar or concrete (Lima-Guerra
et al.,, 2014; Ali et al., 2012; Mushtaq et al., 2022; Khan et al., 2022;
Dunuweera and Rajapakse, 2018; Fode et al., 2023). However, bentonite
exists naturally in a consolidated form without the required treatment or
activation methods. Therefore, the heating of bentonite is crucial for the
activation of its pozzolanic properties to be used as a supplementary
material in cement composites (Rehman et al., 2019a). However, much

Table 1
For each run used calcined bentonite and OPC chemical composition.
Samples Calcination SiO, Al,O03 Fe,03 CaO MgO SO3 K20 Na,O TiO, P,0s SAF LOI
Temperature (°C) Time (min)
OPC - - 17.57 4.07 2.63 61.48 0.41 1.79 0.11 0.04 0.29 0.13 24.27 10.74
Run-1 200.00 180.00 52.85 12.34 6.53 3.67 5.42 0.08 5.27 3.08 0.87 0.21 71.73 8.73
Run-2 200.00 120.00 53.15 12.92 6.82 3.51 5.68 0.07 5.53 3.22 0.91 0.22 72.89 7.45
Run-3 500.00 150.00 53.96 13.12 6.95 3.67 5.79 0.07 5.57 3.24 0.92 0.22 74.03 5.67
Run-4 500.00 150.00 53.96 13.12 6.95 3.67 5.79 0.07 5.57 3.24 0.92 0.22 74.03 5.67
Run-5 500.00 150.00 53.96 13.12 6.95 3.67 5.79 0.07 5.57 3.24 0.92 0.22 74.03 5.67
Run-6 800.00 180.00 56.19 13.37 7.46 3.94 6.04 0.05 5.79 3.39 0.96 0.24 77.01 1.77
Run-7 800.00 120.00 55.34 13.49 7.23 5.55 5.94 0.14 5.71 3.30 0.96 0.25 76.06 1.85
Run-8 800.00 120.00 55.34 13.49 7.23 5.55 5.94 0.14 5.71 3.30 0.96 0.25 76.06 1.85
Run-9 800.00 180.00 56.19 13.37 7.46 3.94 6.04 0.05 5.79 3.39 0.96 0.24 77.01 1.77
Run-10 200.00 120.00 53.15 12.92 6.82 3.51 5.68 0.07 5.53 3.22 0.91 0.22 72.89 7.45
Run-11 200.00 180.00 53.25 13.92 6.92 3.50 5.58 0.07 5.43 3.22 0.91 0.22 74.09 7.45
Run-12 500.00 150.00 53.96 13.12 6.95 3.67 5.79 0.07 5.57 3.24 0.92 0.22 74.03 5.67
Run-13 500.00 150.00 53.96 13.12 6.95 3.67 5.79 0.07 5.57 3.24 0.92 0.22 74.03 5.67
Run-14 500.00 110.52 53.65 13.08 6.88 3.84 5.75 0.07 5.56 3.25 0.92 0.22 73.61 6.75
Run-15 500.00 150.00 53.98 13.12 7.03 3.99 5.78 0.07 5.58 3.24 0.93 0.22 74.13 5.13
Run-16 500.00 189.48 53.40 12.97 6.95 3.77 5.74 0.07 5.52 3.27 0.92 0.24 73.31 6.37
Run-17 500.00 150.00 53.96 13.12 6.95 3.67 5.79 0.07 5.57 3.24 0.92 0.22 74.03 5.67
Run-18 894.82 150.00 56.47 13.49 7.40 4.25 6.15 0.14 5.90 3.39 0.96 0.24 77.36 0.68
Run-19 500.00 150.00 53.98 13.12 7.03 3.99 5.78 0.07 5.58 3.24 0.93 0.22 74.13 5.13
Run-20 105.18 150.00 51.62 12.21 6.51 3.64 5.38 0.07 5.23 3.06 0.87 0.22 70.36 10.33

SAF= Sum (SiOs, Al,03, Fe,05).
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Table 2
Mortar mix design for all runs.
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Experimental runs Space type OPC Cement (g) Bentonite Sand (g) w/C
A: Replacement dose (g) B: Calcination temperature (°C) C: Calcination time (Min)
1 Factorial 400 100 200.00 180.00 1375 0.485
2 Factorial 400 100 200.00 120.00 1375 0.485
3 Center 437.5 62.5 500.00 150.00 1375 0.485
4 Center 437.5 62.5 500.00 150.00 1375 0.485
5 Center 437.5 62.5 500.00 150.00 1375 0.485
6 Factorial 475 25 800.00 180.00 1375 0.485
7 Factorial 475 25 800.00 120.00 1375 0.485
8 Factorial 400 100 800.00 120.00 1375 0.485
9 Factorial 400 100 800.00 180.00 1375 0.485
10 Factorial 475 25 200.00 120.00 1375 0.485
11 Factorial 475 25 200.00 180.00 1375 0.485
12 Center 437.5 62.5 500.00 150.00 1375 0.485
13 Center 437.5 62.5 500.00 150.00 1375 0.485
14 Axial 437.5 62.5 500.00 110.52 1375 0.485
15 Axial 388.15 111.85 500.00 150.00 1375 0.485
16 Axial 437.5 62.5 500.00 189.48 1375 0.485
17 Center 437.5 62.5 500.00 150.00 1375 0.485
18 Axial 437.5 62.5 894.82 150.00 1375 0.485
19 Axial 486.85 13.15 500.00 150.00 1375 0.485
20 Axial 437.5 62.5 105.18 150.00 1375 0.485
the optimized bentonite replacement parameters were experimentally
Table 3 verified and assessed in different adverse environments.
Variables with their level.
Response factors Symbol  Units  Level of factor 2. Materials and methods
Lower Middle Higher
2.1. Materials

Bentonite dose A % 5 7.5 20
Bentonite calcination B °C 200 500 800 . . .

temperature The raw bentonite was extracted from Arusha, Tanzania, which has a
Calcination time C Min 120 150 180 mineral composition of quartz, montmorillonite, illite, and calcium

of the calcination of montmorillonite clay such as bentonite can be
affected by the high calcination temperature, which depends on the
particle size distribution and the specific surface area of the clay
(Fernandez et al., 2011).

Laidani et al. (2022) and Taylor-Lange et al. (2015) studied bentonite
calcination and found maximum bentonite pozzolanic reactivity ach-
ieved in between calcination temperatures of 650-900 °C, which can
alter bentonite crystallization to amorphousness. However, the study
reported that above 900 'C, the reactivity rapidly decreased because of
bentonite re-crystallization. Reddy and Reddy (2021) investigated
bentonite employment in concrete by raw and calcined at 700 "C and
800 'C to determine its effect on the mechanical and physical properties
of concrete and found that calcined bentonite provides higher perfor-
mance than raw bentonite in concrete. In addition, Fode et al. (2024b)
studied different bentonite replacement doses at 5, 10, 15, and 20 % to
the weight of cement and found 5% replacement of calcined bentonite
significantly improved flexural strength.

Various researchers have investigated the effect of a limited constant
range of bentonite calcination temperatures and replacement doses on
concrete and mortar properties. However, to the best of our knowledge,
no studies have modeled and optimized the effects of calcination tem-
perature, calcination time, and replacement dose on the mechanical
properties of mortar/concrete. Therefore, the present study investigates
the optimum bentonite calcination temperature, calcination time, and
replacement dose to employ in mortar using multivariate experimental
designs known as response surface methodology (RSM)- Design Expert
(Stat-Ease, version 13). This statistical method optimizes experimental
runs and can reduce experimental inconsistency and excessive time
demand. In addition, this statistical experimental procedure can be used
as an effective tool and valuable in optimizing the content of bentonite
to achieve high performance of mortar that can provide high strength
and low free lime, which can reduce expansion and cracks. In addition,

carbonate, as described in the X-ray diffraction results of our previous
study (Fode et al., 2024b). Bentonite calcination was conducted after
grinding the bentonite sample that could pass 45 pm, which was
calcined as governed by the CCD-RSM at different input calcination
temperatures from 200 to 800 °C and calcination time of 120-180 min at
a fixed calcination rate of 5 C/min, as reported in previous studies (Ali
et al., 2012). That is, bentonite was heated at 200 'C’ and most other
authors used 800 'C for 2-3 hours and found that bentonite had the
highest reactivity (Fode et al., 2024b; Laidani et al., 2020; Rehman et al.,
2019b; Keke et al., 2022). However, the CCD-RSM was observed below
and above the lower and upper limits. In addition, different substitutions
of the calcined bentonite dose from 5 to 20% to the ratio of cement were
considered, based on our previous study (Fode et al., 2024c). Washed
river sand was used, and its gradation is shown in Fig. 1. The chemical
compositions of the different calcined bentonite for each run and OPC
used are presented in Table 1, which shows that all the calcined
bentonite in each run fulfills the requirements of ASTM C618 (A. C618,
2012) by having SiO,, Al;03 and Fe;O3 more than 70% of the overall
composition. Distilled water was supplied by Tanga Cement PLC, where
this study was conducted.

2.2. Sample preparation

The mortar samples were prepared using cement, sand, water, and
20 calcined bentonite samples with different replacement doses, calci-
nation temperatures, and calcination times as presented in Table 2. The
ordinary Portland cement (32.5 MPa) and washed river sand used for
sand gradation as shown in Section 2.1. Therefore, the mixing process
was performed using a laboratory mixing machine JJ-5 model. Fresh
mortar as ASTM C109 (ASTM C109/C109M-02, 2002), was used to
prepare mortar cubes of size 50 x 50 x 50 mm?>. A laboratory shaking
table Model HC-3255.4F was used to compact the mortar specimens. All
cast mortar samples were kept in a humidity chamber for 24 hours to
prevent moisture gain or loss in the mortar samples. Subsequently, the
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Table 4
The coded form of bentonite substitution in the CCD matrix with respective response variables.
Runs Space type Factor 1 Factor 2 Factor 3 Response 1 Response 2
Bentonite dose (%) Calcination temperature (°C) Calcination time (min) Compressive strength (MPa) Free lime (%)
1 Factorial 1.00 —1.00 1.00 37.84 1.91
2 Factorial 1.00 -1.00 —1.00 38.05 1.90
3 Center 0.00 0.00 0.00 45.00 1.95
4 Center 0.00 0.00 0.00 49.90 1.94
5 Center 0.00 0.00 0.00 47.02 1.95
6 Factorial —1.00 1.00 1.00 47.83 1.93
7 Factorial —1.00 1.00 —-1.00 48.25 1.93
8 Factorial 1.00 1.00 —1.00 46.50 1.89
9 Factorial 1.00 1.00 —1.00 45.75 1.93
10 Factorial —-1.00 -1.00 —-1.00 48.65 1.96
11 Factorial —1.00 —1.00 1.00 48.10 1.92
12 Center 0.00 0.00 0.00 48.30 1.95
13 Center 0.00 0.00 0.00 46.35 1.94
14 Axial 0.00 0.00 -1.32 43.70 1.92
15 Axial 1.32 0.00 0.00 41.70 1.92
16 Axial 0.00 0.00 1.32 45.20 1.93
17 Center 0.00 0.00 0.00 46.95 1.93
18 Axial 0.00 1.32 0.00 45.80 1.92
19 Axial —-1.32 0.00 0.00 51.80 1.95
20 Axial 0.00 —-1.32 0.00 42.70 1.92
Table 5 Table 6
Different model fitness summary for compressive strength. Different model fitness summary for free lime.
Source Sequential p-  Lack of Adjusted Predicted Remark Source Sequential p-  Lack of Adjusted Predicted Remark
value fit p- R? R? value fit p- R? R2?
value value
Linear 0.01 0.28 0.60 0.36 Linear 0.14 0.03 0.16 -0.34
2FI 0.06 0.46 0.72 0.42 2FI 0.07 0.05 0.39 —0.69
Quadratic  0.03 0.91 0.85 0.73 Suggested Quadratic  0.01 0.72 0.89 0.75 Suggested
Cubic 0.78 0.96 0.81 0.84 Aliased Cubic 0.71 0.42 0.86 —7.88 Aliased

mortar specimens were de-molded and placed in a water-curing cham-
ber at room temperature.

As shown in Table 2, the configuration difference of 20 experimental
runs was generated statistically using the CCD-RSM with respect to the
response variables: Y;, compressive strength (MPa), and Yj, free lime

(%) that used for the modeling and optimization processes, which have
eight factorial, six center, and six axial points of various response

variables.
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Table 7
Fit statistics for compressive strength and free lime.
Statistics Compressive strength Free lime
Standard deviation (Std. Dev.) 1.40 0.01
Mean 45.77 1.93
Percentage coefficient of variance (C.V%) 3.05 0.28
Correlation coefficient (R?) 0.93 0.95
Adjusted R? 0.85 0.92
Predicted R? 0.73 0.86
Adequate precision 12.79 13.98
Table 8
ANOVA of the quadratic model developed for compressive strength.
Sources Sum of df  Mean F- p- Remark
squares square value value
Block 0.80 1 0.80 - -
Model 223.02 9 24.78 12.71 0.01 Significant
A- Bentonite 125.81 1 125.81 64.53 <0.01
dose
B- Calcination 34.08 1 34.08 17.48 0.01
temperature
C- Calcination 0.01 1 0.01 0.01 0.99
time
AB 36.23 1 36.23 18.58 0.01
AC 0.00 1 0.00 0.00 0.99
BC 0.02 1 0.02 0.01 0.92
A? 0.07 1 0.07 0.04 0.85
B2 12.28 1 12.28 6.30 0.03
c? 10.25 1 10.25 5.26 0.05
Residual 17.55 9 1.95 - -
Lack of Fit 4.50 5 0.91 0.28 0.91 Not
significant
Pure Error 13.04 4 3.26 - -
Cor Total 241.37 19 - - -
Table 9
ANOVA of the quadratic model developed for free lime.
Sources Sum of df Mean F- p- Remark
squares square value value
Block 0.00 1 0.00 - -
Model 0.01 9 0.01 23.69 <0.01 Significant
A-Bentonite 0.01 1 0.01 69.81 <0.01
dose
B-Calcination 1.7E-06 1 1.7E-06 0.07 0.80
temperature
C-Calcination 0.01 1 <0.01 2.43 0.15
time
AB 0.01 1 <0.01 3.53 0.09
AC 0.01 1 <0.01 43.31 <0.01
BC 0.01 1 <0.01 22.09 <0.01
A? 0.01 1 <0.01 2.39 0.16
B2 0.01 1 <0.01 36.77  <0.01
c? 0.01 1 <0.01 16.45 <0.01
Residual 0.01 9 0.00 - -
Lack of Fit 0.01 5 0.00 0.38 0.84 Not
significant
Pure Error 0.01 4 0.00 - -
Cor Total 0.01 19 - - -
2.3. Methods

According to ASTM C109/C109M-02 (2002), a 50 x 50 x 50 mm?®
mold was used for the compressive strength test of the mortar samples
using a 1543-08 Zwick-Roell digital compressive strength testing ma-
chine at a rate of 1800 N/s. For all 20’n runs, the compressive strength
response was conducted at a mortar age of 28 days. A total of 63 samples
with a control mortar mixture were cast, with three for each batch used
in the compressive strength test, and the average results of each run
were recorded. For the experimental validation, a 50 x 50 x 50 mm®
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cube of the optimized value was recasted to validate the selected soft-
ware optimum value based on the experimental results. Subsequently,
the optimized bentonite replacement parameters were evaluated in
different adverse environments to verify the durability of the optimized
bentonite compared to the control mixture. The free lime was investi-
gated for all 20 runs and for the optimized sample using the iteration
method following ISO 4032-1985.

2.4. Experimental design using CCD-RSM

The response surface method (RSM) is a statistical method that op-
timizes experimental runs and is rapid and effective for investigating the
effects of various independent factors. In addition, comparing conven-
tional methods to multivariate experimental designs has many key ad-
vantages, including low cost, fast implementation, and concurrent
finding of the effects of multiple independent factors on a response
variable (Cai et al., 2013). Therefore, the response surface method is
employed to evaluate the effect of a set of experimental independent
variables on a single or many response variables. Hence, this method is
often used to find the factor place that optimizes the response after
identifying a “vital few” controllable factors and is usually good for the
response surfaces suspected by a factorial experimental design (Coruh
et al., 2015). In RSM, central composite design (CCD) is one of the best
designs to provide an accurate and significant prediction of the response
variables as well as the interactive consequences of the independent
variables (Cai et al., 2013; Gour et al., 2022). The total experimental
runs (N) of the RSM were calculated using Eq. (1), where K, Cp, and N are
the process variables, center points, and required experimental runs
(Fode et al., 2024a).

N=2X 12K+ C, (@)

The CCD-RSM in Design Expert Software (State-Ease, version 13)
consists of the interacting effects of three independent bentonite sub-
stitution variables, including bentonite dose (A), bentonite calcination
temperature (B), calcination time (C), independent factors, their ranges,
and the response variables listed in Table 3, taken from previous liter-
ature (Reddy and Reddy, 2021; Vijay and Achyutha Kumar Reddy,
2021).

2.5. Assessment of durability in different adverse environments

Evaluation of the durability of the optimized bentonite replacement
in mortar is crucial for checking its life in different adverse environ-
ments. Therefore, the optimized bentonite replacement dose, calcina-
tion temperature, and calcination time given by CCD-RSM were verified
by experimental methods; then assessed in 10% sodium chloride (NaCl),
5% hydrochloric acid (HCl), and nitric acid (HNOs), each cured sepa-
rately for 56 days. These effects were measured using a mortar cube of
50 mm® for the optimized bentonite replacement and control mixture
using the methods of strength and mass loss. The effect of mass loss by
elevated temperature at 200 C for 2 hours for both the optimized
bentonite employment and control mix was conducted at 56 days of
mortar specimen age. In addition, the water absorption of the optimized
bentonite employment and control mix for the cubic mortar specimen
was conducted at 56 days by drying the mortar specimen in an oven at
75 °C until it reached a constant mass. The samples were then placed in
5 mm deep water after covering all lateral parts of the cube with paraffin
oil to prevent lateral moisture absorption (Deboucha et al., 2015).

3. Results and discussion
3.1. Cementitious materials strength and free lime assessment

Based on the CCD-RSM, three independent variables were examined:
bentonite dose, bentonite calcination temperature, and calcination time
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DFFITS vs. Run
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Fig. 5. The graph of predicted versus actual values (a) compressive strength and (b) free lime.

on the compressive strength and free lime content. Therefore, the CCD
matrices are coded with respect to response parameters, such as Yi-
compressive strength (MPa) and Yo-free lime (%), as presented in
Table 3. The box plot for different responses of the experimental runs,
including the compressive strength and free lime, against independent
factors such as bentonite dose, bentonite calcination temperature, and
calcination time are shown in Fig. 2(a—f), respectively. This result in-
dicates that the comparison of only two variables at a time, such as
compressive strength, reduces with increasing bentonite content, and
20% bentonite replacement can provide a large variation range of
strength compared to other bentonite replacement doses. However, free
lime decreased with increasing bentonite content; in particular, the 20%
replacement showed the least free lime. This is commonly due to the
substitution of bentonite in concrete, which improves the strength and
reduces the free lime by consuming calcium hydroxide and forming CSH

gel, which is responsible for the strength (Taylor-Lange et al., 2015). As
shown in Fig. 2(c and d), the compressive strength increases as the
calcination temperature of bentonite increases; in contrast, it lessens the
existence of free lime. This is because the high calcination of bentonite
enhances the amorphous content, which consumes portlandite and im-
proves compressive strength (Taylor-Lange et al., 2015). In addition, as
presented in Fig. 2(e and f) the calcination time of bentonite substitution
between 120 and 180 min increases the strength, and the low calcina-
tion time of 120 min significantly reduced the occurrence of free lime
compared to the other sampled calcination times of bentonite. Similar
results were found by Wahab (2008), who reported that longer exposure
of pozzolanic materials to temperature causes re-crystallization, and
hence, can lose its pozzolanic reactivity.
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Table 10
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Numerical value from CCD-RSM for actual, predicted residual and leverage for compressive strength and free lime responses.

Runs Compressive strength (MPa) Free lime (%)
Actual value Predicted value Residual Leverage Actual value Predicted value Residual Leverage

1 46.35 46.59 —0.24 0.18 1.91 1.91 < —0.01 0.76
2 46.95 46.59 0.36 0.18 1.90 1.90 < —0.01 0.76
3 45.00 47.57 —2.57 0.22 1.95 1.94 <0.01 0.22
4 49.90 47.57 2.33 0.22 1.94 1.94 < —-0.01 0.22
5 47.02 47.57 —-0.55 0.22 1.95 1.94 <0.01 0.22
6 48.30 47.57 0.73 0.22 1.93 1.93 <0.01 0.76
7 51.80 51.13 0.67 0.62 1.93 1.93 <0.01 0.76
8 42.70 42.00 0.70 0.62 1.89 1.89 < —0.01 0.76
9 45.80 46.54 -0.74 0.62 1.93 1.94 < -0.01 0.76
10 41.70 42.41 -0.71 0.62 1.96 1.96 <0.01 0.76
11 45.20 44.48 0.72 0.62 1.92 1.92 < —0.01 0.76
12 43.70 44.46 —0.76 0.62 1.95 1.94 <0.01 0.22
13 48.25 48.07 0.18 0.76 1.94 1.94 < -0.01 0.18
14 38.05 37.89 0.16 0.76 1.92 1.92 < —-0.01 0.62
15 37.84 38.01 —0.16 0.76 1.92 1.92 <0.01 0.62
16 47.83 47.97 -0.14 0.76 1.93 1.93 <0.01 0.62
17 48.65 48.78 -0.13 0.76 1.93 1.94 < -0.01 0.18
18 48.10 48.88 —-0.78 0.76 1.92 1.92 —-0.01 0.62
19 46.50 45.70 0.80 0.76 1.95 1.95 < -0.01 0.62
20 45.75 45.61 0.14 0.76 1.92 1.92 <0.01 0.62

3.2. Development of quadratic models

The experimental data from the Design Expert software in the CCD-
RSM were obtained by partial substitution of bentonite in mortar suited
to different models, such as cubic, quadratic, logarithmic, and linear
models. Therefore, the statistical experiment performed various
regression analyses to reach the best prediction of the response variables
by the different models and suggested one of the most suitable models
for the response variables. As shown in Table 4, the CCD-RSM used the
response parameters Y;-compressive strength and Y,-free lime to obtain
regression models based on the functions of all independent influencing
factors, as indicated in Eq. (2) (Fode et al., 2024a).

n n n—1 n
Y=po+ > uXi +> wX+Y > uXiXj+e @
i=1 i=1 i=1 j=i+l

where Y is the predicted response variable, 4 is the constant coefficient,
i is the linear coefficient, y; is the quadratic coefficient, p; is the
interaction coefficient, X; and X; are the coded values of the variables,
and ¢ is the error or unpredicted response variables in the experimental
data.

As indicated in Tables 5 and 6, the quadratic models for compressive
strength and free lime response were selected because of their statisti-
cally significant models with sequential p-values compared to the other
regression models (cubic, 2FI, and linear). Both the compressive
strength and free lime cubic model are aliased, indicating that the model
is not appropriate (Myers and Montgomery, 2016). The adjusted R? of
0.85 and 0.92 for compressive strength and free lime, respectively, and
the expected R? of 0.73 and 0.86, with a disparity of less than 0.2,
indicate a strong correlation of the model’s predicted values
(Mohammed et al., 2019; Dahish and Almutairi, 2023).

Therefore, the experimental and predicted data were correlated ac-
cording to the coefficient of the quadratic equation, to reflect a signifi-
cant quadratic model. In addition, the lack of fit can also be used to
assess the quality of the model: a smaller value of less than 0.05 indicates
unworthy model. The p-values for compressive strength and free lime
were 0.91 and 0.72, respectively, demonstrating that the lack of fit is not
significant and shows the quadratic model’s excellent fitness and
robustness (Mohammed et al., 2019).

A sufficient degree of precision was used to measure the signal-to-
noise ratio, which must be above 4.00. Thus, as Table 7 illustrates, the
precision rates of the compressive strength and free lime statistical
models were 12.79 and 13.98, respectively, demonstrating the

reliability and appropriateness of the anticipated outcome of the sug-
gested quadratic model (Dahish and Almutairi, 2023). The coefficients
of variation (CV%) for the compressive strength and free lime responses
are 3.05 and 0.28, respectively, and are deemed credible and repeatable
because they deviate very little from the mean (less than 5.00%).

3.3. Analysis of variance for the quadratic model

The ANOVA of the quadratic models revealed the components’ sta-
tistical significance and interactive effects on the response. Therefore,
using the F and P-values of the substitution of bentonite on the strength
and free lime of cement composite materials, the ANOVA was able to
detect the interaction of the model significance and suitability for the
independent components. Hence, the CCD-RSM produced ANOVA for
the suggested quadratic models for each response variable, as shown in
Tables 8 and 9, which indicates the significance of the model suggests
that all the factors have an impact on the response parameters (Dahish
and Almutairi, 2023).

The model is statistically significant since the compressive strength
and free lime have F-values of 12.71 and 23.69, respectively. This is
because the F-value is quite high compared with the p-value (<0.0001).
So, strong quadratic model adaptability is shown in Tables 6 and 7,
which display the compressive strength and free lime of the LOF of P-
values 0.91 and 0.84 with F-values of 0.28 and 0.38, respectively. These
results show that compared with the pure error, the LOF is not signifi-
cant (Mohammed et al., 2019).

In addition, Tables 8 and 9’s response variables for the two created
quadratic models indicate that the models are statistically significant,
with p-values less than 0.05. Also, the compressive strength and free-
lime efficiency were significantly influenced by the three interaction
factors. However, the quadratic model’s inconsequential terms may be a
discrepancy between the adjusted correlation coefficient (R?) and
determination coefficient. Egs. (3) and (4) are quadratic results gener-
ated by CCD-RSM, which show that compressive strengths A, BC, B, and
C? have negative signs that indicate a lessening effect, while B, C, AB,
and AC have positive signs indicating a rising effect. Additionally, fac-
tors such as A, AB, A%, B2 and C? have negative signs, indicating a
lessening effect, and AB, BC, C, and AC parameters have positive signs,
which increases the occurrence of free lime in cement composite ma-
terials. Thus, it was observed that increasing factor A: the bentonite dose
reduces the compressive strength; however, increasing the bentonite
dose can consume free lime, which is due to the addition of pozzolana,
which consumes free lime and produces CSH gel. This is responsible for
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Fig. 6. Compressive strength response variable model interaction by 3D surface and contour plots.
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Fig. 6. (continued).

the improvement in strength, although a consistent increase in the
pozzolanic material dose cannot provide a consistent improvement in
strength. Therefore, the optimization of the two parameters is required
to obtain the optimum bentonite dose that is responsible for the
acceptable compressive strength and low free lime.

Y; (Compressive strength) = +47.08-3.31A + 1.72B + 0.0043C +

2.13AB + 0.0019AC - 0.0519BC+0.1037A2-1.34B%-1.22C? 3)

Y, (Free lime) = +1.94-0.0124A - 0.0004B + 0.0023C + 0.0033AB +
0.0117AC + 0.0083BC - 0.0030A? - 0.0116B2 - 0.0078C> 4

where A: bentonite dose B: bentonite calcination temperature, and C:
bentonite calcination time all are independent factors.

In addition, the ANOVA results in Tables 8 and 9 show p < 0.01 and
F-values of 64.53 and 69.81, for bentonite replacement, respectively, to
the response of strength and free lime, which indicates that the bentonite
doses have a major influence among the three independent factors
studied, because the lower the p-values and the higher the F-values,
which shows that the higher the influence of the model terms indicating
the model effectiveness (Gour et al., 2022; Dahish and Almutairi, 2023).

3.4. Adequacy and suitability test for quadratic models

As presented in Figs. 3-5, the diagnostic graphs can be used to
evaluate the appropriateness and suitability of the suggested quadratic
models for the effect of bentonite replacement on the strength and free
lime of cementing material. Hence, the normal % probability plot of
studentized residuals is the most acceptable graphical tool for evaluating
the residual normality and validating multivariate regression models.
The normal % probability vs. externally and internally studentized re-
sidual plots for the compressive strength and free lime by the addition of
calcined bentonite are illustrated in Fig. 3(a-d). From the results, it is
observed that the residual distribution on both sides of the normal line
for calcined bentonite replacement on the compressive strength and free
lime shows a very small distribution of normal error to the predicted and
actual values of the response variables (Mohammed et al., 2019). In
addition to this, the random normal distributions of residuals between
—3 and +3, —4 and +4, and —2 and +2 sigma values are within the
limits that indicate the suitability, reliability, and soundness of the
quadratic model used (Cai et al., 2013). Also, the DFFITS versus run
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number presented in Fig. 4 indicates that all the run points are distrib-
uted between the limits of +2 and —2 for both the compressive strength
and free lime, which shows that the experimental data can affect the
anticipated data. Other detailed diagnostic tests of the CCD-RSM are
shown in Figures S1-6, which indicate the accuracy and reliability of the
quadratic model used for both response factors.

As shown in Egs. (5) and (6), the actual and predicted data can be
suited to the proposed quadratic models of compressive strength and
free lime content, respectively. Hence, Fig. 5(a and b) indicates the
variation between the actual and predicted values of compressive
strength and free lime content, which indicates that the graphs have a
significant relationship between the predicted quadratic models’ and
experimental data for both response variables. In addition, because the
regression model best fits the data, the predicted and actual response
variations must not be high. Therefore, as presented in Table 10, there is
a very small variation between the actual and predicted data for both
response variables, indicating the accuracy and valid predictions of the
suggested response surface quadratic models (Dahish and Almutairi,
2023). The numerical values of the actual and predicted data for the
compressive strength and content of free lime owing to the independent
factors of bentonite dose, calcination temperature, and calcination time
are summarized in Table 10.

3.5. Response surface modeling by factors interactions

As illustrated in Figs. 6 and 7 contour and 3D response surfaces graph
of the response variables represent quadratic model regression, which
can evaluate the relationship between the independent variables and
responses.

3.5.1. Compressive strength

As shown in Fig. 6(a) and (b), increasing the bentonite dose signifi-
cantly reduced the free lime content at low calcination temperatures. In
addition, the strength increased at low doses of bentonite replacement
and decreased at higher replacement levels at a fixed low calcination
temperature of 200 °C; however, increasing the calcination temperature
at high bentonite replacement can enhance the strength. This is mainly
because bentonite appears in a consolidated form that requires activa-
tion by heating to increase the reactivity. The same finding was reported
by Keke et al. (2022), who found that the use of uncalcined bentonite
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reduces the compressive strength of mortar and reported that 750 °C is
the best pozzolanic activation temperature for raw bentonite. In
contrast, the study found that the activation of bentonite at 900 °C was
not conducive to improve the pozzolanic reactivity.

Additionally, as shown in Fig. 6(c and d), the activation of bentonite
between the lower and upper limits of the calcination time at the low
replacement dose can increase the compressive strength of the mortar.
Also, the calcination time between the middle of the lower and upper
limits increases the strength of bentonite at higher calcination temper-
atures, as shown in Fig. 6(e and f). This is mainly because the reactivity
of bentonite increases with increasing calcination temperature and time
(Keke et al., 2022). Similar observations were made by Wahab et al.
(Wahab, 2008), where calcination at 750 °C enhanced the strength and
pozzolanic reactivity, and increased the concentration of the alkali so-
lution and the ion exchange capacities of bentonite. However, from
850 °C onward, the reddish bentonite color changed to reddish-black,
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which indicates particles of bentonite started burning; hence, pro-
longed exposure of pozzolanic materials to temperatures above the
temperature of dehydroxylation that enhances re-crystallization and,
hence, loses its pozzolanic reactivity.

3.5.2. Free lime

The 3D plot of the interaction of bentonite calcination temperature
and replacement dose on free lime is shown in Fig. 7. As shown in Fig. 7
(a and b), the free lime content decreases with increasing bentonite
replacement doses and calcination temperature. The free lime in cement
composite materials has a great chance of being consumed by the higher
doses of bentonite replacement at higher bentonite calcination tem-
peratures. Hence, the calcination of bentonite promises the enhance-
ment of physico-chemical properties, mainly to produce an extra C-S-H
gel in mortar or concrete mixtures (Mesboua and Benyounes, 2021).
Similarly, as shown in the same graph, at the lower point of calcination
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Fig. 7. Free lime content response variable model interaction by 3D surface and contour plots.
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Table 11
For all factors and response variables, established optimization goals.
Name Goal Lower limit Upper limit Lower weight Upper weight Importance
A: Bentonite dose Is in range 5.00 20.00 1.00 1.00 3.00
B: Calcination temperature Is in range 200.00 800.00 1.00 1.00 3.00
C: Calcination time Is in range 120.00 180.00 1.00 1.00 3.00
Compressive strength Maximize 37.84 51.80 1.00 1.00 3.00
Free lime Minimize 1.89 1.96 1.00 1.00 3.00

temperature and higher bentonite replacement dose, there is the
occurrence of the highest amount of free lime; hence, it was discovered
that the high substitution of raw bentonite cannot increase the con-
sumption of free lime. This is mainly because bentonite needs activation
to react more with the free lime in cementitious materials, which can
enhance the strength (Rehman et al., 2019a).

As illustrated in Fig. 7(c and d), reducing the calcination time by
increasing the bentonite substitution dose can significantly reduce the
occurrence of free lime. However, substituting the smaller bentonite at a
lower calcination temperature results in higher free lime, and in
contrast, increasing the calcination time at a lower substitution of
bentonite slightly reduces the free lime. In addition, as shown in Fig. 7(e
and f), at a low calcination time and high calcination temperature, or at
a high calcination time and low calcination temperature, the presence of
free lime was significantly reduced. This indicates besides the bentonite
dose, the consumption of free lime highly affected both calcination
temperature and time for activation of bentonite in the mortar. This is
due to the reason that bentonite mostly exists in a consolidated form;
which indicates need a suitable treatment method. Hence, it cannot be
directly used as a supplementary material to improve the performance of
cementing materials (Rehman et al., 2019a), and many raw clays have
crystal structures that require calcination for active pozzolanic reac-
tivity (Tironi et al., 2014).

Besides these, Hakamy et al. (2015) studied the effect of employing
calcined nano-bentonite clay and raw nano-bentonite clay in cement
composite materials and the study found adding calcined
nano-bentonite clay offered a higher amount of C3S and C,S with a lower
amount of free lime compared to using of raw nano-bentonite clay. Thus,
this study confirmed the high pozzolanic reaction found by the
employment of calcined bentonite rather than raw bentonite replace-
ment in cement composite materials that can consume more free lime.
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3.6. CCD-RSM numerical optimization

The numerical optimization can be carried out by the CCD-RSM
through the specified goals to obtain the best performance from the
desired output. So, as presented in Table 11, the criteria used to get the
maximum strength and minimum free lime of the investigated calcined
bentonite replacement variables are “in range.” Based on the established
criteria, 50 solutions containing the optimum experimental operating
conditions of bentonite employment-independent factors were utilized.
Under this, selected optimum experimental conditions are 19.99% of
bentonite replacement dose, 799.99 °C calcination temperature, and
135.04 min calcination time as presented in Fig. 8, the higher strength at
minimum free lime was 46.10 MPa and 1.904% respectively at the
desirability of 0.68. Therefore, the optimum results of the maximized
compressive strength and reduced free lime were compared with those
of the control mixture, which were higher than 24.94% and 3.08% for
compressive strength and free lime, respectively. Similarly, according to
Reddy & Reddy (Reddy and Reddy, 2021), with 20% bentonite substi-
tution at a calcination temperature of 800 °C, a higher compressive
strength was recorded and it was found that the improvement in
strength was mainly due to the micro-filling ability of bentonite because
the particle size of bentonite is much smaller than that of cement and the
higher reactivity of calcined bentonite at 800 °C, which forms a sec-
ondary CSH gel by consuming free lime.

3.6.1. Optimization and desirability

Furthermore, Fig. 9(a-i) verifies that the obtained optimization so-
lution on the 29th is more acceptable than the other 50'n solutions. For
instance, desirability in the multiple response method indicates a
desirable solution using an objective function ranging from 0 to 1.
Hence, the possible best combinations of various optimization goals
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Fig. 8. Optimal CCD-RSM conditions by optimization ramps for factor variables and maximized response variables.

must reach an objective function near 1, resulting in anticipated values
that match expectations (Myers and Montgomery, 2016). Therefore,
from Fig. 9(a—c), it can obtain a higher strength than the obtained op-
timum value at a very low bentonite replacement; however, it has the
lowest desirability that cannot indicate the best combination value. In
addition, the lowest bentonite replacement dose cannot reduce the
occurrence of free lime, energy consumption, or environmental pollu-
tion problem, and is not more cost-effective compared to the higher
replacement of bentonite in mortar. Similarly, as illustrated in Fig. 9
(d-f), increasing the bentonite dose substitution significantly reduces
the occurrence of free lime, which can lessen the expansion of con-
struction materials. In addition, from Fig. 9(g-i) for the chosen criteria
presented in Table 11, the maximum strength and, at the same time,
lower free lime were obtained at 800 ‘C compared to the other calci-
nation temperatures. Generally, from these statistical experimental
regression values, the chosen factor (independent) variable had a sig-
nificant influenced on the response (dependent) variables.

Generally, observed the optimized bentonite calcination tempera-
ture is much lower than cement clinker which mostly requires 1450 °C
(Taylor-Lange et al., 2015), and grinding of major raw materials of
cement, especially, limestone requires much energy, besides the cost of
OPC is higher which is reported that one kg of cement unit price is 85.7%
more than the same bentonite content (Ali et al., 2012; Aygormez,
2021). Hence, replacing bentonite in mortar or concrete is crucial to
reduce CO5 emissions and energy consumption, and is cost-effective in
addition to improving the strength and reducing concrete expansion due
to free lime reduction.
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3.7. Experimental validation for CCD-RSM optimized results

For both strength and free lime the optimized results were experi-
mentally validated to assess their practical applicability, bentonite dose
19.99%, calcination temperature 799.99 °C, and calcination time
135.04 min as it can give experimentally 46.10 MPa and 1.90 or near up
to +£5% error. The difference between the validated experimental result
and model-predicted optimized value was determined as the error using
Eq. 10 as (Adamu et al., 2022).

e={a= D149
a

(5)
where ¢ is the percentage of error, a and b are respectively the experi-
mental and model response values.

The same method was used to determine the compressive strength
and free-lime content. As presented in Table 12, the experimental vali-
dation has a 95% confidence level to the optimized results, found 46.45
MPa and 1.89% for compressive strength and free lime, respectively,
which is very close to the optimum predicted by CCD-RSM, confirming
the validity and accuracy of the quadratic model.

3.8. Experimental assessment on durability of optimized results in a
different adverse environments

The optimized bentonite replacement parameters were evaluated for
mortar strength and mass loss at 56 days of curing age in 5% HCI and
HNOj3 and compared with the control mixture, as shown in Fig. 10(a and
b). The results indicated that the strength and mass loss of optimized
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Table 12

Experimental validation of optimized CCR-RSM values.

Response CCD-RSM 95% lower Experimental 95% upper
variables Optimum bound to value bound to
predicted predicted predicted
value value value
Compressive 46.10 43.80 46.45 48.41
strength
(MPa)
Free lime (%) 1.90 1.81 1.89 1.99

bentonite in mortar is less than that of the control mixture; hence, it can
reduce the effects of 5% HCl and HNOg, receptively strength loss by 82%
and 33.4%, and mass loss by 22.72% and 59.5%, respectively, compared
to the control mixture. This is basically due to the employment of
optimized calcined bentonite with higher reactivity, which can consume
more free lime and produce extra entringite that can interlock the
mortar matrix and protect the penetration of acids; hence, it can resist
deterioration in acidic environments.

The effects of 10% sodium chloride and an elevated temperature of
200 ‘C for 2 hours on the control mixture and optimized bentonite
substitution in the mortar are presented in Fig. 11(a). The result in-
dicates that the replacement of the optimized bentonite reduces mass
loss by 33.08% owing to immersion in 10% sodium chloride solution
compared to the control mixture at the age of 56 days. In addition, the

Cleaner Engineering and Technology 23 (2024) 100844

optimized bentonite replacement also improved the mass loss at an
elevated temperature of 200 "C for 2 hours by 69.56% compared to the
control mixture. This is mostly due to the high reactivity of bentonite at
800 °C, which can form pozzolanic reactions, interlock the matrix, and
create a dense mortar structure that cannot easily dehydrate water at
high temperatures, and consequently, cannot easily lose mass in the salt
environment (Rehman et al., 2019a). Therefore, it is crucial for
concrete-reinforced steel bars to prevent corrosion. In addition, as
shown in Fig. 11(b), the water absorption of the optimized bentonite
replacement is significantly less than that of the control mixture, which
is due to calcined bentonite having less specific gravity and very fine
grains compared to Portland cement, which fills the pores and reduces
the penetration of water (Al-Hammood et al., 2021b).

3.9. Comparison of present results with different literature

In the present study, the percentage improvement in strength at 28
days and the lower occurrence of free lime compared to the previous
studies are shown in Table 13, through the novel treatment of bentonite
to different influencing factors for both responses. This is mostly because
bentonite treatment provides a beneficial approach to be employed in
mortar by highly improving the strength of conventional cementing
materials and indirectly reducing the energy consumption and envi-
ronmental pollution problems facing the world due to the production of
cement.
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Fig. 10. The effect of curing in 5% of HCl and HNO; for optimized bentonite replacement and control mixture (a) strength loss and (b) mass loss.
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Table 13
Comparison of the optimized compressive strength and free lime values improved due to bentonite employment in mortar or concrete with the previous studies.
Type of cement w/C Bentonite dose Calcination Using 20% bentonite increased Reduced free Reference
composite material (%) Range of Optimum compressive strength (%) lime (%)
temperature (°C) temperature (°C)
Mortar 0.485 5-20 200-800 800 24.94 3.08 Present study
Mortar 0.34 5, 10, 15, 20 Not calcined - 5.74 - Kadhim et al. (2022)
Mortar - 10, 20, 30 200, 400, 600 400 2.96 - Vijay and Achyutha
Kumar Reddy (2021)
Mortar 0.55 20, 25, 30, 40, 150, 250, 500, 150 4.00 - Mirza et al. (2009)
50, 100 750, 950
Mortar 0.50 5, 10, 15, 20, 600, 800,1000 600 8.37 - Laidani et al. (2022)
25, 30
Concrete 0.45 5, 10, 15, 20 Not calcined - 7.14 - Ahmad et al. (2021)
Concrete 0.40 5, 10, 15, 20, Not calcined - 4.48 - Laidani et al. (2020)
25, 30
Mortar 0.484 5 750 - - 2.37 Alani et al. (2020)
Mortar - 5,10, 15, 20, 700 & 800 800 7.34 - Reddy and Reddy
25, 30 (2021)

4. Conclusions

The present study investigated the modeling and optimization of
different bentonite doses, calcination temperatures, and calcination
times on the strength and free lime of mortar using the statistical method
CCD-RSM, and experimentally validated the optimized statistical values.
In addition, different durability tests were conducted on the optimized
bentonite replacement in various adverse environments, and the
following conclusions were drawn.

1. The model for both compressive strength and free lime response
variables was found to be significant, accurate, reliable, and have
excellent fitness to the experimental work because the ANOVA of the
model showed a p-value of less than 0.05, and all the diagnostic tests
were within the limit.

2. Increasing the calcination temperature and bentonite replacement
can significantly enhance the compressive strength and reduce the
free lime. However, at lower calcination temperatures and higher
bentonite replacements of 200 "C and 20%, respectively, there is the
occurrence of high free lime; hence, it was discovered that the high
substitution of bentonite doses cannot grant to the consumption of
free lime at lower calcination temperatures of bentonite.

3. From different 50n solutions obtained by CCD-RSM, the optimum
was found at independent factors A: Bentonite dose 19.99%, B:
Calcination temperature 799.99 °C and C: Calcination time 135.04
min that gives the response variables Y;: Compressive strength
46.10 MPa and Y»: Free lime 1.90% at the criteria of maximizing the
strength and minimizing the free lime which is also, experimentally
validated found within +95% confidence level. Thus, the optimized
response results increased the strength by 24.94% and reduced the
free lime by 3.08% compared to the control mixture.

4. Furthermore, the optimized replacement of bentonite at A: Bentonite
dose 19.99%, B: Calcination temperature 799.99 °C, and C: Calci-
nation time 135.04 min, have significantly improved durability in
the different adverse environments and reduced the effect of 5% HCI
and HNOg, corresponding to a strength loss of 82% and 33.4 %,
respectively, while mass loss by 22.72% and 59.5%, respectively,
compared to the control mixture. Furthermore, the optimized
bentonite replacement reduced the mass loss by 33.08% due to im-
mersion in 10% sodium chloride solution and decreased the mass
loss at an elevated temperature of 200 °C for 2 hours by 69.56%
compared to the control mixture at a mortar age of 56 days.

Generally, the optimized bentonite replacement in mortar is highly
beneficial for improving strength, reducing concrete expansion due to
lessening free lime, and can improve the durability of mortar in different
adverse environments, in addition to highly reducing environmental
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pollution, especially CO, emissions, energy consumption, and cost-
effectiveness compared to conventional mortar/concrete production.

5. Recommendation

The optimum factors and response found in this study belong to
bentonite with the same or very similar chemical composition as that in
the present study. Therefore, studies should be conducted at different
sites of bentonite extraction. In addition, the authors suggest that future
studies conduct more detailed tests such as R3, flexural and splitting
tensile strength, fatigue strength, and all other tests needed for con-
struction materials that are not included in the present study related to
the employment of calcined bentonite in either mortar or concrete.
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