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zation, is implemented to predict the mix proportion of concrete from the material parameters
of the concrete. Before, the termite model was not implemented for this specific application,
nor was Taguchi optimization. The fitness function in the Termite algorithm helps with car-
bonation curing of the concrete, and the prediction function is executed to determine the
endurance parameters of the concrete, which is considered a novelty of the study. The endur-
ance of the carbonation concrete is determined in terms of compression strength, carbonation
depth, chloride permeability, water sorptivity, and acid attack. Moreover, the important results
are the mix containing 15% silica fume and 60% Ground Granulated Blast Furnace Slag has
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at the 28" day. In strength parameters, the mix containing 15% silica fume and 40% Ground
Granulated Blast Furnace Slag possesses higher compression strength of 47 MPa and strength
reduction in the acid attack test of 6.26% at the 28-day test. Since, the mix proportion with
15% silica fume and 40% Ground Granulated Blast Furnace Slag possess higher strength and
optimal permeability values. This mix is considered an optimum mix for this research.
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INTRODUCTION

The industrialization and urbanization that have taken
place in recent decades have been greatly influenced by
the building industry [1]. The construction sector gener-
ates 5-10% of all jobs worldwide and contributes 5-15% of
GDP to each country [2]. The building industry accounts
for about 30% of total resource depletion and 40% of over-
all energy use [3]. Moreover, these construction sectors
generate over 30% of the world’s waste and 40% of its car-
bon dioxide emissions [4]. The production of this cement
was considered the main reason for carbon dioxide emis-
sions across the globe, and the percentage of emissions was
between 7 and 9 [5]. Currently, more than 5% of carbon
dioxide emissions globally come from manufacturing facil-
ities of cement production [6]. By using different binding
elements in place of OPC, cementation materials can help
lower carbon dioxide emissions [7]. Multiple industry
wastes can be used in multi-component binder materials
for various applications [8]. Much research has been done
on concrete construction employing additives to lower the
cost and scarcity of common materials [9]. In the building
industry, cement is an essential part of concrete, the man-
ufactured resource used in construction most frequently
[10]. Approximately 4 billion tonnes of cement are pro-
duced annually worldwide, which translates to nearly 29
billion tonnes of concrete in 2015 [11]. The demand for
cement is expected to expand steadily between 1990 and
2030. Considerable expansion in production has resulted
from the rising demand for cement in modern infrastruc-
ture and structures, especially in emerging nations like
China, Russia, and Japan [12]. Cement production has
developed a capacity for generating 59.5 million tonnes of
annual cement due to the anticipation of future demand
for expanding infrastructure [13]. Cement prices have
increased by almost 150% in the last ten years. As a result,
it is crucial to use additional materials whenever possible
in place of cement [14]. In the last thirty years, the building
industry, especially in the United Kingdom, has taken some
actions to minimize the release of toxic gases associated
with cement production [15].

Alternatively, consider calcining coal using organic gas
instead of petrol, absorbing carbon dioxide with chemi-
cals, creating a more effective clinker grinding method,
and implementing sustainable cement production [16].
However, cementitious materials might be a workable
plan to cut greenhouse gas emissions dramatically [17].
Waste materials from manufacturing processes, like fly
ash a byproduct from power plants, metakaolin, ground
granulated blast furnace slag (GGBS), and fumes of silica,
are utilized in place of OPC and can significantly reduce
greenhouse gas emissions [18]. The particles of pozzolanic
can be created through the buildup of chemical materials,
such as silica, calcium, alumina, magnesia, and iron, into
concentrations of more than seventy percent, according to
ASTM [19]. GGBS contains over 70% of several elements,

including iron, silica, calcium, alumina, and magnesia [20].
Therefore, fly ash, metakaolin, and GGBS silica fume can
utilize the pozzolanic material, which might be used in
concrete to replace OPC. Because of their binding quali-
ties, these wastes silica fume, metakaolin GGBS, and fly
ash, have drawn attention from researchers as potential
additions to cement blends that could reduce the carbon
dioxide quantity left on the bottom layers of the atmosphere
[21]. Binding material can be used with other byproducts
from industries, including rubber, fly ash, slag, foundry
sand, waste marble, etc. The majority of these pozzolanic
materials originate from manufacturing waste [22].
Industrial wastes, such as slag from the blast furnace
and its sub-product GGBS, are most widely used as aux-
iliary materials in cement-based products for the produc-
tion of concrete and cement [23]. Apart from its pozzolanic
effect, its self-hydration characteristic sets it apart from
other compounds [24]. Its color alters to the presence of
30-40% with the oxides of calcium. The certainty that
GGBS will be an eco-friendly alternative for the binder in
the concrete accounts for its significance [25]. GGBS needs
to be disposed of properly because it is a byproduct. By
mixing it with fine and coarse aggregates, OPC, and other
conventional concrete components, this waste material can
reduce its depletion from the concrete mix [26].
Cement-based materials can perform much better and
store CO, permanently if their carbonation is accelerated.
Research indicates that cement-based products cured by
CO, have greater mechanical performance and durability,
while recycled concrete aggregates treated by CO, have
better qualities than untreated RCAs. Cement has consid-
erable potential to store CO,, as it can absorb up to 50%
of its mass. Cement-based products have reduced CO,
emissions by over 40%, sequestering 1.4 Gt of CO,. Volume
stability of carbonation-exposed cement-based composites
is a concern due to cracking risk. Dimensional stability is
less studied than mechanical properties, carbonation depth,
and CO, uptake capacity. Advancements in microscope
and spectroscopic technologies have led to the increased
investigation into the carbonation process of cement hydra-
tion products and their microstructural impacts on con-
crete matric. Understanding these variations is essential for
intelligent CO, sequestration and utilization technologies.
Some alternative methods of lessening CO, emissions and
streamlining concrete-making processes are capturing and
utilizing flue gases produced in making cement, stimulat-
ing energy-efficient technology in cement manufacture,
recycling and utilizing industrial residues, and investigating
cement-free building practices. In particular, inorganic CO,
sequestration has emerged as a relatively innovative mech-
anism for CO, reduction, promoting significant progress
and environmental outcomes over the past two decades.
Mineral CO, sequestration in concrete production can
defined as a carbon capture and storage method that essen-
tially entails CO, reacting with calcium-containing mate-
rial to produce calcium carbonates. When atmospheric
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carbon dioxide reacts with the alkaline components of con-
crete, mainly portlandite, and the hydrated calcium silicate
(CsSsH) gel, calcium carbonate (CaCOs) is produced. This
process is known as carbonation in concrete. The pH level
in the pore water of the concrete usually drops due to this
chemical reaction, going from extremely alkaline levels over
12 down below 8. The passive layer may be compromised if
this reaction spreads to the steel reinforcement, leaving the
steel vulnerable to possible corrosion.

Moreover, multiple studies have demonstrated that
GGBS replacement in the binder of concrete will not
decrease the strength of concrete [27]. Some of the research
gaps found in the past literature are:

The carbon emission from the cement sector in India
is considered a major source of a sustainable substitute to
Portland cement. Materials activated by alkali solutions,
including fly ash and GGBS are being investigated by Pandit
et al. [28]. These materials have a good chemical compo-
sition, are easily accessible, and can be used to repurpose
waste effectively. However, occasionally, it might impact the
carbonation’s passive layer and reduce its passivity.

The carbonation performance of Geopolymer Concrete
(GPC), a sustainable green material for civil engineering
that is comparable to Portland Cement (OPC), is intro-
duced by Zhao et al. [29]. The merits, mechanism of the
carbonation technique, and the evaluation techniques of
GPC are presented, along with the correlation of the car-
bonation characteristics of the GPC with OPC, as well as
an analysis of the factors influencing GPC’s performance.
Additional numerical models are recommended to increase
the robustness and lifespan of GPC carbonation. On the
other hand, it has an impact on the carbon dioxide content
and the cement-to-water ratio

Sun et al. [30] examine replacing regular Portland
cement (OPC) with a Slag of carbide (SC) as a catalyst in
the excess-sulfate-based phospho-calcium sulfate dihydrate
slag cement (EPSC). According to the results, increased SC

Table 1. Summary of literature review

doping causes low latest strength and an unstable hydration
rate, while lower SC dosage lengthens the induction period
and improves the final strength. In EPSC applications, a pH
range of 11.00-11.75 provides the best hydration condi-
tions for SC, guaranteeing both stability and effectiveness
of hydration. On the other hand, air pressure and rela-
tive humidity following carbonation may result in certain
uncommon situations.

The energy usage and emission of carbon dioxide in
cement production led to environmental pollution. Two
supplemental materials with cement characteristics (SMC)
are added to the concrete to lower energy consumption fly
ash (FA) and silica fume (SF). Using FA and SF as SMCs,
Padavala et al. [31] focus on creating sustainable con-
crete in this work. Cement was used to replace FA and SF
in two different mixes that were created. Other areas of
study included sustainability index, mechanical character-
istics, microstructure analysis, and cost-benefit analysis.
Nevertheless, there are cases where the concrete cover rein-
forcement raises the possibility of corrosion.

Thorne et al. [32] investigate how low-carbon concrete
with additional cementitious materials (SCMs) affects
the environment. According to the results, adding fly ash
admixture and limestone lowered carbon emissions but did
not affect mechanical qualities. The study offers guidance
for creating concrete materials that take into account the
availability of nearly carbon-free concrete ingredients on
a worldwide scale. Though concrete naturally has a high
compressive strength, it is more expensive.

The research gaps that need to be addressed are poor
compressive strength, poor bulk density, and other poor
mechanical properties exposed in Table 1. This present
study needed to use different types of municipal solid
wastes and agricultural ashes to replace regular Portland
cement, either entirely or partially, which has been rela-
tively minimal and primarily limited to GGBS and pulver-
ized fly ash PFA. Due to the negative environmental effects

Authors Methods findings

Research gaps

Pandit et al. [28]

GGBS with alkali treatment

The compressive strength of GPC is
decreased by 5%, and the slag blend
was expanded by 0.0963%

Passivity was decreased due to the
impact of carbonation.

Zhao et al. [29]

GPC-anti carbonization

Carbonization PH11.23for 28 days
with sodium concentration 3%

The carbon emission was too high

Sun et al. [30]

sulfate phosphogypsum slag
cement

The hydration environment

measured 11 to 11.75PH value,
the attained suitable hydration
environment 1.3% carbide slag

Durability strength is too low.

Padavala et al. [31]

supplementary cementitious
materials with SF

The compressive strength 50Mpa
recorded for 7.5% SF and 30% fly ash

Flexural strength is too low

Thorne et al. [32]

supplementary cementitious
materials

Higher durability strength by 20.5%
and reduced C0, 21.1%.

Chloride permeability was high.
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of burning coal and producing steel, it will soon be more
difficult to find GGBS and PFA. GGBS causes concrete to
become more carbonated, but at a faster rate as its content
increases. This phenomenon is comparable to the fly ash
effect. Compared to Portland cement (PC) concrete, this
effect is stronger for concrete designed on an equal water/
cement (w/c) ratio. The fast phase-out of fossil fuels in
coal-fired power plants and steel manufacture and the seri-
ous environmental effects accompanying it are making it
harder to find GGBS and FA these days. This study’s impor-
tance is to replace OPC entirely or partially (using alkali
activation technology) with other SCMs, such as ashes from
volcanoes, woods, or agricultural ashes, as well as munici-
pal solid wastes like glass trash and burned ashes.

The originality and novelty of this study is implement-
ing the hybrid optimization model based on termite and
taguchi for finding the optimal mix ratios that give desired
mechanical properties in less curing time. The steps to pro-
ceed with the novelty solution are described below,

o Initially, the material parameters are defined in the
orthogonal array of the system.

o The material parameters are assigned to the novel
Termite-based Taguchi Optimization (TbTO) based on
the major, minor, and intermediate conditions.

o The novel approach is intended to use finite optimiza-
tion characteristics and prediction features to enhance
quality without altering the quantity.

o Finally, the prediction function generates the key met-
rics in the optimized concrete, which are analyzed as

—-
— -
=

Material parameters
assigned to
perpendicular array

Comparing the key
metrics with the recent
concrete models concrete

Figure 1. Proposed methodology.

f-.i@

Defining major, minor
and intermediate terms

@ - 5

Predicting key metrics of
the optimized carbonation

compression strength, carbonation depth, permeability,
and acid attack.

o To validate the study, the key metrics of the optimized
concrete are compared with recent concrete models.
The later part of this research is discussed as follows:

The recent works on concrete with their problem state-
ments are mentioned in the first section. A novel proposed
methodology is mentioned in the 2" section. The outcomes
and their discussions of the suggested model and compari-
sons are represented in the 3™ section. The 4 section con-
cludes the study with subsequent works.

MATERIALS AND METHODS

The present work aims to implement a novel ter-
mite-based Taguchi optimization (TbTO) to optimize the
concrete mix. The main aim of adopting this technique is
to improve the concrete quality without altering the quan-
tity. Initially, the material parameters of the concrete are
assigned to the perpendicular array of the system. After
that, the material parameters based on major, minor, and
intermediate terms are assigned in the novel approach to
determine the optimized mix proportion in the concrete.
Finally, the key metrics in the carbonation concrete are
determined and correlated with recent concrete specimens,
such as Fly Ash Concrete (FAC), Ordinary Portland Cement
Concrete (OPCC) [33], and Residual Masonry concrete
(RMC) [34]. The carbonation depth of the carbonation
concrete is correlated with Carbonation concrete (CC) [35],

- G TbTO

Termite based Taguchi
Optimization

}

Optimized mix
proportion
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Self Compacting Concrete by Masonry Residue (SCC-MR)
[36], and Geopolymer Concrete (GPC) [37]. The chloride
permeability of the carbonation concrete is correlated with
Geopolymer concrete (GPC), Ordinary Portland Cement
Concrete (OPCC) [37], and Fine Rice Husk Ash Concrete
(FRHAC) [38]. The water Sorptivity of the carbonation
concrete is correlated with Geopolymer Concrete (GPC)
[34], Ordinary Portland Cement Concrete (OPCC), Fly
Ash Concrete (FAC) and Silica Fume Concrete (SFC) [39].
The acid attack of the carbonation concrete is correlated
with Geopolymer concrete (GPC) [40], Fly Ash Concrete
(FAC), and Hybrid Fibre Concrete (HFC) [41]. All mod-
els were tested with the same proposed mix concentration
from the same MATLAB software, and the results were
compared. The reason for selecting these components is,
which is the latest optimal technology executed by the dif-
ferent researchers.

The proposed methodology is illustrated in Figure
1. Initially, the material parameters of the concrete are
assigned to the perpendicular array. Afterward, based on
the major, minor, and intermediate input terms, these val-
ues are assigned to the novel TbTO. The output gained will
be of optimized mix proportion. The key metrics of the
concrete in terms of compression strength, carbonation
depth, chloride permeability, sorptivity, and acid attack are
determined. These key metrics are correlated with recent
concrete models for validating the study.

Materials

Grade 40 ordinary Portland cement is implemented as
the binder. 30% is the standard consistency of the cement
used. 123 minutes is the initial setting time of the cement
used, and 270 minutes is the final setting time of cement.
3.1 is the specific gravity of the cement, and 44.5 MPa is the
compression strength of the cement used. Natural sand is
considered fine aggregate, and its size is less than 4.75mm.
2.64 is the specific gravity of the cement. 0.87% is the
water absorption capacity of the fine aggregate. 3.02 is the

fineness modulus of the sand used. 10mm is the maximum
size of the coarse aggregate, and 3.06 is the specific gravity
of the coarse aggregate. 2.04% is the water-absorbing capac-
ity of the coarse aggregate. 2.64 is the modulus of fineness
in the coarse aggregate.

GGBS is a byproduct obtained from the steel and iron
industry. GGBS reacts with water and cement during
hydration and forms additional C-S-H gel and Ca(OH),.
This additional chemical compounds increase the strength
of concrete. For these advantages, GGBS is considered for
this research. 3.1 is the specific gravity of the GGBS used
in this research, and the fineness modulus of the GGBS is
12000 cm?/g, 680 kg/m’ is the bulk density of GGBS, and 27
sec is the marsh cone flow value of GGBS. The GGBS par-
ticle distribution of d,, d5, and dg, are 1.5um, 4.2 um and
9um. Silica fume also enhances the strength of concrete by
forming Ca(OH), and C-S-H gel. Silica fume is a byproduct
obtained from the quartz manufacturing process. The resi-
due of silica fume in the 90um sieve is 4%.

Mix Proportions

The concrete grade executed in the work was M30 as
per 1510262-2019. 0%, 20%, 40%, and 60% by weight of
cement, the GGBS is replaced partially. The compression
strength increased at the silica fume of 15% and decreased
at the 20% replacement level. At this point, free Ca(OH)2
and silica utilization are at an optimum level [42]. Hence,
15% of silica fume is considered the optimum dosage level.
Already, 15% SF has been researched, but it has reported
dry density and poor compression strength [43]. To address
these issues 15% of SF is considered for this study. The mix
parameters and their values are represented in Table 2.

The sustainable concrete materials are then replaced in
place of cement, and the mix proportions of the M30 con-
crete grade in terms of cement, water, silica fume, GGBS,
fine aggregate, and coarse aggregate are represented in
Table 3.

Table 2. Mix parameters and their values as per IS 10262 2019

Mix parameters Values

Target strength 38.25 MPa
Water by cement ratio 0.43

Water content 169.77 kg/m?
Cement content 394.813 kg/m®
Air voids 0.015
Aggregate percentage in consideration with overall concrete 68.633%
Coarse aggregate percentage in consideration with overall aggregate 62%

Fine aggregate percentage in consideration with overall aggregate 38%

Coarse aggregate content 1302.105 kg/m®
Fine aggregate content 688.526 kg/m’®
Mix proportion 1:1.74:3.3
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Table 3. Mix proportions of M30 concrete mixes

Mix proportions  Water Cement GGBS Silica fume  Fine aggregate Coarse aggregate
(liter/m?) (kg/m?®) (kg/m?®) (kg/m?) (kg/m?>) (kg/m?>)

0% SE, 0% GGBS 169.77 394.813 0 0 688.526 1302.105

15% SE, 20% GGBS ~ 169.77 256.633 78.96 59.22 688.526 1302.105

15% SE 40% GGBS  169.77 177.633 157.93 59.22 688.526 1302.105

15% SE, 60% GGBS  169.77 98.703 236.89 59.22 688.526 1302.105

Mixing Preparation and Curing

Based on the mix proportion, the samples are weight-
batched, and the materials are placed in the tray. Initially, the
coarse aggregate is placed, followed by the fine aggregate,
then the fines are placed above the aggregates and the mate-
rials undergo dry mixing for 3 minutes. After that, water is
added to the dry mix, and the wet mix is carried out. Once
the concrete attains a uniform color, the fresh concrete is
subjected to a slump cone test. On reaching the true slump,
the concrete is placed in the molds with consideration to
compaction in three layers. The molds are demoulded after
24 hours, and the specimens are placed in water curing for
the particular days of curing. The chemical composition is

Table 4. Chemical composition

defined in Table 4, physical composition is exposed in Table
5, and particle size distribution is in Table 6.

Termite based Taguchi Optimization

The Termite-based Taguchi optimization is designed
with the functions of termite optimization and tagu-
chi method. This dual model optimization is intended to
improve the material quality without altering quantity.
Hence, it is a novel approach to concrete technology. First,
the material and strength parameters of the carbonation
concrete from the experimental data are defined in the per-
pendicular array of the proposed approach, as expressed in
Eqn. (1).

Material Sio, AL O, Fe203 CaO MgO SO, Na,O K,O
Cement 20.67 4.86 2.87 60.69 1.6 2.34 0.27 0.54
GGBS 38.94 11.16 1.94 30.75 7.65 - 14 0.26
Silica Fume 90.87 0.41 1.12 0.35 0.57 0.13 0.42 1.21
Table 5. Physical composition

Material Specific gravity Bulk density Particle size Surface area (BET)
Cement 3.12 1440 kg/m’ <90pum 232 m*/kg

GGBS 2.74 1260 kg/m’ <10um 600 m*/kg

Silica fume 2.24 720 kg/m’? <lpm 12500 m?*/kg

Table 6. Particle size distribution & physical properties of aggregates

Property Fine aggregate Coarse aggregate
Fineness modulus 3.24 84

Specific gravity 2.62 2.67

Absorption of water 1.2% 0.8%

Shape of particles Rounded Angular

Crushing value - 19.4

Impact value - 12.14
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(1)

Where a,, a,, a;, .... defines the parameter of concrete
in the same category and a,, b;, ¢, .... defines the different
parameters perpendicularly. Afterward, every parameter
in the perpendicular array is assigned to the indication to
dissonance ratio (I / D) for determining the minor, major,
and intermediate terms shown in Eqn. (2), Eqn. (3), and
Eqn. (4).

I/Dminor :_101 logl() lZPZ (2)
m y=1
m l
I/Dmajor =-10.1 IOgIO — - (3)
y=l P
1 m
I/Dintermeaiate = _101 loglo ;Z(P_R)Z (4)
y=1

Where P defines the enhanced response in the system
for the particular parameter and R represents the average
response of the specified parameter. The I / D for each
perpendicular array parameter is taken as an input in the
optimization by the fitness function based on the quality
characteristics. Major quality is considered for strength
parameters, and minor quality is considered for voids in the
concrete. Based on such conditions, an optimal mix pro-
portion of concrete is obtained in the proposed approach.
Once the mix proportion is obtained, the concrete mix
proportion is trained in the carbon curing process for a
definite period by the fitness function. The optimization’s
prediction function is initiated to determine the durability
parameters as represented in Eqn. (5).

[Cs ] 1,3,28,56
DP - [CP’ WY] 3,28
[Cd ’ Aa ]

(5)

28,56

Where C; are the compression strength and carbon-
ation depth of the concrete at 1, 3, 28, and 56 days, C,
W, are the chloride permeability and water sorptivity at
3 and 28 days. A, C; is the acid attack residual strength at
28 and 56 days.

Algorithm 1: TbTO

Start
{
initialization()
{
int P;
//assigning the material parameters
a, b, cp,e....
@y by 0y
“Nay, by, ey
a,,0,,C, e
}
quality parameters()
{
int 1 / Dmin or? 1 / Dmujm‘ H 1 / Dintermediate;
//fixing the enhanced response for material parameter
1 m
1/D,,, ==10.110g,| =D P*
my5
1/D, . =-10.1lo lii
major . glO m g P2
1 m
I/Dimermecﬁate = _10 l loglO(Z(P - R)2 )
m y=1
//determining I/D
}
testing()
{
int D ;
//initializing durability parameters
[Cs ] 1,3,28,56
D,= [Cp’ Ws] 3,28
[Cd s Aa ] 28,56
//finalizing parameters
}
}
End

Initially, the material parameters of the carbonation
concrete are assigned to the perpendicular array. Afterward,
based on the quality of parameters, they are defined accord-
ing to the proposed approach in major, minor, and interme-
diate responses. From the proposed approach the optimized
concrete mix proportion is obtained. Subsequently, the car-
bon curing is carried out in the samples. The key metrics of
the concrete in terms of compression strength, carbonation
depth, chloride permeability, sorptivity, and acid attack are
determined and correlated with the recent concrete mod-
els for validating the study. Precisely, by implementing the
above steps, accurate outcomes can be obtained.
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START

: . . //assigning
Material parameters assigned to perpendicular array — parameters
Mmor major and intermediate terms ldefaingthe
quality
TbTO /fpro?osed
approach
/loptimized st . ) )
Ll Optimized mix proportion concrete Compression strength
/lcuring samples i g
at different period Carbon curing ' Carbonation depth
”predlc_tmg eai Determining key metrics of the carbonation concrete . Chloride permeability
parameters
/Aralidating the " : Sorptivity
iy Correlating key metrics
Acid attack
END

Figure 2. Flow process of the proposed approach.

RESULTS AND DISCUSSION

The proposed technique is executed in the Windows 10
Operating System. The process is carried out in MATLAB
R2023a Windows software. The Matrix Laboratory is the
full form of MATLAB, computer software for data analy-
sis, algorithm development, and models and applications.
It has multi-layers of programming that have operational
and functional direction points. It is generally utilized by
mathematicians and research scholars to develop complex
models in programming. This software is also employed to
predict numerical data and perform graphical visualiza-
tions. Numerical computations, intelligent data learning
and prediction, and data processing in academic studies
are the applications of this software. The TbTO approach is
developed in MATLAB to determine the optimal mix pro-
portion from the material properties. Thereafter, the opti-
mal mix proportion is trained in the carbon curing process,
and the durability parameters are predicted and correlated
with the recent concrete studies.

Case Study

To validate the proposed approach, the tests on the car-
bonation concrete are carried out, and the outcomes are
illustrated in order. The tests include compression strength,
carbonation depth, chloride permeability, water sorptivity,
and acid attack. The specimen size and curing period will

also vary for each test. The curing is carried out only by
the carbon curing process. The compression strength of the
sample is 10x10x10 cm, and the testing is carried out for
1,3,28 and 56 days. The carbonation depth is calculated on
28 and 56 days. The water sorptivity is determined in the
concrete specimen with a length of 50 mm and a diameter
of 100mm. The chloride permeability in the concrete spec-
imen has dimensions of 50 mm length and 100 mm diame-
ter. The chloride permeability and the water sorptivity tests
are carried out in 3 days and 28 days of carbon curing. The
acid attack was carried out in a sample size of 10x10x10
cm, and the testing was carried out on 28" and 56" day. The
procedure for testing and their results are represented in
sequence and order.

The precision in the proposed approach was defined by
correlating the outcomes with the recent concrete studies,
which included compression strength, carbonation depth,
water sorptivity, chloride permeability, and acid attack. For
comparison, the carbonation depth, acid attack, and com-
pression strength of the 28" and 56" day results are taken,
and for chloride permeability and water sorptivity, 28" day
results are considered. The carbonation concrete with 15%
silica fume and 40% GGBS has shown better compression
strength and acid attack results. The mix with a higher
amount of admixture has lower permeability, that is the mix
with 15% silica fume and 60% GGBS. This mix proportion
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possesses lower carbonation depth, water sorptivity, and
chloride permeability.

The mix containing 15% silica fume and 60% GGBS is
considered for its superior strength behavior and optimum
permeability. The carbonation concrete by the proposed
approach is carried out using MATLAB R2021 software
with precise specimen sizes and carbon curing conditions
to obtain accurate outcomes. Thereafter the outcomes are
compared with recent concrete investigations for validating
the research. The concrete references used in the compar-
isons correlate with their material composition, as shown
in Table 7.

Compression Strength

The compression strength of concrete on the 28" day
defines the grade of concrete. It is expressed in load per
area. The ability of the specified dimension cube based on
the size of coarse aggregate to resist the compression load
without yielding is termed the compression strength of
the cube. The compression strength tests are determined

in cubes of size 100 x 100 x 100 mm, and the tests are car-
ried out in 1, 3, 28, and 56 days. The load is considered to
be applied on the cube’s right angle to the concrete placing
side as per BIS 516-1959. The rate of loading is 2.4 MPa
per second. The compression strength of the carbonation
concrete at 1,3,28 and 56 days of curing are represented
in Figure 3.

The compression value of the carbonation concrete at
1 day of testing was 5 MPa for the conventional mix. The
silica fume is fixed for the mixes at 15%. The mix contain-
ing 20% GGBS has a compression value of 5.2 MPa, 40%
GGBS has a compression strength of 5.7 MPa, and 60% has
a compressive strength of 5.4 MPa. On 3™ day of testing,
the conventional mix had a compression value of 10 MPa,
the mix having 20% GGBS had a compression value of 10.3
MPa, the mix having 40% GGBS had a compressive value of
11.11 MPa, and the mix containing 60% GGBS has a com-
pressive strength of 11 MPa.

On the 28™ day of testing the conventional mix had a
compression strength value of 40 MPa, the mix having 20%

Table 7. Comparison of different types of concrete with their material composition

Concrete Cement  Water Fine Coarse Sustainable Replacement Replacement
(Kg/m?)  (I/m?) aggregate aggregate material material material
(Kg/m®) (Kg/m?) (Kg/m?)
Fly Ash Concrete 286 165 1007 883 Fly ash cement 72
(FAC) [33]
Ordinary Portland 358 165 1007 883 - - -
Cement Concrete
(OPCC) [33]
Residual Masonry 375 202.5 895.11 686.21 Masonry cement 106.4
concrete (RMC) [34] residue
Self-Compacting 375 202.5 895.11 686.21 Masonry cement 106.4
Concrete by Masonry residue
Residue (SCC-MR)
(34]
Carbonation concrete 330 198 719 813 Carbonation - -
(CQ) [35] curing
Geopolymer Concrete - 263 (Alkali 685 1058 GGBS and MBS  cement 364.5 and 40.5
(GPC) [37] activate
slag)
Fine Rice Husk Ash 40 180 (Alkali 576 1070 Fine rice husk cement 360
Concrete (FRHAC) activate ash
[38] slag)
Ordinary Portland 550 192.5 989.5 662.5 - - -
Cement Concrete
(OPCC) [39]
Fly Ash Concrete 385 192.5 922.5 615 Fly ash cement 165
(FAC) [39]
Silica Fume Concrete 495 192.5 975 652.5 Silica fume cement 55
(SEC) [39]
Geopolymer concrete - 141.75 683 1269 Fly ash and cement 303.75 and
(GPC) [40] GGBS 101.25
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Figure 3. Compression strength of carbonation concrete at 1,3,28 and 56 days of testing.

Table 8. Compression strength of carbonation concrete at 1, 3, 28, and 56 days of testing

Proportions Compressive strength (MPa) Error bar
1 day 3 days 28 days 56 days +4

0% SF 0% GGBS 5 10 43 55 +6

15% SF 20% GGBS 52 10.3 45 56 +3

15% SF 40% GGBS 5.7 11.11 47 59.31 +1

15% SF 60% GGBS 5.4 11 46.09 58 +2

GGBS had a compression strength value of 45 MPa, the mix
containing 40% GGBS had a compression strength value of
47 MPa, and the mix containing 60% GGBS has compres-
sion strength of 46.09 MPa. On the 56" day in the com-
pression strength testing, the conventional concrete had a
compressive strength value of 55 MPa, the mix containing
20% GGBS had a compression strength value of 56 MPa, the
mix having 40% GGBS had a compressive strength value of
59.31 MPa and the mix having 60% GGBS has compressive
strength value of 58 MPa. The compression strength of the
carbonation concrete at 1, 3, 28, and 56 days, along with
various mix ratios, are represented in Table 8. Compared
with all these tests, the mix containing 15% silica fume (SF)
and 40% GGBS has higher compression strength than all
the other mix proportions.

The strength of compression in the concrete was rep-
resented in MPa. The compression strength in the carbon-
ation concrete on the 28" day and 56™ day are compared

with FAC, OPCC [33], and RMC [34]. On the 28" day, the
strength of compression in the FAC is 32 MPa, the OPCC
has the strength of compression of 37 MPa, and the RMC
has the strength of compression of 38 MPa.

The proposed approach carbonation concrete has
compression strength of 47 MPa at the 28"-day test. The
graphical representation of the compression strength in the
carbonation concrete on the 28"-day and 56"-day results is
represented in graphical format in Figure 4 and Table 9. At
the 56™ day test, the FAC’s compression strength is 48 MPa,
the OPCC has the strength of compression as 52 MPa [33],
and the RMC has a compressive strength of 47 MPa [34].

The proposed approach to carbonation concrete has
compression strength of 59.31 MPa. The compression
strength outcomes show that carbon curing concrete pos-
sesses higher strength than admixture replacement con-
cretes and ordinary concrete.
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Figure 4. Comparison of compression strength in the pro-
posed concrete with the recent concrete models.

Carbonation Depth

The CO, from the environment reacts with the hydra-
tion particles of the concrete and forms carbonate, leading
to steel bar corrosion. Thus, the strength properties of con-
crete structures are altered. The depth at which the carbon
particles penetrate inside the concrete member from the
extreme fiber of concrete is termed carbonation depth. The
depth of carbonation in the carbon-cured concrete is repre-
sented in graphical format in Figure 5.

On the 28" day, the depth of carbonation in the concrete
is 4mm for the conventional mix, the mix with 20% GGBS
has a carbonation depth of 5mm, the mix with 40% GGBS
has a carbonation depth of 4mm, and the 60% GGBS mix
has carbonation depth of 3mm. The statics of the carbon-
ation depth of the carbonation concrete at the 28 days and
56 days of testing are illustrated in Table 10 and Figure 5.

On the 56" day of testing the conventional concrete had
a depth of carbonation of 8mm, the concrete having 20%
GGBS had a depth of carbonation of 9mm, the concrete

Table 9. Comparison of compression strength in the proposed concrete along with the recent concrete models

Testing day Compression strength (MPa)
FAC OPCC RMC Proposed
28" day 32 37 38 47
56 day 48 52 47 59.31
Carbonation Depth
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Figure 5. Carbonation depth of carbonation concrete at 28 and 56 days of testing.
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Table 10. Carbonation depth of carbonated concrete at 28
and 56 days of testing

Proportions Carbonation depth (mm)
28 days 56 days

0% SF 0% GGBS 4 8

15% SF 20% GGBS 5 9

15% SF 40% GGBS 4 7

15% SF 60% GGBS 3 5

having 40% GGBS had a depth of carbonation of 7mm, and
the concrete having 60% GGBS has carbonation depth of
5mm. The mix containing 15% SF and 60% GGBS has a
lower carbonation depth than the other mix proportions.
The mineral admixture silica fume and GGBS will mini-
mize the permeability in concrete, resulting in reduced car-
bonation depth in the admixture concrete.

The depth of carbonation in the concrete was repre-
sented in mm. The depth of carbonation in the proposed
concrete was correlated with CC [35], SCC-MR [36],
and GPC [37]. The carbonation depth in the suggested
model is compared with the conventional carbonation
concrete, eco-friendly self-compaction concrete, because
the residual wastes in the environment are reduced in
the form of concrete, and the full cement is replaced by
admixture concrete, which is the GPC. The compari-
son statics of the carbonation depth of various concrete
mixes with the suggested concrete are represented in
Figure 6 and Table 11.

On the 28" day, the depth of carbonation in the existing
carbonation concrete was 16.5 mm, the SCC-MR had a car-
bonation depth of 5 mm, and the GPC had a carbonation
depth of 8.55 mm. The proposed carbonation concrete has
a carbonation depth of 4mm.

Chloride Permeability

The permeability of chloride in the concrete defines the
durability of the concrete at various exposure conditions.
The ingression of chloride ions in concrete directly impacts
its endurance. The chloride penetration in the concrete is
expressed in terms of electrical conductance, which is con-
crete resistance to chloride ion penetration. The specimen
size for the permeability test in chloride is a diameter of
100 mm and a height of 50 mm cylindrical specimen. The

T T T Bl T d T
254 B 28 days
[ |s56days |
E 20
£
E -
%15_
=]
=l
2
= 4
£ 104
2
o3
8]
5 ]
0_

cC SCC-MR GPC Proposed

Concrete mixes

Figure 6. Comparison of carbonation depth of the pro-
posed concrete with the recent concrete models.

samples were tested on 3 and 28 days concerning ASTM
1202. One end of the sample is considered to be associated
with the solution of sodium hydroxide, and the other end is
associated with the solution of sodium chloride. The sam-
ples are tested for 6 hours. The potential difference main-
tained is 60V.

On 3 day of testing the chloride permeability of the
conventional concrete was 4276.28 coulombs, the mix
containing GGBS of 20% had a chloride permeability of
3018.71 coulombs, the mix containing 40% GGBS had a
chloride permeability of 1238.41 coulombs and the mix
containing 60% GGBS has chloride permeability of 689.68
coulombs. The statistics of the chloride permeability test
on the 3 and the 28" day are represented in Table 12 and
Figure 7. After curing for 28 days, the chloride permeability
was reduced [44].

At the 56" day test the conventional mix has a chloride
permeability of 2138.14 coulombs, the mix having 20%
GGBS has a permeability by chloride of 1509.36 coulombs,
the mix having 40% GGBS has a permeability of chloride as
619.21 coulombs. The mix with 60% GGBS has a chloride
permeability of 344.84 coulombs. The mix containing 15%
SF and 60% GGBS has lower chloride permeability than
the other mix proportions because these mix proportions
possess a higher admixture percentage than all the other

Table 11. Correlation in carbonation depth of the proposed concrete with the recent concrete models

Testing day Carbonation depth (mm)

CC SCC-MR GPC Proposed
28h day 16.5 5 8.55 4
56t day' 23.5 9.38 17.82 7
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Figure 7. Chloride permeability of carbonation concrete at 3 and 28 days of testing.

Table 12. Chloride permeability of carbonation concrete at
3 and 28 days of testing

Proportions Chloride permeability (Coulombs)
3 days 28 days
0% SF 0% GGBS 4276.28 2138.14
15% SF 20% GGBS 3018.71 1509.36
15% SF 40% GGBS 1238.41 619.21
15% SF 60% GGBS 689.68 344.84
e s days
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Figure 8. Comparison of chloride permeability of the pro-
posed concrete with the recent concrete models.

mixes.All concrete mix mixtures saw a significant decrease
in chloride permeability from 3 to 28 days since once the
concrete cures, the cement particles keep continuing to
hydrate, creating a dense microstructure using fewer over-
lapping pores that prevents chloride ions compared to per-
meating the concrete matrix.

The permeability of chloride ions in the concrete is
represented in coulombs. The chloride permeability of the
proposed carbonation concrete is correlated with GPC,
OPCC [37], and FRHAC [38]. The OPCC is the traditional
concrete, and GPC is the concrete where other admixtures
replace the binder cement. The FRHAC concrete is made
with fine rice husk with cement’s partial replacement. The
correlation of the permeability by the chloride ions of the
carbonation concrete is illustrated in Figure 8 and Table 13.
On the 28" day, the chloride permeability of GPC is 3712
coulombs. The OPCC has a chloride permeability of 3515
coulombs, and the FRHAC has a chloride permeability of
2314 coulombs. The proposed approach has a chloride per-
meability of 619.21 coulombs.

Table 13. Comparison of chloride permeability tests

Concrete  28"-day Chloride permeability (Coulombs)
GPC 3712

OPCC 3515

FRHAC 2314

Proposed 619.21
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Figure 9. Water sorptivity of carbonation concrete at 3 and 28 days of testing.

Sorptivity

Sorptivity defines the concrete’s ability to absorb and
transmit water in the pore structure of concrete by the
action of capillarity. The sorptivity test is conducted on 3
and 28 days as per ASTM C 1585 - 04. The specimen for
testing is a cylinder with 100 mm diameter and 50 mm
length. The curved surface in the specimen is considered
to be coated with epoxy resin. The water level is kept 2-3
mm above the supporting frame. The test outcomes of the
water sorptivity at 3 days and 28 days of carbon curing are
represented in Figure 9 and Table 14.

On the 3™ day of testing the conventional mix had a
water sorptivity of 0.0214 mm/s"?, the mix with 20% GGBS
had a water sorptivity of 0.0191 mm/s®’, the mix with 40%
GGBS had a water sorptivity of 0.0168 mm/s*?, and the mix
with 60% GGBS has water sorptivity of 0.0149 mm/s">. The

Table 14. Water sorptivity of carbonation concrete at 3 and
28 days of testing

Proportions Water sorptivity (mm/s*®)
3 days 28 days
0% SF 0% GGBS 0.0214 0.0168
15% SF 20% GGBS 0.0191 0.0149
15% SF 40% GGBS 0.0168 0.0125
15% SF 60% GGBS 0.0149 0.0049

statistics of the water sorptivity of the proposed carbon-
ation concrete at 3 days and 28 days of testing are repre-
sented in Table 14.

On the 28" day, the water sorptivity of the conven-
tional carbonation concrete is 0.0168 mm/s®’, the mix
containing 20% GGBS has water sorptivity of 0.0149 mm/
%, the mix containing 40% GGBS has water sorptivity
of 0.0125 mm/s** and the mix containing 60% GGBS has
water sorptivity of 0.0049 mm/s**. The mix with 15% SF
and 60% GGBS has lower water sorptivity than the other
mixes. Due to the reason, that the mix with more amount
of silica fumes and GGBS has lower water sorptivity due
to the reason that rise in the admixture percentage of
the concrete increases the permeability in concrete and
reduces the water sorptivity.

The water sorptivity in the concrete was determined in
terms of mm-sec®> The water sorptivity of the carbonation
concrete is correlated with GPC [34], OPCC, SFC, and FAC
[39]. The water sorptivity in the proposed concrete is cor-
related with the recent concrete models and is represented
in Figure 10.

On the 28" day, the GPC has a water sorptivity of 0.0243
mm-sec’®, the OPCC has a water sorptivity of 0.0253
mm-sec®?, the SFC has a water sorptivity of 0.075 mm-sec®®
and the FAC has water sorptivity of 0.089 mm-sec’”.
The proposed approach has a water sorptivity of 0.0125
mm-sec®®. The water sorptivity in the proposed concrete
is correlated with the recent concrete model as represented
in Table 15.
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Figure 10. Correlation of water sorptivity in the proposed
concrete with the recent concrete samples.

Table 15. Water sorptivity comparison of the proposed
concrete with the recent models

Concrete 28'"-day water sorptivity (mm/sec’*)
GPC 0.0243
OPCC 0.0253
SEC 0.075
FAC 0.089
Proposed 0.0125
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Acid Attack

In chemically aggressive environments like sewage col-
lection systems, concrete degradation occurs due to the
presence of Hydrogen sulphide, moisture, and oxygen.
Thus the design period of concrete structures is affected.
An acid attack test is performed to determine the acid resis-
tance in the concrete. The specimens in the acid attack test
are of size 100 x 100 x 100 mm cube. Initially, for 10 days,
the cubes are cured as usual. Afterward, the cubes are con-
sidered acid curing in a 2% sulphuric acid solution with pH
maintained at 1 + 0.1. Here, 0.1 is the fitness value adopted
from the termite optimization. For the acid attack test,
strength in compression of the acid-cured sample is tested
at 28 and 56 days. The acid attack test outcome at 28 days
and 56 days is represented in Figure 11.

Conventional carbonation concrete has a strength
reduction of 9.98% on the 28" day of testing and an 18.04%
strength reduction on the 56 day test. The mix contain-
ing 20% GGBS has a strength reduction of 8.73% on the
28" and 12.3% on the 56" day of testing. The mix contain-
ing 40% GGBS has a strength reduction of 6.26% on the
28" day of testing and a 10.93% strength reduction on the
56" day of testing. The mix containing 60% GGBS has a
strength reduction of 7.27% on the 28" day of testing and
a 14.53% strength reduction on the 56™ day of testing. The
statistics of the strength reduction in the acid attack test are
represented in Table 16.

The mix containing 15% silica fume and 40% GGBS has
a lower reduction in strength than the other models. This
is because adding admixture in the proportions of concrete
increases the concrete strength to an optimum level. After
that, a reduction in strength occurs. Hence, compared with

—e—Sample 1
—=—Sample 2

Sample 3
—=—Sample 4

Il
40 45
Age of Concrete (Days)

50

55 60

Figure 11. Percentage in strength loss of carbonation concrete at 28", and 56™ days of acid curing.
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Table 16. Acid attack in carbonation concrete on the 28,
and 56" days of testing

Proportions Reduction in strength (%)
28 days 56 days

0% SF 0% GGBS 9.98 18.04

15% SF 20% GGBS 8.73 12.30

15% SF 40% GGBS 6.26 10.93

15% SF 60% GGBS 7.27 14.53

all other mix proportions, the mix proportion of 15% silica
fume and 60% GGBS has a lower reduction in strength in
the acid attack test.

In an acid attack test, the curing is carried out by imple-
menting a percentage of acid per amount of water. Thus,
the strength in curing specimens is lowered through the
acid percentage. This strength in terms of percentage is the
outcome of the acid attack test. At the 28-day curing period,
the GPC has a strength reduction of 7.124%, the FAC has
a strength reduction of 9.51%, and the HFC has a strength
reduction of 9.82%. The proposed approach has a strength
reduction of 6.26%. The comparison graph of the acid

Table 17. Comparison of acid attack test results

attack in the 28™-day tests and the 56™-day tests is shown in
Figure 12 and Table 17.
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Figure 12. Comparison of the reduction in strength by acid
attack of the proposed concrete with the recent concrete
models.

Testing day Reduction in strength (%)
GPC FAC HFC Proposed
28" day 7.124 9.51 9.82 6.26
56" day 17.14 13 16.35 10.93
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Figure 13. Environmental impact.
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At the 56-day curing period, the GPC has a strength
reduction of 17.14%, the FAC has a strength reduction of
13%, and the HFC has a strength reduction of 16.35%. The
proposed approach has a strength reduction of 10.93%. The
strength reduction is considered from the normal concrete
strength.

The validated environmental impacts on three differ-
ent parameters Co,, temperature change, and humidity, are
exposed in Figure 13.

CONCLUSION

This research aimed to deliver a novel Termite-based
Taguchi Optimization to determine the concrete mix
ratio. Initially, the material parameters in the concrete are
assigned in the system. Based on the major, minor, and
intermediate terms, the assigned parameters are optimized
using the novel approach, and an optimal mix proportion
for M30 grade concrete is obtained. Thus, mixed proportion
concrete undergoes a carbonation curing training process
for the required periods in definite sample sizes monitored
under the fitness function. Afterward, the prediction sys-
tem in the optimization is triggered to determine the dura-
bility parameters of the concrete. The durability parameters
are determined regarding compression strength, carbon-
ation depth, water sorptivity, chloride permeability, and
acid attack.

o The mix containing 15% silica fume and 40% GGBS is
considered the optimum mix because it possesses high
compression strength and acid attack values. The car-
bonation depth, water sorptivity, and the permeability
of chloride ions in the mix are also at the optimum level.

o The compression strength of the proposed carbon-
ation concrete is 47 MPa on the 28™ day test, which is
23.68% higher than other concrete, and on the 56" day,
the compression strength is 59.31MPa, which is 14.1%
higher than other compared models.

o The carbonation depth of the proposed concrete is 4 mm
on the 28" day, which is 20 % lower than other compared
models, and on the 56 day, the carbonation depth is 7
mm which is 25% lower than other compared models.

o The chloride permeability of the proposed concrete was
619.21 coulombs at the 28th day test, which is 73.24%
lower than that of other models.

o The water sorptivity of the proposed concrete was
0.0125 mm-sec0.5 on the 28th day test, which is 48.55%
lower than that of the other models.

o The acid attack of the proposed concrete showed a
6.26% strength reduction at the 28th-day test, which is
0.864% lower than other compared models. On the 56
day, the strength reduction was 10.93%, which is 2.07%
lower than other compared models.

Considering the results, the proposed approach has
considerably enhanced prediction ability with necessary
features for building construction applications. Future
studies in this section of concrete technology improve the

process by including prediction accuracy, and behavior pat-
terns of concrete, leading to the development of an accurate
model in the upcoming days.

NOMENCLATURE

MPa megapascal

sec second

Co, carbon dioxide

pH Potential of hydrogen
mm millimeter

Ca(OH),. Calcium hyroxide

pum Micrometer

kg/m? Kilogram per meter cube

cm?/g Centimeter square per gram
Sio, Silicon dioxide

AL O, Aluminium oxide

Fe,0; Ferric oxide

CaO Calcium oxide

MgO Magnesium oxide

Na,O Sodium oxide

K,O Potassium oxide

SO, Sulfur trioxide
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