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Abstract
Incorporating industrial by-products into the manufacturing of geopolymer concrete has the potential to make concrete 
production more environmentally sustainable. This research employs ground granulated blast furnace slag (GGBS) and 
dolomite as alumino-silicate base materials, and sodium hydroxide solution (NaOH) and sodium silicate solution (Na2SiO3) 
as the alkaline activators. The use of geopolymer concrete (GPC) allows for numerous design variables, which necessitates 
multiple trial experiments to determine an optimal GPC mix that achieves the desired strength. Therefore, the lack of a 
well-defined mix design process represents a notable obstacle to the industrial application of geopolymer concrete. In this 
study, the Taguchi approach is employed to optimize the mix design factors within the geopolymer concrete mixture, with 
a specific focus on achieving the desired strength criteria. The study includes a slump test, compressive strength test, and 
split tensile strength tests. The results of the tests match the target strength values, leading to the formulation of a mix design 
for GPC according to the Taguchi method, eliminating the need for extensive trials. The microstructure assessment of the 
mixtures, conducted through scanning electron microscopy (SEM), unveiled a more compact microstructure in the optimal 
blend. The CO2 assessment of GGBS–dolomite GPC highlighted a significant decrease in CO2 emissions when compared 
to an equivalent-grade normal concrete.
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1  Introduction

Geopolymer concrete (GPC), a novel construction material, 
has become increasingly popular nowadays. GPC has better 
strength and durability compared to conventional concrete 
(Saranya et al. 2019a). Further investigation is still required 
in the field of GPC because there is currently no standard 
technique for mix design (Li et al. 2019). The mix design 
for GPC is challenging because it depends on numerous fac-
tors like the proportion of Al and Si in the components, 
the alkali-to-binder ratio, the molarity of NaOH (sodium 
hydroxide), its ratio to Na2SiO3 (sodium silicate), and the 
condition of curing (Saranya et  al. 2019a); (Hadi et  al. 
2019); (Arthur et al. 2020); (Duxson et al. 2007). The mix 
design of geopolymer is also affected by the type of chemi-
cal constituents of binders and also the percentages of these 

constituents. Unlike the mix design of conventional con-
crete, the GPC mix design demands many trials to obtain 
an accurate response of strength and durability due to many 
design variables. A simplified mix proportioning of GPC 
is essential because it reduces the time, energy, and effort 
needed. The Taguchi method is an optimization approach 
that has been successfully employed in the mix design of 
cement-based concretes (Türkmen et al. 2003). This method 
is employed in the present study to determine the optimum 
design mix for GPC by considering all the significant fac-
tors that influence strength and workability under ambient 
curing conditions. The Taguchi method and the guidelines 
of IS: 10,262–2019 are utilized to determine the optimum 
mix design variables of GPC.

Several early studies investigate the formulations and 
characteristics of geopolymer binder and concrete (Shi 
et al. 2011); (Garcia-Lodeiro et al. 2016); (García-Lodeiro 
et al. 2013). Cement manufacture is necessary for the con-
struction of infrastructure. Cement production causes CO2 
emission, which is harmful to the environment and causes 
global warming. GPC replaces cement with metakaolin, fly 
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ash, rice husk ash (Mareya et al. 2023), and GGBS (ground 
granulated blast furnace slag. Metakaolin-based geopolymer 
concrete has high strength and low durability (Marín-López 
et al. 2009); (Obeng et al. 2023). High-strength geopolymer 
concrete is produced by combining GGBS with fly ash and 
ordinary Portland cement (OPC) (Nath and Sarker 2014); 
(Salih et al. 2015). The most often utilized material for the 
development of a single alumino-silicate base material-
based GPC is fly ash (Detphan and Chindaprasirt 2009); 
(Ahmad Dar and Azam 2015); (Pavithra et al. 2016); (Lek-
shmi and Sudhakumar 2022) (Sajan et al. 2021), which is 
a waste material obtained from coal-powered power plants 
(Nath and Sarker 2014). GGBS and fly ash can be combined 
to make high-strength ambient cured geopolymer concrete.

In the geopolymerization process, alumino-silicate 
materials undergo dissolution in an alkali solution, result-
ing in the formation of free SiO4 and AlO4 tetrahedral 
units (Davidovits 1989). Moreover, these SiO4 and AlO4 
tetrahedra are interconnected in an alternating fashion, 
with charge-balancing cations supplied by alkali metal 
cations. This results in the generation of polymeric pre-
cursors such as –SiO4–AlO4–, or –SiO4–AlO4–SiO4–, or 
–SiO4–AlO4–SiO4–SiO4–. The sharing of all oxygen atoms 
between two tetrahedral units facilitates the formation of 
monolithic geopolymer products (Khale and Chaudhary 
2007).

GGBS is obtained as a by-product from the steel industry 
and has a similar chemical composition to cement. Approxi-
mately 0.45–0.50 tonnes of blast furnace slag will be pro-
duced per tonne of steel (Saranya et al. 2020). In the pres-
ence of alkali activators, GGBS will generate high-strength 
geopolymer concrete. In addition to early strength attain-
ment, using GGBS to produce geopolymers lowers construc-
tion costs and eliminates issues related to its disposal.

Dolomite is a waste of rock-crushing plants, and its appli-
cation in self-compacting concrete has been reported earlier 
(Barbhuiya 2011). According to reports, India accounted for 
28% of global dolomite production (Chhattisgarh). Studies 
dealing with the effect of dolomite in GGBS geopolymer 
concrete are scarce. Dolomite is characterized by a signifi-
cant composition of calcium oxide (CaO) and magnesium 
oxide (MgO). Furthermore, it also contains silicon dioxide 
(SiO2) and alumina oxide (Al2O3). Notably, the presence 
of silica and alumina in dolomite makes it a potential raw 
material for geopolymer production. It also contributes to 
the rapid attainment of high strength in a very short period. 
According to a study by Yip et  al. (2008), adding 20% 
dolomite to metakaolin increased the compressive strength 
of every sample tested. The strength exhibited a substan-
tial increase, reaching a value exceeding 50 MPa during a 
period of 100 days. In a recent investigation by Nazar et al. 
(2023f), Nazar et al. (2023a), it was observed that the incor-
poration of additives such as multi-walled carbon nanotubes 

(MWCNTs) led to enhanced mechanical properties in geo-
polymer composites, resulting in increased density. The 
study reported a notable maximum improvement of 14% 
in compressive strength when 0.3% MWCNTs were intro-
duced into alkali-activated binders. Like dolomite, lime can 
also serve as a viable material for incorporation as a bind-
ing agent in geopolymer concrete, contributing calcium-rich 
elements to the mix (Nazar et al. 2023d).

In this study, GGBS and dolomite were blended to pro-
duce a novel geopolymer concrete. Early studies found that 
external heat is necessary to generate the polymerization 
process. But many researchers have tried to reduce the 
requirement of this heat treatment. For example, in the 
combination of fly ash and GGBS, due to CaO, GGBS can 
quicken the polymerization process and generate heat (Deb 
et al. 2014). Slag, on the other hand, considerably reduces 
the concrete’s workability and curing time. According 
to research studies, the addition of GGBS decreases the 
mix’s workability and reduces the GPC’s setting time 
(Al-majidi et al. 2017). A properly proportioned mix of 
GGBS and dolomite has proven to be an excellent binder 
combination with an improved microstructure (Saranya 
et  al. 2019a). The replacement of GGBS by dolomite 
helps to develop a GPC with a denser matrix and lesser 
pores. The mix becomes more workable as the percentage 
of dolomite in the mixture increases. The workability of 
GPC is increased by the large surface area of dolomite 
(Saranya et al. 2019a). The primary reasons that geopoly-
mer concrete is not used more frequently are the lack of 
a standardized mix design process, poor workability, and 
high-temperature requirements for curing. Due to the brit-
tle nature of GPC, their extensive use is limited by their 
poor performance when subjected to flexural and tensile 
loads. Nazar et al. (2023b) conducted a study indicating 
that the compressive and flexural strength rose with higher 
polypropylene (PP) and polyvinyl alcohol (PVA) fibre 
content. The mix with a fibre content equivalent to 1.5% 
of the binder exhibited the highest compressive strength 
at 46.95 MPa and flexural strength at 7.9 MPa. The mix 
design was carried out by several researchers using ACI 
guidelines (Cao et al. 2018). Numerous variables, includ-
ing the ratio between alkali and binder, the ratio Na2SiO3/
NaOH, the sodium hydroxide molarity, the superplasti-
cizer dosage, the proportion of the binder, etc., affect the 
mix design of GPC. So enormous trials are required to 
develop a systematic mix design methodology for geopoly-
mer concrete. Zheng et al. (2023), Nazar et al. (2023g), 
Nazar et al. (2023c) utilized gene expression program-
ming (GEP) and multi-expression programming (MEP) to 
assess the compressive strength of alkali-activated mate-
rials. The objective was to compare these methods and 
establish more robust prediction models based on genetic 
algorithms. These methods face a limitation in that they 
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necessitate a substantial volume of dependable data to 
effectively operate (Nakkeeran et al. 2023); (Nazar et al. 
2023e); (Nazar et al. 2022). The production process of 
geopolymer concrete is depicted in Fig. 1.

A statistical approach suggested by Japanese scientist 
Genichi Taguchi, generally recognized as the Taguchi 
technique (Galí et al. 2001), can be used to address these 
issues. Few works use this methodology for mix design 
(Dave et al. 2021); (Dave and Bhogayata 2020); (Onyia 
et al. 2022). The variables and the levels chosen are based 
on a significant number of trials, and the mix proportions 
used in this paper are for M45-grade geopolymer concrete.

The Taguchi approach is frequently applied in engineer-
ing; however, its use with geopolymer concrete is rather 
limited (Jithendra and Elavenil 2020); (Hadi et al. 2017). 
Since multiple factors influence mix design, this method 
does not account for the specific gravity, water absorption 
of coarse and fine natural aggregates, binders, and the zone 
of sand but instead incorporates these factors following 
IS 10262:2019. The current research aims to create a mix 
design procedure for high-strength ambient cured GPC by 
combining the Taguchi method’s implementation with the 
guidelines in IS code. The study also tried to overcome 
problems of the workability of GPC. A study on the tensile 
strength of GPC is also incorporated in this work.

2 � Research Significance

While geopolymer concrete (GPC) offers an effective alter-
native to traditional cement-based concrete, there is cur-
rently no universally accepted standard mix design proce-
dure in place. In the present study, the optimal design mix 
for geopolymer concrete (GPC) is determined using the 
Taguchi method taking into account all significant factors 
that influence workability and strength under ambient cur-
ing temperatures. Employing the orthogonal array, Tagu-
chi serves as a dependable design method that effectively 
reduces unwanted trials. Utilizing the signal-to-noise (S/N) 
ratio for data examination and forecasting of optimal results, 
the Taguchi approach proves to be a reliable tool for achiev-
ing optimal mix designs. The present study aims to formu-
late a strength-oriented mix design for GPC, utilizing the 
Taguchi method.

3 � Experimental Investigations

3.1 � Material Study

In the formulation of GPC, the binder materials employed 
consist of ground granulated blast furnace slag (GGBS) 

Fig. 1   Production process of geopolymer concrete (Skariah Thomas et al. 2022)
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and dolomite. GGBS and dolomite are derived from the 
steel industry and rock-crushing plants, respectively, as by-
products. As per a prior study conducted by Alexander and 
Shashikala (2022) on GGBS-based geopolymer concrete, the 
inclusion of GGBS accelerates the polymerization process. 
This is due to the presence of CaO in GGBS, which not 
only generates heat but also contributes to the formation of 
C–S–H gel and N–A–S–H gel. The chemical constituents of 
GGBS and dolomite are shown in Table 1.

In the research, standard aggregates are utilized in a 
surface-saturated dry state (SSD) condition. The coarse 
aggregates were 12.5 mm (specific gravity is 2.47 and water 
absorption rate 0.66%) and natural sand (Specific gravity 
2.53 and water absorption rate is 0.7%) confirming zone 2 
as per IS 383:2016 was used as fine aggregates. The parti-
cle size distribution curve of aggregates and precursors is 
shown in Fig. 2. A naphthalene sulphonate superplasticizer, 
Conplast SP430 (IS: 9103:1999) of specific gravity 1.22 sup-
plied by FOSROC, is used for improving the workability of 
the mix. The activator solution consists of sodium hydrox-
ide in pellet form having a purity 97% dissolved in water 
and sodium silicate in solution form having SiO2 (27.2%), 
Na2O (8.9%) and H2O (63.9%). For preparing 12 M solu-
tions, 480 g of pellets is dissolved in 1 L of water. These two 
are mixed to form the activator one day before use.

3.2 � Mix Design of GPC using L9 array of Taguchi 
method

The initial mix design stages are carried out following IS 
10262:2019. The input parameters in the IS code-based 
mix design are the grade of concrete, the size of the aggre-
gate used, the specific gravity of cement and aggregates, 
workability in terms of the slump, zone of sand, and water 
absorption of aggregates.

There are no provisions in IS 10262:2019 to accommo-
date other parameters like binder proportion, the quantity of 
superplasticizer, ratio of sodium silicate to sodium hydrox-
ide, and molar content. So the Taguchi method is used to 
incorporate the above-mentioned parameters to arrive at the 
optimum proportion of GPC (Nazari et al. 2012). The tech-
nique employs a unique set of arrays referred to as orthogo-
nal arrays (OA) that examine several variables with a few 
experiments. When compared to the trial-and-error mix 
design process, the DOE (design of experiments) employ-
ing orthogonal arrays is effective (Türkmen et al. 2008). The 
OA minimizes variables that are uncontrollable and reduces 

the number of experiments. For instance, the typical facto-
rial design requires 3^4 or 81 test runs when employing four 
parameters at three proportions, while the Taguchi method 
employs only 9 test runs. The framework of the study is 
depicted in Fig. 3.

For optimization, the Taguchi method makes use of the 
signal-to-noise (S/N) ratio. The S/N ratio supports data anal-
ysis and optimal outcome prediction. In short, OA offers a 
set of tests that are well-balanced, and the S/N ratio acts as 
an objective function for optimization. The effectiveness, 
affordability, robustness, and simplicity of output interpreta-
tion are the key benefits of the Taguchi method (Hadi et al. 
2017). In this work, the L9 orthogonal array in Table 2 is 
used, which can accommodate 4 factors at three levels.

A distinct combination of binders, the concentration of 
NaOH in molar form, the ratio of Na2SiO3/NaOH, and the 
amount of superplasticizer are all specifically varied in each 
trial. The ranking of the design parameters is affected by 
adopting the proper S/N (signal-to-noise ratio). The Taguchi 
method generally proposes three kinds of S/N ratios: lower, 
higher, and nominal (Dave and Bhogayata 2020). In the cur-
rent investigation, the higher the better signal-to-noise ratio 
was used. The parameters and levels used in the Taguchi mix 
design are shown in Table 3.

The mixing combinations of GGBS, dolomite, fine aggre-
gates, and coarse aggregates used in the study are shown 
in Table 4. In addition to the parameters recommended 
in IS 10262:2019, the present investigation included the 

Table 1   Chemical properties of 
GGBS and dolomite

Oxide SiO2 (%) Al2O3 (%) Fe2O3 (%) CaO (%) MgO (%) K2O (%) SO3 (%) P2O5 (%)

GGBS 35.26 22.94 0.25 25.52 13.26 0.4 1.27 0.038
Dolomite 21.10 6.25 1.62 54.13 16.68 0.56 0.19 0.043

Fig. 2   Sieve analysis of binders and aggregates used in the study



3193Iranian Journal of Science and Technology, Transactions of Civil Engineering (2024) 48:3189–3212	

binder proportion, the dosage of superplasticizer, the 
Na2SiO3-to-NaOH ratio, and the molarity of NaOH. The lev-
els of each factor were taken based on the previous studies 
(Saranya et al. 2020); (Saranya et al. 2021); (Saranya et al. 
2019b) and some trials. The reasonable limits are numbered 
from 1 to 3, with 3 being the highest.

The condition of curing whether ambient or high tem-
perature and strength attainment of geopolymer concrete 
depends upon the type of alumino-silicate base materials 
used in the mix (Fernández-Jiménez et al. 2005). So the 
combination of alumino-silicate precursors such as GGBS 
and dolomite are taken as variable A. Based on the trials, 
the mix resulting from GGBS and dolomite is found to 
be less workable without the usage of a superplasticizer. 
So to improve the workability of the mix, the dosage of 

Fig. 3   Framework of the Taguchi design

Table 2   Orthogonal array used in the study

Trial Variable A Variable B Variable C Variable D

A1 1 1 1 1
A2 1 2 2 2
A3 1 3 3 3
A4 2 1 2 3
A5 2 2 3 1
A6 2 3 1 2
A7 3 1 3 2
A8 3 2 1 3
A9 3 3 2 1

Table 3   Parameters and levels used in the mix design

B1 = 70% GGBS 30% dolomite, B2 = 80% GGBS 20% dolomite, 
B3 = 90% GGBS 10% dolomite

Variable Level 1 Level 2 Level 3

A Binder proportion B1* B2* B3*
B Superplasticizer dosage 1.25 1.5 1.75
C Na2SiO3/NaOH Ratio 1.5 2 2.5
D Molarity of NaOH 12 13 14
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superplasticizer is taken as variable B. Further, the reac-
tion between alumino-silicate precursors and activators 
like NaOH and Na2SiO3 depends on the oxide concen-
tration and molarity of NaOH and Na2SiO3/NaOH (Lee 
et al. 2014). Additionally, the creation of a more densely 
packed polymeric structure with greater strength requires 
an optimal amount of silica content. However, too much 
sodium silicate slows the polymerization process by pre-
venting water evaporation (Alexander and Shashikala 
2022). So the SS/SH ratio and molarity of NaOH are 
taken as variables C and D, respectively.

Variable A represents different proportions of alumino-
silicate precursors GGBS and dolomite. The maximum 
adopted dolomite proportion is 30%. Low compressive 
strength may result from more than 30% of dolomite 
(Saranya et al. 2019a). Variable B indicates the dosage 
of superplasticizer. The development of M45 grade GPC 
is the main goal of the present investigation. A super-
plasticizer based on naphthalene was used to retain the 
mix’s viscosity and to decrease the amount of water that 
was needed (Rattanasak and Chindaprasirt 2009). The 
minimum superplasticizer dosage was taken as 1.25% 
of the total binder content at level 1 and 1.75% of the 
binder content at the third level. The inclusion of silicate 
aids in the polymerization process. But overdosage of the 
same will retard the process (Ferdous et al. 2013). So the 
ratio Na2SiO3/NaOH is taken as variable C. The ratio is 
1.5 at first level and 2.5 at third level. Variable D is the 
molarity. Its value is 12 M at level 1 and 14 M at level 
3. A minimum 10 M solution is necessary for efficient 
polymerization (Nath and Sarker 2014). The compres-
sive strength is usually proportional to the molar content 
of NaOH. But higher molar content is not recommended 
for GPC because of the formation of improper structures 
due to the faster polymerization (Deb et al. 2015). So, in 
this study, molar concentration is limited to 14 M (Cao 
et al. 2018).

3.3 � Testing of Specimen

According to 516: 1959, cylinders of 150 mm diameter 
and 300 mm height are used for split tensile strength tests, 
whereas 100-mm cubes are used for compressive strength 
tests. The GPC mix has a more cohesive nature than ordi-
nary concrete during specimen vibration due to the effect of 
GGBS (Dave and Bhogayata 2020); (Skariah Thomas et al. 
2022). The mixing, placement, and compaction are com-
pleted within 30 min. The workability tests on fresh mixes 
are done before casting. The slump test was conducted 
according to ASTM C 143. Ambient curing at 32 °C for 
24 h is adopted. All specimens undergo strength tests after 
the 7-day curing period. Three cubes and three cylinders are 
subjected to compressive strength testing and split tensile 
strength testing for each mix. All the mixes developed in 
the work have sufficient workability. Figure 4c shows the 
specimens cast and the specimens subjected to ambient cur-
ing. The test setup for compressive strength and split tensile 
strength is depicted in Fig. 4d and e.

4 � Results and Discussion

4.1 � Workability

The liquid content in the fresh mix, the binder type, and the 
superplasticizer dosage all affect the workability of the fresh 
mix. A slump value of 150 mm was adopted for all the mixes 
in the work and liquid content is modified according to the 
provisions from IS 10262:2019. The test was conducted 
immediately after the mix is prepared.

The addition of dolomite to GPC enhanced the work-
ability, according to the slump tests. It was noticed that the 
new GPC exhibited good workability with suitable slump 
values (Fig. 5). Figure 4b shows the slump test on GPC. 
All of the mixes had a similar response. It is found that the 

Table 4   Mixing combinations of GGBS, dolomite, fine aggregates, coarse aggregates, superplasticizer

Exp no. A B C D GGBS (kg/m3) Dolomite (kg/m3) F.A (kg/m3) C.A (kg/m3) Na2SiO3 (kg/m3) NaOH (kg/m3) S.P (kg/m3)

1 B1 1.25 1.5 12 298.71 128.02 757.36 976 128.02 85.35 5.33
2 B1 1.5 2 13 298.71 128.02 757.36 976 142.25 71.12 6.40
3 B1 1.75 2.5 14 298.71 128.02 757.36 976 152.41 60.96 7.46
4 B2 1.25 2 14 341.40 85.35 757.36 976 142.25 71.12 5.33
5 B2 1.5 2.5 12 341.40 85.35 757.36 976 152.41 60.96 6.40
6 B2 1.75 1.5 13 341.40 85.35 757.36 976 128.02 85.35 7.46
7 B3 1.25 2.5 13 384.06 42.67 757.36 976 152.41 60.96 5.33
8 B3 1.5 1.5 14 384.06 42.67 757.36 976 128.02 85.35 6.40
9 B3 1.75 2 12 384.06 42.67 757.36 976 142.25 71.12 7.46
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rheological characteristics of GPC are similar to how ordi-
nary concrete responds. Figure 4a represents fresh GPC mix 
in a pan mixer.

4.1.1 � Taguchi Optimization

The OA (orthogonal array) used in this work requires only 
9 test runs. It uses a signal/noise (S/N) ratio to cut down 
on meaningless trials and aid in input parameter optimiza-
tion. This aids in data interpretation and the forecasting of 
optimized results. In this context, the term ‘signal’ refers to 
the desirable value or the response variable, while ‘noise’ 
represents the undesirable value or the standard deviation. 
The signal-to-noise (S/N) ratio serves as a metric to quan-
tify the level of variation present in the response variable. 
The objective is to optimize and maximize this S/N ratio, 
thereby enhancing the quality of the signal while mini-
mizing the impact of undesirable variations or noise. The 

Fig. 4   a GPC mix in pan mixer b slump test c Cast specimens subjected to ambient curing e Split tensile strength test f Compressive strength test

Fig. 5   Slump values for GGBS–dolomite GPC
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signal-to-noise ratio (S/N) can be broadly categorized into 
three main equations, denoted as (1), (2), and (3) as follows:

S/N represents the signal-to-noise ratio, ‘n’ stands for the 
number of experiments conducted, ‘Yi’ denotes the response 
variable targeted for optimization, and ‘Y0’ represents the 
mean of the responses. Equation (1) illustrates a value indi-
cating that the nominal combination is most suitable for opti-
mization (nominal is better). In contrast, Eq. (2) is employed 
when seeking the optimal mix where smaller parameters 
are better fitted (smaller is better). Equation (3) highlights 
the largest values as being the most fitting in the context of 
optimization (larger is better). 

In the context of strength and workability, the preference 
is for obtaining the maximum or largest value. Therefore, 
Eq. (3) is applied specifically for assessing and optimizing 
strength and workability.

In reality, the OA offers a group of well-organized trials, 
and the ratio S/N acts as an effective optimization tool (Dave 
and Bhogayata 2020). The result analysis is done using the 
software Minitab 2020 and is represented in Figs. 6 and 7. 
For each level of all mix design parameters, the Minitab 

(1)
S
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1

n

n
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2

)
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(Yi)
2
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2
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calculates a unique S/N ratio. The GPC’s characteristics and 
type of test guide the choice of various S/N ratios.

4.1.2 � Workability Result Analysis

The workability should be high for better handling of 
fresh concrete. So, the S/N ratio criteria used here are larger 
and better. Unlike earlier research, which solely examined 
the effect of binder proportion on workability (Saranya 
et al. 2019a), the current study demonstrates the depend-
ence of each parameter on workability. As shown in Fig. 6, 
B1 exhibits the highest mean value of 200 mm among the 
three variations in binder content, whereas 1.75% dosage of 
superplasticizer exhibits the highest mean slump value of 
193.3 mm. Also, the optimum value of 190 mm is obtained 
at a molar content of 12.

For each specific response characteristic, such as the S/N 
ratio, standard deviation and mean value, Minitab generates 
a response table. The variable that has a major influence on 
the result is highlighted in the response table, along with the 
level of the factor that produces a lower or higher response 
characteristic value.

Figure 7 presents contour plots that illustrate how vari-
ous mix design variables affect workability. The highest 
workability was obtained for proportion B1 which contains 
the maximum amount of dolomite of all the worked-out 
mixes. The addition of dolomite to GPC improves work-
ability due to its large surface area. The additional water 
added to the prepared mix makes up 15% of the binder 
content. The highest slump can be obtained by choosing 
a specific range of factors. For example, a slump value of 
more than 200 mm is achieved for proportion B1, with 
dosages of SP between 1.3 and 1.6% of binder content, the 

Fig. 6    a Optimized levels of means for slump, b optimized levels of S/N ratios for slump (Criteria: Larger is better for workability)
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ratio Na2SiO3/NaOH of 1.5–2.25 and molarity of NaOH 
varies from 12 to 13.5 (Fig. 7a, b, c). Similarly, the dosage 
of SP varied from 1.5 to 1.6% of binder content, the ratio 
Na2SiO3/NaOH of 1.75–2.25, and the molarity range of 

12.5–13 M will all result in slump values more than 200 
for any proportions used (Fig. 7d, e, f).

The binder content was the factor that had the highest 
influence on the design mix (Tables 5 and 6) followed by 

Fig. 7    a–f Bivariate relationship between variables and slump
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the molarity of NaOH, and dosage of the superplasticizer. 
Additionally, the B3 level provided the lowest mean value 
for the S/N ratio because B3 has a higher proportion of 
slag (90% GGBS) significantly reducing the workability 
of GPC. B1, on the other hand, exhibited an increase in 
workability due to its lower percentage of GGBS (70% 
GGBS) (Dave and Bhogayata 2020); (Skariah Thomas 
et al. 2022). The optimum value of the mean S/N ratio 
was displayed by the superplasticizer, which made up 
1.75% of the binder content. Figure 6 indicates that the 
optimum Na2SiO3/NaOH ratio was 2. For improved work-
ability, the 12 M solutions are found to be helpful.

4.1.3 � Compaction Factor Test

In addition to slump test, compaction factor test is also 
done for 9 mixes and the results are shown in Fig.  5. 
While the slump test offers information about the consist-
ency of the concrete, the compaction factor test assesses 
the ability of the mix to self-compact and fill voids 
effectively. Compaction factor test is done according to 
IS 1199 (Part 2): 2018. Based on the data presented in 
Fig. 8, it is evident that the compaction factor values for 
all the mixes exceed 0.9, signifying a significantly high 
level of compactability for each mix.

4.2 � Mechanical Properties

4.2.1 � Strength in Compression

Compressive and split tensile strength tests were done to 
examine the mix design developed using the L9 OA of the 
Taguchi method. Seven days of ambient curing is adopted 
for all the specimens. Figure 9 depicts the result of the 

Table 5   Results of the means and the ranking of parameters from the 
MINITAB for workability

Level Binder 
proportion

Dosage of 
plasticizer

Na2SiO3/NaOH Molar value

1 200.0 171.7 186.7 198.3
2 181.7 191.7 190 185
3 175 193.3 180 173.3
Delta 25 21.7 10 25
Rank 1 3 4 2

Table 6   Results of the S/N ratio and the ranking of parameters from 
the MINITAB for Workability

Level Binder 
proportion

Dosage of 
plasticizer

Na2SiO3/NaOH Molar value

1 46.01 44.64 45.40 45.95
2 45.15 45.62 45.52 45.28
3 44.81 45.72 45.06 44.76
Delta 1.20 1.09 0.45 1.19
Rank 1 3 4 2

Fig. 8   Compaction factor values for GGBS–dolomite GPC

Fig. 9   Compressive strength test results of nine trial mixes

Table 7   Results of the means and the ranking of parameters from the 
MINITAB for strength in compression

Level Binder 
proportion

Dosage of 
plasticizer

Na2SiO3/NaOH Molar value

1 51.47 58.66 58.92 56.60
2 59.41 58.29 56.53 57.01
3 62.29 56.22 57.72 59.56
Delta 10.81 2.44 2.38 2.96
Rank 1 3 4 2
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compressive strength test of nine mixes. Each of the nine 
results is equal to the mean of the results of three speci-
mens. According to Fig. 9, trial mix 8 had the greatest 
value, 65.88 MPa, while trial mix no 2 had the lowest value, 
50.13 MPa.

Tables 7 and 8 indicate that the higher the percentage 
of GGBS content, the higher the strength. This might be 
because more dissolved calcium from the surface of the 
GGBS is causing a higher rate of C–S–H gel formation 
(Salih et al. 2015). Molar content is the second-most sig-
nificant factor. With the increase in the molar content of 
NaOH, the compressive strength of the geopolymer concrete 
also increases. This is because higher NaOH concentrations 
were more effective at dissolving the source particles, which 
improved the polymerization and thus strength (Mathew and 
Issac 2020); (Unis Ahmed et al. 2022); (Sudhakumar).

From Tables  6 and 7, it is clear that the strength in 
compression of GGBS–dolomite GPC is least affected by 
Na2SiO3/NaOH value. According to the current study, to 
obtain good results in compressive strength, a dosage of 
1.25% superplasticizer with a Na2SiO3/NaOH value of 1.5 
is to be used. The dosage of superplasticizer above this level 
decreases the strength of GPC maybe due to the formation 
of a thin layer on the source particles preventing the polym-
erization and resulting in a few unreacted particles (Dave 
and Bhogayata 2020).

Figure 10 represents contour plots showing the relation-
ship between mix design variables and the compressive 
strength of the specimen. Figure 11 shows the main effects 
plot for means and S/N ratio of compressive strength.

From Fig. 10a, it is clear that for the dosage of superplas-
ticizer varying from 1.3 to 1.5% and binder proportion, B3 
gives higher compressive strength. In all the cases, binder 
proportion B3 gives higher compressive strength. Similarly, 
for binder proportion B3, Na2SiO3/NaOH value of 1.5 and 
molarity of 14 M give higher compressive strength (Fig. 10b 
and c). For any binder proportion, the dosages of SP range 
from 1.3 to 1.6, the molar value of 14 and Na2SiO3/NaOH 
of 1.5 gives a better compressive strength always (Fig. 10d, 
e, f). In this case, compressive strength obtained for all the 

mixes are above 45 MPa so the IS code procedure can effec-
tively be used for the GPC mix design.

4.2.2 � Split Tensile Strength

Figure 12 depicts the split tensile strengths obtained from 
the L9 orthogonal array provided by the Taguchi approach. 
The maximum strength is obtained for A8 with binder pro-
portion B3, the dosage of superplasticizer of 1.5%, 14 M 
NaOH solution and Na2SiO3/NaOH ratio of 1.5. The highest 
split tensile strength is obtained for binder proportion B3 
similar to the compressive strength test. This may be due 
to a greater rate of C–S–H, N–S–H and N–A–S–H gel for-
mation brought on by more dissolved calcium from the 
GGBS surface (Salih et al. 2015). The minimum strength is 
obtained for specimen T1 with a B1 binder proportion, the 
dosage of superplasticizer of 1.25%, 12 M NaOH solution 
and Na2SiO3/NaOH ratio of 1.5 due to a lower percentage 
of GGBS and lower molar value.

Tables 9 and 10 present the outputs of the Taguchi analy-
sis. The outcomes once more revealed how crucial binder 
proportion is. The delta value of the means indicates that 
the molarity of NaOH and the ratio of Na2SiO3/NaOH have 
an equal effect on tensile strength. Figure 10 shows the con-
tour plots showing the relationship between the split tensile 
strength and various mix design parameters. It is clear that 
from Fig. 13, for binder proportion B3, molarity range of 
13–14 M, Na2SiO3/NaOH range of 1.5–2.0, and superplas-
ticizer dosage range of 1.4–1.7 give split tensile strength 
greater than 3.6 MPa (Fig. 13(a, b, c). Figure 14 depicts the 
response of the Taguchi analysis. From Fig. 14, it is under-
stood that the binder proportion B3, the superplasticizer dos-
age of 1.5%, Na2SiO3/NaOH ratio of 2, and molarity of 14 M 
give the maximum value due to maximum GGBS content 
and higher molarity.

The optimal combination of the mix design param-
eters  for improving compressive and tensile strength as 
well as workability are shown in Table 11. These are the 
outcomes of the analysis. The Taguchi method and the 
recommendations from IS 10262:2019 were combined to 
develop the mix design. All the fresh and hardened proper-
ties were evaluated based on the higher S/N criteria.

The current study demonstrated the efficiency of the 
adopted approach for optimizing the constituents of the GPC 
to achieve the desired strength of the mix by investigating 
the compressive and splitting tensile strength.

The error resulting from compressive strength test and 
split tensile strength tests is depicted in Table 12. From 
Table 12, mixes 1, 3, and 6 showed less standard deviation, 
indicating that the test results were less variable and consist-
ent. On the contrary, mixes 7 and 8 showed higher standard 

Table 8   Results of the S/N ratio and the ranking of parameters from 
the MINITAB for strength in compression

Level Binder 
proportion

Dosage of 
plasticizer

Na2SiO3/NaOH Molar value

1 34.23 35.34 35.37 35.05
2 35.48 35.26 35.02 35.08
3 35.88 34.98 35.20 35.46
Delta 1.65 0.36 0.35 0.41
Rank 1 3 4 2
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Fig. 10    a–f Bivariate relationship between variables and compressive strength
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deviations, indicating greater variability in strength. This 
could have been attributed to the variability of the mixing 
process.

5 � Analysis of Variance (ANOVA)

The influence of individual factors on compression strength, 
workability, and split tensile strength was evaluated using 
an analysis of variance, with a 95% confidence interval, to 
determine their respective contributions. Based on Fig. 15, it 
is evident that the binder proportion exerts the most signifi-
cant influence on both compression strength and split tensile 
strength, accounting for 89.13 and 91.76% of the variation, 
respectively. Following this, the molarity of NaOH demon-
strates a comparable contribution of 5.9% to each of these 
strength characteristics. Enhancing the binder content and 
molarity results in higher strength in compression and split 
tensile strength, as a greater quantity of CaO from GGBS 
undergoes dissolution, leading to the formation of polym-
erization products (Mathew and Issac 2020). Additionally, 
there are studies indicating that the concentration of NaOH 
facilitates both the dissolution process and the bonding of 
solid particles within the geopolymeric environment (Guo 
et al. 2010).

Fig. 11    a Optimized levels of means for compressive strength and b optimized levels of S/N ratios for compressive strength (Criteria: Larger is 
better for Compressive strength)

Fig. 12   Split tensile strength of the trial mix

Table 9   Results of the means and the ranking of parameters from the 
MINITAB for split tensile strength

Level Binder 
proportion

Dosage of 
plasticizer

Na2SiO3/NaOH Molar value

1 2.639 2.985 3.092 3.092
2 3.277 3.430 3.402 3.101
3 3.670 3.171 3.092 3.393
Delta 1.032 0.444 0.310 0.301
Rank 1 2 3 4

Table 10   Results of the S/N ratio and the ranking of parameters from 
the MINITAB for Split tensile strength

Level Binder Proportion Dosage of 
Plasticizer

Na2SiO3/NaOH Molar value

1 8.363 9.339 9.557 9.598
2 10.297 10.641 10.596 9.824
3 11.263 9.945 9.770 10.502
Delta 2.900 1.302 1.039 0.904
Rank 1 2 3 4
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On the contrary, the Na2SiO3/NaOH ratio and superplas-
ticizer dosage exhibited minor contributions, each account-
ing for less than 5%. This observation is supported by the 
strength outcomes, as concrete with high strength levels 
exceeding 50 MPa can be produced irrespective of variations 
in the Na2SiO3/NaOH ratio and superplasticizer dosage. 
These findings indicate the dominant influence of binder 
proportion and NaOH molarity in governing the mechanical 
and durability properties of GGBS–dolomite GPC.

Moreover, the influence of binder proportion and molarity 
on workability demonstrated significant magnitudes, leading 
to 42.52 and 31.54%, respectively. Likewise, the Na2SiO3/
NaOH ratio and superplasticizer dosage contributed 23.69 
and 2.24%, respectively. In contrast to their influence on 
strength characteristics, these factors exert a notable effect 
on workability, highlighting their non-negligible role. How-
ever, achieving satisfactory workability of GPC for various 
applications is still possible.

6 � Regression Equations and Prediction 
of the Responses

Regression analysis serves as a statistical tool used to 
explore and examine relationships among variables. The 
correlation coefficient, denoted as R-Sq, should ideally fall 
within the range of 80 to 100% in multiple linear regres-
sion analyses. The R-Sq value serves the purpose of pre-
dicting future outcomes based on related data. It quanti-
fies the extent to which the model can accurately predict 
results, indicating the model’s predictive reliability. A 
linear model was formulated to establish a relationship 
between the mix properties and the parameters employed. 

The regression equations developed and R2 values are 
shown in Table 13.

As indicated earlier, the Taguchi method used orthogo-
nal arrays to minimize the number of trials, optimization, 
and prediction. As a result, numerous combinations of 
factor levels have been omitted from the designed experi-
ments, but these still require prediction. Out of a total 
of 81 possible combinations (calculated as 3^4), only 
9 experiments were designed and subsequently tested. 
Hence, predictions using the regression equations were 
created to estimate the outcomes associated with various 
factor combinations for slump, compressive strength, and 
split tensile strength. Figure 16 displays the linear fit of 
the predicted vs. experimental results and the prediction 
error.

For evaluating the prediction performance accurately, 
the mean absolute percentage error (MAPE) value cor-
responding to each property prediction is displayed in 
Fig. 16b, d and f, respectively. It is calculated by the fol-
lowing equation.

where yj, xj and N are the experimental value, predicted 
value, and number of data, respectively. From Fig. 16, it 
becomes evident that the correlation coefficient of slump 
and workability is high (R2 = 0.89 for each) resulting in a 
lower average prediction error of 2.59 and 2.21, respec-
tively (MAPE). However, when it comes to split tensile 
strength, the correlation coefficient (R-Sq) is notably 
lower (R2 = 0.77), leading to a higher MAPE value of 
7.381.

(4)MAPE =
100

N

∑

j

yj − xj

yj

Fig. 13    a Optimized levels of means for split tensile strength and b optimized levels of S/N ratios for split tensile strength (Criteria: Larger is 
better for Split tensile strength)
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7 � Microstructural Characteristics

From the ANOVA results, the most influencing factor that 
effects the strength characteristics is the binder proportion. 

So, SEM (scanning electron microscopy), EDX (energy-
dispersive X-ray spectroscopy) analysis are performed 
on the 3 samples which is having B1(G70:D30), 
B2(G80:D20), and B3(G90:D10) proportions.

Fig. 14   a–f Bivariate relationship between variables and split tensile strength
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7.1 � SEM with EDX Analysis

The SEM with EDX analysis of geopolymer concrete sam-
ples are shown in Fig. 17(a, b and c). In these figures, 
the microstructural images of the samples B1(G70:D30), 
B2(G80:D20), and B3(G90:D10) at the age of 28 days 
is depicted. The microstructure of G70:D30 shown in 
Fig. 17a reveals the presence of voids as well as numerous 
microcracks. This clearly contributed to the significantly 
low strength observed in Sect. 4.2.1. When compared to 
Fig. 17a, Fig. 17e depicts a greater amorphous character, 
signifying a higher degree of compactness in G90:D10, 
with no observable cracks. From EDX analysis, all the 
mixes taken for study contains higher amounts of silica, 
aluminium, sodium and calcium, which indicates the pres-
ence of NASH (sodium alumino-sulphate) and CASH 
(calcium alumino-silicate hydrate). When the content of 
calcium compounds is elevated in geopolymer concrete 
by adding more ground granulated blast furnace slag, 
the resulting reaction produces calcium alumino-silicate 
hydrate (CASH) as a prominent product (Salih et al. 2015). 
So, CASH is the predominant geopolymer gel which is 
formed in this scenario. The percentage of elements by 
EDX analysis is shown in Table 14. From Table 14, the 
value of Si/Al is above 2.5 for all mixes which indicate 
formation of 3D networked polysialate-siloxo and polysi-
alate-disiloxo polymers (Silva et al. 2007).

8 � CO2‑Assessment of GGBS–dolomite GPC

According to the research conducted by Yang et al. (2013), 
the calculation of CO2 emissions is divided into four dis-
tinct phases: the material phase (CO2-M), transportation 
phase (CO2-T), production phase (CO2-P), and curing phase 
(CO2-C). Material phase consists of binders like GGBS, 
dolomite, alkali activator, fine aggregate, and coarse aggre-
gate. The transportation stage consists of the movement of 
materials to the concrete plant as well as the transportation 
of precast materials to the construction site. The production 
phase involves the CO2 emissions generated during the oper-
ation of a concrete mixer. The curing phase encompasses 
CO2 emissions arising from the curing process, including 
emissions associated with activities such as steam curing. 
The total CO2 emission is calculated based on Eq. (5) (Yang 
et al. 2013).

CO2 emissions for various materials are established using 
data sourced from the Korean LCI database. In instances 
where LCI data are unavailable, reference is made to the 
JSCE (Japanese database). The transportation of binders is 
assumed to be carried out via bulk trailers, while fine and 
coarse aggregates are transported using drum trucks with 
a 15-ton capacity. Also, CO2-M and CO2-T can be found by 
Eqs. (6) and (7 ), respectively.

(5)Total CO2 = CO2−M + CO2−T + CO2−P + CO2−C

Table 11   Error resulting from compressive strength test and split tensile strength tests

Mix ID Compressive 
strength (MPa)

 ± Standard devia-
tion (MPa)

95% confidence interval Split tensile 
strength (MPa)

 ± Standard devia-
tion (MPa)

95% 
Confidence 
interval

1 52.48  ± 2.50 [50.98, 54.98] 2.22  ± 0.30 [1.92, 2.52]
2 50.13  ± 2.80 [47.33, 52.93] 2.99  ± 0.40 [2.59, 3.39]
3 51.81  ± 2.60 [49.21, 54.41] 2.71  ± 0.35 [2.36, 3.06]
4 61  ± 3.10 [57.90, 64.10] 3.47  ± 0.45 [3.02, 3.92]
5 58.86  ± 2.90 [55.96, 61.76] 3.3  ± 0.38 [2.92, 3.68]
6 58.39  ± 2.70 [55.69, 61.09] 3.05  ± 0.32 [2.73, 3.37]
7 62.51  ± 3.00 [59.51, 65.51] 3.26  ± 0.42 [2.84, 3.68]
8 65.88  ± 3.40 [62.48, 69.28] 4  ± 0.55 [3.45, 4.55]
9 58.47  ± 2.75 [55.72, 61.22] 3.75  ± 0.48 [3.27, 4.23]

Table 12   Optimum levels 
of mix design variables of 
considered properties

Properties Optimum levels of mix design variables Optimization criteria

Binder 
proportion

Dosage of super-
plasticizer (%)

Na2SiO3/
NaOH

Molarity of 
NaOH

Workability B1 1.75 2 12 M Larger is better
Compressive strength B3 1.25 1.5 14 M Larger is better
Split tensile strength B3 1.5 2 14 M Larger is better
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where i is raw material, n is total number of raw mate-
rial, Wi is unit volume weight (kg/m3), CO2 (i)-LCI is CO2 
inventory of the material (CO2-kg/kg) of the ith material, 

(6)CO2−M =

n
∑

i=1

(

Wi × CO2(i)−LCI

)

(7)
CO

2−T =
∑n

i=1

(

Wi × Di × CO
2(i)−LCI(TR)

)

+ DB × CO
2(i)−LCI(TR CONS)

Di is the distance between source material to concrete 
plant, CO2 (i)-LCI(TR) is the CO2 inventory of the vehi-
cle. DB is the distance from the concrete plant to the site. 
CO2 (i)-LCI (TR CONS) is the CO2 inventory of the transit mix 
truck.

In this session, the CO2 emission of GGBS–dolomite geo-
polymer concrete having a strength of 50 N/mm2 is com-
pared with normal concrete (Gettu et al. 2019); (Bahrami 
et al. 2013a); (Bahrami and Kouhi 2020); (Singh et al. 2022); 
(Bahrami and Yavari 2019); (Bahrami and Matinrad 2019); 

Fig. 15   Contribution of each factor towards a strength in compression, b workability, c split tensile strength

Table 13   Regression equations 
for slump, compressive strength, 
and split tensile strength

Models Model summary

Slump = 321.4–12.50A + 43.3B-6–67C–12.50D R-Sq = 89.02% 
R-Sq(adj) = 78.04%

S = 9.03312
Strength in compression = 37.4 + 5.407A-4–88B-1–19C + 1.480D R-Sq = 89.67%

R-Sq(adj) = 79.35%
S = 2.397

Split tensile strength = − 0.35 + 0.516A + 0.371B + 0.151D R-Sq = 77.80%
R-Sq(adj) = 55.6%
S = 0.356775
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(Bahrami et al. 2021b); (Bahrami et al. 2021a); (Bahrami 
and Rashid 2023); (Bahrami et al. 2022); (Bahrami et al. 
2013b) and fly ash-based geopolymer concrete (Pachamuthu 

and Thangaraju 2017) from the literature having the same 
strength. The CO2 assessment of normal concrete, fly 
ash-based geopolymer concrete, and GGBS–dolomite 

Fig. 16    a Correlation of pre. slump vs. exp. slump, b prediction 
error of slump, c correlation of pre. strength in compression vs. exp. 
strength in compression, d prediction of strength in compression, e 

correlation of pre. split tensile strength vs. exp. split tensile strength, f 
prediction error of split tensile strength
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Fig. 17    a SEM of Mix G70:D30, b EDX of Mix G70:D30, c SEM of Mix G80:D20, d EDX of Mix G80:D20, e SEM of Mix G90:D10, f EDX 
of Mix G90:D10 
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Table 14   Percentage of 
elements by EDX analysis 
(%Weight)

Element Si K O K Na K Ca K Al K Si/Al

G70:D30 9.79 48.48 3.02 17.68 3.62 2.70
G80:D20 17.68 59.41 2.78 7.84 2.09 8.46
G90:D10 13.06 49.09 3.66 10.78 4.92 2.65

Table 15   CO2 assessment 
of normal concrete having 
compressive strength of 50 N/
mm2

CO2 assessment of normal concrete having compressive strength of 50N/mm2 Total

Material production Transportation

Functional Unit(FU): m3 A B A.B D E A.D.E

Item kg/FU CO2-kg/kg CO2-kg/FU km CO2-kg/kg km CO2-kg/FU

OPC 360 0.9440 339.8400 100 0.0000518 1.8648 341.70
Fine aggregate 703 0.0026 1.8278 50 0.000063 2.21445 4.04
Coarse aggregate 1193 0.0075 8.9475 50 0.000063 3.75795 12.71
Water 144 0.0002 0.0282 0 0 0.03
Concrete Production 2369.8 0.0080 18.9584 30 0.674 20.22 (D.E) 39.18
Total (CO2-kg/FU) 397.66

Table 16   CO2 assessment of fly 
ash-based geopolymer concrete 
having compressive strength of 
50 N/mm2

CO2 Assessment of fly ash-based geopolymer concrete having compressive strength of 50 N/mm2 Total

Material production Transportation

Functional Unit(FU): m3 A B A.B D E A.D.E

Item kg/FU CO2-kg/kg CO2-kg/FU km CO2-kg/kg km CO2-kg/FU

Fly ash 425.75 0.0196 8.34 100 0.0000518 2.21 10.55
Fine aggregate 642.51 0.0026 1.67 50 0.0000630 2.02 3.69
Coarse aggregate 1212.6 0.0075 9.09 50 0.0000630 3.82 12.91
NaOH 54.74 1.2320 67.44 30 0.0002210 0.36 67.80
Na2SiO3 136.84 1.3200 180.63 30 0.0002210 0.91 181.54
Concrete production 2708.40 0.0080 21.67 30 0.0000518 0.001554 21.001
Steam curing (85 ℃/24 h: 38.5 CO2-kg/FU) 38.5
Total (CO2-kg/FU) 335.99

Table 17   CO2 assessment of 
GGBS–dolomite geopolymer 
concrete having compressive 
strength of 50N/mm2

CO2 assessment of GGBS–dolomite geopolymer concrete having compressive strength of 50 N/
mm2

Total

Material production Transportation

Functional Unit(FU): m3 A B A.B D E A.D.E

Item kg/FU CO2-kg/kg CO2-kg/FU km CO2-kg/kg km CO2-kg/FU

GGBS 298.71 0.0265 7.915 100 0.0000518 1.547 9.462
Dolomite 128.02 0.0075 0.960 100 0.0000518 0.663 1.623
Fine aggregate 757.36 0.0026 1.969 50 0.0000630 2.385 4.354
Coarse aggregate 976 0.0075 7.320 50 0.0000630 3.074 10.394
NaOH 60.96 1.2320 75.102 30 0.0002210 0.404 75.506
Na2SiO3 152.41 1.3200 201.181 30 0.0002210 1.010 202.191
Concrete Production 2708.40 0.0080 21.667 30 0.0000518 0.001554 21.668
Total(CO2-kg/FU) 325.198
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geopolymer concrete is shown in Tables 15, 16, and 17, 
respectively. In the analysis, it is assumed that the binder is 
transported from 100 km distance, whereas the aggregates 
from 50 km and the distance between concrete plant and site 
is 30 km. The oven-curing is necessary for fly ash; hence, 
38.5 CO2-kg/m3 is considered for it.

The data presented in Tables 15, 16, and 17 indicate 
that the CO2 emissions from 50 N/mm2 GGBS–dolomite 
geopolymer concrete are less than those emitted by normal 
concrete of the same grade and geopolymer concrete based 
on fly ash. In comparison with normal concrete, fly ash-
based geopolymer demonstrates a 15.55% reduction in CO2 
emissions, whereas GGBS–dolomite geopolymer concrete 
exhibits an even greater reduction of 18.22%.

Figure 18 depicts the comparison of CO2 emission of nor-
mal concrete, fly ash GPC, and GGBS–dolomite GPC. Gen-
erally, geopolymer concrete tends to result in reduced CO2 
emissions when compared to conventional normal concrete, 
thereby providing societal environmental benefits.

9 � Conclusions

In this study, the design variables in a geopolymer concrete 
are optimized using the Taguchi method. The analysis and 
experimental evaluation led to the following conclusion. 

•	 Obtaining higher compressive strength requires an opti-
mal mixture of materials, including superplasticizer 
dosage of 1.25%, Na2SiO3/NaOH ratio of 1.5, and 14 M 
NaOH (binder proportion B3). It is important to note that 
the same binder proportion yields an enhanced value for 
split tensile strength.

•	 The mix design process developed for a target strength 
of 45 MPa demonstrated a strong correlation with the 

experimental assessment of the GPC specimens, in 
accordance with the IS: 10,262–2019 standards.

•	 The Taguchi L9 OA was deemed appropriate for identify-
ing the optimal mixture of constituents, avoiding unde-
sired trail mixes to achieve the target strength. However, 
for future research, it is recommended to incorporate 
additional mix design parameters with varying levels for 
a specific GPC mix design strength.

•	 The current investigation underscored the significance 
of mix design parameters in the optimization process, 
particularly the proportion of binder, the dosage of 
superplasticizer, Na2SiO3/NaOH ratio, and the molarity 
of the NaOH solution, in achieving the desired strength 
in accordance with standard design steps.

•	 ANOVA results highlighted that when considering 
GGBS–dolomite GPC, the main factor influencing com-
pression strength and split tensile strength was the binder 
proportion. On the other hand, the Na2SiO3/NaOH ratio 
and superplasticizer dosage showed negligible effects, 
allowing for the production of concrete with high 
strength levels above 50 MPa regardless of changes in 
these parameters.

•	 The predictive outcomes revealed that the average pre-
diction errors (MAPEs) for compressive strength, work-
ability, and split tensile strength were notably low. This 
suggests that these prediction models can be effectively 
employed to estimate the required properties.

•	 The compressive strength testing results are substan-
tially consistent with the SEM/EDX results. According 
to analysis, the compactness of the geopolymer concrete 
improved with a larger GGBS content, whereas the struc-
ture was less dense with a lower GGBS percentage.

•	 GGBS–dolomite geopolymer concrete consistently 
exhibited a substantial reduction of 18.22% in CO2 
emissions in comparison with equivalent-grade conven-
tional concrete and 15.55% less than that of same-grade 
fly ash-based geopolymer concrete, establishing it as an 
eco-friendly and sustainable construction material.
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