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Abstract: In recent decades, geopolymer concrete (GPC) has been extensively researched as a potential
substitute sustainable building material that may reduce CO2 emissions due to its utilization of
industrial by-products. Fly ash (FA) and ground-granulated blast-furnace slag (GGBFS) are preferred
geopolymer raw materials due to their obtainability and high alumina and silica concentrations.
GGBFS-FA based GPC offers a clean and sustainable development technology alternative. In this
study, the Taguchi method was used to optimize the mixed proportions of geopolymer concrete
to achieve desired strength criteria. Four factors and four levels were considered: binder content,
including four combinations of FA and GGFBS dosage, dosage of superplasticizer (0.5, 1.0, 1.5 and
2%), Na2SiO3/NaOH ratio (1.5, 2.0, 2.5 and 3), and molarity (6, 8, 10 and 12). Using these ingredients
and factors, the effect of compressive strength was examined. The Taguchi approach using an L16
orthogonal array was employed to find the optimum condition of every factor while limiting the
number of experiments. The findings indicated that the optimum synthesis conditions for maximum
compressive strength obtained from the binder comprised 45% of FA, 45% of GGBFS and 10% of
silica fume, 1.5% dosage of superplasticizer, Na2SiO3/NaOH ratio = 1.5, and 12 molar contents.

Keywords: geopolymer concrete; fly ash; mix design; Taguchi; silica fume; ANOVA

1. Introduction

Concretes with various purposes have become more popular as urban building has
progressed at a fast pace. Researchers have evaluated several types of concrete that
are commonly used, including heavy concrete [1], self-compacting concrete [2], gradient
concrete [3], reinforced and prestressed concrete [4], and self-consolidating concrete [5].
The need for essential cement construction materials is progressively increasing. At the
same time, the quantity of CO2 emissions from OPC manufacture continues to increase
year-on-year due [6]. As a result, green construction materials must be used instead
of conventional building materials which generate significant environmental damage.
Environmentally friendly alternatives for binding materials include geopolymers and
alkali-activated binders which are both considered environmentally friendly. According to
Davidovits (2002) [7], the carbon dioxide emitted during production of 1 kg of geological
polymer cement is 0.180 kg, barely one-fifth of the amount emitted during the preparation
of conventional silicate cement. In addition, some studies have shown that geopolymer
concretes caused lower emissions of CO2 compared to the production of ordinary Portland
cement [8], with the emissions decreasing by as much as 4% to 9% [9]. As a result, to
effectively support the use of geopolymer in buildings, it is essential to investigate its more
beneficial characteristics.

GPC is a potential green construction material that is also cost-effective. The by-products
of the polymerization processes are known as geopolymers involving alkali activators and
aluminosilicate-rich materials. The raw ingredients used in this process come from various
sources, including metakaolin, GGBFS, and FA. The activators comprise sodium hydroxide
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(NaOH) and sodium silicate (Na2SiO3). The manufacturing process of GPC is shown in
Figure 1. The benefit of GPC is that it replaces conventional cement concrete with industrial
effluents, which saves money. The GPC can be produced using industrial waste as raw
materials and has significant potential to enhance sustainability [10]. Until now, GGBFS and
FA have been used mainly in GPC because of the wide availability of high alumina (Al2O3)
and silica (SiO2) [11]. The combining of GGBFS, FA and OPC, is shown in Figure 2 [12].
As a result of the alternative combination options, the characteristics of GPC generated
using various binding materials vary. Among the primary reaction products of GPC made
using FA/GGBF are sodium aluminosilicate hydrate (N–A–S–H gel), calcium aluminosilicate
hydrate (C–A–S–H gel), and calcium silicate hydrate (C–S–H gel), to give a few examples [13].

Figure 1. GPC manufacturing; reprinted with permission from [14].
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Figure 2. OPC and GPC composition of binder gel; reprinted with permission from [15].

When exposed to high temperatures during curing, FA-based GPC has shown excep-
tional mechanical characteristics and endurance. According to the literature, it is necessary
to cure FA at a temperature between 60 and 85 degrees Celsius to activate it. This is because,
at room temperature, FA reactivity is inadequate and alkaline activators are required [16]; in
consequence, the testing specimens are filled with partially reacted gels during the reaction
process preventing full polymerisation [17]. Using GGBFS under ambient temperature
curing conditions, it was found that the characteristics of GPC made with FA could be im-
proved, perhaps due to the presence of calcium oxide (CaO) in the GGBFS [18]. As a result,
the adoption of GPC made with FA/GGBFS may decrease energy consumption, emissions
of CO2, and waste recovery while increasing efficiency. Additional advantages of GPC
made with FA/GGBFS include its exceptional corrosion resistance [19], high-temperature
resistance [20], freeze-thaw resistance [21], mechanical properties [22], and excellent proper-
ties of interfacial bonding, among other distinctive characteristics [23]. Several researchers
have investigated GPC made with FA/GGBFS, which has been shown to have exceptional
characteristics. Yet, there has been no single comprehensive evaluation of the fresh and
hardened engineering properties, long-term durability, and applications of GPC made
with FA/GGBFS. A detailed evaluation of GPC made with FA/GGBFS, when utilized to
substitute for OPC concrete, is urgently needed to summarize essential information on its
properties to encourage the use and future investigation of FA/GGBFS-based GPC.

1.1. Geopolymer Reaction Mechanism

The geopolymer is a 3D zeolite-like network structure made up of a tetrahedral
aluminum-oxygen (Al–O) and silicon-oxygen (Si–O) [24]. Many investigations on the
geopolymer’s reaction mechanism have been conducted by dissolving aluminum and sili-
con components in a very alkaline environment [25]. The geopolymer reaction mechanisms
depend on the preparation technique, the alkaline activator quantity, and the chemical
composition of the raw components [26]. Due to the many elements in the fluid stage, all
reactions proceed and influence each other concurrently [27]. Consequently, the mech-
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anisms of geological polymerization involve additional complexity to OPC hydration.
Davidovits [24] proposed a structure for the geopolymer as expressed by Equation (1):

Mn[(SiO2)z − AlO2]n·wH2O (1)

where, w is the quantity of chemical binding water molecules, n is the degree of poly-
condensation, M is the alkaline metal cation, and z is the ratio (1, 2, or 3) of silicone to
aluminum (Si/Al). The structures of the geopolymer are divided into three types according
to the Z value: silicon-aluminum (Gel 3, Si/Al = 1), silicon-aluminum (Gel 2, Al = 2), and
silicon-aluminum (Gel 1, Si/Al = 3). These structures are shown in Figure 3.

Figure 3. Geopolymer structure.

The hardening of geopolymer materials involves breaking and recombining the Si–O
and Al–O bonds under the action of an alkaline activator [28]. The reaction process com-
prises four stages, as follows: (i) dissolution: the bonds of Al–O and Si–O are broken down
into aluminum-silicate materials by an alkaline activator and the tetrahedral monomers
Al–O and Si–O are unleashed; (ii) diffusion: the dissolved monomers of Al–O and Si–O
spread to the system of reaction—the concept of chemical equilibrium implies that the con-
centration of aluminum and silicon on the surface particle decreases because of diffusion
and the continued dissolution process; (iii) polycondensation: Al–O and Si–O tetrahedra,
via polymerization, are amorphous –Si–O–Al–O- structures; (iv) hardening: a process
of dehydration happens that forms a hardened, mechanically high strength geopolymer.
These stages occur concurrently; however, the first step of each reaction process is different.
The polymerization processes are not the same for different raw materials used for the
geopolymer, but they correspond to the above reaction procedure.

The conceptual model [29] shows that activated silico-aluminous cement components
create geopolymers operated by alkaline activators. The processes of polymerization are
divided into four categories by the model: deconstruction, gel formation, polycondensation,
and crystallization. Paloma [29] proposed a model which includes five different types of
reaction processes for the geopolymer. In contrast to the Davidovits model [24], the polycon-
densation process is divided into two stages: gelation and reconstitution. Gelation includes
dehydration when the aluminosilicate is saturated to create a reconstituted oligomeric
gel. The gel is dehydrated and condensed and eventually forms the geopolymer’s three-
dimensional structure of a network. The geopolymer’s function and water form are linked
to the method of geopolymerisation that is performed. Qualitative investigation has shown
that water is expelled throughout the reaction process [30]. Discontinuous nanopores are
formed by the evaporation of water, which improved the performance of the geopoly-
mer. Water, therefore, plays no part in the processes of chemical reactions and merely
increases the functionality of the mixture during manufacturing. This contrasts with OPC
hydration when water is involved in chemical reaction. Alongside the described models,
several researchers have examined the geopolymer reaction mechanisms, such as alkaline
activation [31], the effect of the sodium silicate/sodium hydroxide ratio [32], and the inter-
facial bonding mechanism between the geopolymer composite and fibres [33], which have
contributed to the further understanding of the mechanism of geopolymer formation.
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1.2. Probable Source Materials

Table 1 summarizes the likely basic materials and additions for geopolymer concrete.
Statistically, FA is the most often utilized raw material for geopolymer synthesis in the
references mentioned in this article, followed by blast furnace slag (BFS), metakaolin
(MK), and palm oil fuel ash (POFA). Additionally, many additional aluminosilicate mate-
rials are occasionally utilized, including bottom ash (BA), pozzolan, kaolin (KL), natural
zeolites, granulated lead smelter slag (GLSS), rice husk ash (RHA), ultra-fine kaolite high-
performance ash (HFA), and biomass fly ash (BFA). In addition to these raw ingredients, a
variety of supplements are utilized.

FA is the most significant by-product produced by thermal power plants and is
discharged into the environment. With the expansion of the electric power sector, the
FA discharge from coal-fired power plants has steadily increased in volume. It has now
surpassed all other industrial waste leftovers to become one of the world’s largest industrial
waste products. FA contains more than 60% aluminum oxides and silicon and has an 88%
pozzolanic activity index [1]. As a result, it is very simple to hydrate under alkaline
activation. Consequently, FA has become the most significant and extensively used raw
ingredient in the manufacture of geopolymer concrete. Furthermore, FA was utilized
as the basis for the majority of research performed before 2014 [34]. Kupaei et al. [35]
reported the compressive strength for a low-calcium lightweight geopolymer made with
FA and composed of coarse aggregates derived from oil palm shells. Compressive strength
reduced when the ratio of sand to binder was kept constant as the water to FA ratio
increased; sufficient water was required to guarantee workability. As a result, the author
recommended 480 kg/m3 of FA and a water to FA ratio of 0.34 for producing geopolymer
concrete of grade 30. In addition, Diaz-Loya et al. [36] established a novel relationship
between FA fineness and GPC density described by equation [37].

Table 1. Major source materials of aluminosilicate.

Type Item Acronym Reference Constituents

Source material

Pozzolana blast furnace slag BFS [37–41]

SiO2
Al2O3
Fe2O3
CaO
P2O5
Na2O
K2O
MnO
MgO
SO3
TiO2

Metakaolin MK [42–45]
Bottom ash BA [46–48]

Fly ash FA [13,49–54]
Silico-manganese fume SMF [55]

Biomass fly ash BFA [56,57]
Ultra fine kaolite high

performance ash HFA [58,59]

Ferrochrome slag FS [60]
Rice husk ash RHA [43,61,62]

Granulated lead smelter slag GLSS [63,64]
Palm oil fuel ash POFA [19,65–67]

Natural zeolites kaolin KL [68,69]

Additives

Silica fume SF [50,70]
Ordinary Portland cement OPC [71–73]

Calcium hydroxide Ca(OH)2 [46]
Nano-silica [74]

Calcium aluminate cement CAC [75]

Recently, many new kinds of silicon-aluminum compounds have received much
interest. These include POFA alloys, MK and BFS, which were introduced in 2014. In the
early 2000s, several researchers began investigating the impact of various blends of source
materials on geopolymer concrete’s physical or mechanical characteristics. Khan et al. [59]
developed cast-in-place OPC concrete and geopolymer concretes including BFS, kaolite
HPA, and blended FA. In addition to testing the workability of new concrete, they also
examined the mechanical characteristics of hardened concrete. Using equal binders in both
geopolymer and cement concrete resulted in slower contraction of geopolymer concrete
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than cement concrete. Using steel furnace slag as the coarse aggregate, the findings
indicated that geopolymer was better than cement for producing stronger concrete. This
is because geopolymer has greater compatibility with aggregates compared to cement.
Xie and Ozbakkaloglu [47] showed that greater FA concentration in the binder resulted
in improved coal-ash-based geopolymer concrete workability compared to other binder
types. A closely similar result was obtained by Hadi et al. [76], who found that including a
small quantity of FA into a BFS-based binder may enhance the fresh geopolymer concrete
workability when it is mixed at room temperature. In addition, in recent years, zeolites have
been utilized as a raw material for producing geopolymer concrete, as reported by Ozen
and Alam [77] and by Xu et al. [78]. The researchers at Karthik et al. [39] performed tests on
the beneficial effects of bio-additives on the durability of BFS-based geopolymer concrete,
in addition to the usual silicon-aluminum-based materials. Two kinds of bio-additives
were used in the research: terminalia chebula and natural sugars (molasses, palm jaggery,
and honey). The findings were that the FA/BFS-based geopolymer concrete, including bio-
additives, had a dense microstructure and was more durable than conventional geopolymer
concrete compared to the control. Similarly, Assi et al. [79] utilized sucrose to decrease the
number of porous holes in geopolymer concrete, with promising results. Although several
studies are available for GPC, there is a major research gap regarding how the best mixing
combinations and optimal conditions may be achieved with minimal experimental trials.
The Taguchi method was used to reduce the number of experiments and find the optimum
mixing combination to produce higher compressive strength to fill this research gap.

2. Research Significance

In the available bibliographies of resources, there is a lack of sufficient information
about the optimum mixing combination of GPC, particularly with FA, GGBFS, and silica
fume (SF). Several researchers across the world have used a variety of industrial by-
products to produce GPC considering single or multiple factors. The consideration of
several factors, such as varying binder content, different molarity, different superplasticizer
dosage, and different Na2SiO3/NaOH ratios, to achieve a reasonable conclusion is worth-
while. However, only a few studies have been conducted to optimize the GPC mixture with
different combinations of materials used for the binder. There are still gaps in this research
area. This study attempted to optimize the GPC mixtures to attain higher compressive
strength to close these research gaps. In this research, the Taguchi approach was employed
considering four factors and four levels including: four binder combinations of FA and
GGFBS, four dosages of superplasticizer (0.5, 1.0, 1.5 and 2%), four Na2SiO3/NaOH ratios
(1.5, 2.0, 2.5 and 3), and four molarities (6, 8, 10 and 12).

3. Experimental Methods
3.1. Raw Materials

Material for the binder consisted of Class F fly ash (FA) procured from Neyveli Lignite
Corporation in accordance with the requirements of ASTM C618-08 [80]. A combination
of the FA, GGBFS, and SF was used to produce GPC and specimens were cured at room
temperature. Earlier studies have reported that the polymerization process was accelerated
according to GGBFS and CaO content. At the same time, silica fumes with smaller particle
size may react faster with an alkaline solution, resulting in the formation of a denser
matrix [29]. Astra Chemicals Chennai provided the GGBFS, SF, and alkali solutions. The
chemical composition of the SF, GGBFS, and FA are shown in Table 2. According to the
requirements of IS 383 [81], natural river sand was utilized as the fine aggregate with a
fineness modulus of 2.41 and a specific gravity of 2.65. The fine aggregate particle size
was less than 2.36 mm. According to IS 383 [81], coarse aggregate made from crushed
granite gravel with a size of 12.5 and 20 mm was used with percentage content of 60
and 40, respectively. The coarse aggregate had a water absorption of 0.56%, a specific
gravity of 2.69, and an apparent bulk density of 1700 kg/m3. Tech Mix 550 high range
super plasticizing additive was used with four-doses of 0.5, 1.0, 1.5, and 2.0 by binder
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weight. Additionally, to activate the pozzolanic binders, an amalgamation of Na2SiO3
and NaOH pellets was used. In order to prepare an alkaline solution, sodium hydroxide
pellets were dissolved in distilled water to the required molar content, followed by the
addition of sodium silicate to form an alkaline solution with sodium hydroxide pellets.
The solution was prepared approximately one day prior to the casting of the specimens.
The raw materials used to produce the GPC are shown in Figure 4.

Table 2. Chemical composition of binders.

Oxide Class F FA GGBFS SF

Titanium Dioxide (TiO2) 0.1 - -
Sodium Oxide (Na2O) 0.2 - -
Potassium Oxide(K2O) 1.6 - -

Magnesium Oxide (MgO) 5.9 8.9 0.6
Calcium Oxide (CaO) 6.4 34.62 -
Ferric Oxide (Fe2O3) 12 1 0.3

Alumina (Al2O3) 27 17.2 0.6
Silica (SiO2) 51 36.7 92.8

Figure 4. Raw materials used in this research: (a) fly ash, (b) GGBFS, (c) silica fume, (d) fine aggregate, (e) coarse aggregate
12.5 mm, (f) coarse aggregate 20 mm, (g) sodium hydroxide flakes, (h) sodium silicate solution, (i) superplasticizer.

3.2. Mix Design Preparation Using the Taguchi Method Orthogonal Array

In a parameter design experiment, the goal is to find and design the configurations of
the input parameters that optimize a selected quality characteristic while being the least
sensitive. For situations where many factors need to be considered, the Taguchi approach
is a systematic strategy to determine the “best” set of parameters to make a product with
optimum characteristics. Several factors can be studied with a minimum number of experi-
ments using orthogonal arrays with the Taguchi technique. Orthogonal arrays significantly
reduce the number of research procedures that must be investigated. In addition, the key
findings from small-scale experimentation are applicable across a wide experimental range.
ANOVA was used to analyze the experimental results to find the contribution of each
independent variable on the compressive strength of the GPC. ANOVA is a fundamental
statistical approach for quantitatively estimating each variable’s relative contribution to the
considered response and expressing this contribution as a percentage of the total measured
response. It is the ratio of the sum of squares of each factor to the total sum of squares repre-
senting each factor’s percentage contribution. The factors that were chosen for examination
were as follows: (i) binders comprising a different percentage of FA and GGBFS and named
as B1 = 60% FA + 30% GGBFS + 10% SF, B2 = 55% FA + 35% GGBFS + 10% SF, B3 = 50%
FA + 40% GGBFS + 10% SF, and B4 = 45% FA + 45% GGBFS + 10% SF, (ii) dosage of super-
plasticizer (0.5, 1.0, 1.5, and 2.0%), (iii) Na2SiO3/NaOH ratio (1.5, 2.0, 2.5, and 3.0), and
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(iv) molar ratio (6, 8, 10, and 12) in the alkaline solution. The design of experiments with
four factors and four levels is presented in Table 3. Consistent with the L16 (44) orthogonal
array Taguchi design, only 16 experiments were required for the investigation (Table 4.)

Table 3. Experimental factors and the various levels.

Factor Level 1 Level 2 Level 3 Level 4

A. Binder content B1 B2 B3 B4
B. Dosage of superplasticizer (%) 0.5 1.0 1.5 2.0
C. Na2SiO3/NaOH ratio 1.5 2 2.5 3
D. Molar content 6 8 10 12

Table 4. (L16) orthogonal array.

Experiment No. A B C D

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2 1 4
7 2 3 4 1
8 2 4 3 2
9 3 1 3 4

10 3 2 4 3
11 3 3 1 2
12 3 4 2 1
13 4 1 4 2
14 4 2 3 1
15 4 3 2 4
16 4 4 1 3

3.3. Mixing Combination, Mixing Procedure

The mixing combination of the FA, GGBFS, SF, fine and coarse aggregate used in
this research is shown in Table 5. The selection of these materials and quantities were
based on several trials to ensure a compressive strength greater than 30 MPa. The casting
procedure for the GPC consisted of the following steps: first, the dry materials including
FA, GGBFS, SF, and fine aggregate were mixed for 3 min. Then coarse aggregates were
added and allowed to mix for another 3 min. After this process, water, sodium silicate,
sodium hydroxide solution, and superplasticizer were mixed thoroughly and added into a
dry mixture and mixed for 3 min to achieve a homogeneous mixture. The appearance of
the GPC mixture as shown in Figure 5 and the corresponding workability of these mixture
were very stiff. The GPC mixture was moulded into a cube of 100 mm in size and vibration
was applied to achieve a uniform concrete mixture. The filled moulds were then allowed
to cure at room temperature (24 degrees Celsius and 20 percent relative humidity), with
the top surface of the mould exposure to the ambient air temperature during the curing
procedure. The specimens were demoulded after 24 h, and they were allowed to cure at
room temperature until the day of testing (28 days), as shown in Figure 5.
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Table 5. Mixing proportions.

Exp
No. A B C D Fly Ash

(kg/m3)
GGBFS
(kg/m3)

SF
(kg/m3)

Fine
Aggregate

(kg/m3)

Coarse
Aggregate

(kg/m3)

Na2SiO3
(kg/m3)

NaOH
(kg/m3)

1 B1 0.5 1.5 6 244.80 122.40 40.8

554.4 1293.6

101.39 69.93

2 B2 1 2 8 224.40 142.80 40.8 113.25 58.07

3 B3 1.5 2.5 10 204.00 163.20 40.8 121.66 49.66

4 B4 2 3 12 183.60 183.60 40.8 127.95 43.37

5 B2 0.5 2 10 224.40 142.80 40.8 113.25 58.07

6 B2 1 1.5 12 224.40 142.80 40.8 101.39 69.93

7 B2 1.5 3 6 224.40 142.80 40.8 127.95 43.37

8 B2 2 2.5 8 224.40 142.80 40.8 121.66 49.66

9 B3 0.5 2.5 12 204.00 163.20 40.8 121.66 49.66

10 B3 1 3 10 204.00 163.20 40.8 127.95 43.37

11 B3 1.5 1.5 8 204.00 163.20 40.8 101.39 69.93

12 B3 2 2 6 204.00 163.20 40.8 113.25 58.07

13 B4 0.5 3 8 183.60 183.60 40.8 127.95 43.37

14 B4 1 2.5 6 183.60 183.60 40.8 121.66 49.66

15 B4 1.5 2 12 183.60 183.60 40.8 113.25 58.07

16 B4 2 1.5 10 183.60 183.60 40.8 101.39 69.93

Figure 5. GPC mixture and specimens after demoulding.

3.4. Testing Methodology

A compressive strength test was employed on 100 mm cubes using the 300 T capacity
of a compression testing machine supplied by Aimil Ltd., Delhi, India. Three specimens
were cast for each mixture and tested according to IS 516 [82]. The compression testing
machine used in this study is shown in Figure 6.
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Figure 6. Compression testing machine.

4. Discussion of Results

It can be seen in Table 6 that the Taguchi model was used to determine the GPC’s
optimum compressive strength and the parameters associated with it. Three specimens
were developed and tested against compression in each experiment. In the scientific litera-
ture, conventionally an average of three specimens is used to determine the compressive
strength of concrete. When more than one result of a single specimen deviates by more
than 10% from the mean, the results should be discarded. A new set of specimens should
be fabricated to ensure that the results are satisfactory in the future.

Table 6. Compressive strength results.

Trials
Compressive Strength (MPa) Standard

Deviation1 2 3 Average

TR1 27.3 30.3 31.1 29.6 1.99

TR2 32.8 30.8 27.4 30.3 2.73

TR3 37.5 34.4 35.2 35.7 1.59

TR4 30.9 34.9 32.8 32.9 2.00

TR5 35.2 38.1 41.3 38.2 3.05

TR6 37.4 35.6 33.6 35.5 1.88

TR7 35.1 37.9 40.4 37.8 2.65

TR8 33.6 29.6 31.1 31.4 2.02

TR9 36.1 42.3 38.5 39.0 3.11

TR10 29.1 29.7 28.2 29.0 0.76

TR11 41.8 44.6 40.3 42.2 2.19

TR12 31.8 39.1 40.5 37.2 4.68

TR13 38.2 35.7 40.8 38.2 2.57

TR14 36.9 38.2 34.5 36.5 1.88

TR15 38.2 37.1 39.2 38.2 1.05

TR16 41.3 43.8 39.6 41.6 2.11
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The influence of each factor on the development of compressive strength is shown
in Figure 7, which was created by analyzing the data in Table 1 and drawing conclu-
sions from them. The compressive strength of factor 1, level 1 (B1) was calculated as
(29.6 + 30.3 + 35.7 + 32.9)/4. According to the results, the binder, which was composed of
different amounts of FA and GGBFS, appeared to have the greatest influence on compres-
sive strength development. The highest compressive strength, 42.2 MPa, was observed
in trial mix 11, as shown in Table 6, while trial mix 10 showed a minimum compressive
strength of 29.0 MPa. The parameter that was most influential was binder content. The
B4 binder showed the best test results. The inclusion of higher GGBFS content improved
the strength of the concrete significantly. However, the compressive strength was less
affected by the Na2SiO3/NaOH ratio. The 1.5% dosage of superplasticizer and 1.5 ratio of
Na2SiO3/NaOH showed better compressive strength results. More superplasticizer can ob-
struct the polymerization process by forming a thin layer over binder particles which slow
down the poly-condensation process and leave only a few unreacted particles. The effects
of individual factors, their levels in relation to other factors, and their variations on GPC
compressive strength are shown in Figure 7a–d. The highest compressive strength from the
factor 1 (binder), which was exhibited by the B4 binder, comprised 45% FA, 45% GGBFS,
and 10% SF. The reason for this behaviour was that a higher CaO content in GGBFS speeds
up polymerization due to the heat released and aids in forming an improved polymeric
chain and progressive development of C–S–H, N–S–H, and N–A–S–H gels. Increasing the
GGBFS contents from the B1 to B4 binders resulted in increasing the compressive strength.

Figure 7. The influence of the investigated parameters on the compressive strength development. (a) Binder type; (b) Dosage
of superplasticizer (%); (c) Na2SiO3/NaOH ratio and (d) Molar content.

The influence of the superplasticizer dosage on the compressive strength is
shown in Figure 7b. The compressive strength of factor 2, level 1, was calculated
as (29.6 + 38.2 + 39.0 + 38.2)/4. In a similar way, the compressive strength of other
levels was calculated with the corresponding values for the levels. For this factor, the
highest compressive strength was exhibited by the 1.5% dosage of superplasticizer.
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The influence of a 0.5 and 2.0% dosage of superplasticizer showed only marginal differ-
ences in compressive strength. However, a 1.0% dosage of superplasticizer exhibited a
lower compressive strength. In general, increasing the content of the superplasticizer
lead to a slight decrease in strength [83]. However, in this study, the usage of Tech Mix
640 commercialized superplasticizers with a 1.5 dosage was more effective when used
with the binders comprising FA, GGBFS, and SF.

Figure 7c illustrates the influence of the Na2SiO3/NaOH ratio on the compressive
strength of GPC. It can be seen from Figure 7c that the highest compressive strength of GPC
was exhibited with a Na2SiO3/NaOH ratio of 1.5. The compressive strength was decreased
when the ratio of Na2SiO3/NaOH was increased from 1.5 to 3. An earlier study reported
that the ratio of Na2SiO3/NaOH = 1 lead to attaining a maximum compressive strength of
GPC. An increase in the ratio of Na2SiO3/NaOH from 1 to 2.5 resulted in a decrease in com-
pressive strength [84]. A further finding was that when the mass ratio of Na2SiO3/NaOH
was the same, the dissolution of silica and alumina was high, increasing the compressive
strength of fly-ash-based GPC [84]. In this study, the ratios of Na2SiO3/NaOH selected
were 1.5, 2.0, 2.5, and 3.0. The Na2SiO3/NaOH ratio = 1.5 displayed the highest compres-
sive strength of GPC; this trend aligns with an earlier study [84]. Broadly, a rise in the
ratio of Na2SiO3/NaOH resulted in a rise in the amount of sodium in the concrete mixture.
Sodium is crucial for producing geopolymers because it acts as a charge-balancing ion,
which is essential for the formation of polymers. On the other hand, the compressive
strength decreased as more sodium silicate was introduced into the system because excess
sodium silicate interferes with the evaporation of water and structure formation [85].

The influence of molar content on the compressive strength of GPC is shown in
Figure 7d. The influence of factors and level on compressive strength are shown in Figure 8.
Four different molar contents were used in this study: 6, 8, 10, and 12. The 12 molar content
GPC exhibited the highest compressive strength. An increasing compressive strength trend
was observed with increasing molar content from 6 to 12. This implies that, in this case,
the widely accepted adage, “higher molar content equals greater compressive strength”,
remains true. However, when the NaOH was increased above 16-molar concentration, the
compressive strength decreased. This was due to the high concentration of NaOH (hydrox-
ide ions) in the solution, which caused the quick and early precipitation of aluminosilicate
gel, which solidified quickly, hindering the forming of other geopolymeric precursors in the
solution. Table 6 shows that the higher molar content lead to improvement in compression
strength. This phenomenon was due to the reaction between OH ions and binders and
generated surplus polymer gel. In sum, the optimum compressive strength of GPC was
produced by a B4 binder comprised of 45% FA, 45% GGBFS, and 10% SF, a 1.5% dosage of
superplasticizer, a Na2SiO3/NaOH ratio = 1.5, and 12 molar concentration.

An analysis of variance (ANOVA) was carried out to determine the quantitative influ-
ence of each factor on compressive strength development. Table 7 shows the percentage
of influence exerted by each examined factor and the contribution of each factor’s sum of
squares to the total sum of squares.
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Figure 8. Influence of factors and level on compressive strength (MPa): (a) effect of molar content and binder, (b) effect
of superplasticizer and Na2SiO3/NaOH ratio, (c) effect of molar content and superplasticizer, (d) effect of binder and
Na2SiO3/NaOH ratio.

Table 7. The sum of squares and contribution of each factor on compressive strength.

Parameter A B C D

SS 271 193 46 9.29

Sum 520

Contribution 52.16 37.17 8.89 1.79

For example, the sum of squares (SS) of the factor (Binder) is:

SS = N × L ×
L

∑
i=1

(
X − Xi

)2 (2)

where:

SS: compressive strength is calculated using the sum of squares.
N: every test requires a different sample number. (N = 3)
L: every factor has a set of level numbers (L = 4)
Xi: level i mean strength (mean of 4 × 4 = 16 values)
X = the average strength of the experiments (average of 16 × 3 = 48 values)

For example, from Equation (2) SS of the factor (binder) for compression strength
were determined, and the results are listed in the table below:
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SS1 = 3 × 4 ×
[
(35.83 − 32.11)2 + (35.83 − 35.74)2 + (35.83 − 36.83)2 + (35.83 − 38.62)2

]
= 271 (3)

Table 6 shows an example of an influencing parameter based on the analysis of
variance outcomes. It should be emphasised that the binder is the most influencing factor,
accounting for 52.16% of the total influence on compressive strength. In compressive
strength, the second, third, and fourth most important parameters were the dosage of
superplasticizer, the Na2SiO3/NaOH ratio, and molar content, which were 37.217%, 8.89%,
and 1.79%, respectively. Among the control factors, the binder parameter was of greatest
significance due to its high level of influence over the other variables.

5. Conclusions

The following are the main findings of the experimental and computational assessment
of design mixes for GPC.

The design mix including a B4 binder comprised of 45% FA, 45% GGBFS, and 10% SF,
a 1.5% dosage of superplasticizer, a Na2SiO3/NaOH ratio = 1.5, and 12 molar content
exhibited the best compressive strength. The proposed Taguchi approach to mix design to
achieve the target strength of more than 25 N/mm2 is suitable for urban constructions in de-
veloping countries such as India. For predicting the optimal mixture of constituents capable
of providing the target strength of the GPC mix, the Taguchi method’s L9 orthogonal array
was found to be effective and accurate, minimizing a need to prepare many trial-mixes in
the process. Nevertheless, in further research, the addition of factors with varying levels
of importance is recommended for the design strength of the GPC combinations. As a
result of the research, the importance of the components in the optimization approach,
such as binder combinations, Na2SiO3/NaOH ratios, superplasticizer dosages, and the
molar concentration of NaOH in the mix, for achieving target strength in accordance with
standard design steps, was highlighted. Based on the optimum GPC mixture, future studies
might evaluate the impact and abrasion resistance, structural performance, durability, and
other mechanical properties of GPC.
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