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Abstract

This research conducted a thorough analysis of the properties of geopolymer concrete material, utilizing fly ash and ground
granulated blast furnace slag as the primary components. The activation of this precursor was achieved by using an alka-
line solution composed of sodium hydroxide and sodium silicate. The mix design formulation adhered to the specifications
outlined in the IS code and several tests were conducted to attain the most advantageous result. Afterwards, the mechanical
characteristics and microstructure of the best combination were evaluated using typical curing conditions, including a brief
assessment of its durability. The results indicate that the geopolymer concrete, composed of 60% fly ash and 40% ground
granulated blast furnace slag, achieved its highest compressive strength after 28 days with a 2-5% rise in strength between
days 28 and 56. The microstructure study demonstrated a clear and precisely organized polymeric structure. The durabil-
ity investigation revealed that the material is moderately vulnerable to acidic environments, different sulfate reactions,
and increased compression resistance in chloride-rich settings. Additionally, the material maintains good levels of water
absorption around 4.86%, and a balanced porosity level of approximately 9.73% permeable voids. By utilizing Response
Surface Methodology (RSM), it became possible to analyze the optimum compressive strength. As a result, a robust model
was created, demonstrating a high level of reliability, with an R? value of 0.98. The innovative aspect of this work is the
self-designed mix that was created and improved over several experiments to find the ideal ratio of 40-60% GGBS, which
improved the mix’s mechanical properties and durability. The study emphasizes the importance of improving mix designs
to improve geopolymer concrete’s mechanical qualities, durability, and environmental sustainability.

Keywords Geopolymer concrete - Fly ash - Ground granulated blast furnace slag - Alkaline activation - Compressive
strength - Durability

1 Introduction

The utilization of geopolymer concrete in buildings has
been growing due to its eco-friendly qualities and sustain-
ability, particularly its long lifespan and reduced carbon
emissions. Ordinary Portland cement, also known as OPC,
serves as a prevalent construction material; nevertheless, its
manufacturing process involves notable energy usage and
results in considerable release of carbon dioxide (CO,) into
the air(H.M. and Unnikrishnan 2022; Tanu and Unnikrish-
nan 2023). According to reports(Gopalakrishna and Dinakar
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2023) Approximately 5-7% of CO, emissions indicate the
anthropogenic CO, emission of cement production, there-
fore, there is a critical need to explore substitute materials
for OPC to mitigate the adverse impact of these emissions
on the environment. Conversely, the most significant con-
temporary threat to humanity is global warming and envi-
ronmental pollution. It is possible to transform industrial
waste materials into practical construction materials(Naveen
Kumar and Ramujee 2017). When each ton of cement is
produced, a corresponding ton of CO, is released into the
atmosphere, thus intensifying the issue of environmental
contamination. Geopolymers are a novel class of non-metal-
lic inorganic cementitious materials(Zhang 2024), that have
attracted considerable attention as an alternative to OPC for
preparing Geopolymer concrete (GPC). Geopolymer con-
crete utilizes a binder other than Portland cement, a major
carbon emission source. Instead, it depends on a geopolymer
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binder that triggers a chemical response in industrial by-
products like ground granulated blast furnace slag (GGBS)
and fly ash (FA), which have been extensively studied in
numerous research investigations. Geopolymer concrete is
a fundamental component for generating the geopolymer
binder, contributing essential binding properties through a
chemical reaction initiated by its combination with an alkali
activator solution. FA, a byproduct of coal combustion in
power plants, comprises various aluminosilicate materials.
GGBS is a residual product from the iron and steel sec-
tor, created by rapidly cooling molten iron slag with water
abundant in silica and alumina, GGBS is a fitting choice for
geopolymer concrete, frequently blended with FA to aug-
ment the characteristics of the geopolymer binder. From an
ecological standpoint, there is a pressing demand to develop
worldwide infrastructure using industrial byproducts (Bel-
lum, Venkatesh, and Madduru 2021). Given the substantial
generation of construction and related waste materials, these
resources align well with the current requirements of the
construction industry. GPC is renowned for its exceptional
durability, withstanding severe conditions and extreme tem-
peratures. GPC utilizing low calcium FA has demonstrated
significant cost-efficiency advantages over Portland cement
concrete while also contributing to the reduction of harmful
greenhouse gas emissions, which damage the environment.

The annual production of these industrial unused
resources is steadily increasing, and researchers have
observed relatively stable geopolymeric reactions associ-
ated with these combinations (FA-GGBS)(van Deventer
et al. 2007; Duxson et al. 2007). Studies have shown that
GPC operates via a unique reaction mechanism, emitting
only approximately one-ninth of the CO, compared to tra-
ditional concrete production methods (Babaee and Castel
2016). GPC stands out as the most promising alternative
to conventional cement-based concrete, offering effective
solutions to environmental concerns (Phair et al. 2000).
The binding characteristics of GPC(Mustafa et al. 2011) are
achieved through a chemical reaction between an alkaline
solution and the by-products containing high levels of alu-
minum (Al) and silicon (Si). In a calcium-abundant system,
the reaction yields calcium alumino-silicate hydrate (C-A-
S-H) gel, whereas, in a silica-rich environment, sodium
alumino-silicate hydrate (N-A-S-H) gel is produced. In
combined structures, both C-A-S-H and N-A-S-H gels are
formed. Understanding the composition of these gels is cru-
cial for determining the characteristics of geopolymer-based
concrete (Gao et al. 2015; Park et al. 2016). In contrast to
conventional approaches, geopolymer concrete doesn’t
necessitate water for the curing process; alternatively, it can
be cured using steam or ambient air (Deb, Nath, and Sarker
2014; Jindal 2019). The utilization of FA in concrete neces-
sitates heat curing. However, to achieve enhanced strength
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through ambient curing, it is recommended to replace FA
with GGBS. Even though GPC must be heated to acquire
its strength, an appropriate mix design can increase strength
in ambient environments (Nath and Sarker 2017). Although
cement-based and geopolymer concrete exhibit high com-
pressive strength, cement concrete typically displays
reduced ductility and durability, forming cracks when sub-
jected to heavier loads.

To get the required strength in concrete, different mix
proportioning techniques are used, taking into account the
project’s needs for durability and workability as well as the
types and availability of materials, site circumstances, and
material types. A detailed process for utilizing FA to create
geopolymer concrete has been outlined(Gopalakrishna and
Dinakar 2024). Additionally, updated guidelines for prepar-
ing GPC mixes that incorporate Indian standard codes have
been put forth (Gaurav et al. 2024). GPC takes a novel tech-
nique by using FA and GGBS in place of cement completely.
These materials are then activated using alkaline solutions.
FA’s density, particle size, and chemical makeup are differ-
ent from cement’s. Water is essential to the hydration pro-
cess of typical cement concrete, however, with geopolymer
concrete, it is released during the polymerization process.
Therefore, for GPC to attain the necessary strength with-
out sacrificing critical workability, developing a novel mix
design process is imperative. Most existing or suggested
mix design processes for generating GPC up until this point
relied on trial-and-error techniques. The approaches either
set the overall aggregate content or the fine and coarse
aggregate content fully based on weight, in addition to not
taking the specific gravity (SG) of the raw materials into
consideration. Although a great deal of research has been
done in the field of geopolymers, there isn’t much available
literature, particularly when it comes to the mix design ele-
ment. To achieve the intended strength characteristics and
feasible GPC, it is imperative to build a suitable mix design
that is both logical and easy to utilize. Therefore, there isn’t
a practical mix design method available to create GPC that
uses both GGBS and fly ash as binder materials at the same
time. The many factors that go into the development of
GPC make the mix design more intricate. Numerous fea-
tures affect the performance and properties of GPC, includ-
ing the concentration of activators (Mohammed, Ahmed,
and Mosavi 2021), such as the molarity of NaOH, the ratio
of silicates to hydroxides, temperature and curing duration,
the activator’s pH, the water-to-solids ratio, the chemical
composition and type of the source material, the geopoly-
mer system’s Si to Al ratio, the mixing and resting periods,
and the effect of the molar ratio of Na,O to H,O. These fac-
tors are crucial and complicate the mix design. This work
proposes a self-designed mix design method for optimizing
Geopolymer Concrete (GPC) using the IS code, which helps
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to reduce the complexity of mix design. The main innova-
tion is determining the target’s strength by carefully evalu-
ating the generated GPC mix’s durability, microstructural,
and mechanical properties. By streamlining the mix design
process and enhancing the durability and performance of
the concrete, this approach marks a significant advancement
in the technology of sustainable building materials. Addi-
tionally, the RSM technique is employed to determine the
best outcome from the experimental work.

2 Methodology

The goal of this research is to offer a mix design method-
ology to generate GPC using industrial waste materials
like fly ash and GGBS with alkaline activators like sodium
hydroxide and sodium silicate solutions. After casting, all
specimens are chosen to be cured at the ambient tempera-
ture. Using IS code 10,262 —2019 mix design is proposed
and trials have been carried out for M40 grade, with changes
in w/c ratio, alkaline solution, and variations in FA and
GGBS percentage. The alkaline solution is prepared for the
ratios referred to in the previous literature. The ideal target
strength has been identified through multiple studies. The
suggested mix’s mechanical characteristics, microstructural
examination, and short-term durability are examined.

3 Materials and experiments
3.1 Raw materials and mix design

The two precursors (FA (class F), GGBS) that were acquired
from Ennore Thermal Power Plant and JSW Limited, as
well as the alkaline solution from Kuttuva Silicates Pvt.
Ltd. in Madurai, served as the raw materials for the cur-
rent experimental research. GGBS, a by-product of blast
furnaces in the iron-making method, exhibits high reactivity
even at ambient temperature. Utilizing GGBS as the precur-
sor in GPC proves beneficial in enhancing the workability,
setting time, and early strength of fresh GPC. Moreover, it
contributes to the durability of GPC by mitigating issues
such as alkali-silica reactions and sulfate attacks. FA is a
by-product produced through coal combustion in industrial
processes. It falls into two categories based on the com-
bined presence of aluminum, silicon, and iron oxides in the
ash. Class F-FA is designated when the total exceeds 70%,
while Class C is assigned when the sum ranges from 50 to
70%. Normally, Class C-FA demonstrates restrained reac-
tivity with alkaline activators owing to its diminished glass
content and heightened calcium levels. The spherical shape
and diminutive particle size of FA significantly contribute

Table 1 Chemical composition of FA and GGBS

Particulars Class F-FA GGBS
Silicon dioxide (SiO,) 56.81 36.74
Aluminium oxide (Al,0,) 28.9 10.78
Iron Oxide Fe,0;) 10.17 0.4
Magnesium Oxide (MgO) 0.81 3.21
Calcium Oxide (CaO) 1.78 43.34
Potassium Oxide(K,0) 1.65 0.17
Sodium oxide(Na,O) 1.67 0.18
Sulphur trioxide (SO;) - 0.5
Titanium dioxide (TiO,) 1.22 0.84
Loss on ignition 1.24 0.6

Table 2 A physical properties of FA and GGBS, B physical properties
of fine aggregate and coarse aggregate

Precursor Specific gravity ~Fineness m*kg  Bulk density kg/m’

FA 2.1 330 1005

GGBS 2.9 425 1350

S1.No Physical Fine aggregate = Coarse Aggregate
properties

1. Specific Gravity 2.67 2.7

2. Fineness 2.7 7.8
Modulus

3. Moisture content 5% 0.15%

to augmenting concrete density and reducing permeability.
Utilizing these materials in tandem as a composite binder
tends to yield greater benefits compared to their usage.
Table 1 lists the chemical composition of FA and GGBS
and their physical properties were determined as per ASTM
C618(ASTM C618 2003)and ASTM C989 (ASTM 2006)
shown in Table 2a. The alkaline solution is formed by mix-
ing sodium hydroxide (NaOH) at a 48% concentration with
a density of 2.13 g/cm® and sodium silicate (Na,SiO;) with
a density of 2.61 g/cm®. The fine aggregate used is M-sand,
while the coarse aggregate consists of crushed stone ranging
in size from 10 mm to 12 mm and was procured from local
sources. The aggregates’ physical characteristics were eval-
uated by ASTM C33(Standard 2018), ASTM C136/C136M-
14(ASTM2014)and IS 2386 (IS 2386- Part 111 1963) and are
shown in Table 2b and the mix proportion of range is shown
in Table 3. The images of the samples are shown in Fig. 1.
The geopolymer concrete was produced using the
mix design procedure outlined in IS 10,262 —-2019(IS
10262 —2019) exposure to ambient temperatures. The series
of 25 specimens with dimensions of cube as 100 mm were
meticulously prepared for compressive strength evalua-
tion to determine the optimal mix ratio and corresponding
strength by varying the w/c ratio, FA -GGBS percentage,
and alkaline solution. Various permutations of alkaline
and water ratios were systematically altered and examined
through trial testing. After numerous trials, a final itera-
tion yielded a specimen exhibiting a compressive strength
value proximal to the target. This sample was chosen as the
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Table 3 Mix proportion of GPC concrete

Mix ID Binder content Fine aggregate Coarse aggregate RGL (SSS + SHS + water)
Fly ash(kg/m’) GGBS (kg/m’) (kg/m®) (kg/m’) (kg/m®)

FG4M1 412.2 45.8 764.86 902.26 274.8

FG4M2 366.4 91.6 764.86 902.26 274.8

FG4M3 320.6 137.4 764.86 902.26 274.8

FG4M4 274.8 183.2 764.86 902.26 274.8

FG4M5 229 229 764.86 902.26 274.8

[FGAM1-FG4MS: F denotes Fly ash, G denotes GGBS,4 denotes the Grade of GPC, M (1-5) denotes the mix number, SSS-Sodium silicate

solution, SHS -Sodium hydroxide solution]

Fig. 1 Images of precursor, alkaline solutions, and aggregates

Alkaline solution

Fig. 2 Preparation of alkaline solution

standard for subsequent analysis to determine the maximum
strength attainable by adjusting precursor ratios and the mix
proportions of the optimal mixes were shown in Table 3.
The experimental research was conducted to examine the
durability and resistance to acid, chloride, and sulfate. The
tests were performed using cubes and cylinders of the same
size.
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3.2 Preparation of alkaline activators and
specimens

Alkaline activators are pivotal in the development of GPC
by activating pozzolanic materials and facilitating geopoly-
merization reactions. The process of preparing alkaline acti-
vators entails blending alkali sources with water to create a
solution. NaOH and Na,SiO; are commonly used as alkali
sources in this process. To prepare an alkaline solution,
water, and NaOH lye should be mixed in the specified ratio
and left at room temperature 26 + 2% for 8 h. Subsequently,
the designated ratio of Na,SiO; should be added, and the
mixture left undisturbed for 8-12 h before casting.

The mixing procedure begins with dry mixing of coarse
aggregate, fine aggregate, FA, and GGBS using a pan mixer
with a capacity of 100 kg. This dry mix was carried out for
two minutes adhering to the steps depicted in Fig. 2, the
alkaline solution was added to the mixer containing the solid
components to initiate the wet mixing phase, which contin-
ued for five minutes. After the wet mixing procedure, the
newly prepared concrete is poured into molds and exposed
to one minute of vibration. Afterward, all samples within
the molds were left to cure naturally at room temperature
for 24 h.

3.3 Experimental program

Parameters like compressive strength, split tensile strength,
and flexural strength were among the mechanical attributes
of GPC that were examined. The GPC conducts mix designs
to produce cubic samples with dimensions of the cube as
100 mm for evaluating compressive strength (IS 516—1959)
(IS 516 1959). The compression test was conducted using
a Compression Testing Machine (CTM) that had a maxi-
mum load capacity of 1000 kN and was operated with a
loading speed of 2 mm per minute. Additionally, cylindri-
cal samples measuring 100 mm in diameter and 200 mm in
height are used to evaluate the splitting tensile strength (IS
5816 —1999)(IS 5816 — 1999). Transverse loads are applied
to these cylinders on the universal testing machine to deter-
mine their splitting tensile strength. Samples with dimen-
sions of 100 mm in width, 100 mm in height, and 500 mm
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in length are used to measure flexural strength. These beam
specimens are subjected to a two-point load or flexural ten-
sile test using a flexural testing machine to determine the
flexural strength of the GPC mix specimen (IS 9399 — 1979)
(IS 9399 1979 2004).

3.4 Characterization study

The investigation into the microstructure of GPC-cured
specimens involved a comprehensive array of analytical
methods, including X-ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), Energy Dispersive Spectros-
copy (EDS), and Fourier Transform Infrared Spectroscopy
(FTIR). GPC samples were carefully extracted from the
inner core of cured specimens that had undergone com-
pressive strength testing, allowing for detailed micro-level
examinations. SEM images were taken with the Scanning
Electron Microscope MINI-SEM SNE-3200 M, which is
equipped with an energy-dispersive X-ray analysis system.
This setup allows for the observation of cement-hydrated
product formation and pore distribution. EDS analysis aided
in identifying the elemental composition of the composite
material. XRD analysis employed a PANalytical appara-
tus (X’pert high score plus software with ICSD) to discern
crystalline and mineral phases within the composites, col-
lecting data across a two theta (20) angle range from 0° to
100° at 10° intervals. FTIR analysis, performed with Bruker
Alpha-T equipment, revealed information about the bond-
ing of molecular groups in the concrete samples, covering
a wavelength range from 400 to 4000 cm'.SEM images of
Fly and GGBS are depicted in Figs. 3 and 4.

Fig.3 SEM image of fly ash
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3.5 Response surface methodology model

Response Surface Methodology (RSM) is a structured tech-
nique used to examine the complex relationships between
input factors and one or more output variables (Box and
Wilson 1951). This method presents a valuable strategy
for crafting accurate models, even when experimental data
are scarce, especially when the output depends on numer-
ous variables.RSM seeks to establish a significant con-
nection between input and output variables to precisely
identify the optimal operating conditions for the system
under investigation(Habibi et al. 2021; Raymond H. Myers,
Douglas C. Montgomery 2016). Notable experimental
designs within RSM include the Box-Behnken Design
(BBD), Central Composite Design (CCD), and Opti-
mal Design (Kog¢ and Kaymak-Ertekin 2010). Evaluating
experimental data requires fitting it into statistical models
like linear, quadratic, cubic, or two-factor interaction (2FI).
Linear independent variables are represented by factors like
A, B, and C, and two-factor and quadratic models are indi-
cated by combinations like AB, BC, CA, A%, B2, and C2.
The adequacy of models is evaluated using metrics such as
the coefficient of determination (R?), adjusted R?, and ade-
quate precision, with a strong emphasis on the lack of fit to
ensure the model’s robustness. Additionally, the statistical
significance of mean differences is assessed using Analysis
of Variance (ANOVA) (Aydar et al. 2017).
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Fig.4 SEM image of GGBS

3.6 Durability test

Tests are conducted on geopolymer concrete specimens to
assess their durability through evaluations of water absorp-
tion, the volume of permeable voids, and resistance to
chemical attacks such as acid, sulfate, and chloride. These
evaluations provide insights into the material’s ability to
withstand environmental stresses and maintain structural
integrity over time.

4 Result and discussion

This section provides a concise overview of the outcomes
from various experimental tests detailed in the literature.
The study covers mechanical aspects such as compressive
strength, split tensile strength, and flexural strength. It also
includes microstructural analyses conducted using XRD,
SEM, and FTIR, as well as durability tests involving acid
attack, sulfate attack, and chloride attack. Additionally, the
study examines water absorption rates, volume of permeable
voids, and utilizes RSM to predict compressive strength,
comparing experimental findings with actual values.

4.1 Mechanical properties of GPC
4.1.1 Compressive strength

The results indicate that as the percentage of GGBS in
Fly Ash-based GPC increases, the strength also increases,
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Fig.5 Compressive strength of GPC

but the target strength is not achieved within the 0-30%
replacement range. The desired strength level is attained
at a 40% GGBS replacement in FA, particularly in mix
FG4M4, which demonstrates optimum strength character-
istics. Notably, the highest compressive strength is recorded
on 28 and 56 days, with values for FG4M4 reaching 29.19,
42.45, 49.81, and 51.52 MPa, indicating the effectiveness
of the optimal mix and it is illustrated in Fig. 5. In general,
the compressive strength rises as the GGBS % increases. An
increase in compressive strength of about 17% yields the
maximum strength. However, beyond 28 days, the compres-
sive strength experiences only a slight rise, approximately
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2-5%, from 28 days to 56 days. Earlier investigations have
shown that the inclusion of GGBS as a primary component
in GPC enhances its strength when subjected to room tem-
perature conditions (Amin et al. 2022; Sethi, Bansal, and
Sharma 2019). Furthermore, research suggests(Oyebisi et
al. 2020)that higher concentrations of sodium hydroxide
result in heightened compressive strength, as increased
molarities of alkaline solutions, contain a greater number of
dissolved aluminosilicates. As a result, the polymerization
process proceeds more quickly, which eventually improves
the mechanical strength characteristics of geopolymer
concrete.

4.1.2 Split tensile strength

The splitting tensile strength, sometimes called indirect
tensile strength, is determined by applying static lateral
loading to cylindrical specimens using the Universal Test-
ing Machine (UTM). The split tensile strength is assessed
after 7, 28, and 56 days of curing under ambient conditions,
depicted in Fig. 6. The split tensile strength of geopolymer
concrete prepared using M40 displays a similar pattern to
the compressive strength at various replacement levels.
Test results indicate a tendency for split tensile strength to
decrease with increasing GGBS replacement. Notably, the
FG4M4 mixture demonstrates higher strength, achieving
values of 5.16 MPa and 5.44 MPa at 28 and 56 days, respec-
tively, under ambient curing conditions. Tensile strength
rises as GGBS replacement reaches 40% but declines
with higher replacement percentages. There is a correlated
increase in tensile strength with the augmentation of GGBS
content, typically by around 2—3%.

4.1.3 Flexural strength

Concrete’s flexural strength generally demonstrates a higher
value than its splitting tensile strength (Nath and Sarker
2017). The results concerning the flexural strength (modu-
lus of rupture) of the GPC are shown in Fig. 7. The flexural
strength demonstrates a similar pattern to the compressive
strength and split tensile strength at all substitution levels.
The experimental data suggests that the flexural strength
tends to decline as the proportion of GGBS increases,
reaching its highest point at a 40% replacement rate, align-
ing with the observed trend in other mechanical properties.
In the case of GPC, the FG4M4 mix demonstrated flexural
strengths of 5.16 MPa and 7.14 MPa at 28 and 56 days,
respectively. With prolonged curing, there is an approxi-
mate 2% enhancement in flexural strength. Comparatively,
the FG4M4 mixture displayed a strength increase of 2—4%
when contrasted with mixes FG4M1-FG4M3 and FG4M5.
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Fig.6 Split tensile strength of GPC
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Fig.7 Flexural strength of GPC

4.2 Microstructure analysis
4.2.1 X-Ray diffraction analysis (XRD)

The preeminent crystalline peak observed in the figure cor-
responds to quartz (Si0,), exhibiting a notable intensity at
an angle of 26=26°. This observation is substantiated by
X-ray fluorescence (XRF) analysis, which quantifies the
Si0, content at 56.81% and aligns with the literature values,
which commonly report similar peaks for quarts in GGBS
and FA based materials(Jangid, Choudhary, and Balotiya
2023). Furthermore, mullite (Al;O,;Si,) emerges as another
salient peak, detected across multiple 26 ranges, specifically
at 16° and 67° degrees. In Fig. 8, the mineral composition
of GGBS is delineated, indicating the presence of Quartz
(Si0,) and Calcium carbonate (CaCO;) as the primary
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Fig. 8 XRD pattern of fly ash, GGBS, and FG4M4 at 28 M-Mullite
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Fig.9 FTIR analysis of FG4M4 of GPC at the 28th day curing period

constituents. Notably, calcium carbonate registers a peak
at 20=27° where reports(Chary and Munilakshmi 2024)
finds that CaCOj frequently report around this angle, while
quartz displays peaks within the range of 25-60°. The X-ray
diffraction (XRD) patterns of the FA-based geopolymer
concrete (GPC), cured at room temperature as depicted in
Fig. 8, display multiple clear peaks, suggesting the presence
of crystalline phases within the material. Aluminosilicate
substances exhibiting an amorphous configuration consti-
tute the principal polymerization byproducts synthesized
within geopolymer matrices, specifically denoted by way
of N-A-S-H and C-A-S-H. Therefore, the predominant con-
stituents of FG4M4 X-ray diffraction (XRD) pattern con-
sist of a broad amorphous peak attributed to aluminosilicate
at 20=28°, alongside a minor presence of low-crystalline
calcium-silicate-hydrate (C-S-H) gel.
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4.2.2 Fourier transform infrared spectroscopy (FTIR)

FT-IR spectroscopy, an analytical technique, aims to iden-
tify primary reaction sites involving Si—O and Al-O within
cementless paste. The chemical bonds within the FG4M4
mixture were analyzed using FTIR within the mid-IR spec-
trum (4000 cm-1 to 400 cm™ ") is shown in Fig 9. Obser-
vations suggest (Barbosa, MacKenzie, and Thaumaturgo
2000)that reactions primarily occur below 1200 cm™!.
Milkey(Milkey 1960) noted a correlation between polym-
erization-induced peak frequencies and increased Al com-
ponent quantities relative to the Si: Al ratio. Stretching
vibrations associated with O-H bending was observed
at 3304.2 cm™!, same peak associated with the water and
hydroxyl group was reported by Jangid et al., (Jangid et al.
2023). The peak observed at 2063.83 cm™! in the stretch-
ing vibration spectrum suggests the formation of C=0
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bonds, indicating the potential presence of CO,. The peaks
at 1998.25 cm-1 indicate the presence of hydroxyl groups
(HO-H) aligning with literature that identifies these features
around 2000 cm !(Tushar et al. 2022). Carbonate (CO3)
stretching vibrations were observed at 1406.11 cm-1. The
broad peak at 962.48 cm-1 corresponds to the asymmetric
and symmetric stretching vibrations of Si-O-Si and Al-O-
Si bonds, typically associated with the formation of C-S-H
gel during the dissolution of SiO4 tetrahedra(Fernandez-
Jimenez and Puertas 2003; Yunsheng et al. 2007).

4.2.3 Scanning electron microscopy (SEM)

SEM and EDS analyses were conducted on the optimum
mix to discern the reactants influenced by the alkaline
activator. Furthermore, they aimed to confirm the internal
microstructure of the sample. The SEM images of geopoly-
mer Concrete for the optimum mix (FG4M4) at the curing
age of 28 days are shown in Fig. 10. Key microstructural
characteristics include gel formation, unreacted FA par-
ticles, partially reacted FA, and GGBS, as well as micro-
cracks and pores. The aluminosilicate gel formed through
polymerization in geopolymers can be observed. Figure 11
illustrates the EDS analysis of specimens after 28 days of
aging, with the corresponding weight ratios provided in
Table 4. The accompanying table displays the quantitative
elemental analysis from the EDS spectrum. It indicates that
silicon (17.53% by weight, 12.42% by atom) and oxygen
(49.26% by weight, 61.25% by atom) constitute the major-
ity of the sample’s composition, indicating that the mate-
rial may be silicate. Notable quantities of calcium (10.91%
by weight), aluminum (6.98% by weight), and salt (6.04%
by weight) are also present. Minor elements include iron,
sulfur, magnesium, potassium, titanium, and carbon; carbon
makes up around 4.89% of the weight. The data illustrates
the heterogeneous structure of the sample, which is mainly
composed of silicon and oxygen, with other elements con-
tributing to the remaining material. In FA-based geopoly-
mers, alkali activation initiates the formation of N-A-S-H
gel. On the other hand, in geopolymers composed of both
FA and ground granulated blast furnace slag (GGBS), the
high pH environment promotes the replacement of sodium
ions with calcium ions from the GGBS. This process results
in the precipitation of C-A-S-H or C-S-H phases until the
calcium is exhausted. As a result, the geopolymer displays
a mixture of N-A-S-H, C-S-H, and C-A-S-H phases (Puli-
gilla and Mondal 2013). Research has shown that unused
particles don’t just fill space; they make the material stron-
ger over time by helping it bond better through complicated
surface reactions (Kumar et al. 2007; Xu and Van Deventer
2000).

0 Si

Counts
&
1

Na Al

Mg Ca

keV

Fig. 11 Microstructural characterization using SEM

Table 4 Chemical composition analysis of optimum mix from EDS

Element & formula  Net Weight%  Atom %  Atom %
counts error
C 899 4.89 8.11 +0.35
0] 11,461  49.26 61.25 +0.61
Na 3866 6.04 5.23 +0.12
Mg 1315 1.52 1.25 +0.06
Al 7809 6.98 5.14 +0.10
Si 20,319 17.53 12.42 +0.11
S 270 0.22 0.14 +0.02
613 0.58 0.30 +0.02
Ca 10,545 1091 5.41 +0.06
Ti 379 0.57 0.24 +0.04
Fe 623 1.50 0.54 +0.08
Total 58,102  100.00 100.00 +1.57

SEM images reveal a decrease in crystallinity during the
geopolymerization process of GGBS and FA-based con-
crete. The transition from well-defined crystalline structures
to a more uniform, amorphous gel matrix corresponds to the
reduction in crystallinity observed in XRD analysis. This
change is in line with the development of non-crystalline
phases that disrupt the structure of the original materials,
such as N-A-S-H and C-A-S-H. The dissolution of crys-
talline phases, such as quartz and mullite, and the result-
ing polycondensation reactions result in the formation of a
mostly amorphous matrix. This observation emphasizes the
efficient process of transforming precursor materials into a
geopolymeric network, resulting in enhanced mechanical
properties of GPC concrete.

4.3 Relation between compressive strength,
flexural strength, and split tensile strength

This section examines the relationship between compres-

sive strength, flexural strength, and split tensile strength in
geopolymer concrete, emphasizing their strength properties
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after 28 days of curing. Predicting flexural and split ten-
sile strengths from the achieved compressive strength can
be beneficial (Kaveh and Khavaninzadeh 2023). Figure 12
visually presents the relationship between compressive
strength, flexural strength, and split tensile strength. This
figure includes equations that estimate the flexural and split
tensile strengths of GPC based on its compressive strength.
Using the equations, one can calculate the flexural and split
tensile strengths of GPC from its compressive strength.
These proposed mathematical model equations are labeled
as Egs. 2 and 3.

Y = 2.3392 + 0.1493z )

Y = 0.6701 + 0.1195 3)

In this context, Y symbolizes both flexural strength & split
tensile strength, while x denotes compressive strength. As a
result, the developed model equation enables the prediction
of the compressive strength of geopolymer concrete in this
study.

4.4 RSM analysis

In the analysis of the research data, RSM is utilized to
evaluate and develop predictive models for the compressive
strength of GPC) on the 28th day. Table 5 presents an over-
view of the design considerations for the RSM approach. It
encompasses 12 experiments, incorporating trial and failure
responses, with a quadratic model applied for the design.

Compressive strength = — 221.44 — 33.95A
+ 16.09B + 232.54C
+ 36.85310A — 137.45A.C
—20.19B.C

The model achieved a high level of statistical significance
(F-value=41.74, p<0.0005), evidencing that the factor
combinations considerably affect compressive strength.
Individually, the factors B-SH and C-SS, along with the
interaction effects of AB, AC, and BC, were statistically
significant (p<0.01), illustrating their strong influences
on compressive strength. In contrast, the water ratio (A)
did not exhibit a significant impact (p > 0.05) on compres-
sive strength. The lack of fit test resulted in an insignifi-
cant outcome when compared to pure error (F-value=5.76,
p=0.1516), suggesting the model’s adequacy in capturing
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Table 5 Formulation of response surface methodology (RSM)

Table 8 Actual and predicted values from RSM

Software version. 13.0.5.0

Type of Study Response Surface ~ Subtype Randomized
Type of Design Blank Spreadsheet No.of.Runs 12

Design model Quadratic Blocks No blocks

The R? value of 0.9804 indicates that about 98.04% of the variance
in the response variable is explained by the independent variables
in the model, demonstrating a strong fit between the model and the
observed data. This high R? value suggests that the model effec-
tively captures a significant portion of the response’s variability. The
adjusted R2, which is 0.9569, accounts for the number of predictors
and provides a more conservative estimate of the model’s explanatory
power. Although slightly lower than the R? value, the adjusted R still
indicates a robust explanatory power of the model. The predicted R?,
at 0.1145, reflects the model’s performance in predicting unseen data,
suggesting potential limitations in extrapolating beyond the observed
range. The adequacy precision value of 20.8173 serves as a signal-
to-noise ratio, indicating the reliability of the model in capturing
response variability while minimizing random fluctuations. Overall,
the RSM analysis demonstrates a strong relationship between vari-
ables and the response, supported by high R? and adjusted R? values.
However, caution is advised in extrapolating predictions beyond the
observed data due to the lower predicted R? value. The high ade-
quacy precision value underscores the model’s reliability within the
observed data range. Table 6 shows the fit statistic of this model. The
predictive formula for compressive strength is as follows:

Table 6 Regression analysis in response surface methodology (RSM)

Std.dev. 1.01 R 0.9804
Mean 40.24 Adjusted R? 0.9569
CV% 2.50 Predicted R? 0.1145
Adeq Precision 20.8173
Table 7 Results from ANNOVA
Source SS df MS F-value  p-value
Model 254.17 6 42.36 41.74 0.0004
A-water ratio 0.7533 1 0.7533 0.7423 0.4283
B-SH 18.25 1 18.25 17.99 0.0082
C-SS 113.71 1 113.71 112.05 0.0001
AB 74.34 1 74.34 73.25 0.0004
AC 74.83 1 74.83 73.74 0.0004
BC 65.57 1 65.57 64.61 0.0005
Residual 5.07 5 1.01
Lack of Fit 4.55 3 1.52 5.76 0.1516
Pure error 0.5267 2 0.2633
Cor Total 259.24 11

the data. Table 7 presents the distinctive findings from a
response surface methodology (RSM) analysis of variance
conducted for the 28-day compressive strength and the
model is significant.

Figure 13 presents a three-dimensional plot generated
using Response Surface Methodology (RSM), a statistical
technique used to examine the relationship between vari-
ous design parameters of the mixes and the proportions of
the alkaline ratio.The graph visually demonstrates that
as both the water ratio in the design mix and the alkaline

Run order Actual value Predicted value of RSM
1 44.10 44.65
2 36.70 36.58
3 36.10 36.09
4 40.30 38.51
5 39.10 38.97
6 44.80 44.65
7 36.30 36.78
8 45.10 44.65
9 40.80 41.72
10 36.40 36.64
11 49.81 49.85
12 33.40 33.83

ratio increase, there is a corresponding improvement in
compressive strength. Furthermore, Table 8 showcases the
experimental and estimated values of compressive strength.
Figure 13 also portrays contour plots along with the actual
and predicted values obtained through RSM analysis. The
figures demonstrate a close match between the observed and
predicted response values.

4.5 Durability test

Durability is the capacity of concrete to endure adverse con-
ditions, such as weathering, abrasion, and chemical expo-
sure while maintaining its intended technical properties for
an extended period without experiencing significant degra-
dation. FG4M4 specimens were initially cured for 28 days
under ambient conditions to assess their durability proper-
ties, including resistance to acid attack, sulfate attack, chlo-
ride attack, water absorption, and the volume of permeable
pore voids.

4.5.1 Acid attack, sulfate attack, chloride attack

The durability of the FA-GGBS based geopolymer con-
crete mix, FG4M4, was evaluated through testing. This
was followed by immersion in solutions containing 5%
acid, sulfate, and chloride concentrations. Following ASTM
C-267(International 2020) norms, the acid resistance inves-
tigation was carried out. The ability of concrete to resist
deterioration in an acidic environment is known as acid
resistance. In contrast, the ability to protect against sulfate
ion penetration, which can cause concrete to deteriorate
and lose strength, is known as sulfate resistance. Compa-
rably, “chloride resistance” in concrete describes the mate-
rial’s ability to resist the infiltration and detrimental effects
of chloride ions, frequently present in seawater, deicing
salts, and marine environments. The concrete samples were
initially weighed after a 28-day curing period, followed
by submersion in solutions containing acid, sulfate, and
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Table 9 Weight and compressive strength change in resistance to acid, sulfate, and chloride
Mix Immersion Acid attack Sulphate attack Chloride attack
days Loss or gain % of Loss or gain % Loss or gain %  Loss or gain % Loss or gain %  Loss or gain
weight of compressive of weight of compressive of weight % of com-
strength strength pressive
strength
FG4M4 30 -0.08 -4.91 0.28 -3.27 0.21 1.21
60 -0.28 -9.93 -0.59 5.59 0.16 4.03
90 -0.166 -11.68 0.008 8.39 0.33 6.28

chloride. After immersion periods of 30, 60, and 90 days,
the resulting residual compressive strength and mass loss
were evaluated and shown in Table 9.

According to the outcome, the resistant acid’s weight and
compressive strength have somewhat decreased. After 90
days, there is a maximum weight loss of -0.28% and a maxi-
mum reduction in compressive strength of -11.68%. This
suggests a moderate sensitivity to acidic conditions, which
can result in a progressive loss of structural integrity. In gen-
eral, resistance to sulfate shows a slight rise in weight. Both
increases and decreases in compressive strength have been
observed, indicating a mixed reaction. After 90 days, the
material’s compressive strength increases by 8.39%, indi-
cating that it becomes stronger over time when subjected to

@ Springer

sulfate conditions and chloride resistance. Over time, there
is a slight increase in both compressive strength and weight.
After 90 days, the compressive strength increases at the
greatest rate of 6.28%. This suggests that the material per-
forms well when exposed to chlorides, improving its struc-
tural characteristics. These findings imply that geopolymer
concrete is reasonably durable in a variety of environmental
settings. Although the material exhibits resilience in sulfate
and chloride settings, where there are only slight fluctua-
tions in weight and an overall gain in compressive strength,
acidic circumstances result in a drop in both weight and
compressive strength. Researchers Lavanya et al.,(Lavanya
and Jegan 2015)Mehta et al.,(Mehta and Siddique 2017)
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Bakhrev T(Bakharev 2005), and Sunagar P et al.(Sunagar et
al. 2021) discovered similar results.

4.5.2 Water absorption and volume of permeable voids
test (VPV)

The results of the water absorption and permeability void
volume (VPV) tests for the ideal mix FG4M4, assessed
according to ASTM C642-21, are presented in the table
below. These results include the excess dry weight, surface-
dry weight after immersion, and VPV measurements fol-
lowing submersion in boiling water. Table 10 summarizes
the findings along with the corresponding calculations.

A modest ability for water intake is indicated by the
water absorption result of 4.86% for mix FG4M4, which
is an important criterion in assessing the durability of con-
crete. According to earlier research(Thokchom, Ghosh, and
Ghosh 2009), excessive water absorption in concrete can
speed up deterioration processes like chemical attacks and
freeze-thaw cycles, which weaken concrete structures and
eventually increase maintenance costs. Furthermore, the
porous nature of the material is shown by the 9.73% stated
volume of permeable voids in FG4M4. While some poros-
ity is good for increasing permeability and workability, too
many voids can have a detrimental effect on mechanical
qualities including compressive and flexural strengths(Wang
et al. 2020)(Chen, Wu, and Zhou 2013).Concrete perfor-
mance mostly depends on lower density and durability, both
of which are associated with bigger void volumes(Singh
et al. 2024). The authors examined how GGBS influences
the properties of fly ash-based geopolymer concrete. (Guo
et al. 2010; Nath and Sarker 2014). Like the FG4M4 mix
results, they observed water absorption values between 4%
and 6% and VPV (voids content) values between 8% and
11%. Thus, even with a sizable number of permeable areas,
the results imply that FG4M4 exhibits a well-balanced mix
design regarding porosity and density. To lower the void
content while keeping the right amounts of water absorption
and prolonging the life of concrete structures, more modifi-
cations can be required.

Table 10 Results of VPV and water absorption analysis

5 Conclusion

The research encompassed an extensive exploration of
material characterization employing SEM, EDS, XRD,
and FT-IR examinations. Furthermore, it encompassed the
formulation of an innovative mix design and evaluation
of the mechanical characteristics of GPC derived from FA
and GGBS under ambient curing circumstances, the short-
term durability properties were also tested. Furthermore, the
study explored the relationship between mechanical proper-
ties and the compressive strength of GPC predicted using
RSM. Based on the findings the following conclusions were
drawn:

e The study explored the effects of partially replacing FA
with GGBS in different experimental mixes on the flex-
ural, split tensile, and compressive strengths of GPC.
Remarkably, the FG4M4 mix, consisting of 60% GGBS
and 40% FA, exhibited superior mechanical characteris-
tics. Compressive strength improved by 17% with mi-
nor improvements of 2—-5% from 28 to 56 days in the
FG4M4 mix. Tensile strength increased by 2-3% with
greater GGBS content, and flexural strength increased
by 2% over time with FG4M4 showing a 2—4% increase.

e XRD analysis was utilized to examine the crystalline
structure, revealing peaks of quartz (SiO,) and mullite
(Al4O,5S1,), indicative of the formation of alumina-
silicate substances with an amorphous structure during
geopolymerization.

e The Fourier Transform Infrared (FTIR) analysis corrob-
orated the enhanced mechanical performance of GPC
upon the partial substitution of fly ash with GGBS.

e The SEM-EDS examination confirmed the existence of
Si, Al, Ca, and Na-essential elements in the formation of
geopolymeric gels. Additionally, it verified the presence
of pores, cracks, unreacted slag, and fly ash within the
polymeric gel matrix.

e RSM investigations yielded a high R? value of 0.98 for
compressive strength prediction, indicating the reliabil-
ity of the models in forecasting compressive strength.

e This research assesses the durability of geopolymer
concrete in diverse settings, emphasizing its advantages
and disadvantages. Weight (-0.28%) and compressive
strength (-11.68%) show a significant decline under
acidic circumstances over ninety days, suggesting a
moderate degree of sensitivity and possible problems

Mix id Weight of oven-dried Weight of the speci- ~ Weight of the Saturated weight of ~ Water absorption ~ The
specimen (kg) men after immersion  specimen after 5 h of the specimen(kg) volume of
in water(kg) boiling(kg) perme-
able voids
FG4M4 1.706 1.789 1.782 1.001 4.86 9.73
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with structural integrity. However, under sulfate cir-
cumstances, the material shows irregular compressive
strength responses and a slight weight increase, with an
average increase of 8.39% observed. The maximum im-
provement in compressive strength over the same period
seen in settings rich in chlorides is 6.28%.

e The study emphasizes how crucial permeability and po-
rosity are to the functionality of concrete. With a moder-
ate water absorption rate of 4.86%, Mix FG4M4 satis-
fies durability requirements by reducing the possibility
of chemical attacks and freeze-thaw cycles. FG4M4
exhibits a balanced porosity and density design with
9.73% permeable voids, comparable to findings with
GGBS in geopolymer concrete. Optimizing mix designs
to minimize void content while preserving appropriate
amounts of water absorption is essential to improving
the structural resilience and lifespan of concrete.

Combining FA and GGBS with GPC presents an effective
approach to constructing environmentally friendly struc-
tures. Prioritizing mix design optimization in future research
endeavors is essential to enhancing the mechanical proper-
ties of GPC. Moreover, exploring various combinations of
precursor materials and activators offers opportunities for
tailoring concrete mixes to specific technical requirements
and environmental conditions. Implementing regulatory
requirements and standards specific to fly ash and GGBS-
based GPC will further facilitate its widespread adoption
and integration into construction projects.
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