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Abstract

The study reports the properties of slag—flyash—microsilica ternary blended one-part alkali-activated binder sys-

tem. Microsilica, characterised by high surface area, helps in reducing porosity and also the presence of active silica
contributes enhancing the reactivity of binders, while flyash and GGBS offer aluminosilicates to support alkali activa-
tion. Taguchi's design of experiment, integrated with Taguchi grey relational analysis (GRA) is employed to determine
the optimal precursor blends, water content and activator dosages to achieve setting times, flow characteristics

and compressive strength comparable to conventional OPC. The optimised mix exhibited flowability of 120%, an IST
of 46 min, FST of 95 min, and compressive strengths of 54.65 MPa and 69.75 MPa at 7 and 28 days, respectively. The
predicted results of the proposed regression model were experimentally validated, with deviations not exceeding 5%.
Furthermore, microstructural analyses were performed using a scanning electron microscope (SEM) with energy dis-
persive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR) to exam-
ine changes in morphology, mineral phases, and molecular bonding of the binder mixes, respectively. The microa-
nalysis has confirmed formation of dense C/N-A-S-H resembling gels as product of alkali-activation.. Carbon footprint,
eco-efficiency and cost analysis were performed and found that the optimised mix is an eco-friendly alternative

to OPC-based binders.
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1 Introduction

Ordinary Portland cement (OPC) based binders are
widely used in the construction industries because of
their mouldability and high compressive strength. As an
alternative to OPC-based binder, alkali-activated binders
(AAB) are gaining popularity these days because of their
eco-friendliness (Ferndndez-Jiménez et al.,, 2005; Singh
& Middendorf, 2020). AABs system and supplementary
cementitious materials gaining popularity because of its
low carbon footprint, embodied energy and economical
aspects (Alhassan et al., 2023; Faridmehr et al., 2020). The
priority on sustainable construction materials aligns with
use industrial by-products in large volumes and reduce
dependence on natural resources (Alhassan et al., 2023).
These binders use industrial and agricultural by-products
containing aluminosilicates, used as precursors, that are
activated by alkaline activators.

While extensive studies have been conducted on AABs
(Ding et al., 2016; Elahi et al., 2020; Farooq et al., 2021;
Gok & Sengul, 2024; Kamath et al., 2021), however, its
applications to large-scale infrastructure projects are still
far from reality. This is because most of the works car-
ried out on alkali-activated materials use the two-part
techniques, wherein precursors and liquid activators are
mixed to prepare alkali-activated binder systems (Segura

et al,, 2022; Thatikonda et al., 2024). This is, most often,
not suitable for in situ applications and therefore not con-
sidered as user-friendly. Combining the user eco-friendli-
ness with the strength and durability requirements is the
need of the hour. One-part technology, largely addresses
this issue, most efficiently, since it creates a binder phase,
combining all the goodness of AABs, yet is user-friendly
like the very popular OPC-based binders (Luukkonen
et al.,, 2018; Ma et al.,, 2018). This consists of aluminosil-
icate-based precursors that are premixed with solid acti-
vators in definite proportions. However, controlling the
consistency and setting characteristics is a major chal-
lenge, since these properties depend on the composition
of the base materials used (Elahi et al., 2020; Luukkonen
et al, 2018; Segura et al., 2022; Shah et al., 2020).
Therefore, the properties are not uniform and depend
on the source from which they are obtained. This calls
for the use of blends of multiple precursors to suit the
requirements of fresh and hardened properties. The most
commonly used blends, that set at ambient conditions
are flyash and GGBS which have proven to be effective
binders for structural-grade concrete (Hamsashree et al.,
2024; Shah et al., 2020). This combination is becom-
ing increasingly popular among researchers working on
alkali-activated materials because both precursors have
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the proportions of silica and alumina that support geo-
polymerisation (Rossi et al.,, 2022). Only flyash, though
activates and forms binder phases like NASH, needs to
be supported by heat curing to boost the reaction. On
the other hand, GGBS contains higher proportions of
calcium oxide, hence sets at ambient temperatures (Hadi
et al.,, 2017; Kamath et al., 2021).

For special applications that demands early strength
as well as high ultimate strength, it is apt to use higher
proportions of GGBS. Microsilica is yet another prom-
ising highly reactive pozzolanic material that has been
successfully used in the design of high-strength applica-
tion to enhance strength and microstructures for specific
requirements (Cheah et al., 2017; Deir et al., 2014; Ham-
ada et al,, 2023). Typically, microsilica is incorporated at
the levels of 10-20% of the total binder content for the
development of conventional high-strength concrete
with Portland cement as a principal binder. However,
in alkali-activated binders, use of higher proportions of
microsilica is expected to significantly boost the reac-
tivity of the alkali-activated system, enhancing the poly-
merisation process (Jaradat & Matalkah, 2023; Mustakim
et al, 2021). High silica content in the binder system
(combination of flyash and microsilica) promotes the
formation of aluminosilicate gels, N-A-S-H or C-S-H in
hybrid systems with calcium oxide.

Blends of slag, flyash and microsilica are used as pri-
mary precursors in the present study, with varying acti-
vator dosages and water content. Slag is associated with
early setting and early strength development characteris-
tics, while flyash is associated with enhanced workability
and delayed setting times. Incorporation of microsilica,
into the one-part binder system, performs a dual role as
filler to reduce porosity and enhance the compactness of
the binder matrix, due to the presence of finely divided
silica, that provides an additional reactive silica source,
thereby enhancing the formation of aluminosilicate gels
(Perumal et al.,, 2021; Xi et al., 2022). The proportion of
precursors and activator are tailored to achieve required
setting times, early strength and long-term stability for
precast concrete, 3D printing, and high-performance
infrastructure applications (Jaradat & Matalkah, 2023;
Mustakim et al., 2021). Since there are many interde-
pendent parameters that simultaneously influence the
performance, it is essential to consider the influence
of each parameter while proportioning the ingredients
of the binder. For enhanced performance, controlling
the consistency and setting characteristics is essential.
These properties in AABs can be achieved by adjusting
the dosages of activators and the water-to-binder ratio.
Though activators are essential for initiating the reac-
tion, a higher dosage often leads to quick setting. Hence
it is essential to optimise the precursor proportions and
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activator dosages along with fixing of suitable water-to-
binder ratio (Mahendra et al., 2024; Srinivasa et al., 2023).
This could necessitate exhaustive experimentation. It
is therefore essential to optimise the number of experi-
ments to obtain a suitable mix that combines the proper-
ties needed for field applications. Therefore, essential to
optimise the number of experiments to obtain a suitable
mix that combines the properties needed for field appli-
cations (Sheelavantar et al., 2024; Srinivasa et al., 2023).

Design of experiment (DOE) is a statistical tool used
for optimisation of processes, to identify the cause-and-
effect relations between the input and output variables.
The application of Taguchi’s DOE approach enables judi-
cious proportioning of constituent ingredients of one-
part alkali-activated binder formulations. Taguchi’s DOE
is a single objective, fractional factorial optimisation
technique, used extensively for optimising the number
of experiments, while taking into consideration multi-
ple parameters that influence the experimental results.
It uses orthogonal arrays to ensure the balance between
all the influencing factors and all levels considered. Tagu-
chi GRA offers a systematic approach for multi-objective
optimisation, while taking into consideration multiple
dependent factors with strength as major factor. This
allows to identify the optimal process parameters while
considering multiple performance measures simulta-
neously. This technique possesses the ability to rank
parameters based on their influence on the overall per-
formance (Jeffrey Kuo et al., 2011; Mahendra et al., 2024;
Panagiotopoulou et al., 2015; Rawat et al., 2022). Table 1
summarises the Taguchi’'s DOE approach used for the
proportioning of precursors and activators in the recent
studies. It is evident that researchers have employed var-
ying proportions of binder blends and alkaline activator
dosages to achieve suitable fresh and hardened proper-
ties. These proportions are mainly aimed at addressing
the issues of controlling the setting times and consist-
ency of the binder mix in fresh state as well as achieving
required strength and durability in the hardened state.
There are multiple factors, most of them interdependent
that contribute to the development of the required fresh
and hardened properties. This calls for use of a statisti-
cal tool that incorporates the effects of multiple influenc-
ing parameters and identify the optimal combinations for
enhanced performance.

In the current investigation, Taguchi’s DOE is selected
over other DOEs because of its ability to efficiently
screen multiple control factors, with minimal experi-
mental runs, while optimising robustness against noise
factors. Additionally, grey relational analysis (GRA) was
employed for its systematic approach to normalise mul-
tiple conflicting responses into a single performance
metric, by avoiding the assignment of relative weights
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Table 1 Taguchi's DOE adopted for AAB systems
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Type of compositions DOE employed

Key findings Reference

Flyash-based geopolymer binder mix Taguchi method

One-part alkali-activated self-compacting
concrete mixes

Taguchi-grey relational analysis

Alkali-activated composite binders using
waste silica soda lime glass

Taguchi method

Alkali-activated ladle slag composites
binder

Taguchi-based TOPSIS method

High-strength AAC

Taguchi method

AAC Taguchi-grey relational analysis

Alkali-activated hybrid binder (slag+OPC) Taguchi method

Slag-based geopolymer concrete Taguchi method and ANOVA

Optimal conditions to achieve higher
compressive strength: Na/Al=0.85, Si/
Na,O=1.35 to achieve compressive
strength =43 MPa. The development
of strength is primarily governed

by the alkali-to-aluminium ratio

Slag/FA=1, Binder content 750 kg/m?,
W/B=0.45, Na,O =5%; to achieve com-
pressive strength=36.5 MPa

The formation of gel products is strongly
influenced by the binder proportions
and activator dosage

(Panagiotopoulou et al,, 2015)

(Mahendra et al.,, 2024)

Optimal mix is at 0% glass, 60 °C curing
temp, 6% Na,O (28d); 100% glass, 60 °C
curing temp, 10% Na,O (90d)

Glass is an effective supplementary mate-
rial in alkali-activated slag binders

(Martinez-Lopez & lvan
Escalante-Garcia, 2016)

Optimum mix composition is 650 kg/m?
slag, alkali solution/binder=0.45, Na,SiOs/
NaOH =2, crushed sand replacement

by dune sand=25% for strength/work-
ability

Their corresponding compressive
strength, workability, and IST were

17.9 MPa, 177.5 mm, and 13 min

500 kg/m3 binder, alkaline activator
ratio=2, activator/binder=0.5,12 M
NaOH optimal mix developed highest
compressive strength=63.4 MPa

(Najm et al,, 2022)

(Kanagaraj et al., 2022)

The optimum mix developed is FA/slag
ratio of 90:10, activator liquid/binder ratio
of 0.45, 10 M NaOH solution with Na,SiO,/
NaOH ratio of 1 achieved compressive
strength of 40 MPa

The optimum composition of 100%
GBFS, 9% Na,O, solution modulus of 1.0
and W/B ratio of 0.45 achieved the high-
est 28 days strength of 43.0 MPa

Slag content of 550 kg/m?, W/B ratio

of 0.5 with naphthalene-based admixture
achieved the highest 28-day compressive
strength 69 MPa

(Sheelavantar et al., 2024)

(Amer et al, 2021)

(Amer et al., 2024)

in other multi-objective optimisation techniques. Unlike
response surface method, which assumes continuous and
well-defined functional relationships, GRA is particularly
effective for handling discrete, non-linear, and uncertain
data, making it a suitable choice for the present study
(Metkar et al., 2013; Shen & Du, 2005).

The construction industry is one of the major con-
tributors to the global warming. Production of cements
alone contributes 8% of greenhouse gas emission
(Kumar et al., 2022). Sustainability is becoming one of
the critical factors, since it uses large volumes of natu-
ral resources and the processes involved release huge
amounts of carbon into the environment. Reducing the
carbon footprint and emphasising on eco-efficiency of

a binder system, has main research focus without com-
promising the mechanical and durability properties.

In the present study, Taguchi and Taguchi GRA were
employed for multi-objective optimisation of the one-
part slag—flyash—microsilica ternary binder mix to
achieve the flowability, setting characteristics and com-
pressive strength suitable for structural applications.
Regression equations are proposed to predict com-
pressive strength, setting and flow characteristics that
could be achieved with various combinations of the
precursors and activators used. The proposed regres-
sion equations are then validated with experiments.
Microstructural analyses are conducted on mixes to
understand the morphology and phases developed.
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This paper also aims to evaluate carbon emission, eco-
efficiency and cost analysis on optimal binder compo-
sitions that balance sustainability, performance, and
economic feasibility.

1.1 Research Significance

Present study investigates the properties of a novel
slag—flyash—microsilica based one-part alkali-activated
binders that are proportioned for optimal level of per-
formances in fresh and hardened states. This research
supports the global shift toward low-carbon construc-
tion materials, reducing reliance on Portland cement
and mitigating CO, emissions and enhancing the user
friendliness compared to the two-part AAMs. The study

N W<r
Date :1 Feb 2024
Time :13:40:30

XA Bl
Signal A = SE1
Mag= 200KX

(a) Flyash

EHT =10.00 kv
WD =100 mm
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aimed at the upcycling of industrial by-products, aligning
with circular economy principles and offering sustain-
able solutions for waste management in industries. The
optimised mix demonstrates high compressive strength,
making it suitable for precast, 3D printing, and high-per-
formance infrastructure applications.

2 Experimental Investigation

2.1 Materials

Class F flyash, GGBS and microsilica are used as pre-
cursors for the present study. The micrographs of these
precursors are shown in Fig. 1. Flyash is procured from
Bellary Thermal Power Station, Bellary, India. SEM
images presented in Fig. 1a reveal that the flyash particles

Date :30 Jan 2024
Time :11:10:01

‘1Dum EHT =10.00 kV
I ! WD = 8.5 mm

Signal A = SE1
Mag= 200KX

Signal A= SE1
Mag= 10.00 KX

(b) GGBS

Date :15 Jul 2024
Time :16:10:00

(c) Microsilica

Fig. 1 SEM micrographs of a flyash, b GGBS, ¢ microsilica
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Fig. 3 Ternary plot of precursors

are spherical, with sizes ranging from 0.04 pm to 32 pm,
as determined by particle size distribution (PSD) analy-
sis shown in Fig. 2. Flyash, with specific gravity of 2.3, is
primarily composed of silica and alumina as confirmed
by oxide compositions presented in Fig. 3. These compo-
sitions are further validated by the characteristic peaks
observed in the FTIR spectrum shown in Fig. 4. The pri-
mary absorption bands of silica, indicating the Si-O-Si
stretching bond, are observed as a broad band around
1059 cm'. The presence of the Al-O-Al stretching
bond is confirmed by peaks identified around 787 cm™},

1 v T v 1 v I
F . . 2362
| Microsilica co,
Y L1 | ]
o\D E
P S
0}
o [ Flyash 2362
< - CO,
©
=
- 787
g 1050A-0
c Si0Si  si-0
S r 1 1 1 1 1 1 N
— [
- GGBS
1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)
Fig. 4 FTIR spectra of microsilica, flyash and GGBS

indicating the Al-O—Al bond (Mahendra et al., 2024).
Figure 5 represents the XRD spectra of flyash. The occur-
rence of amorphous phases accompanied by minerals
like quartz, mullite, calcite, and hematite are identified
(Puligilla & Mondal, 2013; Srinivasa et al., 2023; Yousefi
Oderji et al., 2019).

GGBS is procured from JSW Steel, Bellary, India.
GGBS, as appears in micrograph Fig. 1b, consists of
irregular and angular-shaped particles with a size ranging
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Fig. 5 XRD spectra of precursors

from 0.04 pm to 112 pm as per PSD data presented in
Fig. 2. GGBS with a specific gravity of 2.3, is primar-
ily composed of calcium silicates and aluminosilicates
as shown in Fig. 3. FTIR spectrum of GGBS shown in
Fig. 4 represents a strong broad band identified around
890 cm™, indicating Si-O stretching vibrations. Al-O
stretching bands are identified around the 672 cm™.
Weak carbonate peak is also identified around 1490 cm™.,
Figure 5 represents XRD spectra for GGBS, indicating
the presence of an amorphous mineral phase, with small
two peaks that can be associated with calcite and aker-
manite (Mahendra et al., 2024; Puligilla & Mondal, 2013).

Microsilica, procured from Astra Chemicals, Chen-
nai, India, is used in the present study as one of the
precursors. Figure lc presents the micrograph of
microsilica, wherein fine particles with irregular
shapes and sharp edges are visible. The particle sizes
range from 0.04 um to 18 pum as per the PSD analy-
sis shown in Fig. 2. Microsilica with specific gravity
2, predominantly comprises amorphous form of SiO,
as represented in Fig. 3, that can be suitably used as a
pozzolanic material in concrete (Hamada et al., 2023).
Peaks identified in FTIR at 1061 cm™, 777 cm™! and
694 cm™' indicate the presence of asymmetrical and
symmetric stretching vibrations of Si—O-Si linkages,
respectively (Szabé & Mucsi, 2020). Figure 5 represents
the XRD spectrum of the microsilica with the peaks of
quartz, mullite and calcite. Sodium metasilicate powder
procured through Astra Chemical, Chennai, India, is

used as a solid activator in the present research work.
Sodium metasilicate (Na,SiOs) is a white inorganic salt
characterised by its high alkalinity and water solubility
and a density of 2.4 g/cm®. The ratio of total alkalinity
(expressed as Na,O) to total soluble silica (as SiO,) is
approximately 1:1, with a tolerance of +0.05. The oxide
compositions and physical parameters of precursors
are listed in Table 2.

Table 2 Parameters of precursors

Parameters Flyash GGBS Microsilica

Chemical properties (oxides compositions in percentage %)
Sio, 5325 37.30 94.3
AlLO, 2562 16.60 2.1
Fe,05 6.4 0.37 0.78
Cao 4.7 34.70 0.55
TiO, 192 0.82 -
MgO 1.04 6.87 0.5
MnO 0.07 0.96 -
Na,O 222 0.31 -
K,0 205 063 -
SO, 1.29 135 0.58
Loss of ignition 14 - 1.18

Physical parameters
Specific gravity 23 2.28 2
Average particle size (um) 6.87 22.31 423
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2.2 Optimisation of Binder Composition
2.2.1 Taguchi Method
In the present study, Taguchi’s DOE is adopted with 4
factors and 3 levels of variation. The 4 factors consid-
ered are percentage of flyash, percentage of microsilica,
water content expressed as a percentage of total binder
and percentage of activator. These factors are varied at 3
levels to optimise the binder compositions as shown in
Table 3. The optimisation is carried out using Minitab
software. Table 4 shows the set of experiments, designed
based on Taguchi’s L9 orthogonal array for the cur-
rent investigation. The mixes are designated as per their
precursor compositions. The mix ID FOSOA10W20 rep-
resents FO- 0% flyash, SO- 0% microsilica, A10- 10% acti-
vator and W20- 20% water content expressed as weight
of water to binders (W/B). This means that the precursor
contains 100% GGBS.

The Taguchi loss function is generally transformed into
a signal-to-noise (S/N) ratio, where “signal” represents
the desirable effects and “noise” represents the undesir-
able effects of the output characteristics. In S/N ratio
analysis, the quality characteristics are typically classi-
fied into three categories: lower-the-better, nominal-the-
better, and higher-the-better (Hadi et al., 2017; Jeffrey
Kuo et al., 2011; Karthik & Mohan, 2021). In the present
investigation, GGBS is used as main precursor which
possesses quick setting characteristic. It is essential to
delay the setting to make it suitable for field applications.

Table 3 Levels and factors used in the Taguchi method

Factors Level 1 Level 2 Level 3
Flyash 0% 12.5% 25%
Microsilica 0% 12.5% 25%
W/B 24% 27% 30%
Activator 10% 12% 14%

Table 4 19 orthogonal array based on Taguchi method
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The maximum value of FST is not allowed to exceed
600 min as per the specifications stipulated in IS 12269—
2013 (IS 12269: Ordinary Portland Cement, 53 Grade—
Specification, 2013). Hence, higher-the-better approach
is adopted, by aiming for standard flowability, strength
and setting time within L9 orthogonal mixes (Mahendra
et al., 2024; Sheelavantar et al., 2024).

Further, main effect analysis is performed by creating a
response graph and conducting the analysis of variance
(ANOVA) for determining the S/N ratio to understand
the level of significance of every parameter in refining
the binder performance (Mustapha et al., 2021). From the
Taguchi method, the significant factors that influence the
properties such as flowability, setting time and strength
are obtained independently. However, to examine the
combined effect of these parameters, the combination
of GRA with the Taguchi method is employed for multi-
objective optimisation (Hadi et al, 2017; Jeffrey Kuo
et al., 2011; Karthik & Mohan, 2021).

2.2.2 Taguchi Grey Relation Analysis (GRA)

The Taguchi-DOE approach is an effective statistical tool
for maximising a single response variable, whereas Tagu-
chi-GRA is opted when the experimentation deals with
multiple interdependent variables. Optimisation proce-
dure adopted in the present study consists of normalising
the calculated S—N ratios in the range of 0 to 1. Followed
by computing the deviational sequences and determining
the grey relational coefficients to represent the interac-
tion effects between the expected results and the actual
data. Further, grades are ranked according to the aver-
age grey relational coefficients and their significance
(Mahendra et al., 2024; Rawat et al., 2022; Sheelavantar
etal., 2024).

2.3 Specimen Preparation and Testing Methods
The precursors, namely GGBS, flyash, and microsil-
ica in the proportions mentioned in Table 2 along with

Exp. no. Mix ID Flyash (%) Microsilica (%) Activator (%) W/B (%) GGBS (%)
T1 FOSOA10W20 0 0 10 20 100

T2 FOS12.5A12W23 0 12.5 12 23 87.5

13 FOS25A14W26 0 25 14 26 75

T4 F12.5S0A12W26 12.5 0 12 26 87.5

15 F12.5512.5A14W20 12.5 12.5 14 20 75

T6 F12.5525A10W23 125 25 10 23 62.5

7 F25S0A14W23 25 0 14 23 75

18 F25512.5A10W26 25 125 10 26 62.5

T9 F25525A12W20 25 25 12 20 50
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sodium metasilicate powder as an activator were used
to develop binder mixes. Specified proportions of each
of these ingredients are weighed and initially dry mixed
for 2—-3 min in the Hobart mixer. Dry mixing of all pre-
cursors and activator is continued until the mass appears
uniform and homogeneous. Later the predetermined
amount of water to the dry blends is added in the Hobart
mixer. The ingredients added were thoroughly mixed
for about 3—-4 min at a speed of 65 rpm until a consist-
ent and homogeneous paste was obtained. The prepared
binder mixes were later tested for their flowability test
as per IS 5512 (IS 5512: Specification for Flow Table for
Use in Tests of Hydraulic Cements and Pozzolanic Mate-
rials, 1983) and setting time as per 4031 (5) (IS 4031-5:
Methods of Physical Tests for Hydraulic Cement, Part 5:
Determination of Initial and Final Setting Times, 2005).
The paste is then poured into 50 mm cube moulds. For
each mix, six cubes were cast, and 3 were tested at 7 days
and the remaining 3 cubes are tested at 28 days, cur-
ing period. The cast specimens were cured under ambi-
ent conditions until testing. The average compressive
strength of ambient cured specimens are tested at 7 days
and 28 days of curing period, as per specifications stipu-
lated in IS 4031 (6) (IS 4031-6: Methods of Physical Tests
for Hydraulic Cement Part 6: Determination of Compres-
sive Strength of Hydraulic Cement Other than Masonry
Cement, 2005).

2.4 Microstructural Analysis

Microanalysis of the binder pastes using SEM-EDS,
FTIR and XRD techniques were performed on all binder
specimens to determine the morphologies and identify
the crystalline phases and functional groups to char-
acterise the alkali-activation products. All the samples
used for these tests were extracted from small fragments
of binders, collected after the cube specimens were sub-
jected to compressive loads until failure, to determine
the 28 days of compressive strength. SEM images were
obtained using ZEISS EVO MA18 with Oxford EDS,
having a minimum of 1X and a maximum of 1,00,000x of
magnification range. Gold-sputtering was used to obtain
information about the morphology and elemental com-
positions of the binder specimen. FTIR analysis was per-
formed using Bruker Alpha II spectrometer equipped
with attenuated total reflectance mode. The spectrometer
operates within spectral range of 6000 cm™! to 500 cm™
with spectra resolution 4 cm™. XRD technique is per-
formed to identify the phases developed of the binder
specimen after 28 days of curing. Rigaku Miniflex 600,
5th generation, X-ray generation upto 40 kV & current
(15 mA) instrument is used. The X'Pert high scores soft-
ware was used to carry out the phase analysis to identify
the binder phases developed.

Page 9 of 25

2.5 Sustainability Assessment: Carbon Emissions and Cost
Analysis

The environmental impact and economic aspects of the
proposed AAB systems are assessed through carbon
footprint, eco-efficiency and cost analysis. The obtained
results are compared with those of conventional OPC
binders using a cradle-to-gate life cycle assessment
approach. While the optimisation of mixes is primarily
aimed to attain desirable strength and fresh-state char-
acteristics, the sustainability evaluation serves to confirm
their environmental viability.

3 Results and Discussion

3.1 Responses from Taguchi Method

3.1.1 Flowability

Flowability test was conducted on all L9 orthogonal
mixes (T1 to T9), considering the four parameters that
influence the flowability. These are flyash content, water
content (W/B), microsilica content, and the activa-
tor dosage. From Fig. 6, the mix T1 (FOSOA10W20) is
observed to have the lowest flow value of 10%, whereas
the mix T4, T7 and T8 (F12.5S0A12W26, F25S0A14W23
and F25512.5A10W26) are characterised with the high-
est flow value of 150%. The flowability of mixes gets
enhanced with the increase in the water content (W/B)
and the activator dosage. The mean S—N ratio plots of the
flowability of mixes listed are illustrated in Fig. 7a. The
water content (W/B), which is Ranked 1, was identified
as the most influential parameter for achieving enhanced
flow values, followed by flyash content (Rank 2) and the
activator dosage (Rank 3). With the inclusion of microsil-
ica from level 1 to level 2, there is an increase in flowabil-
ity observed. Further increase in microsilica content, to
level 3, i.e. 25%, resulted into a drastic decrease in flowa-
bility. This is because the microsilica is characterised by
high surface area, which has correspondingly resulted
into higher water demand (Thatikonda et al., 2024). The
optimal combination of these parameter levels yielded
to the most favourable response, ensuring the flowabil-
ity levels of 110%+5% as per ASTM C1437-01(ASTM
C1437-01: Standard Test Method for Flow of Hydraulic
Cement Mortar, 2020). The results reveal that the optimal
parameters for maximising the flowability characteristics
are microsilica at 12.5%, W/B at 26%, and activator at
14% as shown in Fig. 7a.

3.1.2 Setting Times

The L9 mix proportions were tested for their IST and
FST using the standard Vicat apparatus. Figure 8 illus-
trates the results of IST and FST. The IST of the mixes
varied between 35 to 60 min, depending on the pro-
portions used in precursor blends. Similarly, the FST
varied from 65 to 124 min. Amongst the mixes studied,
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T5 (F12.5512.5A14W20) exhibited the quickest setting
characteristics, while T4 (F12.5S0A12W26) and T8
(F25512.5A10W26) mixes have exhibited the highest
IST and FST, respectively.

The mean S—N ratio plots of the IST and FST listed
are illustrated in Fig. 7b and c, respectively. For initial
setting, the activator dosage is ranked 1 which means
the activator dosage highest influence on setting.
Higher activator content in the binders corresponds
to early dissolution of the precursors leading to faster
setting. This is followed by the W/B, which is Ranked
2. The microsilica content in the binder is ranked 3,
and the flyash content ranked 4. Microsilica is char-
acterised with smaller particle size, hence will react
faster compared to flyash and thereby contribute more
to early setting than flyash.

Figure 7b shows that the initial setting time increases
with the increase in W/B, due to the significant influ-
ence of water content in delaying the reaction process
(Kamath et al., 2021; Sheelavantar et al., 2024). How-
ever, increase in activator, shows a significant drop in
setting time. From Taguchi’s analysis, the optimum
levels obtained for the IST are microsilica at 0%, W/B
at 26%, flyash at 12.5%, and activator dosage at 12%.

Similarly, for FST the significant factors, as obtained
by Taguchi’s S—N analysis are activator dosage (Rank
1), followed by water content (W/B) (Rank 2), flyash
content (Rank 3) to obtain longer FST. The optimal
parameter levels for FST are identified as 0% microsil-
ica, 26% W/B, 25% flyash, and 10% activator.

3.1.3 Compressive Strength

Figure 9 shows the 7 days and 28 days compressive
strength response of one-part alkali-activated binder
specimens, for all mixes used in the present study. From
the results, it is evident that the mix T1 (FOSOA10W20),
characterised with 0% flyash, 20% water content (W/B),
10% activator content, and 0% microsilica, developed the
lowest compressive strengths of 31.18 MPa and 32 MPa,
respectively, after 7 and 28 days of ambient curing. On
the other hand, the mixes T3 (F0S25A14W26), T6
(F12.5525A10W23) and T9 (F25S25A12W20) achieved
relatively higher 7 days compressive strength compared
to other L9 mixes. These compositions contain 25%
microsilica, higher than generally used in OPC-based
binder compositions, resulting into higher strength
development. The presence microsilica in higher pro-
portions provides large surface areas, which resulted
into enhanced dissolution of oxides thereby resulting
into early strength development and pore-filling. (Luuk-
konen et al., 2018; Rostami & Behfarnia, 2017; Wang
et al, 2022). The mixes T5 (F12.5512.5A14W20) and
T7 (F2550A14W23) exhibit the highest compressive
strengths after 28 days of ambient curing, where activa-
tor and microsilica content plays vital role in the 28 days
strength development.

The mean S—N ratio plots for 7 days and 28 days com-
pressive strengths of all the mixes are illustrated in Fig. 7d
and e. Increments in the levels of microsilica content and
activator dosage results into greater mean S—N ratios
for 7 days compressive strength as evident in Fig. 7d.
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As the levels of W/B increases, the mean S—N value
dropped significantly. This is because the performance
of the alkali-activated binder mix is negatively influenced
by the increase in the water content (W/B) because the
concentration of activators gets diluted with increase in
water content in the binder system, thereby resulting into

development of lower compressive strength (Geraldo
et al,, 2023; Yusslee & Beskhyroun, 2023). Therefore, for
7 days compressive strength, microsilica content (Rank
1) is the most significant parameter, followed by the acti-
vator dosage (Rank 2), water content (W/B) (Rank 3) as
per S—N curves. From S—N analysis, it is found that, the
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optimum levels for 7 days compressive strength are flyash
at 12.5%, water content (W/B) at 23%, activator at 14%,
and microsilica at 25%. A similar pattern is observed in
the mean S—N ratios of the 28-day compressive strength,
as depicted in Fig. 7e.

Increments in levels of activator dosage and micro-
silica content results in greater mean S—N ratios for
28 days compressive strength. However, the compressive
strength mean S—N ratio falls with the increase in W/B
ratio beyond 23%. From S—N analysis, it is found that, the
optimum levels required for obtaining highest 28 days
compressive strength is flyash at 12.5%, water content
(W/B) at 23%, activator at 14%, and microsilica at 25%.
It is noticed that activator dosage (Rank 1) is the most
influencing parameter, followed by microsilica content
(Rank 2), water content (W/B) (Rank 3) that influence the
28 days compressive strength development characteris-
tics of the binder.

Linear regression equations were developed to predict
individual responses, including dependent variables like
compressive strength after 28 days, flowability, and IST
and FST. The dependent variables are expressed as linear
functions of flyash%, water content (W/B) %, activator
(%), and microsilica%. The linear regression equations are
as follows:

Flowability (%) = —342.3 + 1.670 Flyash %
— 0.217 Microsilica %

+ 5.94 Activator % + 15.49% /B %

Initial setting time (min) = 54.6 + 0.053 Flyash %
— 0.067 Microsilica %
— 3.00 Activator % + 1.278W /B %

Final setting time (min) = 92.7 + 0.747 Flyash %
— 0.213 Microsilica %
— 6.08 Activator % + 2.944W /B %

Comp strength 7 days (MPa) = 17.8 + 0.047 Flyash %
+ 0.492 Microsilica %
+ 2.66 Activator % — 0.496W /B %

Comp strength 28 days (MPa) = 8.8 + 0.287 Flyash %
+ 0.433 Microsilica %
+ 4.94 Activator % — 1.08\)(// B%.

3.1.4 Analysis of Variance (ANOVA) Results for Responses

of Taguchi Method
In combination with the Taguchi method, the analy-
sis of variance (ANOVA) is yet another statistical tool
employed to quantify the percentage contribution of each
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Table 5 Analysis of variance for SN ratios for flowability, IST, FST
and compressive strength

Source DF SeqSS AdjSS AdjMS 9% Contribution

Analysis of variance for SN ratios of flowability

FLY ASH % 2 93.179 93179 46589  20.71%
MICROSILICA% 2 36538 36538 18269  8.123%
ACTIVATOR% 2 59513 59513 29756  13.231%
W/B % 2 260.555 260.555 130.277 57.928%
Total 8 449.784

Analysis of variance for SN ratios of IST
FLY ASH % 2 04139 04139  0.20694 2.53%
MICROSILICA% 2 09025 09025 045127 5.52%
ACTIVATOR% 2 117925 117925 589627 72.08%
W/B % 2 32513 32513 1.62564 19.87%
Total 8 163602

Analysis of variance for SN ratios of FST
FLY ASH % 2 53618 536182 268091 28.15%
MICROSILICA% 2 07713 077130 0.38565 4.05%
ACTIVATOR% 2 85174 851736 4.25868 44.71%
W/B % 2 43966 439657 219828 23.083%
Total 8 19.0470

Analysis of variance for SN ratios of 7 days compressive strength

FLY ASH % 2 11930 1.19298 059649 4.99%
MICROSILICA% 2 96110 961104 480552 40.27%
ACTIVATOR% 2 86068 860681 430341 36.06%
W/B % 2 44555 445547 222773 18.68%
Total 8  23.8663

Analysis of variance for SN ratios of 28 days compressive strength

FLY ASH % 2 71836 71836 35918 16.83%
MICROSILICA% 2 7.7141  7.7141 38571  18.077%
ACTIVATOR% 2 20.5555  20.5555 102777 48.17%
W/B % 2 72186 72186 36093 1691%
Total 8 426717

parameter. ANOVA aids in identifying the importance of
various factors influencing the optimisation of a variable’s
performance (Mustapha et al., 2021). Table 5 outlines the
ANOVA results for SN ratios for dependent variables.

As per the ANOVA results for flowability, water con-
tent (W/B) is the most influencing parameter, as it
accounts to 57.92% contribution, followed by flyash
and activator dosage with a contribution of 20.71% and
13.23%, respectively. Microsilica content is the least influ-
encing parameter having a contribution of only 8.12%.

The IST is influenced by the activator dosage, since
the initiation of activation depends on how well the
precursors dissolute into the alkaline media, which in
turn depends on the dosage of activators. The activa-
tor is therefore rated as the most influential param-
eter contributing to about 72.08%. This is followed by
water content W/B and microsilica with a contribution
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of 19.87% and 5.52%, respectively. Flyash content is
the least influencing parameter with a contribution of
only 2.53%. Activator dosages need to be fine-tuned in
order to achieve the setting characteristics to suit the
project requirements. The FST is also influenced most
by the activator dosage with a contribution of about
44.71%, followed by flyash and water content (W/B)
with a contribution of 28.15% and 23.08%, respectively.
Microsilica is the least influencing parameter having a
contribution of only 4.05%.

Microsilica is the most influential parameter, contrib-
uting 40.27% to the development of 7-day compressive
strength. This is attributed to the high reactivity and
pore-filling properties of microsilica, which enhances
early-age strength by promoting denser microstructure
formation. The activator concentration was the second
most influential factor, contributing 36.06% to the com-
pressive strength. Activator plays a critical role of alkali
activation in AAB systems, where higher alkalinity typi-
cally accelerates geopolymerisation, leading to improved
early strength. The W/B ratio exhibited a moderate influ-
ence (18.68%), followed by flyash as the least influenc-
ing parameter having a contribution of only 4.99%. The
activator concentration emerged as the most dominant
factor, contributing 48.17% to the 28-day compressive
strength. The contribution of microsilica content and

Table 6 Calculated values of Taguchi-GRA analysis
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W/B of 18.07% and 16.91%, respectively, is noted as per
ANOVA. Flyash is ranked as the least influencing param-
eter having a contribution of about 16.83%.

3.2 Multi-objective Optimisation Using Grey Relation
Analysis
The computed values of the variables used in the Tagu-
chi-GRA phases for the one-part alkali-activated binder
mixes examined are shown in Table 6. The mix T6, with
grey relational grade (I') of 0.895 is designated as best
amongst the L9 orthogonal mixes presented in this work.
The mean grey relational grade (I') for each parameter
was computed in order to get the overall best one-part
alkali-activated binder mix. Amongst all the values of the
parameter considered, the one with the largest mean T’
value is considered as the best, since it will have the high-
est influence on the responses.

3.2.1 Response Relation Grade

The optimised proportions of precursors and activator is
obtained by using response relation grade, which takes
into consideration the influence of each factor at all the
defined levels (Mahendra et al., 2024; Sheelavantar et al.,
2024). The grey relational grade, for each of the param-
eters considered and their levels, is tabulated in Table 7.
The highest mean grey-relational grade corresponding

Mix ID S-N ratios for responses

Normalisation of SN ratios

Grey relation coefficients of SN Grade (I) Rank

ratios
FL% IST FST CS*7D (CS*28D FL% IST FST CS*7D (CS*28D FL% IST FST CS*7D (CS*28D

T 200 3344 3928 2988 30.1 0.0 055 054 0.00 0.00 033 052 052 033 033 0.44 9
12 40.09 3398 39.08 3353 33.88 085 066 050 081 0.61 0.77 060 050 0.72 0.56 0.695 8
T3 4167 3226 3806 3417 3498 092 029 032 095 0.79 086 041 042 091 0.70 0.743 5
T4 4352 3556 40.17 31.87 3355 1.00 1.00 070 044 0.56 100 1.00 062 047 053 0.775 4
T5 3750 3088 3626 3393 3631 074 000 000 090 1.00 066 033 033 083 1.00 0.722 6
T6 4121 3481 40.00 3440 3567 090 084 067 1.00 0.90 084 076 060 1.00 0.83 0.895 1
17 4352 3246 3982 3364 36.23 1.00 034 064 083 0.99 1.00 043 058 0.75 0.98 0.833 2
T8 4352 3432 4187 3048 3070 1.00 073 1.00 013 0.10 100 065 100 037 0.36 0.711 7
T9 3519 3362 3965 3429 35.56 065 059 060 098 0.88 059 055 056 095 0.81 0.778 3
" CS 7D and 28D: compressive strength of 7 days and 28 days, FL-Flowability
Table 7 Response for mean grey relation grade
Factors Level 1 Level 2 Level3 Max Min Delta Rank
Response relation grade

Flyash 063 0.80 077 0.80 0.63 0.17 1

Microsilica 0.68 0.71 0.81 0.81 0.68 0.12 3

Activator 0.68 0.75 0.77 0.77 0.68 0.08 4

W/B 0.65 0.81 0.74 0.81 0.65 0.16 2
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to the flyash content is 12.5% which is level 2. The next
influencing parameter is the water content, correspond-
ing to the grey-relational grade of 23% at level 2, while
that of activator dosage is 14% at level 3, and micro-
silica content of the binder mix stands at 25% at level 3.
Table 8 lists the optimum parameter values for individual
responses based on the Taguchi method and the Taguchi
GRA method. The optimised mix exhibited flowability of
120%, an IST of 46 min, FST of 95 min, and compressive
strengths of 54.65 MPa and 69.75 MPa at 7 and 28 days,
respectively. Calcium oxide-rich GGBS is a precursor
with high reactivity, that accelerate geopolymerisation
at ambient cured conditions (Provis & Bernal, 2014). In
contrast, microsilica promotes accelerated dissolution
leading to enhanced pore-filling effect thereby reduc-
ing porosity (Luukkonen et al., 2018; Rostami & Behfar-
nia, 2017; Wang et al.,, 2022). This is evident from SEM
micrographs of the L9 orthogonal mixes.

For validation, binder mixes were casted into cubes of
proportions not listed in L9 orthogonal array and tested
for setting times, flowability and compressive strengths.
The proportions of mixes that are selected for validation
are listed in Table 9. The test results obtained are com-
pared with the values predicted using linear regression
equations derived from Taguchi analysis. The observed
variation between the experimental and predicted results
lie within a range of+6%, as detailed in Table 9. This
demonstrates a strong correlation between the predicted
values and the actual experimental results, highlighting
the reliability and precision of the predictive models and
confirming their effectiveness for practical applications.

3.3 Microstructural Analysis

Microstructural analysis of the binder samples helps in
understanding the behaviour, reactivity, morphology
at microlevels that influence the mechanical proper-
ties of the mixes. The SEM-EDS, FTIR and XRD results
provided insights into the microanalysis of the binder
matrix. These microstructural analyses are performed on

Table 8 Optimum mix based on Taguchi and Taguchi GRA methods
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Table 9 Validation for proposed Taguchi's regression equations

Sample Responses  Actual Predicted  Error %

F10S10 A11 W25 Flowability 1225 124.273 — 145
IST 55 5341 290
FST 110 104.76 4,76
CS 7 days* 4246 40.05 5.67

F20S20 A13 W22 Flowability 110 103.66 576
IST 45 43436 347
FST 92 89.108 3.14
CS 7 days* 51.31 52248 -183

F15S15 A14 W24 Flowability 1325 133.5945 —-0.83
IST 45 43.062 431
FST 90 86.246 417
CS 7 days* 5262 51.221 2.66

" CS 7 days: compressive strength of binder at 7 days age

the fractured binder specimens collected after 28 days of
the compressive strength test.

3.3.1 SEM and EDS Analysis

The SEM images of L9 orthogonal mixes are presented
in Fig. 10. The micrographs reveal the continuous gelati-
nous formations throughout the microstructures of all
the mixes. These dense and cohesive structural forma-
tions are primarily composed of the C/N-A-S-H gels,
contributing to the binder strength. The mixes T5, T7
and T6 exhibit continuous gelatinous formations, indi-
cating the occurrence of higher degree of polymerisa-
tion between the activator and precursors, contributing
to the high compressive strength. In these mixes, activa-
tors and precursors are completely polymerised and form
a dense matrix, which is also reflected in the compres-
sive strength of these mixes in L9 orthogonal arrays. The
presence of higher proportions of voids and micro-cracks
visible in the SEM images of T1 and T8 mix, which also
corresponds to lower compressive strength development.
This is because of lower activator dosage resulting into
the development of weaker polymerisation, resulting in
lower compressive strengths. Continuous gel with fewer
micro-pore spaces are visible in micrographs of T2, T3,

Taguchi method

GRA method

Flowability (%)

Initial setting time (min)
Final setting time (min)
CS 7 days (MPa)

CS 28 days (MPa)

F-12.5% S-12.5% A-14% W-26%
F-12.5% S-0% A-12% W-26%
F-25% S-0% A-10% W-26%
F-12.5% S-25% A-14% W-23%
F-12.5% S-25% A-14% W-23%

F-12.5% S-25% A-14% W- 23%




Jagadisha et al. Int J Concr Struct Mater (2025) 19:75 Page 16 of 25

- & -
f‘lml: Agnbnh;:x ?m ':;Us‘:‘::" Signal A= SE1 Data 6 Jul 2024 EHT =10.00 KV SE 15 Jul 2024 Zrrxs)
= bl f o= BOOKX Time 111538 | { WD =105 mm Msg= 100K X Teve 150737

Signal A= SE1
Mag= 1002KX Trne £:50:39

EHT=1090KY signel A= SE1 Defe 5 Jul 2026
Wo - 20mm Wag= GODKX Tims 101847

EHT=1000 Ky gnel 4= SE1 Defe § Jul 2026
Wag= 50D

Wo- 20mm [ Tims 11:35:43

(d) T4 (e) T5 ) T6

Unrea

precursors

EHT = 15,00k Si =S p—_— EHT = 1000 kY Signal A = SE1 Cate 16 Jul 2024 . i = . :

Fig. 10 SEM micrograph of L9 orthogonal binder mixes

Table 10 EDS analysis of L9 array orthogonal mixes

MixID  Si Al Ca Na Si+Al Si/Al  Ca/(Si+Al) Na/(Si+Al) Ca/Si Na/Al Na/Si Ca/Al Al/Si  *CS(MPa)

T 43.7 732 411 79 5101 597 0.81 0.15 0.94 1.07 0.18 5.62 0.17 32.00
T2 486 123 351 4 60.9 3.95 0.58 0.07 0.72 0.32 0.08 2.86 0.25 4945
T3 47.2 9.99 33 99 5718 4.72 0.58 0.17 0.70 0.99 0.21 330 0.21 56.11
T4 423 172 359 47 5949 246 0.60 0.08 0.85 0.27 0.1 2.09 041 47.59
T5 46.1 115 327 98 5753 4.01 0.57 0.17 0.71 0.85 0.21 2.85 0.25 65.36
T6 582 108 252 58 6898 542 037 0.08 043 0.54 0.10 2.35 0.18 60.74
7 352 191 365 92 5433 1.84 0.67 0.17 1.04 048 0.26 191 0.54 64.80
T8 565 121 253 62 685 4.68 037 0.09 045 0.51 0.1 2.10 0.21 34.28
T9 613 121 187 78 7344 5.05 0.25 0.1 0.31 0.65 0.13 1.54 0.20 60.00

" CS—compressive strength of binder at 28 days age in MPa
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T4 and T9 and T9, hence these mixes are characterised
by moderate strength development. These results are fur-
ther validated through EDS, XRD and FTIR techniques.
The elemental compositions of 28 days ambient cured
binder mixes were analysed through EDS analyses.
Table 10 shows the EDS analysis results of L9 orthogo-
nal mixes. The presence of Ca, Si, Al, and Na elements
are identified. Ca/Si ratios of the mixes ranged between
0.31 and 1.04. Amongst these, the mixes T9 and T6, with
Ca/Si ratios of 0.31 and 0.43, respectively, represent the
silicate-dominated systems with relatively lower propor-
tions of calcium compounds. This is evident from L9
orthogonal mix compositions, where microsilica is pre-
sent at a higher level with respect to calcium-rich GGBS.
In contrast, T8, which developed relatively lower com-
pressive strength, is characterised with lower propor-
tion of activators and microsilica, exhibits a Ca/Si ratio
of 0.45 and Na/Si ratio of 0.11. This could be due to the
lower proportion activators that are necessary for the
complete initiation of the dissolution and dispersion of
precursors, as evident with SEM micrographs of T8. The
mixes with higher Ca/Si ratios, specifically 1.04, 0.71, and
0.70 for T7, T5, and T3, respectively, combined with Na/
Si ratios of 0.26, 0.21, and 0.21, signify the development
of hybrid systems where C-S-H gels coexist with alumi-
nosilicate dense gels, contributing to early setting and
subsequent strength development, which is also evident
from the setting time and 28-day compressive results of
L9 orthogonal arrays results as well as the dense system
visible from SEM micrographs (Cheah et al., 2017; Deir
et al,, 2014; Ma et al.,, 2018; Yousefi Oderji et al., 2019).
However, mixes T1, T4, and T2, despite having higher
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Ca/Si ratios of 0.94, 0.85, and 0.72, respectively, along
with low Na/Si ratios of 0.18, 0.11, and 0.08, respectively,
resulted in lower strength development due to the use of
lower amount of alkali activators. Figure 11 also shows
the comparison of Ca/Si, Ca/(Si+ Al), Na/Si, Na/(Si+ Al)
ratios, with the development of compressive strength.
The ratios of Ca/Si and Ca/(Si+ Al) display a similar pat-
tern, which is also observed in the ratios of Na/Si and Na/
(Si+Al).

The Al/Si ratios of the L9 orthogonal mixes, range from
0.17 to 0.54. The lower Al/Si signifies the development
of higher proportions of silica-dominated gel structure
and slower setting time, with the limited contribution of
alumina to gel structures. However, higher ratios of Al/
Si represent contribution in the formation of aluminosili-
cate gels (NASH) and faster setting times.

3.3.2 FTIR Analysis

FTIR spectra were analysed for the L9 orthogonal array
mixes to investigate the reactivity of Ca, Si and Al com-
pounds, in the presence of sodium metasilicate as an
activator within the binder matrix. FTIR spectra of all
the mixes are presented in Fig. 12. Peak identified at
FTIR bands at approximately 535 cm™ and 785 cm™
wavelengths is associated with Si—-O-Si, Ca—O-Si and
Si—O-Al vibrations, which are often associated with sili-
cates and aluminosilicate structures (Onutai et al., 2023).
This indicates the formation of C-A-S-H gel phases as a
result of the reaction between sodium metasilicate and
calcium oxide, principally present in GGBS, explicitly vis-
ible in the T3, T4 and T8 binder matrices. The relative
strengths of these mixes are lower than other mixes of

0.6

0.4

e T2 T3 T4 TS
MIX ID
Fig. 11 EDS results of L9 orthogonal binder mixes

0.2~ 0.05 05~0.2



Jagadisha et al. Int J Concr Struct Mater (2025) 19:75

Page 18 of 25

3750 2350 1688 1014 535
1510 780

T \ —JA 1T

A \ ’_/\r,_/_/—ﬁ—__ﬁ—n.—w,./

o NP PR —_— s r".‘\ i —m\\\k Al —T1
§ =~ T2
o - T3
2 T4
£ —T5
B s NSID (F— —~—f~~f |——T6
< e e L ——TT7
=t 111 |—— T8

— _—
. J_\ff\m\ —T9
o e G e S
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Fig. 12 FTIR spectra for L9 orthogonal mixes

L9 orthogonal arrays, indicating the formation of amor-
phous or partially crystalline phase of silicate during
polymerisation, which are also evident from XRD results.
Peak identified in the range of 1014 cm™ is related to
Si—O silicate stretching vibration, which in turn may
indicate the presence of unreacted or partially reacted
aluminosilicates that are present in the precursors. The
broader peak of T8, indicates the observed amorphous
phase. Sharp shifts in around 1014 cm™" peaks in T3 and
T4 may indicate varying degree of polymerisations and
interaction of Al, Ca and Na elements identified in the
precursors. Peak around 1688 cm™' wavelength, observed
in almost all the L9 orthogonal mixes, indicates the pres-
ence of hydrated gel phases, resembling H-O-H bend-
ing, due to adsorbed water present in C-A-S-H gel. The
carboxylate group often produces asymmetric stretching
bands around 1500-1600 cm™. The peaks in this range
may be related to formation of calcite.

Peaks identified in the wavelength of 2350 cm™, cor-
responding to the asymmetric stretching vibration of
carbon dioxide gas, may resembles the similar peaks that
were identified in the precursors. Peaks visible at the
range of 3750 cm™' are associated with O—H stretching
bond of hydroxyl groups. These peaks, that are observed
in all the mixes, representing free hydroxyls on the sur-
face, indicating weakly adsorbed moisture that has con-
tributed to this band.

3.3.3 XRD Analysis
XRD analysis provides insights into the crystalline
and amorphous phases developed within binder phase

system. Figure 13 shows XRD results of all the mixes sug-
gested by L9 orthogonal array observed after 28 days of
ambient cured specimens. XRD was observed over a 20
range from 10° to 80°. The hardened binder specimens,
identified peaks pertaining to the crystalline phases such
as quartz, calcite, hematite, and mullite, which are also
identified in the precursors used in the binders, however,
there is variation in their respective intensities. Thus,
it can be inferred that the precursors have undergone
alkali activation to produce the activation C/N-A-S-H
products.

The XRD spectra pertaining to T1, which has lower
activator content with 100% GGBS, depict the forma-
tion of amorphous gel phases, since no predominant
crystalline peaks. On comparing the XRD patterns of
T4 and T7, which consists of blends of GGBS and fly-
ash, having a relatively higher percentage of activator,
exhibit a broad hump between 20° and 40°. This relates
to formations of C-S-H and aluminosilicate structures
(C-A-S-H) (Ma et al., 2018; Shah et al., 2020). All other
mixes exhibit varying intensities of crystalline peaks at
approximately 27°, indicating the presence of non-reac-
tive silica in the form of quartz, which has also been
identified in the XRD as shown in Fig. 13. C-(N)-A-S-H
gel peaks were observed within the 26 range of 20° to
40°, signifying the strength development of the binder
paste (Kim et al., 2013). The mixes T3, T5, T6, T7 and
T9, which have undergone aluminosilicates nucleation,
transform into quasi-nanocrystals of zeolitic phase
between approximately 20° to 70° range, are responsi-
ble for the strength development. It is also evident from
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Fig. 13 XRD results of L9 orthogonal mixes

EDS results of mixes T3, T5, T6, T7 and T9 that the
higher Ca/Si ratios indicates the formation of hybrid
systems where C-S-H gels coexist with aluminosilicate
gels, contributing to early-age strength development.
This is because GGBS exhibits hydraulic as well as poz-
zolanic behaviour and all the mixes are dominated by
the presence of GGBS as the major precursor.

3.4 Sustainability Assessment: Carbon Emissions and Cost
Analysis

The environmental impact of the proposed binder mixes

were assessed based on carbon emissions, eco-efficiency,

and the cost associated with the materials and processes.

These parameters are compared with that of the conven-

tional OPC-based binders. Figure 14 presents the binder
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composition for the L9 orthogonal mixes along with the
proposed optimal mix and the conventional OPC binder.
The present study evaluates the carbon emissions, eco-
efficiency and cost implications of the mixes for 100 g
of cementitious materials and compares them with the
OPC-based binder system. The carbon emission and
energy consumption factors depend on the availability
of raw materials, manufacturing process and the mode
of transportation along with the distance to which the
materials need to be transported. Hence, representative
factors from the literature (Alsalman et al., 2021; Kumar
& Prashant, 2024; Kumar et al., 2022; Qiu et al., 2022;
Turner & Collins, 2013; Witzleben, 2022) are used, and
values are listed in Table 11.

In Fig. 15, the OPC mix exhibits a significantly higher
carbon footprint, with a carbon emission of 95.13 (g
CO,-eq/g). Moreover, it also exhibits a relatively higher

Table 11 Carbon emission values

Total emission
(kg CO,-eq/kg)

Raw materials
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environmental impact during the cradle-to-gate phase
(paper). In contrast, all other mixes demonstrate a sub-
stantial reduction in carbon emissions. The lowest emis-
sions were observed for T1 (8.52 g CO,-eq/g), followed
by T4 (9.9 g CO,-eq/g) and T7 (11.27 g CO,-eq/g), indi-
cating their excellent environmental performance. Even
the mixes with relatively higher emissions, such as T3
(22.4 g CO,-eq/g), T9 (20.76 g CO,-eq/g), and the Opti-
mal Mix (22.31 g CO,-eq/g), still achieve over a 70%
reduction compared to OPC.

The optimal mix, despite being tailored for balanced
mechanical and fresh-state properties, maintains a con-
siderably reduced carbon footprint. This highlights the
feasibility of achieving both performance and sustain-
ability targets in AAB systems. The slight variation in
emissions across mixes can be attributed to the type and
dosage of precursors and alkaline activators used, par-
ticularly materials like sodium metasilicate, which have
higher embedded emissions. Overall, the results confirm
that alkali-activated binders offer a promising low-car-
bon alternative to OPC.

The eco-efficiency is evaluated in terms of the ratio of

Cement] 0951 compressive strength to carbon dioxide emissions, pro-
Flyash 0.005 viding a measure of sustainability performance assess-
Microsilica 045 ment. The results are compared against OPC at both 7
GGBS 0.012 and 28 days, as illustrated in Fig. 16. OPC binder exhib-
Sodium metasilicate 073 its the lowest eco-efficiency, with values of 0.36 MPa/g
Water 0.1 CO,-eq/g and 0.59 MPa/g CO,-eq/g at 7 and 28 days,
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Fig. 15 Total carbon emissions of proposed mixes
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respectively. This indicates its high carbon intensity
relative to the strength achieved. In contrast, all other
mixes of AAB demonstrate significantly higher eco-
efficiency values, validating their potential as sustain-
able alternatives. Amongst the AABs presented in the
L9 orthogonal matrix, the mix T7 exhibits the highest
eco-efficiency, reaching 5.75 MPa/g CO,-eq/g at 28 days
and 4.27 MPa/g CO,-eq/g at 7 days, reflecting its balance
of strength gain and low emissions. Mix T4 and Mix T5
also perform remarkably well, with eco-efficiency val-
ues of 4.81 MPa/g CO,-eq/g and 3.88 MPa/g CO,-eq/g
at 28 days, respectively. Even optimal mixes with eco-
efficiency of 3.13 MPa/g CO,-eq/g at 28 days, outper-
form OPC, which were primarily designed for balanced
fresh and hardened properties. The increase in eco-effi-
ciency from 7 to 28 days in all mixes indicates that AABs
gain strength more efficiently over time with a minimal
increase in emissions. This further enhances their sus-
tainability factors for structural applications.

The cost of the conventional OPC mix is 9 rupees per
100 g, which is comparably lower than the proposed
mixes as illustrated in Fig. 17. However, despite its low
cost, OPC delivers a compressive strength of 55 MPa,
which is comparable to AAB mixes. Amongst the AAB
binder systems, T3 exhibits the highest cost of 15.55
rupees, followed closely by the Optimal Mix at 15.425
rupees and T9 cost at 14.4 rupees. These mixes deliver
relatively higher strength, however, they are associated

with higher cost due to the higher usage of activators
or microsilica. However, these mixes exhibit excellent
mechanical strength along with strong eco-efficiency and
a lower carbon footprint. Although OPC remains eco-
nomical, AAB mixes performing better in terms of eco-
efficiency, mechanical strength and carbon footprint. By
using activators derived from by-products, the cost may
be reduced without compromising its mechanical perfor-
mance and sustainability aspects.

4 Conclusion

+ A one-part alkali-activated binder is not only a viable
solution for in situ applications, but also a neces-
sity to futuristic sustainable alternative construction
materials for large-scale applications. By carefully
adjusting the proportions of precursors and activator,
the fresh and hardened properties of ternary blended
AAB can be tailored and optimised to meet required
performance criteria.

+ AAB properties are governed by distinct yet interde-
pendent factors: flowability by water content, setting
times by activator dosage, and strength by precur-
sors. Taguchi’s GRA optimisation effectively balances
these parameters for optimal performance. Experi-
mental validation confirms the reliability of Taguchi
results, exhibiting an error margin within 6%.
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Fig. 17 Cost analysis of L9 orthogonal mixes (in Rupees)

+ Optimised slag—flyash—microsilica ternary one-part  durability assessment of the optimal mix is essential to
AAB system developed using Taguchi-GRA meth-  understand its performance.
odology presents the fresh properties (120% flowa- .
o1 . . . . Abbreviations
bility, 46—95 min setting times) and high compres- -z, Taguchi grey relational analysis

sive strengths (54.65—69.75 MPa), suitable for high 15T Initial setting time
strength commercial applications, while being more T Final setting time
. . . SEM Scanning electron microscope
sustainable and user-friendly. Microstructural analy- ¢ Enerqy dispersive X-ray spectroscopy
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