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Abstract
Engineered geopolymer composites (EGC) have emerged as a more environmentally friendly alternative to conventional
engineered cementitious composites (ECC). These composites offer high mechanical and durability features. However, there
is a lack of research on EGC, particularly with basic oxygen furnace (BOF) slag as a precursor and iron ore tailings (IOT) as
a partial replacement to fine aggregate. Despite their effectiveness as industrial waste products in conventional concrete, this
study aimed to determine the optimal compositions of fly ash (FA), steel fibres (SF), and IOT by varying their percentages.
Overall, 150 mix combinations were tested, including six binder combinations, five combinations of fine aggregates, and
five percentage variations in SF. Finally, one optimum mix was selected for each binder combination, based on the ultimate
compressive strength values corresponding to the six optimalmixes. The compressive strengths of all themixes were evaluated
at both 7 and 28 days of curing, involving three replicate samples after oven curing (initial 24 h) followed by subsequent
ambient curing until their respective ages. The highest observed compressive strength after 28 days was 41.77MPa for 50 mm
cubes. This strength was achieved with a composition of 60% FA, 1.5% SF, and 45% IOT. An increase in IOT percentage led
to a nearly linear increase in strength, while the strength peaked at 1.5% for steel fibres. The addition of BOF slag significantly
enhanced the compressive strength compared to mixes with full FA. A 40% fly ash replacement with BOF slag resulted in
an average strength that was 39% higher than the combination with 100% fly ash. However, the strength growth decreased
after a 10% replacement. Analysis of variance was conducted using the design of experiments methodology to determine the
significance of the parameters and their interactions. All three independent parameterswere found to be statistically significant,
while their interactions were not. Utilizing Taguchi’s analysis method with the L25 orthogonal array, it was concluded that
IOT percentage was the most influential parameter.

Keywords Engineered geopolymer composite (EGC) · Basic oxygen furnace (BOF) slag · Steel fibres (SF) · Fly ash (FA) ·
Iron ore tailings (IOT) · Optimization · Taguchi’s method · ANOVA

1 Introduction

Cement concrete has long been a predominant material
in the construction industry, finding extensive application
across various domains. However, despite its versatility
and widespread usage, the environmental and ecological
impacts associated with its production are substantial. The
primary concern revolves around the excessive consumption
of cement, which leads to the emission of greenhouse gases,
including CO2, resulting in environmental degradation. The
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pressing need to address global warming has prompted
industrialistsworldwide to develop eco-friendly construction
materials to help conserve rapidly depleting non-renewable
resources. Research indicates that carbonate burns in cement
industries contribute significantly to global greenhouse gas
emissions, accounting for approximatelyfive to eight per cent
annually [1–3]. Remarkably, cement production has become
the second-largest consumable after water. Statistical data
further highlight that the annual production of ordinary Port-
land cement (OPC) increased by a staggering 2.6 billion
metric tonnes [4, 5]. More notably, the emission of carbonate
burns corresponds directly to the quantity of raw materials
produced for each tonne of cement. In light of these facts,
there is a growing urgency to address the carbon footprint
associated with cement production. Efforts are underway
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to develop sustainable alternatives and mitigate the adverse
environmental impact caused by the industry’s practices.

At the same time, the by-product materials like fly ash
(FA), ground granulated blast furnace slag (GGBFS), basic
oxygen furnace slag (BOF), iron ore tailings (IOT), from
thermal and steel plants have rapidly increased and are not
being effectively utilized. Global steel production has rapidly
increased over the past 60 years, accounting to (~ 1666.2mil-
lion tons) relative to a mere 500 million tonnages in 1967,
experiencing a significant increase of more than 200% as
per the survey conducted by theWorld Steel Association [6].
The substantial development of steel industries globally has
resulted in excess consumption of non-renewable sources,
resulting in environmental degradation by their residues and
improper utilization and disposal of the same [7, 8]. Steel
industries have been utilizing almost 5–6% of global energy
resources [9], making them one of the main contributors to
atmospheric CO2 emissions (up to 5%) following cement
production. The International Energy Agency (IEA) (2021)
published a report on the iron and steel technology roadmap,
which stated that the iron and steel industries account for 2.6
giga tones of CO2 emissions annually, 7% of the global total
from their production. Also, the steel sector has become the
most significant consumer of coal, which provides around
75% of its energy demand [10–13].

Residual waste generation in the form of slag has been
yet another primary concern in steel industries, accounting
for almost 1600 million tonnage of residual waste generation
majorly in the form of slag [14, 15], which is again classi-
fied based on their making process as basic oxygen furnace
slag (BOF slag), electrical arc furnace slag (EAF slag), and
ladle refining slag (LFS) [16], and the former one is of our
interest in the production of EGC as the major precursor
material following fly ash (FA). This by-product resulting
from coal manufacturing has also been the material of con-
cern regarding their availability in abundance and despite
not being utilized effectively (only up to 63.28%) relative to
its availability of 169 million tonnes as per an annual study
for the year 2016–17 in India [17]; anyways as opposed to
BOF slag, fly ash has resolved the issue on disposal manage-
ment to a certain extent upon being utilized in concrete and
geopolymer binders over the decades. The issues onBOFslag
are adverse as their accumulation in landfills causes detri-
mental effects to the environment, forming a highly alkaline
source marking the deterioration of water bodies and sur-
rounding soil [18–20]. Excess utilization of non-renewable
natural resources to serve the accrescent urban development
has led to significant environmental damage. Nonetheless,
sand being the most widely adopted material as fine aggre-
gate, various legislations and restrictions in procuring it have
made them the least opted one [21].

The requirement for an effective alternative to cater to the
needs of the construction sector has become inevitable. Iron

mining, one of the vital processes for developing a nation’s
economy, has ill effects relating to its residues (iron ore tail-
ings—IOT) as a part of its production process. It has been
statistically proven that in India, 10–12 million tonnage of
IOT [22] is one of the most abundantly available solid wastes
contaminating the water bodies and the surrounding ecosys-
tem during storage and dumping [23, 24]. For these concerns,
enhancing the environmental efficiency aspects alongside the
reuse/recycling of residues has been the need of the hour,
focusing on materials of our concern (IOT and BOF slag).
Assessing the current scenario, polymer-based concrete has
become the most opted viable choice to look after as an
alternative to conventional ordinary Portland cement con-
crete (OPC), considering its superior qualities of strength,
durability against adverse environments, load absorption,
improved wear and tear, high early strength and their eco-
efficiency characteristics by involving industrial residues.
Nonetheless, this made researchers perform ample studies
on geopolymer concrete (GPC) as an immediate and sus-
tainable alternative to OPC [25–28]. However, lightweight
composites viz., engineered geopolymer composites (EGC),
also termed strain-hardening geopolymer composites, have
been the significantmaterial under research in recent times by
deriving knowledge from its predecessors GPC and strain-
hardening composites comprising cementitious derivatives
or as commonly known engineered cementitious composites
(ECC), characterized by enhanced engineering properties
like multiple cracking behaviour and large tensile strain
capacity [29–37]. Nevertheless, the latter comprises a sig-
nificant quantity of ordinary Portland cement (OPC), thereby
leading to excess carbon footprint. The combined knowledge
gained from GPC and ECC has facilitated the development
of EGC [38–44]. Multiple studies have shown that EGC,
which possesses strong tensile strength and high strain capac-
ity [38, 39, 44, 45], has the potential to be a sustainable
alternative to ECC while maintaining its superior mechani-
cal [46–48] anddurability properties [49–51].However, EGC
exhibits significant variability in its precursor materials and
mix proportions alone [52–55], making standardization for
practical applications difficult. Previous research has primar-
ily focused on EGC’s mechanical properties by varying the
precursor materials and involving commonly available by-
products from thermal and steel plants [38, 39, 52, 55–63].
Also, studies on the sustainability of sand replacement are
mere and, if so, involve artificial derivatives, making the
resulting mix economically unfeasible. It is to be noted that
no profound study has been conducted onEGC involving FA:
BOF slag as its precursor, while IOT being partially replaced
to the conventional fine aggregate (M-sand—in this case) and
their influence on the compressive strength development by
assessing their feasibility level [64].

The present study investigated the compressive strength
variation of a hybrid binary blend EGC made of FA and
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BOF slag as primary precursor materials and fine aggre-
gate (M-sand) being replaced partially by iron ore tailings
and involving steel fibres. The percentage replacement of
BOF slag, IOT, and steel fibres over the various proposed
EGC mixes has been chosen as the key parameters, thereby
performing optimization studies. Fly ash was chosen as the
primary precursor, and the effect of BOF slag replacement
was studied. The percentage replacement of fly ash in this
study by BOF slag varies from 0 to 50% (6 levels), whereas
in the case of fine aggregates, IOT replaces M-sand from
0 to 45% (5 levels). The steel fibre addition varied from
0.8 to 2% (5 levels). Compressive strength test was con-
ducted on the proposed 150 mixes. The significance of each
parameter was analysed experimentally and validated by
optimization techniques involving the design of experiments
and Taguchi’s methodology. The influential parameter on
compressive strength development has been investigated. Six
mixes were chosen as the final optimized mixes by selecting
the oneswith the highest compressive strengths for eachBOF
slag replacement.

2 Research Significance

Concrete has been the most commonly utilized traditional
construction element involving ordinary Portland cement
(OPC) binders. In recent years, engineered cementitious
composites (ECC), when substituted for concrete, and
geopolymer, when substituted for OPC, thereby forming
geopolymer composites, have the potential to lower the sig-
nificant carbon footprint of the former. However, limited
past research studies have reported a variety of inferences.
This paper addresses a knowledge gap by developing an
engineered geopolymer composite (EGC) mix involving
untouched precursors, viz., Basic Oxygen Furnace (BOF)
slag and Iron Ore Tailings (IOT) as a partial replacement to
fine aggregate. This study presents the optimization results
of the proposed EGC based on their compressive strength
assessment, involving traditional and theoretical methodolo-
gies involving Taguchi’s theory and design of experiments.

3 Engineered Geopolymer Composites
(EGC): Evolution

Concrete has been the most essential construction element
over time; nonetheless, it has not been immune to well-
documented flaws. Concrete, being brittle, possesses low
tensile strength. To address this issue, the addition of fibres
to concrete (fibre-reinforced concrete—FRC) is a well-
established approach for reducing brittleness by minimizing
fracture formation and propagation. While the addition of
fibres to concrete (fibre-reinforced concrete—FRC) has been

effective in enhancing tensile strength, the improvement in
ductility has been relatively limited compared to engineered
cementitious composites (ECC) and engineered geopolymer
composites (EGC). Some FRCsmay exhibit comparable ten-
sile strengths to ECCs/EGC, but their tensile ductility can be
significantly lower. Furthermore, FRC continues to exhibit
a strain-softening tendency after first cracking under tensile
stress, as shown in Fig. 1 [65]. As a result, high-performance
fibre-reinforced cementitious composites (HPFRCC) were
created as a superior option to alleviate concrete brittle-
ness and poor tensile behaviour. Unlike FRC, HPRFRCC
exhibits strain-hardening after first cracking under tensile
loads. Strain-hardening usually occurs as a result of inelastic
deformation of the composite by the initiation of multiple
micro-cracks.

To distinguish this mechanism from the strain-hardening
phenomenon usually reported in metals, this inelastic defor-
mation occurs with an increase in load-carrying capacity,
referred to as Pseudo strain-hardening (PSH). HPFRCC vari-
antswere builtwith highfibre contents (up to 20%byvolume)
and obtained desirable improvements in tensile strength and
ductility. However, its substantial fibre content restricted
its field deployment due to economic issues. Engineered
cementitious composites (ECC) were then a novel type of
fibre-reinforced cementitious composites created and opti-
mized using micromechanical principles and as a result were
proven to display improved tensile ductility of 2–5% ten-
sile strain capacity relative to both conventional concrete and
fibre-reinforced concrete involving reduced fibre content of
up to 2% [66–70]. As these composites do not involve coarse
aggregate in their matrix, the amount of binder (cement) con-
sumption is high compared to conventional concrete, thereby
leading to environmental deterioration as cement is themajor
contributor to up to 8% of global anthropogenic emissions
[70]. Ongoing studies have been determinant in developing
new binder materials to be incorporated in the production of
ECC and thereby attaining a novel composite with strength
properties analogous to the former. An efficient and sustain-
able replacement to cement-based binders has been proposed
recently, involving geopolymer binders and the resulting
composite as engineered geopolymer composites (EGC) or
strain-hardening geopolymer composite (SHGC). EGC is
designed and bound to display robust PSH behaviour at low
fibre content, usually (< 2%) [38, 52, 55, 71, 72], using simi-
lar principles as engineered cementitious composites (ECC).
According to preliminary research, EGC, like ECC, has sig-
nificant tensile ductility and increased tensile and flexural
strength relative to conventional fibre-reinforced concrete.
However, due to the low fracture toughness of geopolymer
matrices, EGC could attain improved tensile ductility at a
considerably lower fibre percentage than ECC [38, 52, 55,
73, 74]. As a result, potential cost savings and greater feasi-
bility on serviceability can be attained.
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Fig. 1 Stress–strain graphs [65]

Fig. 2 Raw materials a steel
fibres b BOF slag c iron ore
tailings d fly ash

4 Experimental Investigation

A total of 900 cubes were cast from 150mixes by varying the
three parameters: IOT, SF, and FA percentages. The materi-
als used, mixture proportions, and experimental procedure
are explained in the following sections. 50 mm cubes were
made for compressive strength testing following IS-4031-P-
6:1988.

4.1 Materials andMethods

The raw materials used for this study are BOF slag (Fig. 2b)
and FA (Fig. 2d) as aluminosilicate precursors, IOT (Fig. 2c)

and M-Sand as fine aggregates, SF (Fig. 2a) as ductile rein-
forcements, and, NaOH and Na2SiO3 as alkaline activators.
The particle size distributions of all raw materials tested
at Central Instrumentation Laboratory (CIL), VISTAS, are
shown in Fig. 3. This graph plots the passing percentage of
these materials with the sieve size. XRF test results for BOF
slag, IOT, and fly ash are shown in Table 1. Class-F, low-
calcium fly ash (FA) has been utilized in this study (Fig. 2d).
It was sourced from Neyveli Lignite Corporation (NLC). It
has 5–10% lime conforming to standard specifications as per
IS 3812 (Part 1 and 2): 2003. Basic oxygen furnace slag
was used as an aluminosilicate precursor in this study. The
loose and compacted bulk densities of 0.93 kg/l and 1.00 kg/l
were observed when tested per IS:2386 (Part 3)-1963. The
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Fig. 3 Combined particle size distribution of test materials

distinctive chemical composition of BOF slag can signif-
icantly influence the mechanical properties of composites.
Previous studies have shown that incorporating BOF slag in
compositemixes can enhance compressive strength, improve
durability, and reduce the permeability of the resulting com-
posites [75, 76]. The higher content of SiO2 and Al2O3 in
BOF slag contributes to the formation of additional calcium
silicate hydrate (C–S–H) gel, which enhances the overall
strength and durability of the geopolymer composite. More-
over, the presence of MgO in BOF slag can contribute to the
formation of magnesium silicate hydrate (M–S–H) gel, fur-
ther enhancing the mechanical properties of the composites.
These unique characteristics differentiate BOF slag-based
composites from other slag-based composites and make it
a promising sustainable alternative for construction applica-
tions.

According to IS:2386 (Part 3)-1963, aggregate testing
methods were performed on IOT to measure its bulk density.
A loose bulk density of 1.89 kg/l and compacted bulk density
of 1.99 kg/l were observed. A specific gravity of 3.47 was
observed when tested according to IS:2720 (Part 3/Sec.1)-
1980. Considering the recent scenario of scarcity of river

Table 2 Properties of M-sand

Description Manufactured
sand

Standard limits as
per Zone-II as per
IS:383–2016

Specific gravity 2.7(SSD) 2.1 to 3.2

2.65(OD)

Water absorption (%) 1.9 Not more than 5%

Surface moisture Nil NA

Bulk density (kg/m3) 1660 Limit not specified

Bulk density—loose
condition (kg/l)

1.66 Limit not specified

Bulk
density—compacted
condition (kg/l)

1.75 Limit not specified

sand and the results of former studies showing the improved
performance of GPC when M-sand is used [77], the same is
used as a fine aggregate in this study. The various test results
showing the properties of M-sand is tabulated in Table 2.
These were done in accordance with IS:2386 (Part 3)-1963.
The fibres used in this study were 13-mm-long brass-coated
steel fibres (referred to SF, hereafter).

The mechanical properties of SF used, is shown in Table
3. The key roles of SF in the EGC is to increase the ulti-
mate tensile load and to induce ductility. Sodium silicate,
sodium hydroxide, potassium hydroxide, or a combination of
the three can be used to produce geopolymer concretemortar.
However,most studies have shown that using sodiumhydrox-
ide and sodium silicate together can increase the strength
of geopolymer concrete [78, 79]. The concentration of the
alkali solution is also found to influence the final product’s
strength [80] significantly. 12 M NaOH solution was used
for the study. This was made by dissolving 0.48 kg of NaOH
pellets in 1 L of water. The composition of the NaOH solu-
tion is shown in Table 4. Anhydrous sodiummetasilicate was
used in the powdered form, which was added directly to the
mixture. NaOH to Na2SiO3 molarity ratio of 2.5 was chosen
for this experiment. The properties of sodium metasilicate
are shown in Table 5.

Table 1 Chemical compositions of test materials—XRF analysis

Materials Percentage composition (%)

SiO2 Al2O3 Fe2O3 MgO CaO K2O Ti P2O5 SO3 Mn Ba Zr Zn

BOF 27.8 17.2 0.3 11.5 16.6 0.3 0.2 0.04 0.8 0.09 0.08 0.01 0.006

FA 57.3 34.0 3.7 1.6 1.3 0.9 0.6 0.4 0.1 0.04 0.03 0.02 0.01

IOT 24.9 23.9 32.8 0.6 0.2 1.03 0.4 0.08 0.01 0.08 0.01 0.01 0.008
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Table 3 Physical properties of
steel fibres Name Diameter Length Aspect ratio Tensile strength

Brass-coated steel fibre 0.21 mm 13 mm 61.904 3230.737 MPa

Table 4 Characteristics of 12 M—NaOH solution

Description Values

NaOH Pellets % in 12 M solution 48 (%)

Water % 52 (%)

Specific gravity, (12 M) 1.32

NaOH: Na2SiO3—molarity ratio 2.5

Table 5 Characteristics of Na2SiO3 powder

Description Test Result Specification

Sodium hydroxide as NaOH % by
mass

99.76 99.5 min

Sodium carbonate as Na2SiO3%
by mass

0.21 0.4. max

Chlorides as NaCl % by mass 0.020 0.10 max

Sulphates as Na2SO4% by mass 0.004 01.10 max

Silicate as SiO2% by mass 0.004 0.02 max

Iron as Fe ppm 6 20.00 max

Copper as Cu ppm BDL 2.00 max

Manganese as Mn ppm BDL 1.00 max

Chlorates and Perchlorates as
Na2CO3 ppm

1 10.00 max

Matter insoluble in water % by
mass

0.01 0.05 max

4.1.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed over the
BOF slag, FA, and IOT to determine its thermal stability and
weight loss characteristics. The materials are subjected to
high-temperature conditions, thereby assessing the amount
of weight loss recorded as a function of temperature and pro-
viding information on its thermal stability and decomposition
patterns. The results of TGA are obtained using a thermo-
gravimetric analyser involving a temperature range from 20
to 1000 °C. The graph includes three curves: DTA (differen-
tial thermal analysis), DTG (differential thermogravimetry),
and TG (thermogravimetry). By analysing the DTA curve,
we can identify the temperature ranges at which significant
thermal events occur. TheDTGcurve helps identify themate-
rial’s thermal stability and decomposition behaviour. The TG
curve represents the change in weight of the material as a
function of temperature and thereby helps in understanding

the thermal stability, volatile content, and composition of the
materials.

Basic Oxygen Furnace (BOF) Slag Figure 4 illustrates the
TGA curves for BOF slag, which revealed a weight loss of
2.7%. TheDTAcurve of BOF slag showed a scattered pattern
with distinct changes at different temperature ranges. The
initial negative values indicate the release of moisture and
volatile components in the slag. The upward trend from 150
to 450 °C suggests an exothermic reaction or crystallization
process within this temperature range. The dip in the curve at
730 °C could be attributed to the slag’s phase transformation
or structural changes. The sudden spike at 900 °C indicates
an endothermic reaction or the release of gases during fur-
ther thermal degradation. Overall, the BOF slag exhibited
a complex thermal behaviour with potential reactivity and
contributions to the geopolymerization process in EGC.

BOF’s DTG curve exhibited sharp spikes with ups and
downs, indicating various thermal events occurring within
the material. The initial negative values correspond to the
release of volatiles and moisture. The significant spike at
around 650 °C suggests a rapid exothermic or combustion
process. The subsequent dip indicates a decrease in the
reaction rate or thermal degradation. The overall thermal
behaviour of BOF slag suggests its potential contribution to
the geopolymerization process and the development of EGC
with improved mechanical properties.

The TG curve of BOF slag demonstrated a gradual
weight loss, primarily due to the evaporation of moisture
and volatiles at lower temperatures. The controlled weight
loss observed throughout the testing indicates the stability of
the slag and its suitability for high-temperature applications.
The minimal weight loss (0.7%) up to 1000 °C suggests the
retention of essential components and reinforces the potential
of BOF slag in EGC formulations.

Fly Ash (FA) Figure 5 shows the TGA plot for the proposed
fly ash used. The DTA curve of FA showed a scattered pat-
tern with positive and negative values. It can be observed
that FA exhibits a linear decrease in heat flow up to 100 °C,
reaching approximately − 6 uV. This trend continues until
200 °C, where minor deflections are observed, indicating the
release of moisture and volatiles. A notable change occurs
at around 180 °C, as the curve rises gradually, reaching a
peak at 430 °C (− 2 uV). This suggests an endothermic reac-
tion or the decomposition of carbonates or other compounds
in FA. The subsequent decrease in the curve from 430 to
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Fig. 4 TGA analysis—BOF slag

Fig. 5 TGA analysis—fly ash

800 °C, with a value of approximately − 4.5 uV at 800 °C,
indicates the thermal degradation of organic components
and further reactions. The curve remains steady up to 850 °C
and exhibits a small spike at 900 °C (− 3.8 uV) and
1000 °C (− 3.2 uV). The overall thermal behaviour of fly
ash highlights its potential reactivity and contribution to the
geopolymerization process in EGC.

The DTG curve of FA exhibited sharp spikes and fluctu-
ations, indicating various thermal events taking place within
the material. Initially, the curve shows a linear upward

trend, ranging from − 1 to 2 ug/min, up to 100 °C, cor-
responding to the release of volatiles and the combustion
of organic matter. Sharp spikes and dips in the plot were
observed within short temperatures, from 100 to 110 °C
(2–12 ug/min) and 150–170 °C (− 1–23 ug/min). The rel-
atively steady behaviour after 170 °C suggests a reduced
reactivity or thermal stability of FA fluctuating between 0
and 2.5 ug/min. However, the spike observed between 600
and 650 °C suggests the presence of reactive components
within this temperature range. These thermal characteristics
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Fig. 6 TGA analysis—IOT

indicate the potential of FA for geopolymerization reactions
and its role in improving the properties of EGC.

The TG curve of FA displayed thermal stability up to high
temperatures,withminimalweight loss (maintaining a steady
value of 17.25 mg up to 1000 °C). The controlled weight
loss observed throughout the testing indicates the stability of
FA and its suitability for high-temperature applications. The
DTA curve shows that FA experiences a significant exother-
mic reaction around 430 °C, which may be associated with
a phase transformation. The DTG curve highlights various
volatile components within FA, leading to fluctuating ther-
mal decomposition. The relatively low weight loss (0.46%)
up to 1000 °C further emphasizes the retention of essential
elements and underscores fly ash as a promising ingredient
for the development of EGC.

Iron Ore Tailings (IOT) The TGA plot for the IOT show-
ing the various curves is depicted in Fig. 6. The DTA curve
for IOT demonstrates a linear decrease in heat flow up to
70 °C, reaching a minimum of − 7.2 uV. This initial decline
is followed by a relatively stable range between − 7.2 uV
and − 6.8 uV up to 150 °C. Subsequently, the curve shows
a steady increase, reaching a peak value of 1 uV at 400 °C.
The curve gradually decreases from 400 to 550 °C, reach-
ing − 3 uV at 550 °C. It remains relatively stable from 550
to 650 °C at 0 uV and maintains this value up to 750 °C.
Beyond 750 °C, minimal changes are observed, with the
curve slightly increasing to 0.2 uV at 1000 °C.

The DTG curve of IOT displays sharp spikes and fluctu-
ations, similar to a stock chart. Initially, the curve exhibits

a linear upward trend, ranging from 48 to 62 ug/min, up to
50 °C. A sudden dip is observed from 50 to 120 °C, with the
DTG value decreasing from 62 to 12 ug/min. From 120 to
380 °C, the DTG values fluctuate between 5 and 15 ug/min
with nonlinear variations. Subsequently, a sharp spike is
observed at 400 °C, reaching a maximum of 42 ug/min, fol-
lowed by a sudden drop to 15 ug/min at 420 °C. Beyond
420 °C, the curve experiences a drastic upward trend, reach-
ing a peak value of 110 ug/min at 550 °C. From 550 to
1000 °C, the DTG curve exhibits a linear downward trend,
gradually decreasing to 0 ug/min at 1000 °C.

The TG curve reveals weight loss characteristics of IOT
during the TGA analysis. The initial weight of the sample
(17.88 mg) remains constant, up to 30 °C. Afterwards, a
gradual weight reduction is observed, following a nonlinear
exponential curve. At 100 °C, theweight reduces to 17.55mg
and decreases to 17.35 mg at 500 °C. Beyond 700 °C, the
weight loss stabilizes, maintaining a steady value of 16.8 mg
at 1000 °C. The maximum weight loss from the start of the
test (0 °C) until the end (1000 °C) is approximately 5.6%.

Based on the above results, it can be inferred that IOT is a
suitable material for incorporation into EGC. Its stable struc-
ture up to 1000 °C, good thermal stability, and low weight
loss make it a promising candidate for the development of
EGC. The use of IOT in EGC can also contribute to reducing
environmental waste and conserving natural resources.

The thermal stability analysis is performed using ther-
mogravimetric analysis (TGA), revealing the presence of
different weight loss stages and providing insights into the
materials’ thermal behaviour up to 1000° C.
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Table 6 Fly ash, IOT and SF percentages used in the study

Constituents Percentages

FA 100, 90, 80, 70, 60, 50

BOF 0, 10, 20, 30, 40, 50

SF 0.8, 1, 1.5, 1.8, 2

IOT 0, 10, 20, 35, 45

4.2 Mixture Proportions

FA, BOF, IOT and steel fibre (SF) percentages used in this
study are shown in Table 6. By varying these parameters,
a total of 150 mixes were made. A total of 6 cubes were
cast from each mix; for 7 and 28-day strength tests; mak-
ing a total of 900 cubes for the study. However, the ultimate
strength (28 day) was considered crucial and of concern in
this study. The 7-day strength was assessed to know the vari-
ation of strength between 7 and 28 days (Fig. 14). A 20%
extra addition is included in the final volume to consider all
the losses that may occur during the casting. The proposed
EGCdesignmix specifications are shown in Table 7. Accord-
ingly, the required amount of raw materials was purchased.
The sand-to-binder ratio (s/b) of 0.3 was used in this study.
From the studies conducted by Bellum et al. [81], an alkali-
to-binder ratio of 0.45 and NaOH/Na2SiO3 molarity ratio of
2.5 were chosen for this experiment.

4.3 Specimen Preparation

The mixing of EGC was initiated upon prior preparation of
the alkali activator solution [82]. The solid anhydrous sodium
hydroxide pellets were dissolved in the requisite tap water
and allowed to cool down for 24 h. All raw materials were
weighed and added to the mixer, ensuring uniform mixing
of the ingredients. Initially, FA, BOF slag, and anhydrous
sodium meta-silicate powder were dry mixed in the Hobart
mixer for fiveminutes and rotated atmediumspeed. Later, the

cooled down alkali activator solution was added to the mixer,
with water having 10% binder volume. It was mixed at a high
speed in the mixer for three minutes. Following, the mixer
was stopped, and steel fibres were added and rotated at low
speeds. When the fibres have fanned out, high speed rotation
was done for three minutes for it to get homogenously dis-
persed throughout the mix. The fibre dispersion and addition
methods were according to previous research recommenda-
tions [83], and the entire mixing process required around
15 min. The mixes were poured into the greased moulds in
two layers and properly tamped to avoid air pockets. The sur-
face of the semi-solid is levelled. The samples were covered
with tight plastic sheets to avoid contact with atmospheric
moisture. Afterwards, all samples were oven cured for the
initial 24 h (Fig. 7a) and followed by ambient curing by
wrapping the samples in thick plastic sheets to ensure that
no leaching occurred in the EGC samples that might result
in unnecessary deterioration of properties for the rest of the
period until their ultimate strength attainment (Fig. 7b).

4.4 Compressive Strength

The compressive strength of all the EGC trial mixes pre-
pared was evaluated according to ASTM C109 on 50-mm
cube specimens after 7 and 28 days of curing [84]. Three
specimens were prepared and tested for each material vari-
able listed in Table 6, thereby allowing the calculation of
standard deviations and the mean strength. The experimen-
tal tests were performed by applying pressure with a constant
loading rate of 1800 N/sec

4.5 Flexural strength

The flexural strength of various mixes was studied using
the three-point load method (Fig. 8) according to ASTM
C78/C78M-18 [85]. Prismatic specimens of dimensions 50
× 50 × 200 mm were to validate the ultimate load and the
corresponding flexural strength upon attaining their 7- and
28-day strength period.

Table 7 Engineered geopolymer
composite (EGC) mix
specifications

Materials SF 0.8% SF 1% SF 1.5% SF 1.8% SF 2%

Binder (kg/m3) 1562.4 1559.25 1551.375 1546.65 1543.5

Sand (kg/m3) 520.8 519.75 517.125 515.55 514.5

Fibres (kg/m3) 16.8 21 31.5 37.8 42

NaOH (kg/m3) 468.72 467.77 465.412 463.99 463.05

Na2SiO3 (kg/m3) 234.36 233.88 232.7 231.99 231.525
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Fig. 7 a Oven curing b ambient
cured samples

Fig. 8 Flexural strength test setup

5 Results and Discussions

5.1 Compressive Strength

The compressive strength (CS) wasmeasured using the com-
pressive strength testing machine (CTM) complying with IS:
516-1959 at the age of 7 and 28 days (CS 7 and CS 28). Three
specimens were prepared and tested for each material vari-
able listed (Table 8), thereby allowing the calculation ofmean
average strength. The experimental tests were performed by
applying pressure with a constant loading rate of 1800 N/sec.

5.1.1 Inferences

From the average 7- and 28-day compressive strengths listed,
the ultimate strength attainment at 28 days was consid-
ered for the overall 150 mixes. The compressive strength
plot (28 days) is shown in Fig. 9. Also, Fig. 10 shows the
combined plot showing the compressive strength variation
against all three parameters. The highest strength achieved
is 41.77 MPa and achieved at 60% FA, 1.5%SF and 45%
IOT content, which is evident in the graph. The trend fol-
lowed by average 28-day compressive strength against the
three parameters is shown in Figs. 11, 12, and 13. It can
be observed from Fig. 13 that there is a significant linear
increase in compressive strength to IOT.At 35% replacement

of m-sand with IOT, the average strength increased by 60%
when compared to the mixes without IOT. Strength dipped
at 45% replacement, possibly due to an increase in shrink-
age caused by IOT particles. This can be attributed to the
physical characteristics of the IOT particles. IOT typically
consists of fine particles with irregular shapes and high sur-
face area. Also, having high water absorption capacity due
to their porous and irregular microstructures, upon adding
to the EGC matrix, at high replacement levels (45% in this
case), the IOT particles absorb a significant amount of water
from the mixture causing an increase in the overall water
demand of the EGCmix. This reduces the water requirement
for the geopolymerization reaction between the FA: BOF
and the activated alkaline solutions. The resulting incom-
plete geopolymerization leads to weaker geopolymer bonds
and reduced compressive strength development and shrink-
age. Adding BOF slag caused a sudden increase in strength
compared to full FAcombination, as seen inFig. 11. Thismay
be attributed to the angular and tough texture of BOF slag and
its high alkalinity. This was in line with past studies show-
ing enhanced strength with increased slag content [86–88].
Moreover, this phenomenon can be attributed to several fac-
tors. BOF slag having an angular and tough texture enhances
the interlocking effect within the EGC matrix. This effect
improves the load transfer action and contributes to the over-
all strength development of the EGC [89]. Additionally, BOF
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Fig. 9 Average 28-day compressive strength (CS28) for the various (FA: BOF) EGC mixes
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Fig. 10 Multi-vari chart—average 28-day compressive strength (CS28)

Fig. 11 Effect of replacement of
FA by BOF slag on the ultimate
compressive strength (CS 28)

slag possesses high alkalinity considering its chemical com-
position, with a significant amount of calcium oxide (CaO)
[90]. The high alkalinity of BOF promotes the geopolymer-
ization reaction by providing a feasible environment for the
activation of FA and aids in the dissolution of silica and alu-
mina from FA particles, thereby forming geopolymeric gels
that contribute to the strength development of EGC [91]. 40%
FA replacement with BOF slag showed an average strength
of 39% greater than 100% fly ash mixes, but the growth
observed at 10% replacement started shrinking thereafter. At
1.5% SF combination, the strength peaked, but generally, the
increase in the SF composition showed a trend of decrease in
strength, as shown in Fig. 12 [92–94]. Figure 14 compares the
7- and 28-day compressive strengths of the EGC specimens.
It can be observed that they have comparable values as the

R-square value accounts for (~ 0.706). This result is in accor-
dance with the well-known property of geopolymer concrete
to have high early compressive strengths [95–97]. Table 9
details the average ratio of 7 and 28-day strength. The fre-
quency distribution of the strengths shown in Fig. 15 shows
that compressive strength of 10.8–15.5 MPa is the most fre-
quent in the test results. Figure 16 shows the box plot of
compressive strength values. Here, we can see that 50% of
the values lie between the first quartile (Q1), at 14.775 MPa,
and the third quartile (Q3), at 24. 275 MPa. The values have
an interquartile range of 9.5MPa. The highest value observed
during testing (41.77 MPa) is an outlier point. The top and
bottom whisker points are 36.77 and 6.1 MPa. The median
of the values can be observed in the plot as 17.96 MPa.
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Fig. 12 Effect of SF on the
ultimate compressive strength
(CS 28)

Fig. 13 Effect of IOT on the
ultimate compressive strength
(CS 28)

Fig. 14 7-day versus 28-day compressive strength (CS7 vs. CS28)

Despite this, in the case of FA/BOF-based EGC, out of
all 150 mix combinations considered, at least one mix per
binder combination, regardless of the SF and IOT%,was able
to exceed the compressive strength of conventional concrete
(M30 ~ 30 MPa) (Fig. 9). As a result, six optimized mixes
above this range were obtained (Table 10). This highlights
the exceptional strength-to-weight ratio displayed by these
materials.

TheEGCwith thehighest compressive strength (EGC-FA:
BOF-60:40-MS: IOT-55:45-SF-1.5, attaining (~ 41.8 MPa)
can be classified as an effective and sustainable alternative to
conventional concrete materials based on IS456:2000 spec-
ifications (i.e. 25 MPa > f′c < 55 MPa). Notably, this EGC
has a density 13.75% lower than conventional concrete and
demonstrates beneficial lightweight properties.

Furthermore, the compressive stress–strain behaviour of
all final optimized EGC mixes was determined to know the
expected strain-hardening (Fig. 17). Initially, the stress–s-
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Table 9 Average ratio of 7- and 28-day compressive strength

Steel fibre (%) Fine Aggregate IOT replacement (%) Average ratio of 7 and 28-day compressive strength(MPa)

100% FA 90% FA 80% FA 70% FA 60% FA 50% FA

0.80 0 0.80 0.93 0.94 0.64 0.80 0.92

10 0.71 0.94 0.93 0.62 0.95 0.95

20 0.92 0.96 0.98 0.72 0.88 0.94

35 0.86 0.96 0.95 0.67 0.81 0.98

45 0.58 0.93 0.93 0.79 0.84 0.98

1.00 0 0.52 0.73 0.87 0.67 0.87 0.86

10 0.46 0.63 0.73 0.55 0.84 0.97

20 0.52 0.63 0.75 0.70 0.97 0.83

35 0.36 0.65 0.85 0.86 0.69 0.79

45 0.45 0.70 0.92 0.96 0.89 0.97

1.50 0 0.63 0.72 0.82 0.90 0.43 0.44

10 0.91 0.84 0.78 0.90 0.37 0.44

20 0.83 0.91 0.94 0.92 0.39 0.30

35 0.68 0.91 0.99 0.94 0.71 0.53

45 0.91 0.94 0.87 0.92 0.58 0.51

1.80 0 0.83 0.83 0.87 0.88 0.84 0.83

10 0.81 0.89 0.90 0.88 0.86 0.84

20 0.63 0.89 0.95 0.86 0.86 0.86

35 0.75 0.88 0.95 0.89 0.92 0.90

45 0.78 0.89 0.91 0.89 0.94 0.89

2.00 0 0.81 0.87 0.87 0.81 0.91 0.87

10 0.78 0.89 0.79 0.86 0.81 0.87

20 0.66 0.76 0.84 0.86 0.82 0.79

35 0.66 0.92 0.94 0.84 0.89 0.92

45 0.73 0.88 0.92 0.88 0.95 0.92

Fig. 15 Frequency distribution of
ultimate compressive strength
(CS 28)
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Fig. 16 Boxplot on the ultimate compressive strength (CS 28)

Table 10 Optimized EGC mixes

Mix No. Mix Id

Mix 1 EGC-FA100-MS: IOT-65:35-SF-1.5

Mix 2 EGC-FA: BOF-90:10-MS: IOT-80:20-SF-0.8

Mix 3 EGC-FA: BOF-80:20-MS: IOT-65:35-SF-1.5

Mix 4 EGC-FA: BOF-70:30-MS: IOT-55:45-SF-1

Mix 5 EGC-FA: BOF-60:40-MS: IOT-55:45-SF-1.5

Mix 6 EGC-FA: BOF-50:50-MS: IOT-55:45-SF-1.5

Fig. 17 Typical stress–strain response of optimized EGC mixes

train curve of EGC follows a linear elastic behaviour, similar
to other materials. This region is characterized by elastic
deformation of the material, with stress released upon the
material’s return to its original shape. As the strain increases,
EGC enters the strain-hardening phase, exhibiting multiple
micro-cracking and fibre-bridging mechanisms contributing

Fig. 18 Flexural strength of EGC mixes

to its enhanced ductility. This strain-hardening behaviour
allows EGC to sustain higher strains without catastrophic
failure. Additionally, EGC reaches its maximum stress or
ultimate strength during the strain-hardening phase. This
strength is typically higher than that of traditional concrete
due to the presence of fibres and optimized mix design.
After reaching the ultimate strength, the stress–strain curve
gradually decreases, indicating a reduction in load-carrying
capacity. However, EGC maintains a significant residual
strength even after the peak load, exhibiting good post-peak
behaviour.

5.2 Flexural Strength

The flexural strength test results from the sustained flexural
load show a complex interaction between the suggested EGC
mixtures. Flexural strength ranges from 4.48 to 5.78 M Pa
for the proposed mixes (Fig. 18). The measured flexural
strengths were mix-1 (4.48 MPa), mix-2 (5.44 MPa), mix-
3 (5.09 MPa), mix-4 (3.88 MPa), mix-5 (5.78 MPa), and
mix-6 (4.46 MPa). The resistance to bending forces of the
EGC mixes followed similar patterns relating to their resis-
tance to compression. Mix-5 (EGC-FA: BOF-60:40-MS:
IOT-55:45-SF-1.5) had the highest flexural strength measur-
ing 5.78 MPa. This strength was connected with the highest
compressive strength previously determined for the same,
thereby improving its resistance to bending forces. Mix-4
(EGC-FA: BOF-70:30-MS: IOT-55:45-SF-1), on the other
hand, exhibited the lowest flexural strength (3.88MPa), indi-
cating a relatively lesser proportion of BOF slag content
and SF%, the fact that may have a detrimental effect on
their flexural strength. Interestingly, mix-2 (EGC-FA: BOF-
90:10-MS: IOT-80:20-SF-0.8) also showed a greater flexural
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Fig. 19 Correlation between compressive and flexural strength—EGC
mixes

strength (5.44 MPa), demonstrating that the higher FA con-
tent andMS: IOTmaycompensate for the lowerSF% in terms
of flexural strength. Alternatively, mix-3 (EGC-FA: BOF-
80:20-MS: IOT-65:35-SF-1.5) exhibited a flexural strength
of 5.09 MPa, indicating that increasing the BOF slag con-
tent and retaining a modest MS: IOT ratio can still provide
high flexural strength, especially at higher SF percentages.
Additionally, mix-6 (EGC-FA: BOF-50:50-MS: IOT-55:45-
SF-1.5) demonstrated a flexural strength of 4.46 MPa. This
implies that a high flexural strength may not always be
achieved upon maximum replacement of IOT or slag, espe-
cially at higher SF% levels.

5.3 Correlation between Compressive and Flexural
Strength

The correlation between flexural strength and compressive
strength is proposed as a result of regression analysis of
data generated by destructive testing in the laboratory. It is
observed that a reasonably good relationship between these
two parameters exists for the optimized EGCmixes (Fig. 19).

The regression analysis followed a trendline, represented
by the FS � 0.1845 CS − 1.6899 equation, (FS—flexural
strength; CS—compressive strength). This equation sug-
gests a positive linear relationship between the compressive
strength and flexural strength of the EGCmixes. As the com-
pressive strength increases, the flexural strength increases at a
slower rate, as indicated by the slope of (0.18448± 0.03638).
TheR-square value obtained from this linear regression anal-
ysis is 0.865, indicating that approximately 86.5% of the
variation in flexural strength can be explained by the variation
in compressive strength. This high R-square value suggests
a strong correlation between the two variables. The adjusted
R-square value of 0.83168 further confirms the robustness

of the model, taking into account the number of predictors
in the model. The residual sum of squares, a measure of the
discrepancy between the data and an estimation model, is
relatively low at 0.33668, indicating a good fit of the model
to the data. Finally, Pearson’s r value of 0.93024 signifies a
strong positive correlation between the compressive strength
and flexural strength of the EGCmixes. This high correlation
coefficient further validates the strong relationship between
these two variables, reinforcing the reliability of the regres-
sion model.

In conclusion, the correlation study provides a strong and
positive relationship between the compressive strength and
flexural strength of the optimized EGC mixes. This cor-
relation is crucial in understanding the behaviour of these
mixes under different loading conditions, thereby aiding in
the design and application of EGC in various structural ele-
ments.

5.4 Analysis of Variance (ANOVA)

Analysis of variance (ANOVA) was performed on the test
results to find the significance of different parameters and
their interactions. The data interpretation was done based
on Minitab software. ANOVA is a statistical technique used
to compare the means of two or more groups to determine if
there are any significant differences. This study usedANOVA
to assess the effect of variables (FA/BOF; %IOT and %SF)
on compressive strength. ANOVA starts by defining the null
and alternative hypotheses. The null hypothesis assumes
no differences between group means, while the alternative
hypothesis suggests at least one mean is different. ANOVA
models vary depending on the study design. The most com-
mon ANOVA models are one, two, and repeated measures.
The model chosen depends on the number of independent
variables and their levels.

Degrees of freedom (DF) indicate the number of indepen-
dent pieces of info used to estimate population parameters.
Degrees of freedom are used to calculate critical values for
hypothesis testing. AdjMS is obtained by dividingAdj SS by
their degrees of freedom. The mean square between groups
(MSB) shows variation between group means, and mean
square within groups (MSW) shows variation within each
group. The F value is MSB/MSW. The p value measures
the probability of getting the observed F-statistic or a more
extreme value under the null hypothesis. Compared to a pre-
set significance level (usually 0.05), it helps determine if
groupmean differences are statistically significant. A p value
less than the significance level suggests significant group
mean differences, while a higher p value indicates insuffi-
cient evidence of difference.
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Table 11 Analysis of variance
Source DF Adj SS Adj MS F Value P Value

Model 7 1867.36 266.77 6.49 0

Linear 3 1834.54 611.51 14.88 0

FA 1 305.37 305.37 7.43 0.007

SF 1 163.07 163.07 3.97 0.048

IOT 1 1367.35 1367.35 33.27 0

Two-way interactions 3 32.51 10.84 0.26 0.851

FA*SF 1 0.83 0.83 0.02 0.887

FA*IOT 1 31.66 31.66 0.77 0.382

SF*IOT 1 0.03 0.03 0 0.98

Three-way interactions 1 2.58 2.58 0.06 0.803

FA*SF*IOT 1 2.58 2.58 0.06 0.803

Error 142 5836.3 41.1

Total 149 7703.66

Fig. 20 Pareto chart of the
standardized effects

5.4.1 Inferences

Upon analysis and data acquisition by the Minitab software,
as shown in Table 11, it was observed that the p values of all
three independent variableswere lower than 0.05, confirming
the hypothesis that they significantly affect the compressive
strength values. The two and three way interactions were
found to be not significant. The same can be seen in the Pareto
chart (Fig. 20), where the bars representing factors FA, SF,
and IOT cross the reference line at 1.977. These factors are
statistically significant at 0.05 with the current model terms.
The regression equation found from the analysis is as follows:

CS28 � 26.0 − 0.092FA − 4.69SF + 0.204IOT

+ 0.033FA ∗ SF − 0.00021FA ∗ IOT

+ 0.075SF ∗ IOT − 0.00103FA ∗ SF ∗ IOT

The R-squared value and its adjusted and predicted values
are 24.24%, 20.51%, and 14.67%, respectively.

While the R-squared values being low, it is important to
note that the complex nature of the precursors, fine aggre-
gate materials and their parameters involved. EGC being
influenced by multiple interactive factors, it is challenging to
model with high accuracy using linear regression. However,
the regression equation provides useful insights into the rel-
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Table 12 Levels of factors

Constituents Type Level Percentages

BOF Fixed 5 10, 20, 30, 40, 50

SF Fixed 5 0.8, 1, 1.5, 1.8, 2

IOT Fixed 5 0, 10, 20, 35, 45

ative impacts of different variables on compressive strength
development. Also, the p values from ANOVA confirm that
FA, SF, and IOT content each have a statistically significant
effect on compressive strength at the 0.05 level. This sug-
gests that the regression equation provides a reasonable fit,
capturing the main trends in the data.

5.5 Taguchi Method of Analysis

The Taguchi method of analysis, developed by Genichi
Taguchi, is a statistical approach used to optimize prod-
uct and process designs. It aims to minimize variation and
improve quality by identifying and controlling key factors
influencing performance. The test methodology consists of
two main steps: (1) system design: the design parameters
and their respective levels are determined. These parame-
ters are the factors affecting the performance of EGC, and
the levels represent the different settings or values each
parameter can take. (2) Parameter design: upon fixing the
design parameters and levels (FA: BOF;%IOT;%SF), exper-
iments are conducted to determine the optimal combination
of parameter settings. Taguchi employs an orthogonal array,
a structured experimental design that allows for efficient
testing of multiple factors simultaneously with a minimal
number of experiments, thereby reducing time and cost.
Taguchi emphasizes the “loss function”, which quantifies the
cost or loss associated with deviations from the desired tar-
get value. Considering the loss function, the design can be
optimized to minimize the impact of variations and improve
overall quality.

5.5.1 Inferences

FromTable 12, we infer that there are three parameters (BOF,
SF, and IOT) with five levels each. BOF slag replacement is
used instead of FA percentage to simplify the calculations.
Since the highest value is five, we can use an L25 orthogonal
array with three variable parameters, as shown in Table 13.

According to theTaguchimethod, the signal-to-noise ratio
(S/N) of eachmachining parameter levelmust be assessed for
each output function to find the optimal machining parame-
ters. The highest S/N of the considered machining parameter
levels indicates an optimal level. Minitab software is used
for the Taguchi analysis, and the variable parameters along

Table 13 L25 array

Experiment BOF SF IOT

1 10 0.8 0

2 10 1 10

3 10 1.5 20

4 10 1.8 35

5 10 2 45

6 20 0.8 10

7 20 1 20

8 20 1.5 35

9 20 1.8 45

10 20 2 0

11 30 0.8 20

12 30 1 35

13 30 1.5 45

14 30 1.8 0

15 30 2 10

16 40 0.8 35

17 40 1 45

18 40 1.5 0

19 40 1.8 10

20 40 2 20

21 50 0.8 45

22 50 1 0

23 50 1.5 10

24 50 1.8 20

25 50 2 35

Table 14 Response table for S/N ratios

Level BOF SF IOT

1 26.11 26.07 25.3

2 26.33 25.62 24.77

3 25.41 27.53 24.78

4 25.92 25.53 28.44

5 25.06 24.18 25.65

Delta 1.27 3.35 3.67

Rank 3 2 1

with their 28-day compressive strength values, were input
to Minitab. Response tables for signal-to-noise ratios are
derived as shown in Table 14. Main effect plots for SN
ratios are drawn to find the optimum mix conditions shown
in Fig. 21.

Since the IOT has the lowest rank (1), it can be inferred
that it has themost significant effect on compressive strength;
likewise, BOF has the least impact on compressive strength.
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Fig. 21 Main effect plot for SN
ratios

6 Conclusions

A total of 150 mixes or 900 cubes (6 cubes per mix) were
prepared to optimize the engineering grade concrete (EGC)
with the inclusion of fly ash, basic oxygen furnace slag (BOF
slag), iron ore tailings (IOT), and steel fibres (SF). The com-
pressive strengths at 7 days and 28 days were measured and
analysedusingTaguchi’smethod andother statistical tools on
Minitab software. To gain a better understanding of the trends
and influence of the independent variables on the dependent
variable, graphswere plotted. For this study, three parameters
were varied: the percentage of fly ash (6 levels), the percent-
age of IOT (5 levels), and the percentage of steel fibre (5
levels). This resulted in a total of 150 mixes. The mixes were
classified into six groups based on thefly ash percentage,with
each group containing 25 mixes. The mixes with the highest
28-day compressive strengths from each group were selected
as the optimum mixes. Thus, each mix represented a unique
combination of fly ash. The observations and conclusions are
as follows:

• The highest compressive strength achieved was
41.77 MPa, which was obtained with a fly ash per-
centage of 60%, steel fibre percentage of 1.5%, and IOT
percentage of 45%. It was observed that an increase in
the percentage of IOT led to a nearly linear increase in
strength. The addition of BOF slag as a replacement for
fly ash was successful and resulted in a sudden increase
in strength, even at a 10% replacement level. The highest
strength values were obtained with a steel fibre percentage
of 1.5%, although an overall increase in fibre content led
to lower compressive strength values.

• All the independent parameters were found to be statis-
tically significant, except for the interactions. According
to the Taguchi’s method, IOT had the most influence on
compressive strength, followed by steel fibre andBOF slag
replacement. These findings demonstrate the suitability
and potential of BOF slag, fly ash, and IOT in the devel-
opment of lightweight EGC, which is supported by XRF
and TGA analysis.

• The experimental results indicate that the mix consisting
of EGC-FA: BOF-60:40-MS: IOT-55:45-SF-1.5 achieved
the highest compressive strength (41.8 MPa) and flexu-
ral strength (5.78 MPa) among the tested variants. This
highlights the potential of steel fibre-reinforced EGC in
structural applications. The optimumcompressive strength
in the EGC was achieved with a steel fibre content of
1.5%, while the most influential parameters on compres-
sive strength were found to be IOT, followed by steel fibre
and BOF slag replacement.
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