Article

Feasibility and Sustainable e g e

oge ° 1-19
Utilization of Cupola Slag © The Author(s) 2026
for Eco-Friendly Industrial D oty ore

@ THE INSTITUTE
iy OF INDIAN
FOUNDRYMEN

Woaste Management

Rakesh Sikder' 22/ Debasis Sau3"”,
Soumyabrata Chakravarty”/] Partha Haldar®(2,
Saroj Mandal®, Titas Nandi'(®) and Goutam Sutradhar®

Abstract

Castiron remains one of the most widely used alloys in modern industrial applica-
tions, with cupola furnaces being the most economical and commonly employed
melting units. The melting of pig iron, scrap metal and flux in a cupola furnace
generates a significant quantity of oxidized by-product known as cupola slag,
which is presently classified as industrial waste and predominantly disposed of in
landfills, posing environmental concerns. This study aims to systematically evalu-
ate the potential of cupola slag as a sustainable construction material by com-
paring its characteristics with established industrial by-products, such as fly ash
and ground granulated blast furnace slag. The physical and chemical properties
of cupola slag were analysed using standard testing methods, with its chemical
composition determined by X-ray fluorescence spectroscopy. The R3 reactivity
test classified cupola slag as a pozzolanic, low-reactivity material. Leachability
tests confirmed that the slag is non-toxic and complies with regulatory limits
for hazardous elements. A life cycle assessment revealed that landfill disposal
of cupola slag results in a global warming potential of approximately 32.12 kg
CO,-equivalent per kilogram of slag. Furthermore, a comparative performance
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2 Sustainable Manufacturing and Foundry Practices

evaluation was conducted to assess its suitability as a partial or full replacement
for cement and natural aggregates in concrete. The results demonstrate that
cupola slag exhibits promising potential as a sustainable supplementary material
in cement concrete, offering significant environmental benefits by reducing land-
fill disposal, conserving natural resources and promoting eco-friendly construc-
tion practices.
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Introduction

Rapid industrial expansion to meet the demands of an expanding population is a
major contributing factor to the growing amount of industrial waste produced and
discarded each year (Cheah et al., 2021; Sikder et al., 2025). In 2020, global cast-
ing production was estimated at roughly 105 million metric tons, based on data
from the Statista Research Department (n.d.). With 51.95 million metric tonnes,
China led the world in production. India came in second with 11.31 million metric
tonnes, or roughly 11% of the total. As shown in Figure 1(a), global casting pro-
duction from 2018 to 2020 reveals yearly variations in overall output among the
major producing countries. This exceeded the production of the United States,
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Figure 1(a). Global production of casting, 2018-2020.

Source: Statista Research Department (n.d.).
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which occupied the second position in 2019. As a result, the steel and iron indus-
tries produce large amounts of sludge and slag on a daily basis, either as waste or
by-products, including cupola slag, ground granulated blast furnace slag (GGBS),
and fly ash (Gencel et al., 2021). The cupola is employed for melting pig iron and
fluxes to produce grey cast iron, with a secondary product known as cupola slag.
Cast iron manufacturing results in the generation of roughly 40-80 kg of slag per
metric ton (Aderibigbe & Ojobo, 1982; Sikder, Chakravarty, Haldar, Nandi,
Mandal, et al., 2023). The chemical makeup of cupola slag is greatly influenced
by the melting process in a cupola as well as the composition of the input materi-
als. Scientists have found that cupola slag typically includes substances such as
Al,O;, MnO, SiO,, MgO, TiO,, CaO, Fe,03, Cr,O3; and Na,O (Balaraman &
Ligoria, 2015; Chakravarty, Sikder, et al., 2023a; 2023b; 2024). During the cool-
ing process, slag viscosity and crystallization behaviour are directly influenced by
its chemical composition. As a result, the porosity, dimensions and characteristics
of the solidified slag vary with composition, thereby affecting its suitability for
different applications (Baricova, 2018). The melting process in 21,532 of the
47,145 cast iron plants worldwide is carried out in cupola furnaces. With an
annual cast iron production of around 11 million tonnes out of a global total of
47.795 million tonnes, India plays a significant role in the industry. Nearly 5,000
cupola furnaces across the country generate 7—8 million tonnes of cast iron per
year, leading to the production of approximately 0.4—0.5 million tonnes of cupola
slag annually (Chakravarty, Haldar, et al., 2023). Preservation of natural resources
and addressing the impact of global warming are paramount concerns in today’s
environmental discourse. The disposal of waste in landfills can lead to the pollu-
tion of air, water and soil, resulting in adverse effects on the growth of vegetation,
plant life and human health. In recent years, the recycling of industrial slag has
become a central focus for various academics, driven by the shared goal of safe-
guarding the global environment (Pribulova et al., 2019). Currently, a growing
number of researchers are actively exploring alternative and practical applications
for cupola slag within the construction industry. This versatile material has the
potential to replace coarse and fine aggregates, as well as cement, in the produc-
tion of concrete, opening up new avenues for sustainable construction practices.
In its composition, concrete typically consists of a blend of cement, fine aggre-
gates and coarse aggregates (Alabi & Afolayan, n.d.). It is important to note that
the production of cement results in a significant release of CO, and other green-
house gases, which have adverse environmental implications. For instance, the
production of 1 ton of Ordinary Portland Cement (OPC) clinker leads to the emis-
sion of 1 ton of CO, and other harmful greenhouse gases that pose environmental
hazards. In the composition of concrete, natural aggregates typically account for
60%—70% of the total volume of materials. The role of fine aggregate within con-
crete is of paramount importance, constituting around 30% of the total concrete
mix volume (Waseem & Singh, 2016). The workability and cohesiveness of con-
crete are strongly influenced by the effectiveness of fine aggregates in occupying
the voids between larger aggregate particles and the cement paste. Historically,
natural river sand has been the principal source of fine aggregates for concrete
(Waseem & Singh, 2016). However, in an effort to conserve natural resources and
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Figure 1(b). Co-occurrence Network of Keywords.

mitigate environmental pollution and waste generation associated with landfills,
various types of industrial waste, including blast furnace slag, copper slag and
steel slag, have been explored as alternative substitutes for natural river sand in
concrete production. The construction sector stands as the foremost consumer of
materials on a global scale, with an ever-increasing demand for building materi-
als. Currently, worldwide consumption exceeds an impressive 60 gigatons per
year (Thomas et al., 2021). In response to the growing demand for construction
materials and the increasing emphasis on environmental sustainability, the effec-
tive use of slags in concrete has gained significant importance. Consequently,
extensive research has been undertaken to evaluate the potential of slags as viable
construction materials. The primary focus of this study is to explore the viability
of integrating cupola slag as an alternative to conventional building materials
within the construction sector. Figure 1(b) displays the publication years of the
literature containing the specified keywords.

This research aims to reduce the environmental impact of industrial waste dis-
posal while conserving natural aggregate and cement resources. It also seeks to
advance sustainable construction practices. However, prior studies show minimal
research on the use of cupola slag as a replacement for cement, fine aggregates
and coarse aggregates, and only a few studies have examined the leachability and
life cycle assessment (LCA) of virgin cupola furnace slag. Thus, the viability of
using cupola slag in concrete in place of cement, fine aggregate and coarse aggre-
gate is investigated in this work. It also carries out a thorough laboratory analysis
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to evaluate the leachability characteristics of cupola slag in addition to its physical
and chemical attributes. Moreover, an LCA methodology is utilized to assess the
ecological consequences of cupola slag disposal in landfills. Through a case study,
the study also looks at how partial substitution affects the performance of concrete
made with cupola slag, offering useful insights.

Materials and methodology

Cupola slag collected from Binay Udyog Pvt Ltd., Howrah, West Bengal, India,
was processed by ball milling to prepare it for application as a substitute for
cement as well as natural coarse and fine aggregates. Fresh river sand, with par-
ticles passing through a 4.75 mm sieve, has been chosen as the fine aggregate for
this study as standard. This selection underscores the relatively small size of the
sand particles, which makes them well-suited for use in concrete production. To
ensure the fine aggregates conform to the specifications outlined in IS 383: 2016
(Indian Standards Institution, 1970), a sieve analysis has been conducted. Crushed
rock serves as the primary natural coarse aggregate in this study as standard, while
crushed cupola slag (Figure 2(a)) is utilized as a partial replacement for coarse
aggregate. Both of these aggregates have been carefully selected, with their

Figure 2. (2) untreated cupola slag, (b) cupola slag prepared as coarse aggregate and (c)
cupola slag prepared as fine aggregate.
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particle sizes falling within the range of 20 mm and 4.75 mm. The physical prop-
erties of aggregate and cement were tested in the lab for suitability analysis.

Compliance of the coarse aggregates with IS 383: 2016 (Indian Standards
Institution, 1970) was assessed through sieve analysis, along with an evaluation of the
physical properties of cupola slag fine and coarse aggregates. Figures 2(b) and 2(c) are
assessed through measurements of specific gravity, bulk density and water absorption.
Impact, crushing and abrasion tests were conducted to assess the mechanical proper-
ties of cupola slag and natural coarse aggregates, as specified in IS 383: 2016 (Indian
Standards Institution, 1970). Using an X-ray diffraction (XRD) instrument made by
Rigaku Corporation and an X-ray fluorescence (XRF) analyser (a Rigaku ED-XRF
Model-NEX DE Analyser), the chemical composition and mineral phases found in
cupola slag were identified. Heavy metal levels in cupola slag were assessed using a
modified Toxicity Characteristic Leaching Procedure. For testing, cupola slag was
ground into a powder and sieved through a 10-mm mesh screen.

Shaking of each flask was carried out at 60 rpm for 18 hours under ambient
temperature conditions (~25°C). The prepared solution contained 5.7 mL of 98%
glacial acetic acid, 64.3 mL of 1 N NaOH solution and 100 g of crushed cupola
slag. A variety of analytical techniques, including GC-MS for organic compounds
and ICP-MS for heavy metals, were used to examine the resultant leachate sam-
ples for contaminants or parameters of interest.

The environmental impacts of cupola slag disposal were evaluated using
Ecoinvent (2022) data and OpenLCA 2.1, following the ISO 14040 (LCA
Consequential, 2015) framework, which includes goal and scope definition, inven-
tory analysis, impact assessment and interpretation. Disposal-related environmental
impacts were assessed using XRF-derived material composition as input data, with
disposed slag defined as the environmental output and transportation effects
excluded. The ReCiPe Midpoint (H) 2016 method was employed, and a case study
on partial replacement of natural aggregates in concrete was also examined.

Results and Discussions

Physical Properties

Assessment of cupola slag as a concrete aggregate was carried out by examining
its physical characteristics, such as colour, appearance, structure, particle size,
water absorption, bulk density and specific gravity. Generally, the slag exhibits a
vitrified and dense structure, with colour variations from green to brown (Pribulova
et al., 2018). Additionally, the size and colour of cupola slag can differ due to
variations in operating procedures and the quality of metal processed in the fur-
naces. Research studies (Agarwal et al., 1991; Baricova, 2018; Pribulova et al.,
2018; Pribulova et al., 2019) have identified two distinct types of cupola slag
based on their cooling methods. Cupola slag occurs in two forms: a slowly cooled,
grey crystalline slag that is crushed into gravel-sized particles for use as aggre-
gate, and a granulated slag produced by rapid water quenching, which forms a
glassy material suitable for cementitious applications. Based on particle size,
cupola slag can be classified as cementitious material (=75 um), fine aggregate
(<4.75 mm) and coarse aggregate (10-20 mm).
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Table I. Physical Characteristics of Cupola Slag as Coarse Aggregate and Natural
Coarse Aggregate.

Physical Properties Cupola Slag Coarse Aggregates  Natural Coarse Aggregates
Zone | |

Bulk density (kg/m?3) 1,400 1,600

Water absorption 1.8% 0.6%

Specific gravity 281 2.79

Table 2. Physical Characteristics of Cupola Slag as Fine Aggregates and Natural Fine
Aggregates.

Physical Properties Cupola Slag Fine Aggregates Natural Fine Aggregates
Zone | |

Water absorption 1.65% 2.4%

Specific gravity 2.14 2.65

Table 1 shows that cupola slag used as coarse aggregate has lower bulk density
and higher water absorption than natural coarse aggregates due to its porous struc-
ture, while differences in specific gravity influence concrete density and durabil-
ity. Overall, the physical properties indicate that cupola slag can partially replace
natural coarse aggregates and closely match natural fine aggregates, making it a
potential substitute in concrete applications. Table 2 presents the physical proper-
ties of natural fine aggregates and cupola slag as fine aggregates. The gradation of
aggregates, including the cupola slag, as established by sieve analysis, is shown in
Figure 3. Based on particle classification, 5% of the cupola slag particles were
gravel-sized, while 95% were sand-sized.

Workability

The flow table test (Figure 4) results indicate that the flowability of cupola slag-
based cement ranges from 120% to 160%. The glassy structure and spherical par-
ticles of finely ground cupola slag promote improved flow by minimizing internal
friction. Consequently, composite materials exhibit enhanced flowability as the
proportion of natural aggregates replaced by fine and coarse cupola slag increases.
This implies that the cohesiveness of the mixture is impacted by the addition of
cupola slag. Furthermore, the cupola slag-based coarse aggregate is well-graded
gravel, and the cupola slag-based fine aggregate is well-graded sand, according to
sieve analysis (Figure 3).

Mechanical properties

Mechanical tests on fine and coarse aggregates, including crushing, abrasion and
impact tests, indicate that due to its porous nature and distinct grading, cupola slag
performs comparably to natural fine aggregates and can serve as a suitable
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Figure 4. Flow Table Test of Cupola Slag-Based Cement.

substitute in high-quality concrete. However, the significantly lower crushing
strength of cupola slag compared to natural coarse aggregates (Figure 5) makes it
unsuitable as a replacement for coarse aggregates in high-grade concrete.
Concrete compressive strength increases with lower water—cement ratios and
higher replacement levels of cupola slag as fine aggregate, primarily due to
improvement of the interfacial transition zone and pore-filling effects that create
a denser microstructure. These results indicate that replacing conventional materi-
als with cupola slag up to an optimum percentage does not compromise the
strength requirements specified in design standards. Although cupola slag



Sikder et al. 9

40.00%
35.00% -
30.00% -
25.00% -
20.00% -

15.00% A
10.00% A
5.00% -
0.00% T T

Cupolaslag Natural coarse Natural fine  Cupola slag
based coarse  aggregates aggregates based fine
aggregates aggregate

W Crushing value @ Impact value @ Abrasion value

Figure 5. Mechanical Properties of Cupola Slag and Natural Coarse Aggregates.

possesses relatively good mechanical properties, its inherently porous structure
increases concrete porosity when used as coarse aggregate, thereby diminishing
compressive strength (Sikder et al., 2024; Waseem et al., 2021).

The addition of cupola slag as a partial cement replacement has a substantial
effect on concrete compressive strength, with strength enhancement occurring at
replacement levels below the optimal 50%. Previous investigations (Aderibigbe
& Ojobo, 1982; Alabi & Afolayan, n.d.; Kubiliute et al., 2018; Thomas et al.,
2021) have demonstrated improved compressive strength values for concrete con-
taining cupola slag as a cementitious material within the 5%-30% replacement
range. Additionally, research (Rodriguez-Mendoza et al., 2012) has examined the
cementitious behaviour of cupola slag (ranging from 10% to 80%) in combination
with calcium sulphate cement and Portland cement as activation materials. The
maximum replacement level attained was 80%, comprising 15% anhydrite cal-
cium sulphate cement and 5% Portland cement. Furthermore, a patented method
(Sosa et al., 2021) was developed for producing slag cement using cupola slag.
The highest recorded compressive strength of 7,000 psi was achieved with an
optimized cupola slag content of 35%, which was characterized by a Blaine’s
surface area of 6,000-6,500 cm?/g.

Research by Sosa et al. (2020) on concrete incorporating electric arc furnace
slag and cupola slag supports these findings. They observed that cupola slag
particles integrate well with the cement paste and natural aggregate forming com-
pounds in the shape of parallel hexagonal plates, which are consistent with
hydrated calcium aluminosilicates. These findings are consistent with the report
(Sosa et al., 2020) that the addition of cupola slag increased compressive strength.
By incorporating cupola slag, the concrete’s porosity is reduced, increasing its
density and compressive strength.
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Hydraulicity

One of the main characteristics of slag that greatly affects its binding behaviour is
its hydraulicity or pozzolanicity. The setting characteristics of both cementitious
and supplemental cementitious materials are determined by these properties
because they undergo chemical reactions when mixed with water and continue to
react even after hardening under extended water curing (Aristizabal et al., 2014).
Earlier, a study (Pribulova, 2018) illustrated the granulated cupola slag’s hydrau-
lic qualities and its possible application as an activator in the manufacturing of
cement. The pozzolanic reaction index at 28 days was 25% for raw cupola slag
and 30% for calcined cupola slag when mixed with Portland cement, according to
Aderibigbe and Ojobo’s investigation into calcination to increase its reactivity.
Nonetheless, it was discovered that a minimum pozzolanic activity index of 85%
was necessary for slags, suggesting that cupola slag is comparatively less reac-
tive. Furthermore, the study verified that cupola slag reacts more slowly than
slags from blast furnaces. Thomas et al. (2021) conducted a pozzolanicity test in
compliance with EN 196-5, a standard that measures hydroxyl ion and calcium
oxide concentrations. With CaO levels of 6.4 and OH™ values of 58, the results
showed that cupola slag satisfies the pozzolanicity requirements. To further exam-
ine the hydraulic and pozzolanic properties of cupola slag, another researcher
(Meshram et al., 2022) carried out an altered R3 test. The calcium hydroxide
consumption levels of the two cupola slag samples examined in this study were
42 ¢/100 g and 43 g/100 g of supplementary cementitious material (SCM), respec-
tively, with corresponding heat release values of 219 J/g SCM and 207 J/g SCM.
Cupola slag is categorized as a ‘pozzolanic, less reactive’ material based on these
findings. It does, however, also fall on the line between the ‘pozzolanic, less reac-
tive’ and ‘latent hydraulic, less reactive’ categories because of its crystalline
nature. Numerous studies show that concrete containing cupola slag achieves
greater strength in later curing stages as opposed to early-age curing because of its
pozzolanic properties (Raja & Kumar, 2023).

Leachability Test

Leaching is the process by which heavy and toxic materials dissolve and are
released when industrial waste and water come into contact. Extreme conditions,
such as extremely acidic or alkaline environments, make this process worse.
There are serious health and environmental hazards when the resultant leachate
contaminates soil and water sources. Cupola furnace slag contains concentrations
of several heavy and toxic metals, such as nickel (0.02 mg/L), chromium
(0.05 mg/L), mercury (0.001 mg/L), copper (0.02 mg/L), lead (0.01 mg/L), zinc
(0.02 mg/L) and cadmium (0.002 mg/L), according to the leachability test results.
The contaminants present in the slag and their corresponding concentrations are
revealed by these results. Cupola furnace slag is classified as a non-hazardous and
non-toxic material because the data show that it contains very low levels of heavy
and toxic substances. To create green concrete, cupola furnace slag can be utilized
as an aggregate, providing a sustainable building option that is less harmful to the
environment (Rodrigues et al., 2017; Thomas et al., 2021).
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Table 3. Chemical Components of Cupola Slag, GGBS.

Component (wt. %) Cupola Slag GGBS Fly Aash OPC
SiO, 53.1 34.62 50.2 21.6
AlLO, .1 11.82 22 5.9

Fe,O, 16.1 2.73 18.3 33

CaO 10.7 37.37 42 61.9
MgO 333 9.43 9.9 43

SO, 0.9 1.42 0.6 1.23
K,O 1.05 0.5 2.9 -

Source: Ainie Mat Dom et al. (2022), and for fly ash, Bhatt et al. (2019).

Chemical composition analysis

The chemical composition of concrete materials strongly influences their mechan-
ical performance and durability. Table 3 compares the chemical composition
(wt.%) of cupola slag with commonly used construction materials—GGBS, OPC,
and fly ash—based on XRF analysis of the cupola slag.

Si0, was found to be the predominant constituent of the cupola slag, consistent
with the XRD analysis. Cupola slag’s composition also contained a number of
additional metal oxides, all of which were within permissible bounds. It is worth
noting that the chemical composition of the cupola slag, as reported in prior aca-
demic studies by Mistry and Varia (2020) and Sikder, Chakravarty, Haldar, Nandi,
and Sutradhar (2023) and Sikder (2024), aligns with the XRF results presented
here.

LCA Test

As a byproduct of making steel, cupola slag can have several negative effects on
the environment when it is released into the environment. Its global warming
potential, which was determined to be 31.12 kg CO,-equivalent per 1 kg of slag
disposed of in landfills, was the focus of the LCA analysis. Other impact indicator
results were presented in Figure 6. Basically, in Figure 6, terrestrial ecotoxicity is
higher, followed by global warming potential, human non-carcinogenic toxicity,
fossil fuel formation and human carcinogenic toxicity. However, the environmen-
tal impact of concrete and mortar is greatly diminished when cupola slag is used
in place of cement, fine aggregate or coarse aggregate.

Through encouraging the use of environmentally friendly materials, this sus-
tainable approach helps lessen the effects of global warming, ecotoxicity and
human health and may have advantages for the construction sector.

XRD analysis

XRD analysis of cupola furnace slag (Figure 7) reveals characteristic peaks cor-
responding to calcium silicate, iron silicate, albite and lanthanum strontium
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Figure 7. XRD Analysis.

silicate, with triclinic, orthorhombic and hexagonal lattice structures. The pres-
ence of these iron- and silica-rich phases indicates the potential formation of
strength-enhancing compounds when cupola slag is incorporated into composite
materials. In a detailed mineralogical investigation conducted by Pribulova et al.
(2019), cupola slag samples obtained from the foundry industry in Ghana were
found to exhibit complex crystalline phases. The identified mineral constituents
included calcium iron oxide (CaFe,05), kanoite [(Mn, Mg) »(Si»O¢)], kyanite
(Al;Si05), maghemite (y-Fe,O3) and quartz (SiO;). Notably, the analysis did not
detect the presence of free elemental iron, magnesium oxide (MgO) or calcium
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oxide (CaO), which are often expected in similar slags. The findings highlight the
high variability in the chemical and mineralogical composition of cupola slags
across different geographical and industrial sources. Despite these variations, a
consistent trend across most studies is the predominance of crystalline phases in
cupola slag. This crystalline structure significantly impacts the material’s perfor-
mance in secondary applications. Specifically, the high degree of crystallinity is
associated with a reduced pozzolanic reactivity, limiting the slag’s effectiveness
as a supplementary cementitious material when compared to other slags such as
basic oxygen furnace or electric arc furnace slag.
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SEM and EDX Analysis

As presented in Figure 8, SEM and EDX were used to analyse the surface morphol-
ogy and elemental composition of cupola slag. According to SEM, EDX and XRD
results, granulated cupola slag has a homogeneous, amorphous structure with uni-
formly distributed oxides, while air-cooled cupola slag has a primarily crystalline
structure dominated by iron oxide grains. Slow cooling and the uneven distribution
of iron oxides and other mineral constituents are responsible for cupola slag’s crys-
talline nature. This results in the formation of distinct crystal phases and, as a result,
lower pozzolanic reactivity when compared to other steel slags. Baricova et al.
(2010) corroborated these findings by providing detailed morphological observa-
tions, which matched the patterns identified in other studies.

Case Study

This study assesses mineral wool cupola dust as a partial cement replacement and
found that up to 15 wt. % of the milled micro-filler does not compromise 28-day
strength. While unwashed dust caused 90-day strength loss due to chloride-induced
Friedel’s salt, washing significantly reduced chloride content, resulting in improved
long-term performance and a more stable cementitious matrix (Kubiliute et al., 2018).

The study showed that although raw cupola slag has a pozzolanic-like chemi-
cal composition, its inherent reactivity is low, but calcination at 700°C for 5 hours
significantly improves its pozzolanic activity. With only a 13.5% strength reduc-
tion at 20% cement replacement, calcined cupola slag emerges as a viable and
cost-effective partial substitute in regions where slag is readily available and
cement is expensive (Aderibigbe & Ojobo, 1982).

Cupola slag improves the tensile strength, decreases water penetration,
increases abrasion resistance at higher slag content, increases compressive
strength by up to 30% when it is used as a replacement for fine aggregates at a
lower water cement ratio (Waseem et al., 2021).

This study shows that while replacing coarse aggregate with cupola furnace
slag (0%—50%) reduces density, increases porosity and lowers mechanical
strength, slag-induced mineral formations allow up to 40% replacement to meet
target strength, with SEM/EDS confirming weak gel development and overall
concrete cost decreasing by 4.678% per m? (Sikder et al., 2024).

General Discussion

Reusing cupola slag significantly lowers carbon emissions, industrial waste and
dependence on natural resources, while landfill disposal has a global warming
potential of approximately 31.12 kg CO,-equivalent per kilogramme. Therefore,
using cupola slag as a partial substitute for cement and natural aggregates in con-
crete offers significant environmental and sustainability benefits. According to
studies, cupola slag can reduce water penetration and improve durability, increase
abrasion resistance at replacement levels by up to 40%, improve compressive and
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split tensile strength by up to 30%, and reduce concrete production costs by about
4.68% per cubic metre while still meeting strength requirements (Sikder et al.,
2024). For the construction industry, cupola slag is a practical and sustainable
substitute due to its cost savings and environmental benefits. Cupola slag adds
new mineral compound phases (calcite, muscovite, albite and quartz) that support
the development of strength, according to microstructural analysis. However,
because it is crystalline, the aggregate-cement bond is weakened, increasing
porosity and marginally decreasing mechanical durability at higher replacement
levels. Despite this, cupola slag is a promising material for green building and
circular economy projects because optimized substitution levels provide a balance
between strength, durability and sustainability. Therefore, using cupola slag in
concrete as a partial substitute for cement and natural aggregates not only lessens
the environmental impact and carbon emissions but also increases cost effective-
ness and encourages the use of sustainable materials in the building industry.

The primary drawbacks of using slag are its inherent chemical composition
diversity, which is dependent on furnace charge, operating temperature and
foundry processes. This causes inconsistent material performance and makes
standardization difficult. Additionally, gaining full environmental certification
necessitates more thorough long-term assessments, such as ecotoxicity evalua-
tion, groundwater interaction studies and field-scale monitoring, even when pre-
liminary leachability results may show conformity with primary regulations.
Together, these elements restrict the immediate widespread use of slag-based
products and emphasize the need for more comprehensive frameworks for certifi-
cation and evaluation.

Conclusions

Cupola slag’s qualities as an additional cementitious material and its potential appli-
cations as fine and coarse aggregates have been carefully examined and experimen-
tally examined. Studies have also looked into its LCA, leachability and hydraulic
characteristics. The main conclusions drawn from these studies are outlined below:

e An analysis of the physical properties indicates that cupola slag, a dense
vitrified by-product available as granulated or slow-cooled forms, exhibits
adequate strength, predominantly sand-sized particles (=95%), slightly
lower specific gravity and higher water absorption than natural aggregates,
demonstrating its suitability as a sustainable substitute for natural aggre-
gates in concrete.

e Cupola slag shows high flowability (120%—-160%) and good grading, mak-
ing it suitable as a fine aggregate in high-strength concrete, where it
improves compressive strength at lower water—cement ratios, but it is not
recommended as a coarse aggregate due to its porous nature.

e Partial replacement of cement with cupola slag (up to 50%), particularly at
35%, achieving a compressive strength of 7,000 psi, reduces porosity,
increases density and strength and offers significant environmental and
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economic benefits by lowering natural aggregate demand and supporting
sustainable construction.

e Cupola slag exhibits hydraulic and pozzolanic behaviour but with low early
reactivity, achieving only 25%-30% pozzolanic activity at 28 days and react-
ing more slowly than blast furnace slag. However, it meets basic reactivity
criteria and contributes to improved strength at later curing stages.

e Leachability tests show that cupola slag releases only trace amounts of heavy
metals, all within permissible limits, classifying it as non-toxic and non-haz-
ardous and supporting its safe use as a sustainable material in green concrete.

e Cupolaslag is mostly made up of silicon dioxide (SiO,), with trace amounts
of other metal oxides, such as GGBS, OPC and fly ash.

e Using cupola slag in concrete reduces its carbon footprint compared to
landfill disposal, promoting sustainable construction.

e Cupola slag has been found to contain compounds such as calcium silicate
and iron silicate that increase material strength, making it a possible addi-
tion for concrete.

e Cupola slag has less pozzolanic reactivity than other steel slags because of
its crystalline structure, which is dominated by iron oxide.

e Cupola slag into circular economy frameworks and achieving national and
international environmental certifications will further enhance its commer-
cial acceptance and promote its widespread adoption in eco-friendly con-
struction materials.

e Reducing slag generation in the cupola melting process can be achieved by
using cleaner charge materials, optimizing coke and flux proportions, and
maintaining proper furnace temperature and blast control to limit oxida-
tion. Regular maintenance, improved scrap segregation and better process
monitoring further help minimize unwanted slag formation and support
more efficient, sustainable operations.

Cupola slag is a practical and environmentally friendly substitute for fine aggre-
gate in the manufacturing of concrete. Future research should maximize strength
and durability by optimizing the replacement levels of cupola slag. Activation
techniques should be investigated to increase its reactivity and evaluate resistance
to environmental factors. Examining its application in 3D printing, geopolymers
and structural applications may increase its potential. To guarantee both cost-
effectiveness and safety, environmental and economic evaluations are crucial.
Cupola slag’s status as a sustainable building alternative will be established
through comparative research with other cementitious materials.
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