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Abstract

Using iron slag in concrete as a sustainable, cost-effective alternative to natural aggregates can turn waste into resource.
Conventional concrete production relies on natural aggregate extraction, leading to adverse environmental
consequences, which creates a conflict between societal progress and environmental sustainability. Researchers are
exploring sustainable concrete solutions, where inclusion of iron slag in the process, a by-product of steel industry, has
potential. Recent studies are conducting tests to assess the behavior of concrete under compression, flexure and tensile
incorporating iron slag as a replacement for natural coarse aggregates. This review-based study aims to consolidate
existing research findings to facilitate future research endeavors. It will also provide key information for stakeholders
interested in replacing natural aggregates with iron slag. Reviewed studies indicate that if properly designed, up to
50% natural coarse aggregates can be replaced by iron slag in concrete production without compromising the desired
properties. Iron slag ensures a future where strength meets sustainability, as introducing it in the concrete promotes
innovation in construction materials and contributes to the development of sustainable infrastructure, thus Sustainable
Development Goal 9 can be ensured. Therefore, what was once considered waste can now be recognized as a vital
component in the concrete industry.
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1 Introduction

Concrete is a widely used material in modern construction, valued for its versatility, durability, and notable
compressive strength. However, its production is highly resource-intensive and environmentally detrimental due to the
extensive use of natural aggregates and the substantial carbon emissions from cement manufacturing (Mehta and
Monteiro, 2014). This environmental impact has encouraged research into sustainable alternatives that can replace
traditional materials without compromising the structural integrity of concrete. One such alternative is iron slag, a by-
product of the steel industries (Mani et al., 2016).

The potential of iron slag replacing conventional coarse aggregates that is natural stone chips (NSC) in concrete
production has attracted considerable attention. Incorporating iron slag into concrete mixes can improve durability,
reduce permeability, and enhance resistance to chemical attacks (Manso et al., 2006). This review-based study aims to
explore the applicability of iron slag in concrete production, focusing on its impact on compressive strength, flexural
strength, and tensile strength. This article explores how different percentages of iron slag as a substitution for NSC
affect these mechanical properties. Research has demonstrated that iron slag, when used as a replacement for NSC at
a particular percentage, can significantly enhance the compressive strength of concrete (Mitwally et al., 2024). This
improvement is attributed to the dense and angular nature of slag particles, which create a more compact and
interlocked microstructure (Li et al., 2024). Similarly, studies have demonstrated enhancements in flexural strength,
emphasizing iron slag's effectiveness as a coarse aggregate in resisting bending stresses (Ravindranatha et al., 2024).

This paper presents accumulated knowledge on sustainable construction practices by providing an analysis of the
research data on the mechanical properties of concrete with iron slag as a replacement for NSC. The findings from this
study could significantly contribute to the sustainable development of the construction industry by promoting the use
of industrial by-products, reducing reliance on natural aggregates, and supporting SDG 9 through sustainable industrial
practices, enhanced resource efficiency, and innovative reuse of industrial waste in infrastructure development. The
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potential benefits in terms of enhanced strength and durability, coupled with environmental advantages, highlight the
importance of exploring alternative materials like iron slag in concrete production.

2 Methodology
This study reviews the compressive, flexural, and tensile strengths of concrete when iron slag is used as a replacement

for NSC, following the procedure outlined in Figure 1. The methodology encompasses a systematic literature review,
application of inclusion and exclusion criteria, data analysis, synthesis, and interpretation of findings.

S Compile and
Systematic Literature Presentation: Data
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representation.

Figure 1. Research methodology for data collection and analysis
3 Chemical and Physical Properties

Iron slag comes from three types of furnaces, namely blast furnaces (BF), basic oxygen furnaces (BOF), and electric
arc furnaces (EAF). Iron slag's core components for BOF and BF include CaO ranging from 41-54%, SiO: from 8-
40%, Al2Os from 1-15 %, MgO from 5-10%, and Fe.Os from 5-22%. Secondary components include MnO ranging
from 0.3-5% and P:Os less than 0.1% with smaller amounts of SOs (Nippon Slag Association, 2023; Jonczy et al.,
2022). The range may vary for EAF (Nikoli¢ et al., 2020). The slag's chemical composition varies based on ore origin
and production location.

Depending on the cooling methods and chemical composition, slag can form in diverse shapes, such as angular,
roughly rounded, or smoothly rounded, and in sizes classified as coarse-grain (>4.75 mm) or fine-grain (<4.75 mm).
According to Hainin et al., (2014) the unit weight of slag spans from 1600 kg/m? to 1920 kg/m*. Depending on size
and type, iron slag shows apparent specific gravity ranging from ~2.7-3.5 g/cm?, bulk density from ~1.7-3.1 g/cm?,
water absorption between ~1.3-4.2%, and Los Angeles abrasion values from ~1.6-20%. (Ma et al., 2019; Kong et al,
2019).

4 Mechanical Properties

Evaluating the compressive, flexural, and tensile strengths of concrete using iron slag reveals its potential as a
sustainable aggregate. Section 4 critically evaluates how iron slag influences these key mechanical properties,
demonstrating its viability as a partial replacement for NSC in concrete. It should be noted that the reported studies
have used different mixed designs and environmental conditions. Therefore, the results of each study have not been
compared with one another.

4.1 Compressive Strength

In this review, the ratio of achieved compressive strength to target compressive strength at 28 days was used as the
compressive strength performance indicator. Figure 2 illustrates the ratio on the Y axis and iron slag replacement
percentage at x axis. It is seen in the graph for 20 MPa concrete mix, Sabapathy et al. (2017) reported an exceptionally
high ratio peaking at 2.64 when about 21-30% of iron slag was used, followed by a downward slope in the graph.
Hasnat et al. (2018) for M20 showed a steadier curve, where the ratio increased from about 1.10 at the control batch
to around 1.25 at both 31-40% and 51-60%, then maintained similar values up to around 61-70%. Qurishee et al.
(2016) displayed a moderate rise peaking at 1.28 at 31-40%. In the 30 MPa group, the graph shows Sabapathy et al.
(2017) with a curve having a peak of 1.37 at 21-30% replacement. Gupta and Saxena, (2017) showed a peak of 1.47.
Hasnat et al. (2018) present a peak at about 1.27 around 51-60%. Qurishee et al. (2016) add to this pattern with a
gradual rise up to about 1.28 at 51-60%. Warudkar and Nigade (2015) get the peak ratio of 1.51 at 71-80%. For 40
MPa concretes, the graph clearly illustrates that Sabapathy et al. (2017) never surpassed a ratio of 1, with a peak only
at 0.76 at 21-30%. Hasnat et al. (2018) reveal a small peak near 1.14 at 21-30%. Raza et al. (2014) with a clear peak
around 1.24 at 21-30% replacement. Bhat and Sharma (2018) remain comparatively flat on the graph with ratios
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between about 1.01-1.17 with a replacement of upto 40%. Thangaselvi (2015) follows a similar pattern of having a
peak at 51-60%. Similar result has been seen in similar researches (Karim et al., 2022; Karim et al., 2023) Overall, the
graph makes visible a shared trend which is as iron slag replacement begins, the ratio often increases, peaks most often
between about 30-60% then stabilises or drops as replacement increases. These visual patterns suggest that replacing
roughly 30-60% of NSC with iron slag consistently helps concrete achieve or surpass its target compressive strength,
especially for normal grades like 20 MPa-40 MPa.
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Figure 2. Ratio of achieved to targeted compressive strength for various percentages of iron slag at 28 days

4.2 Flexural Strength

This review investigated how partially replacing NSC with iron slag affects the flexural strength, covering various
concrete grades (20 MPa, 25 MPa, 30 MPa, and 40 MPa) and replacement percentages from 0-100%. It is shown by
calculating a ratio of achieved flexural strength to intended flexural strength at 28 days. Figure 3 is the visual
representation of the change of ratio with the change of percentage of iron slag replacing NSC. In the graph, it is shown
that for 20 MPa concrete, according to Nadeem and Pofale (2012), ratios increased gradually to roughly 1.38 at 41-
50% before stabilising. At the specified %, the flexural strength is 0.25 MPa more than that of the control batch.
Ravikumar et al. (2015), on the other hand, demonstrated extraordinarily high ratios, reaching a peak of 3.34 with 61-
70% replacement, indicating that the concrete reached 1.256 times the control batch's flexural strength and three times
its targeted strength. At 25 MPa concrete, Rajhans and Singh, (2022) substituted iron slag for NSC at 1-10% and 11-
20%, achieving ratios of 1.45 with the substitution of 1-10%. For 30 MPa concretes, Gupta and Saxena, (2017) the
ratio increased from less than 1 to a peak of 1.23 at 21-30% replacement before slightly declining. Warudkar and
Nigade, (2015) reported consistently high ratios, climbing to 2.15 at 61-70% replacement before declining. Nadeem
and Pofale (2012) found more moderate peaks around 1.32, and Ravikumar et al. (2015) recorded very high peaks at
3.11 around 21-30% replacement. Subramani and Ravi, (2015), using a concrete grade of 35 MPa, reported a high
ratio of 2.15 at 51-60%. In 40 MPa concretes, Raza et al. (2014) noted an early sharp peak of 1.95 at 11-20%
replacement, then a steady decline beyond that. Similarly, Sharba (2019) observed the ratio rise to 1.37 at 21-20%,
then drop to 1.19 beyond 30%. Ravikumar et al. (2015) reported ratios peaking at about 2.17 (51-60%), Thangaselvi
(2015) found a gradual rise to a peak of 1.25 at 61-70% before dropping slightly. While Nadeem and Pofale (2012)
noted gentler increases to around 1.33 at61-70% replacement. Comparing all studies, the optimum performance is
usually observed when about 40-70% of NSC is replaced by iron slag, where most mixes reach their highest or near-
highest ratios. Practically, this makes moderate iron slag replacement the most effective strategy for achieving flexural
strength well above design expectations while avoiding the risk of reduced performance at excessive replacement
levels.
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Figure 3. Ratio of achieved to intended flexural strength for various percentages of iron slag at 28 days

4.3 Tensile Strength
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Figure 4. Ratio of achieved to intended tensile strength for various percentages of iron slag at 28 days

It is shown in the graph that the ratio of achieved tensile strength to intended tensile strength was plotted against the
percentage of NSC replaced by iron slag, where a ratio above 1 indicates the concrete exceeded its design tensile
strength. This ratio helps visualise how effectively iron slag replacement influences tensile performance. Figure 4
depicts on the Y-axis the ratio for 20 MPa to 40 MPa concrete grades, while the X-axis represents the percentage of
NSC replaced by iron slag. For 20 MPa concretes the graph clearly shows, Sabapathy et al. (2017) present a line that
rises to about 1.17 at 11-20% replacement. Qurishee et al. (2016) reported an initially high ratio of about 1.54, peaking
further to 1.87 at around 51-60% replacement percentages. Hasnat et al. (2018) begin at around 1.56 and climb steadily
to 1.54 at 51-60%, then gently decline but remain above 1 even up to 91-100%, highlighting balanced performance
even at high replacement. In the 30 MPa group, the graph shows Sabapathy et al. (2017) shows a modest increase from
0.85 to 1.04 at 21-30%, but remains at the margin line. Gupta and Saxena, (2017) show a graph line rising to 1.27 at
21-30%. Qurishee et al. (2016) again with a high starting ratio of 1.78, peaking at around 1.53 at 31-40% replacement.
Hasnat et al. (2018) illustrate a steady trend, ratio starting around 1.89 and peaking near 1.92 at 31-40%, staying above
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1.70 even up to 91-100%. For Ravikumar et al. (2015) it seems that the ratio goes upto 1.18 at 51-60%. Warudkar and
Nigade (2015) have the highest ratio of 1.29 at 71-80%. For 40 MPa concrete, Sabapathy et al. (2017) show a peak of
around 1.16 at 21-30%, then falling well below 1 at higher replacement. Hasnat et al. (2018) got a ratio starting from
1.75 at 1-10% replacement and climbing to 1.86 at 41-50%, remaining above 1 at higher replacement. Ravikumar et
al. (2015) showed a peak of 1.33 at 51-60%. Thangaselvi (2015), peaking at 51-60% with the ratio of 1.38. Sharba
(2019) shows ratios below 1 throughout the replacements. This graph suggests that the optimum range for improving
tensile strength lies within 30% to 60% replacement percentage, where the majority of mixes exceed their intended
tensile strength most significantly and also surpass the control batch.

5 Conclusion

This review paper has explored the potential of iron slag as a substitute for NSC in concrete and its documented
mechanical properties from existing literature. The findings indicate that a viable shift from traditional NSC to
sustainable elements is possible by maintaining a mixed design ratio to reduce natural resource consumption. In
conclusion, widespread research into the use of iron slag as a partial replacement for NSC of concrete has revealed
substantial enhancements in compressive, tensile and flexural strengths across a range of replacement percentages and
concrete grades in almost all cases. Studies consistently demonstrate improved compressive strength and tensile
strength up to optimal replacement levels, typically between 30% and 60%. It also shows that flexural strength
improves between 40% to 70% replacement. All things considered, iron slag has the potential to revolutionise concrete
mix designs, aligning with Sustainable Development Goal 9 by fostering innovation, promoting sustainable industrial
practices, and advancing resource-efficient infrastructure development.
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