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Abstract: This article presents a scientometric review on
the utilization of copper slag (CS) as a substitute consti-
tuent in ordinary Portland cement concrete, with a greater
focus on analyzing CS as a supplementary cementitious
material (SCM). The review was conducted through a com-
prehensive scientometric analysis of literature using
Scopus and VOSviewer, examining publication trends,
document types, subject areas, leading contributors, and
the overall progression of research on CS concrete. The
analysis revealed a substantial increase in publications
between 2015 and 2022, with the journal “Construction
and Building Materials” and the country “India” identified
as the most influential in the field. The methodology
involved filtering relevant documents to focus on the
most impactful research, which was then critically ana-
lyzed to assess the fresh and hardened properties of CS
concrete. The findings indicate that incorporating 5–10%
of CS as an SCM can significantly enhance the mechanical
properties and durability of concrete. CS was also found to
improve concrete durability by imparting a micro-filler

effect, thereby densifying the structure. Additionally, CS
contributes to ecological benefits by incorporating heavy
metals into the concrete matrix, preventing their leaching,
and aiding in environmental conservation. Despite these
promising results, the review acknowledges that the long-
term performance of CS concrete remains a critical area
that needs further investigation.

Keywords: publication trend, subject areas, articles, envir-
onmental impact, mechanical properties, durability properties

1 Introduction

The construction industry plays a fundamental role in any
economy, and concrete is a widely used construction mate-
rial [1]. The properties of concrete enable it to have a long
service life. Although concrete has a lot of advantages, it
may also have several harmful effects like carbon dioxide
(CO2) emissions [2], which leads to the greenhouse effect [3].
It can be seen in Figure 1 that building construction materials
and building operations contribute greatly toward increasing
CO2 emissions [4]. The use of concrete is increasing to fulfill
the demands of the growing population [5–7]. It is being used
for the construction of reinforced concrete frame structures
[8–10], bridge structures, and their structural elements, e.g.,
slabs, beams [11], and columns [12–18], etc. So, there is a need
to pay special attention to the constituent elements of concrete.
Concrete is a heterogeneous mixture of different elements like
aggregate, binder, and water. Concrete is composed of
55%–88% aggregate, so the rapid use of aggregate in concrete
leads to the depletion of our natural resources day by day [19].
Also, cement is prepared at a very high temperature of about
1,500°C; again resources are required to provide such a high
temperature [20]. These resources include fossil fuels which
again produce CO2. Thus, the increase in demand and utiliza-
tion of concrete for different projects leads to more production
and use of concrete. And it in turn increases the CO2 emissions,
further degrading the quality of environment.
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To overcome the damaging effects related to concrete
usage, feasible alternatives can be used for the replacement
of concrete ingredients [21–24]. By looking at some past
decades, it can be assessed that there is a rapid increase
in the use of waste material as a replacement for concrete
ingredients [25–29]. Ejection of different types of waste
directly into the environment leads to serious ecological
problems by contaminating the water [30], soil [31], and
air [32]. As industrialization increases [33,34], although it is
beneficial, it also has considerable harmful effects on the
environment by disposing of different slags [35–37]. An
enormous quantity of solid waste is generated by several
operations including mining [38], power generation, agricul-
tural waste, and electrical stock [39]. Some of these wastes
are flammable, reactive, contagious, and corrosive; their
production has resulted in serious threats to the environ-
ment [40]. Keeping in view all these problems, concrete
ingredients replacement’s philosophy is currently triggered
through either replacing ordinary Portland cement (OPC)
with different waste or using waste as aggregate in concrete
[41–43]. The replacement of cement with these wastes not
only solves the problem of suitable disposal but also reduces
CO2 emissions [44]. Not every replacement leads to useful
results, but researchers are always working to find suitable
replacements. Most studies have shown that the application
of this waste is economical and environmentally friendly
[45]. The basic purpose of this strategy is to utilize the waste
product beneficially and to bring down the cost of construc-
tion materials [46,47]. Many agricultural and industrial
wastes which are not properly disposed of are pollutive
[48]. These waste materials require proper disposal. Several
research studies have shown that there is a potential for the
replacement of concrete ingredients with these waste mate-
rials [49–51]. The researchers have successfully introduced a
lot of replacements in concrete by using industrial waste

and agricultural wastes [52–55]. The copper slag (CS) is a
by-product of the copper mining industry [56,57]. It is pro-
duced during the smelting of copper ore to obtain pure
copper [58]. CS is a by-product generated during the pyro-
metallurgical extraction of copper from its ores. This process
involves high-temperature smelting, where copper sulfide
ores are heated to separate the metal from impurities. The
resulting slag primarily consists of iron silicates and other
oxides, and it is produced in large quantities – approxi-
mately 2.2–3 tons of slag for every ton of copper produced,
leading to an estimated global production of around 24.6
million tons annually [59]. CS poses environmental chal-
lenges, particularly due to its accumulation in landfills
and the potential leaching of heavy metals into the soil
and groundwater. However, studies have shown that CS is
generally non-hazardous and can be classified as a “special
waste” under various environmental regulations, including
those set by the United Nations and the US Environmental
Protection Agency [60]. Recent research studies have shown
that copper can be used as a pozzolanic material in the
production of green concrete [61–63]. Hence, it is necessary
to summarize the use of CS as a replacement for cement
constituent.

This article reviews the use of CS as a replacement
constituent in concrete. CS is considered one of the waste
materials that has a promising future in the construction
industry as a replacement for concrete ingredients [64]. CS
is the by-product of copper distillation by melting. Each ton
of copper produces almost 2.5 tons of CS [65]. A huge quan-
tity of CS is produced every day, so proper use of CS in the
construction industry leads to a reduction in the cost of
dumping and minimizing air pollution. Japan and the US
produce almost six million tons of CS per year [66]. In the
current era, CS finds wide application in roofing granules,
cutting tools, road-base construction, railroad ballast,

Figure 1: Sources of CO2 emissions.
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asphalt pavement, as well as the cement and concrete
industry [67]. Several advantages of employing CS in the
construction industry are given in Figure 2. As cement
production is an energy-intensive process [68,69], a consid-
erable amount of energy can be reduced by using CS, as it
only requires grinding [70]. A maximum amount of CS can
be utilized by using it replacement of aggregate, as 70 % of
concrete is composed of fine and coarse aggregate [70]. The
addition of CS improves the quality of concrete [71,72] and
leads to increased longevity of the structure and decreased
expenses associated with renovations [73]. Furthermore, uti-
lizing CS in concrete significantly decreases the quantity of
cement required, thereby achieving the objective of resource
conservation and cost-effectiveness [66,67]. Numerous
researchers have explored substituting CS for both fine and
coarse aggregate, examining its impact on various properties
such as freshness, mechanical strength, and durability [74,75].
These studies have shown several positive effects of these
replacements but there were some undesirable results like
setting time, freezing–thawing, and bleeding problems, espe-
cially when CS was used as fine aggregate [76]. The lime
content of CS is very low, i.e. about 15%, and results in
strength reduction, but a higher density (3.37) of CS compen-
sates for strength problems [77]. Previous research has
demonstrated that substituting cement and fine aggregate
with CS can enhance the strength and long-term durability
of high-strength and high-performance concrete [78–80].

This study aims to address these knowledge gaps by
providing a comprehensive analysis of how CS affects var-
ious properties of concrete. By evaluating factors such as
replacement ratios, particle size, and the impact on dur-
ability, this research contributes valuable insights into the
practical applications of CS in concrete. The findings have
the potential to improve the sustainability of construction
materials, offering both environmental benefits by recy-
cling industrial by-products and economic advantages by
enhancing the performance of concrete.

2 Methods

There is always a chance of errors in studies and reviews
when they are accomplished manually. A scientometric
analysis involves quantitatively examining science, which
includes studying communication within the scientific
community and informing science policy decisions. This
analysis involves assessing research impact, exploring
the influence of academic journals and research institu-
tions within a specific field of knowledge, and applying
techniques to analyze citation interrelationships. In recent
studies within the construction domain, including con-
struction engineering and management and building infor-
mation modeling, scientometric methods are being
employed [81–91]. So, this review study was conducted
through scientometric analysis to avoid the irrationality
and essence of personal standpoint [92–100] about the
use of CS in the construction industry. This study encom-
passes all the research done in the past on the abovemen-
tioned topic. The linkage between the research is used to
evaluate the progress by utilizing different maps. It helped
in the quantitative analysis of the data.

A substantial literature database exists regarding the
use of CS in construction. However, the most notable data
can be accessed through platforms like Web of Science or
Scopus. Among these, Scopus was selected as the primary
database for scientometric analysis due to its comprehen-
sive and extensive coverage of the literature [52,101]. While
Web of Science is recognized for indexing journals with
impact factors, Scopus offers a broader and more up-to-
date collection of articles, particularly in the fields related
to construction and materials science. This wider scope
was essential for ensuring that the analysis included the
most recent and relevant studies on the utilization of CS in
concrete. Furthermore, Scopus provides detailed citation
data and a wider range of document types, including con-
ference papers and book chapters, in addition to journal
articles. This diversity was crucial for capturing the fullFigure 2: Benefits of employing CS in the construction sector.
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spectrum of research activities related to CS. The larger
database size and the inclusion of a broader range of
sources allowed for a more comprehensive scientometric
analysis. The keyword used to search for data was “CS
concrete.” The scientometric analysis was conducted on
February 21, 2023, and it yielded a total of 503 documents
on the above-stated topic. Furthermore, filters were used to
refine the research to only relevant topics like “article”was
selected as document type. Similarly, the source filter was
set to “journal” and the language was set to “English.” The
documents on CS based concrete were found to be between
the years 1983 and 2023. To narrow down the research the
filters were set to obtain articles from the fields related to
the construction industry. The search was conducted after
applying filters. The obtained data were stored using
Microsoft Excel’s comma-separated file, CSV. Now, soft-
ware was required to conduct scientometric analysis. A
befitting analysis software by the name of VOSviewer was
used to conduct the scientometric analysis. VOSviewer is
an open-licensed software that is used to visualize the
research literature in every field of research. It can
import data from various sources (including Scopus),
create network visualization (identifying patterns, trends,
and clusters), create density visualization (identifying
areas of high research activity), group-related entities
based on co-occurrence (identifying thematic clusters),
and conduct time-based analysis (enabling researchers
to track changes in the research landscape over time).
In this study, VOSviewer was used to analyze different
parameters of the sources, articles, keywords, authors,
organizations, and countries associated with CS concrete
literature. A graphical illustration of the methodology is
shown in Figure 3.

3 Results

The obtained data from Scopus was used in VOSviewer to
analyze and visualize different trends. These obtained
trends and maps are presented and discussed below.

3.1 Publication trend

The annual publication trend over the past four decades
has been found on the topic of the use of CS in the con-
struction industry. This publication trend is illustrated in
Figure 4. The number of publications has been low and
high from year 1983 to year 2008. However, it can be
seen from the spike in the trend that the number of pub-
lications increased in the past few years and did not go
down again. The fact is obvious that global warming and
climate change are turning into reality quickly and more
and more research is being conducted to slow down the
effects of this phenomenon. Remarkably, research is being
conducted on green concrete and sustainable construction
materials. This research is significant because this research
will be used as a basis for further future research on this
topic. Furthermore, recent research did not focus on map-
ping the scientific details of the research. They rather focus
on manual reviewing.

3.2 Document types

Document types have also been analyzed on the topic. Out
of all the documents analyzed, the maximum number of

Figure 3: Review methodology.

4  Raheel Arif et al.



documents were articles published in different journals.
These articles contributed largely to the database, with a
total of 64.2%. Next in the database for scientometric
review were conference papers from different conference
proceedings. These conference papers contribute 19.3% to
the scientometric database. Then, the conference reviews
on the topic of CS in the construction industry occupied
8.9% of the database. Then, reviews claimed 5.6% of the
database. The review papers were followed by book chap-
ters by 1.6% and then books which took 0.4% of the data-
base. The results showed that most of the published work
on the topic under consideration was in the form of arti-
cles. The results of the analysis of document types are
presented in Figure 5.

3.3 Subject areas

The Scopus analyzer was utilized to find out the relevant
field of studies for CS. It can be seen from the analysis
results in Figure 6 that several fields came out to be rele-
vant to the topic of CS. However, among all these fields,
engineering came out on top with 37.9% relevancy. The
field of materials science stood second with a total of
22%. The field of environmental science followed these
two fields with 10.6%. Hence, these three fields account
for 70.5% of the total documents available on the topic of
CS. The documents regarding CS are also presented in the
fields of chemistry, energy, chemical engineering, etc.
Remarkably, research is currently underway in the fields
of engineering and environmental sciences to explore the

adoption of CS as a substitute for the conventionally
used OPC.

3.4 Sources

The mapping of publication sources helps in visualizing
innovation and development. In this study, the sources
were mapped using the VOSviewer on the database of pub-
lications. In the parameter settings, the “kind of analysis”
was configured as “bibliographical coupling,” and the “ana-
lysis unit” was selected as “sources.” A minimum threshold
of “5” published documents was selected. A total of 20
sources met the set-out criteria. Table 1 represents these

Figure 4: Annual publication trend of analyzed documents.

Figure 5: Types of analyzed documents.
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20 sources along with total documents, citations, and total
link strength. A scientific journal by the name of “Construc-
tion and Building Materials” came to be the top source with
32 documents, 302 citations, and a total link strength of 686.
It is followed by “Materials Today: Proceedings” with a
document count of 32, 61 citations, and a total link strength
of 338. Then, the Advanced Materials Research, American
Concrete Institute, and Journal of Cleaner Production are

some other honorable mentions on the list. All these jour-
nals are related to engineering and environmental science
mostly.

The annual trend of these top publishing sources is
presented in Figure 7. It is evident that Construction and
Building Materials have been actively involved since the
early 2000s, and even before that Journal of Materials in
Civil Engineering was publishing articles on the concerned

Figure 6: Subject areas of analyzed documents.

Table 1: Top 20 sources of the analyzed documents of CS concrete

S. no Source Documents Citations Total link strength

1 Construction and Building Materials 32 302 686
2 Materials Today: Proceedings 31 61 338
3 Advanced Materials Research 17 0 0
4 American Concrete Institute, ACI Special Publication 12 2 0
5 Journal of Cleaner Production 12 35 608
6 International Journal of Innovative Technology and Exploring Engineering 10 11 0
7 Journal of Materials in Civil Engineering 9 147 535
8 IOP Conference Series: Materials Science and Engineering 8 5 0
9 Journal of Building Engineering 8 2 507
10 International Journal of Civil Engineering and Technology 7 4 1
11 Materials 7 8 223
12 Applied Mechanics and Materials 6 9 0
13 International Journal of Applied Engineering Research 6 3 0
14 IOP Conference Series: Earth and Environmental Science 6 0 82
15 Journal of Structural Engineering (India) 6 118 3
16 AIP Conference Proceedings 5 23 164
17 ARPN Journal of Engineering and Applied Sciences 5 0 0
18 Asian Journal of Civil Engineering 5 5 29
19 Cement and Concrete Composites 5 80 44
20 Journal of Environmental Management 5 871 103
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topic. However, the contribution of Journal of Materials in
Civil Engineering is linear, while that of Construction and
Building Materials follows a zig-zag trajectory since 2012 and
then gets a hike in its contribution. Similarly, Materials Today:
Proceedings took a start in 2016 and 2017, and its contribution
spiked and never came down since. Other journals like the
Journal of Cleaner Production also contributed to the topic
over recent years when research started on minimizing the
carbon footprint of the construction industry.

Similarly, Figure 8 illustrates the visual network map
of journals with at least five published articles on the

relevant topic. The larger size of the node indicates a
greater number of published articles [102]. In the figure,
it is evident that Construction and Building Materials have
the most prominent node in the whole map since it has the
greatest number of articles published. Then, the most note-
worthy node is that of Materials Today: Proceedings
because it has the second most number of published arti-
cles on the concerned topic. Further, VOSviewer has also
represented clusters of different colors. These clusters are
set up based on common research scopes and the fre-
quency with which they are cited together in a journal
[103]. For example, Construction and Building Materials,
Journal of Cleaner Production, and Journal of Building
Engineering appear to be in green clusters. It can be
inferred that these journals are co-cited in articles several
times. The number of links shows how many times two
journals are cited together in a research article [104]. The
distance between the clusters shows their strength of rela-
tionship with each other [105]. For instance, the Journal of
Cleaner Production exhibits closer proximity to Construc-
tion and Building Materials compared to Materials Today:
Proceedings. It shows that there is a strong relationship
between Construction and Building Materials and Journal
of Cleaner Production. Along with all these parameters,
density mapping is also shown in Figure 9. Various colors
depict the varying contributions of journals in the
research. A red color denotes the high density of research,
a yellow color denotes moderate density, green is an

Figure 7: Annual publication trend of some top sources of the analyzed
documents of CS concrete.

Figure 8: Network mapping of the sources of analyzed documents of CS concrete.
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indicator of low density, and blue is then lowest density
[106]. As evident from Figure 9, Construction and Building
Materials have the greatest density or in other words
greatest contribution to research on the topic of CS in the
construction industry. Following this, the sequence con-
tinues with the Journal of Building Engineering, Materials
Today: Proceedings, and finally, the Journal of Cleaner
Production.

3.5 Articles

The influence of articles within a specific field of research
is gauged by the number of citations they receive. Articles
with the highest number of citations serve as beacons for
further research on that topic. VOSviewer was employed to
identify articles with the highest number of citations on the
topic of the use of CS in the construction industry. The
search parameters in VOSviewer were configured with
“Bibliographic coupling” selected as the “type of analysis”
and “document” was set as “unit of analysis.” The
minimum number of citations was set to one hundred.
The analysis program returned various results. Out of
these results, the top 20 articles with the most citations

are presented in Table 2. The article “Characteristics and
utilisation of CS – A review” by Gorai et al., topped the list
with 594 citations. It was followed by “High-performance
cementing materials from industrial slags – A review” by
Shi C and Qian J with 499 citations. These citations show the
shifting of research toward findingmore suitable materials to
use as alternatives for conventional cement. Figure 10 illus-
trates the network mapping of the top-cited connected arti-
cles. It can be seen through nodes and links that different
articles on CS concrete are closely related and cited. Figure 11
presents the density mapping of the articles on CS concrete.
From the illustration, it can be inferred that articles authored
by Chithra et al. have made the most significant contribution
to the current field of study.

3.6 Keywords

Keywords are used to depict the domain of research’s fun-
damental field; hence, they are important for this study.
For the assessment of keywords, the “kind of analysis” was
configured as “co-occurrence,” and the “unit of analysis”
was set as “all keywords.” The minimum number of occur-
rences was set as five. The top 20 keywords that occurred

Figure 9: Density mapping of the sources of analyzed documents of CS concrete.
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in documents related to CS concrete are presented in Table 3.
According to the analysis conducted by VOSviewer, the top
three keywords with the most occurrences are CS, compres-
sive strength, and concrete with 226, 74, and 69 occurrences,
respectively. Figure 12 represents the nodes of keywords
based on the frequency of their occurrence. The greatest
node is CS. It is followed by compressive strength and then
concrete. Hence, these keywords represent the most signifi-
cant terms searched in the field of utilizing CS in concrete.
The close links between the nodes show their strong relation
and co-citation in different articles. Figure 13 represents the

density visualization of the keywords. The varying colors
from red to blue show the denser to lowest denser areas. It
is evident from Figure 13 that the keyword CS has the greatest
density, that is, red color in the density visualization map. It
means that the greatest number of articles have CS as a key-
word in them. Furthermore, the density of compressive
strength, concrete, and fly ash has shown that these keywords
are often used in combination with the CS. It can act as a
guide for future authors so that they may use these words as
keywords in their articles so that their articles can be found
easily.

Figure 10: Network mapping of the articles of CS concrete.

Figure 11: Density mapping of the articles of CS concrete.
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The top 20 keywords identified, including “CS,” “com-
pressive strength,” “concrete,” and “durability,” align well
with the focus of the articles published predominantly in
civil engineering journals. The prominence of terms like
“compressive strength,” “mechanical properties,” and
“flexural strength” indicates a significant emphasis on
evaluating the structural performance of concrete incor-
porating CS. Keywords such as “fly ash,” “ggbs,” “silica
fume,” and “metakaolin” suggest a comparative analysis
or combination of CS with other supplementary cementi-
tious materials (SCMs), reflecting a broader interest in opti-
mizing concrete mixes. The presence of “geopolymer con-
crete” and “self-compacting concrete” highlights the
exploration of innovative and sustainable concrete tech-
nologies within the research community. Moreover, the
keyword “waste copper slag” underscores the environ-
mental angle, aligning with the growing trend of utilizing
industrial by-products to promote sustainability in con-
struction. This focus on sustainability and material effi-
ciency is further evidenced by the recurring mention of
“durability” and “fresh properties.” Overall, the keyword
analysis reveals a strong alignment with the publication
trends discussed in previous sections, confirming that the

Table 3: Top 20 keywords used in the analyzed documents of CS
concrete

S. no Keyword Occurrences Total link
strength

1 CS 226 432
2 Compressive strength 74 172
3 Concrete 69 150
4 Fly ash 48 119
5 Durability 38 101
6 Strength 32 88
7 Mechanical properties 27 66
8 Flexural strength 20 58
9 Fine aggregate 19 53
10 Geopolymer concrete 17 29
11 Workability 17 55
12 Self-compacting

concrete
16 35

13 Split tensile strength 14 41
14 Slag 11 23
15 Waste copper slag 11 19
16 Cement 10 32
17 ggbs 10 24
18 Silica fume 10 30
19 Fresh properties 9 20
20 Metakaolin 9 29

Figure 12: Network mapping of keywords used in the analyzed documents of CS concrete.
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research is geared toward improving the performance and
sustainability of CS concrete, particularly within the
domain of civil engineering.

3.7 Authors

A researcher’s impact on his research field can be assessed
by the number of citations he receives. Figure 14 illustrates
some of the top authors who have contributed articles on
the topic of CS concrete. The evaluation of authors on the
study topic was performed using “co-citation” as the “kind
of analysis” and “cited authors” as the “unit of analysis.”
Since it is difficult to assess any author’s contribution by
analyzing only one article with top citations, the total
number of citations was divided by the total number of
published articles on the topic. The minimum threshold for
the average number of citations was set at 10. The analysis
returned the results, out of which the top twenty authors
are represented in Table 4. Siddique has the most citations
with 119 citations and a total link strength of 4,654. He is
followed by Al Jabri with 116 average citations and then Al
Saidy with 83 average citations. Figure 15 represents the
network mapping of the authors. The size of the node cor-
responds to the number of citations an author received on
the topic of CS in concrete. It can be seen that the greatest
node belongs to Siddique, then Al Jabri and Al Saidy.

Figure 13: Density mapping of keywords used in the analyzed documents of CS concrete.

Figure 14: Contribution of some top authors of the analyzed documents
of CS concrete.

12  Raheel Arif et al.



However, it is also noteworthy that authors belonging to
different countries or territories do not have strong corre-
lations. The density mapping of the authors is also con-
ducted in Figure 16. The density represents the total
number of citations received by an author. It can be seen
that the red color density belongs to Al Jabri, Al Saidy, and
Siddique. Hence, these authors have made significant con-
tributions to research on the utilization of CS in the con-
struction industry.

The co-citation analysis conducted in this study high-
lights the key contributors to research on the utilization of
CS in concrete. Citations serve as a proxy for the influence
and relevance of an author’s work within the scientific
community. Siddique’s 119 citations and Al Jabri’s 116 cita-
tions demonstrate their pivotal roles in advancing the
understanding of CS in concrete. The high total link
strength of these authors, particularly Siddique’s 4654, sug-
gests that their work is not only widely recognized but also
forms a critical foundation upon which subsequent
research is built. This indicates their studies are frequently
referenced in the literature, contributing to the develop-
ment of new insights and methodologies in the field. While

Table 4: Top 20 authors of the analyzed documents of CS concrete based
on number of citations

S. no Author Citations Total link strength

1 Siddique, R. 119 4,654
2 Al-Jabri, K.S. 116 3,760
3 Al-Saidy, A.H. 83 3,333
4 Sharma, R. 78 3,353
5 Khan, R.A. 69 3,304
6 Hisada, M. 61 2,309
7 Behnood, A. 54 2,231
8 Zhang, W. 54 2,156
9 Al-oraimi, S.K. 53 2,250
10 Ambily, P.S. 53 2,203
11 Wu, W. 53 2,057
12 Ma, G. 50 2,072
13 Prem, P.R. 47 2,339
14 Sharifi, Y. 45 2,469
15 Shi, C. 44 1,379
16 Afshoon, I. 43 2,388
17 De brito, J. 40 1,717
18 Gorai, B. 40 1,070
19 Taha, R. 38 1,568
20 Ameri, F. 33 1,668

Figure 15: Network mapping of the authors of analyzed documents of CS concrete.
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Siddique leads in citations, it is important to consider the
breadth of his contributions compared to others. Al Jabri
and Al Saidy, with slightly fewer citations, also show sub-
stantial impact, indicating that their research has been
instrumental in exploring specific aspects of CS concrete.
For instance, Al Jabri’s work might be more specialized in
certain applications or geographical contexts, which could
explain his high citation density despite having fewer
overall citations than Siddique. The network mapping
reveals the collaborative landscape of CS research. The
prominent nodes belonging to Siddique, Al Jabri, and Al
Saidy indicate their central roles in the research network.
However, the weak correlations between authors from dif-
ferent countries suggest that CS research might be some-
what fragmented, with limited cross-border collaboration.
This could point to opportunities for enhancing global
research efforts by fostering more international partner-
ships and knowledge sharing, which could lead to a more
cohesive and accelerated advancement of the field. The
density mapping showing the concentration of citations
around Al Jabri, Al Saidy, and Siddique further under-
scores their significant contributions. The red color density
highlights areas where research on CS in concrete is most
active and influential. This concentration could indicate

that these authors have focused on high-impact areas of
research, such as optimizing CS content in concrete or
investigating its environmental benefits. Understanding
the specific themes these authors have explored could pro-
vide insights into current research priorities and gaps in
literature. The dominance of a few key authors in this field
suggests that while there are leading voices driving the
research forward, there may be a need to diversify contri-
butions to incorporate a wider range of perspectives and
innovations. Encouraging emerging researchers to engage
in this field and promoting collaboration between estab-
lished and new researchers could help in addressing the
complex challenges associated with CS concrete, such as
long-term durability and environmental impacts.

3.8 Organizations

Organizations and institutions play a leading role in con-
ducting and funding research in specific fields. These orga-
nizations and institutions encourage research on a certain
topic. Hence, to find out such top organizations and institu-
tions, an analysis was conducted using the available data-
base on CS concrete. VOSviewer was utilized to find the top

Figure 16: Density mapping of the authors of analyzed documents of CS concrete.
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organizations and institutions. In VOSviewer, the “type
of analysis” was set to “bibliographic coupling,” and “orga-
nizations” were chosen as the “unit of analysis.” The
minimum threshold for publications was set to 1, while
the rest of the values were left at their default settings.
The results of the analysis are presented in Table 5. It
can be observed that Thiagarajar College of Engineering
topped the list in terms of both documents (20) and cita-
tions (212). While Anna University followed it closely with
14 documents and 607 citations. Organizations and their
contributions to research on CS concrete can also be seen
in Figure 17. It is also evident from Figure 17 that Thiagar-
ajar College of Engineering and Anna University are the
highest contributors to the research of CS concrete. Visual
maps of organization contribution were also made and can
be seen in Figure 18. The greatest node of Thiagarajar
College of Engineering represents its greatest contribution
to the research. It can also be seen that the node of Anna
University is also visible and greater than the rest of the
smaller nodes. However, long links show a weak correla-
tion between the highest contributors and the rest of the
organizations. It is also noteworthy through close links in
clusters that institutions that are located in the same
region have strong relations between them. Additionally,
Figure 19 shows the density mapping of the contributory
organizations. The red color density of Thiagarajar College
of Engineering and Anna University show their greater
contribution to the field of CS concrete research.

The institutions listed, such as Thiagarajar College of
Engineering, Anna University, and Sultan Qaboos
University, represent leading academic and research enti-
ties in the field of civil engineering, particularly in the
study of CS concrete. Several of these organizations are
located in regions with significant industrial activities, par-
ticularly related to metal production and processing, which
naturally aligns with research on the utilization of indus-
trial by-products like CS. For example, institutions such as

Table 5: Top 20 organizations linked with the research on CS concrete

S. no Organization Documents Citations Total link strength

1 Thiagarajar College of Engineering 20 212 394.28
2 Anna University 14 607 385.25
3 Dr. B R Ambedkar National Institute of Technology 12 259 124.33
4 Sultan Qaboos University 11 874 79.67
5 Islamic Azad university 10 112 252.81
6 Alagappa Chettiar Government College of Engineering and Technology 10 41 283.67
7 S V National Institute of Technology 8 64 79
8 Structural Engineering Research Center India 8 381 118
9 Annamalai University 7 13 167.35
10 Thapar Institute of Engineering and Technology 7 98 132.33
11 Jawaharlal Nehru Technological University Anantapur 7 14 51
12 Peter the Great St. Petersburg Polytechnic University 5 25 390.32
13 Amran University 4 39 321.19
14 Far Eastern Federal University 4 39 321.19
15 Prince Sattam bin Abdulaziz University 4 39 321.19
16 Kongu Engineering College 3 7 21
17 Wuhan University of Technology 3 4 0
18 SRM University 3 1 14
19 Agni College of Technology 2 381 118
20 Nanyang Technological University 2 279 26

Figure 17: Contribution of some top organizations linked with the
research on CS concrete.
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Figure 18: Network mapping of the organizations linked with the research on CS concrete.

Figure 19: Density mapping of the organizations linked with the research on CS concrete.
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Anna University and the Structural Engineering Research
Center in India are at the forefront of research on sustain-
able construction materials, likely driven by national prio-
rities on waste management and sustainable development.
The high level of research output from these organizations
suggests that they actively promote and perhaps prioritize
studies on the utilization of industrial waste in construc-
tion, reflecting broader national or regional sustainability
goals. Many of these institutions may have specific
research guidelines or initiatives that encourage studies
on the reuse of industrial by-products in construction
materials. For instance, research funding from national
bodies or collaborations with industry may steer these
institutions toward exploring environmentally friendly
construction practices. In countries like India and China,
where rapid urbanization is accompanied by environ-
mental concerns, academic and research institutions often
focus on materials that can mitigate environmental impact.
This focus is aligned with global sustainability initiatives
such as the United Nations Sustainable Development Goals,
particularly those related to sustainable cities and commu-
nities, responsible consumption and production, and cli-
mate action.

3.9 Funding sponsors

Funding sponsors is an important aspect of research.
Funding greatly affects the productivity and scope of the
research. Funding makes it possible for research to reach a
maximum number of audiences. Funding can make
research work approachable for the audience. Hence,

this study presents the top ten funding sponsors for CS
concrete research in Figure 20. To find these leading spon-
sors an analysis was performed using Scopus. It is evident
from the figure that the primary funding sponsor for
research on CS concrete is the National Nature Science
Foundation of China, then the Ministry of Education and
Science of the Russian Federation, and then Sultan Qaboos
University. Remarkably, all these funding sponsors are
paving the path for a better and sustainable future.

The top funding sponsors for research on CS concrete
reveal significant insights into how research is being
shaped and directed in this field. These sponsors play cru-
cial roles in promoting and funding research with a focus
on sustainability, innovation, and practical applications.
The funding sponsors, including the National Natural
Science Foundation of China, Horizon 2020, and the
Department of Science and Technology, Ministry of
Science and Technology, India, play a critical role in
shaping the research landscape. These sponsors support
projects that align with their priorities, such as sustain-
ability, technological advancement, and addressing envir-
onmental challenges. National Natural Science Foundation
of China and Horizon 2020 are prominent for their support
of large-scale, high-impact research that advances innova-
tive technologies and sustainable practices. Their funding
often supports research that aligns with national and

Figure 20: Contribution of some top funding sponsors toward the
research on CS concrete.

Table 6: Top 20 countries linked with the research on CS concrete

S. no Country Documents Citations Total link
strength

1 India 242 3,311 6,685
2 China 39 1,264 2,332
3 Iran 26 1,159 1,395
4 Japan 20 557 405
5 Russian

Federation
13 60 2,209

6 United States 13 605 413
7 Indonesia 12 73 1,356
8 Oman 11 916 155
9 United Kingdom 11 313 1,499
10 Poland 10 168 323
11 Belgium 9 99 472
12 Brazil 9 220 117
13 Singapore 9 485 717
14 Australia 8 279 985
15 Chile 7 81 1,922
16 Canada 6 522 174
17 South Korea 6 61 409
18 Ethiopia 5 12 374
19 Germany 5 44 129
20 Saudi Arabia 5 49 1,915
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international goals for environmental conservation and
material efficiency. Department of Science and
Technology, Ministry of Science and Technology, India
and Sultan Qaboos University focus on regional needs
and practical applications, supporting research that has
direct implications for infrastructure development and
environmental management in their respective regions.
Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq) and Deanship of Scientific Research,
King Saud University contribute to research with a focus
on technological innovation and societal benefits, empha-
sizing the importance of practical applications in construc-
tion. Ehime University, European Institute of Innovation
and Technology, and Japan Society for the Promotion of
Science support research that drives technological
advancements and addresses major societal challenges,
including the development of sustainable materials.
Overall, the involvement of these sponsors highlights a
collaborative effort to advance the use of CS in construc-
tion. Their support is aligned with broader goals of sustain-
ability, innovation, and practical application, reflecting a
concerted effort to address environmental and infrastruc-
ture challenges through research on alternative materials.

3.10 Countries

Many countries are researching to find alternatives to con-
ventional cement and concrete. Since CS concrete has the
potential to act as cement alternative research is also con-
ducted on it in many countries. These countries were
analyzed using Scopus and VOSviewer. In VOSviewer, “bib-
liographic coupling” was chosen as the type of analysis,
and “countries” were selected as the unit of analysis. The
minimum document threshold was set to five, while the
rest of the parameters were left at their default values.
The results are displayed in Table 6. It can be observed
that India tops the list in CS concrete research with 242
documents and 3,311 citations. It is followed by China
with 39 documents and 1,264 citations. Several other coun-
tries are also present in the results. Similarly, Figure 21
represents the countries with the most published docu-
ments on CS concrete research. India and China are two
top contributors according to Figure 21 as well. Network
visualization is also presented in Figure 22. The size of nodes
of India, China, Japan, and Iran renders these countries to be
the top contributors in the CS concrete research. The close
links between India, China, and Australia show the relation
strength of their research. Their research is related to each
other and co-cited. Density mapping is depicted in Figure 23.

It can be observed from Figure 23 that the red color density
represents India, which is the greatest contributor to CS
concrete research. Then, China is represented by yellow
color which represents the second highest contribution
toward the CS concrete research. Then, green and blue
colors show moderate to low research contributing coun-
tries, respectively.

4 Discussions

Extensive literature was selected to review different prop-
erties and aspects of CS and CS concrete. These parameters
are discussed in the upcoming sections of this article.

4.1 Physical and chemical properties of CS

This article highlights both the physical and chemical prop-
erties of CS.

4.1.1 Physical properties of CS

This literature review examines the physical properties of
CS, including specific gravity, water absorption, setting
times, particle shape, appearance, and hardness, with a
focus on its use as both a fine aggregate and a SCM in
concrete. The specific gravity of CS, primarily influenced
by its iron content, is around 3.5 g·cm−3, which is higher
than that of typical natural aggregates [118,124,125]. This

Figure 21: Contribution of some top countries linked with the research
on CS concrete.
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higher density, due to the approximately 45% iron content,
suggests that CS could contribute to the increased weight
and potentially higher compressive strength of concrete,
but it may also affect the overall density of the structure,
which requires careful consideration depending on the
application [126]. The water absorption of CS is lower

than that of conventional fine aggregates, which could
enhance the workability of concrete when CS is used as
an aggregate. However, this lower water absorption also
implies that adjustments to the water-to-cement (W/C) ratio
may be necessary to avoid excessive bleeding or segrega-
tion in the concrete mix. The average particle size of CS

Figure 22: Network mapping of the countries linked with the research on CS concrete.

Figure 23: Density mapping of the countries linked with the research on CS concrete.
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ranges from 4.75 to 0.075 mm, but its effectiveness in con-
crete is more pronounced when particles are less than
10mm, as indicated by the literature. This suggests that
while CS can be used as a fine aggregate, the specific par-
ticle size distribution must be carefully controlled to opti-
mize concrete performance [127]. The irregular shape and
dark, glossy appearance of CS particles after cooling indi-
cate a rough texture despite the smoothness observed in
scanning electron microscopy (SEM) images. This rough
texture could improve the mechanical interlock between
the CS particles and the cement paste, enhancing the
strength of the concrete. However, the smooth surface
could also reduce the friction between particles, potentially
increasing workability when CS is used as an aggregate.
This dual effect needs to be critically evaluated in the con-
text of specific concrete applications, as the balance
between workability and strength is crucial [128]. Some
investigations on the physical properties of CS are listed
in Table 7. The SEM of CS is presented in Figure 24. The
SEM analysis reveals that CS particles have undulating
shapes, which may affect the packing density and the
overall porosity of the concrete. When used as an SCM,
the microstructural characteristics of CS, such as these
undulating shapes, could influence the pozzolanic activity
and the long-term durability of the concrete. The increased
workability of CS-based concrete is attributed to its
smoothness when CS replaces fine aggregates [129].
Overall, while CS shows promise as both an aggregate
and an SCM, its diverse physical properties necessitate a
tailored approach depending on the intended use, with
careful consideration of its impact on the concrete’s
mechanical and durability properties.

4.1.2 Chemical properties of CS

CS is composed of 30–34% silica (SiO2), 4–5% alumina
(Al2O3), 35–37% iron (Fe2O3), 4–6% calcium oxide (CaO),
and nearly 1% copper, as detailed in Table 8, which pre-
sents the chemical composition of CS according to various

studies [132]. The variation in the chemical composition
across different studies suggests that the properties of CS
can significantly differ depending on its source and pro-
duction process. This variability must be considered when
utilizing CS in concrete applications, whether as a fine
aggregate or as a SCM. The wide range in the concentration
of SiO2 and Fe2O3 among the studies highlights the influ-
ence of raw materials and production processes on the
final chemical makeup of CS. For instance, the high Fe2O3

content in some samples indicates that CS may impart
greater density and strength to the concrete but could
also lead to challenges in achieving workability and uni-
formity. Conversely, the presence of SiO2, especially in its
amorphous form, can contribute to early strength develop-
ment in CS-based concrete, as SiO2 participates in the
hydration process, enhancing pozzolanic activity.

X-ray diffraction (XRD) analysis of CS shows the pre-
sence of mineral phases such as quartz, magnetite, pyr-
oxene, fayalite, and anorthite [135]. The findings of the
XRD analysis are illustrated in Figure 25. These minerals
play a crucial role in determining the mechanical and che-
mical properties of CS when used in concrete. For example,

Table 7: Physical properties of CS based on previous studies

Physical properties/Ref. Density (kg·m−3) Specific
gravity

Specific surface
area (m2·kg−1)

Initial setting
time (min)

Fineness
modulus

Raju et al. [130] — 3.52 — — 3.68
Liu et al. [75] — 2.4 — 250 —

Maharishi et al. [125] — 3.30 — — 3.18
Chakrawarthi et al. [62] 1.75 3.56 — — 3.00
Mavroulidou [131] 3.73 — — — 2.97

Figure 24: SEM of CS [74].
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magnetite and fayalite, due to their iron content, contri-
bute to the overall density and potential magnetic proper-
ties of the slag, while quartz and anorthite are associated
with the silicate phases that enhance the pozzolanic reac-
tivity of CS [136]. According to ASTM standards [151], a
material is considered pozzolanic if it contains more than
70% of a combined total of certain oxides, including SiO2,
CaO, Al2O3, MgO, Na2O, and Fe2O3. The XRD results and
chemical composition of CS, as presented in the studies,
suggest that CS meets this criterion, making it a viable
pozzolan. The pozzolanic properties of CS imply that it
can enhance the long-term strength and durability of con-
crete, especially when used as an SCM [137]. However, the
variability in its composition underscores the need for
careful characterization of CS before its use in concrete
to ensure consistent performance [138].

4.2 Reaction mechanism of CS

This section only addresses CS as a SCM. Reducing the
particle size of CS through grinding can significantly
enhance its reactivity, particularly when used as an SCM
in concrete [141]. Full hydration of CS can be achieved at a
certain level of particle fineness, as finer particles provide
a greater surface area for the hydration reaction. Studies
have indicated that CS particles larger than 60 μm contri-
bute little to hydration, while those smaller than 30 μm
play a crucial role in the hydration process. Particles as
small as 10 μm can hydrate rapidly, contributing to early
strength development in the concrete mix [142–144]. How-
ever, excessively fine CS particles can lead to premature
hydration, forming a thick hydration layer that inhibits
further hydration in the later stages, potentially compro-
mising the long-term strength and durability of the con-
crete [145]. Grinding CS for around 60min to achieve a
specific surface area that optimizes hydration has been
shown to be beneficial [77]. This balance between particle
size and hydration rate is critical; while fine particles
enhance early strength, they must be carefully controlled
to avoid premature hydration and the associated negative
effects on later-stage strength. To further enhance the poz-
zolanic activity of CS, the introduction of a chemical

Table 8: Chemical composition of CS according to previous studies

References/chemical composition SiO2 Al2O3 Fe2O3 CaO

Chithra et al. [110] 25.84 0.22 68.29 0.15
Najimi and Pourkhorshidi [133] 9.57 4.43 57.42 22.5
Sivakrishna et al. [44] 27 3.0 0.60 63
Al-Jabri et al. [134] 33.05 2.79 53.45 6.06

Figure 25: XRD analysis of CS [135,139,140].
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activator has been proposed. When CS is used as a cemen-
titious material, an acidic layer forms on the surface of the
particles, which can inhibit the inner particles from
reacting with water [146]. The mechanism involves the
breaking of the O–Si–O–Al chain pattern, allowing charged
ions of SiO2, CaO, MgO, and Al2O3 to migrate outward,
where they participate in pozzolanic reactions. This pro-
cess results in the formation of calcium silicate hydrate
(C–S–H) gel, which is crucial for binding the material and
contributing to the overall strength of the concrete mix
[147]. However, while the use of alkali activators can
enhance the reactivity of CS, the potential impacts on the
overall chemistry of the concrete mix, such as changes in
pH and long-term durability, should be carefully consid-
ered. The reaction mechanism is illustrated in Figure 26,
demonstrating how the use of alkali activators can effec-
tively improve the pozzolanic activity and binding proper-
ties of CS in concrete.

4.3 Environmental impact

When utilizing CS as a construction material, it is impera-
tive to assess its potential for heavy metal leaching, given
the environmental and health risks associated with its
improper disposal. CS, often discarded in open heaps,
can lead to the leaching of heavy metals, such as zinc,
arsenic, mercury, cobalt, iron, and copper when exposed
to rainfall [132]. This leaching poses a significant risk of
contaminating groundwater, which can lead to widespread
environmental pollution, affecting soil, water bodies, ani-
mals, and human health. Despite these concerns, several
studies have demonstrated the stability of heavy metals
within CS when it is used in construction. For instance, a
study where CS was submerged in distilled water for 15
days detected no leaching of heavy metals, including
zinc, nickel, lead, and chromium [149]. Similarly, research
has shown that concretes incorporating CS do not leach

Figure 26: Reaction mechanism of CS in the presence of an alkali activator [148].
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heavy metals, even when subjected to acid rain, indicating
that the heavy metals in CS are highly stable [150]. The
solidification of heavy metals in CS-based construction
materials has been attributed to mechanisms such as ion
exchange, encapsulation, and adsorption, which effectively
immobilize the metals within the matrix of the material
[150–152]. This quality of CS is owed to the fact that the CS
hardening mechanism takes place due to ion exchange,
encapsulation, and adsorption. In addition, Zain et al.
[153] found that the heavy metal concentration in CS-based
concrete was much lower than the allowable limits of
American and Malaysian standards. This finding under-
scores the environmental suitability of CS, particularly
when combined with OPC, making it a viable and eco-
friendly option for construction.

However, it is crucial to recognize that the stability of
heavy metals in CS may vary depending on the specific
composition of the slag, the conditions of exposure, and
the presence of other materials in the concrete mix.
Therefore, while the existing studies provide strong evi-
dence of the environmental safety of CS, ongoingmonitoring
and evaluation of its performance in different environ-
mental conditions are essential. This approach will ensure
that the use of CS in construction does not inadvertently
contribute to environmental contamination over time.

4.4 Replacement ratios

Research by Chakrawarthi et al. [62] explored the effects of
substituting various proportions of CS for cement in con-
crete mixes. The study found that the strength of CS-inclu-
sive concrete increases with curing age, indicating that CS
contributes positively to the long-term strength develop-
ment of concrete. Specifically, concrete containing CS
demonstrated higher strength compared to control sam-
ples without CS, supporting the idea that CS can enhance
the mechanical properties of concrete [154]. Further inves-
tigations identified the optimal replacement ratio of CS for
cement to be between 30 and 40%. Within this range, the
compressive strength of the concrete was observed to
increase by up to 60% compared to the control [134]. How-
ever, the study also found that the total replacement of
cement with CS does not achieve the required strength,
highlighting the limitations of using CS as a complete sub-
stitute. Moreover, adding fibers to the CS-inclusive con-
crete mix resulted in an additional 6% increase in strength,
demonstrating that the combination of CS with reinforcing
fibers can further enhance the material’s performance. For
example, replacing 20% of cement with CS led to a 35%

improvement in compressive strength at 28 days [63]. How-
ever, the benefits of using CS diminish when the replace-
ment ratio exceeds 40%. Beyond this threshold, the mix
tends to aggregate, potentially compromising the con-
crete’s workability and homogeneity. At 180 days, a mix
with 40% CS replacement achieved a compressive strength
of 53.8 N·mm−2, indicating that while high levels of CS can
still produce strong concrete, careful mix design is neces-
sary to avoid issues such as aggregation. Additionally, the
increased free water availability in CS-inclusive concrete
suggests that adjustments to the W/C ratio or the use of
superplasticizers may be required to maintain the desired
workability. For instance, the use of a 0.6% superplasti-
cizer with 60% CS was found to produce high-flow able
concrete, suggesting that admixtures can mitigate some
of the challenges associated with high CS content [155–157].

Overall, while CS shows considerable potential as a
partial replacement for cement, the proportion used
must be carefully optimized to balance strength, work-
ability, and long-term durability. The findings underscore
the importance of fine-tuning the mix design, particularly
when higher replacement ratios are considered, to achieve
the best possible performance in concrete applications.

4.5 Fresh properties of CS concrete

A study investigated the effect of varying amounts of CS on
the slump and workability of concrete, using two W/C
ratios: 0.55 and 0.45. The results indicated that the work-
ability of CS-based concrete initially increased with the
addition of CS but decreased beyond a certain threshold.
This behavior was observed for both W/C ratios, with
higher w/c ratios generally yielding greater slump and
workability [158]. Figure 27 presents the relationship
between a concrete slump and the percentage of CS used,
comparing two different W/C ratios: 0.55 (blue bars) and
0.45 (green bars). As observed, for both W/C ratios, the
slump initially increases with the addition of CS, reaching
a peak before gradually decreasing. At a W/C ratio of 0.55,
the slump reaches its maximum value at around 20% CS,
exceeding 200mm, which suggests enhanced workability.
Beyond this percentage, the slump decreases, with a sig-
nificant drop as the CS content approaches 100%. Similarly,
for theW/C ratio of 0.45, the slump also peaks at 20% CS but
remains consistently lower than the slump values for the
0.55W/C ratio across all CS percentages. The slump
decreases sharply with further increases in CS content,
indicating reduced workability, particularly beyond 40%
CS. The overall trend suggests that while the introduction
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of CS initially improves the concrete’s workability, exces-
sive amounts of CS lead to a reduction in slump, likely due
to the increased angularity and rough texture of CS parti-
cles, which increase internal friction and hinder the flow of
the concrete mix. This effect is more pronounced at the
lower W/C ratio of 0.45, where the mix’s reduced water
content exacerbates the decline in workability as CS con-
tent rises. Figure 27 illustrates these results, showing that
CS-based concrete exhibited lower slump values compared
to control samples. This finding contrasts with the expecta-
tion that CS would enhance workability, likely due to the
angular shape of CS particles. The increased friction
between these angular particles can reduce slump and
workability, highlighting a potential challenge when using
CS in concrete mixes. Further research corroborates these
observations, noting that high CS content can lead to issues
such as bleeding and segregation in concrete [159]. These
problems are often associated with the high water absorp-
tion and the particle shape of CS, which can adversely
affect the homogeneity and stability of the mix. Conse-
quently, it is crucial to optimize the CS content in the
mix design to avoid these negative effects and ensure con-
sistent performance. Additionally, the inclusion of CS
affects the initial setting time of concrete. Studies have
shown that CS delays the initial setting time, which can
be attributed to the presence of heavy metals that modestly
interfere with the hydration process [160]. This delay can
impact the construction schedule and workability, making
it essential to consider this factor when using CS in con-
crete. Figure 28 illustrates the impact of varying CS dosages
on the initial and final setting times of concrete. As
observed, the control sample (0% CS) exhibits the longest
initial and final setting times, approximately 4.5 and 6.5 h,
respectively. When 10% CS is incorporated, both the initial
and final setting times decrease slightly, indicating a faster

setting process. At a 20% CS dosage, the setting times
further reduce, suggesting that increased CS content con-
tinues to accelerate the setting time. However, at 30% CS,
there is a noticeable decline in the setting time, with the
initial setting time dropping to just above 3 h and the final
setting time slightly above 5 h. This trend suggests that
higher CS content accelerates the hydration process, likely
due to the specific characteristics of CS, such as its angular
particle shape and metallic content, which may influence
the rate of reaction. The reduction in setting times with
increasing CS dosage could be advantageous for applications
requiring faster setting concrete, but it may also necessitate
careful consideration to avoid premature setting, which
could affect workability and long-term performance.

In summary, while CS can enhance certain aspects of
concrete properties, its use requires careful management
of the mix design to mitigate issues related to workability,
bleeding, segregation, and setting time. Balancing these
factors is critical for achieving optimal performance in
concrete applications.

4.6 Mechanical properties

4.6.1 Compressive strength

The use of CS as a secondary cementitious material in
concrete initially results in reduced early strength due to
its lower reactivity compared to traditional cement.
However, the strength of concrete incorporating CS tends
to improve over time as the SCM’s latent properties

Figure 27: Workability test on CS concrete [158].

Figure 28: Initial and final setting times of CS concrete [74].
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become active. This delayed strength gain can be mitigated
by using activators, such as silicate and aluminate compo-
nents released through grinding, which enhance the early
strength development of the concrete. Research by Bharat
demonstrated that incorporating CS up to 15% positively
impacts concrete strength, but exceeding this amount can
be detrimental [144]. Similarly, Tixier et al. found that sub-
stituting 15% CS and adding 1.5% slaked lime as an acti-
vator resulted in improved compressive strength [161].
Additionally, W/C ratio also impacts the compressive
strength significantly. Furthermore, Moura et al. observed
a 30.4% increase in compressive strength with a W/C ratio
of 0.6 at 28 days [162]. This finding highlights the significant
influence of the W/C ratio on concrete’s compressive
strength. The utilization of CS as a fine aggregate can
also be used to enhance compressive strength. It owes to

the fact that the structure of CS has sharp edges. These
sharp edges aid in the cohesion of binders with aggregates
[163]. Replacement of fine aggregates with CS can also
result in a decrease in the compressive strength of concrete
[164]. Patil [165] concluded that the addition of more than
80% of CS adversely affects the compressive strength of
concrete. Kumar and Mahesh [166] found that the replace-
ment of fine aggregate with 30% of CS resulted in strength
gain of concrete. Chavan and Kulkarni [164] reported that
40% of CS is the most optimum proportion of replacement
of fine aggregates in aggregate. After increasing the
amount of CS from 40%, the hardening strength decreases.
Chithra et al. [112] examined the technical feasibility of
utilizing CS as a fine aggregate and reported the substitu-
tion of fine aggregates with CS and reported a compressive
strength of 150 MPa in high-strength concrete. Various

Figure 29: Variations in strengths by using different proportions of CS [123,131,167]: (a) compressive strength, (b) tensile strength, and (c) flexural
strength.
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other researchers concluded that the optimum compres-
sive strength is achieved when CS is used within the range
of 40%–50% [163]. Al-Jabri et al. [134] discovered that repla-
cing 50% of the fine aggregate increased the compressive
strength of mortar by 70%. Figure 29(a) illustrates the var-
iation in compressive strength with different proportions
of CS, emphasizing the importance of carefully balancing
the CS content to optimize concrete performance. In sum-
mary, while CS can effectively enhance compressive
strength, especially when used in moderate proportions,
excessive use or improper mix design can lead to reduced
strength. The incorporation of activators and careful
adjustment of the W/C ratio are crucial for optimizing
the performance of CS-based concrete.

4.6.2 Split tensile strength

Various studies are of the view that the split tensile
strength of concrete is enhanced by using the CS in propor-
tions [162]. Research indicates that the incorporation of CS
can significantly enhance the split tensile strength of con-
crete. Studies have shown that substituting 15% of cement
with CS, coupled with a W/C ratio of 0.5, improves the split
tensile strength of the concrete [165]. This enhancement is
attributed to the pozzolanic activity of CS, which contri-
butes to the development of a more robust matrix within
the concrete. Another study suggests that incorporating CS
as a fine aggregate also enhances the split tensile strength
of concrete [125]. Incorporating CS as a fine aggregate also
positively impacts split tensile strength. A study revealed
that using CS in fine aggregate form results in increased
split tensile strength, with an optimal replacement propor-
tion of 40% [79]. The effectiveness of CS as a fine aggregate
is due to its angular particle shape, which enhances the
bond between the binder and aggregates, leading to
improved tensile properties. Moreover, CS has also been
explored as a coarse aggregate in concrete. Research sug-
gests that CS can serve effectively as a coarse aggregate due
to its strong bond strength, which further contributes to
the concrete’s split tensile strength [115]. The ability of CS to
enhance bond strength and tensile properties highlights its
versatility as both a fine and coarse aggregate in concrete.
It is due to the stronger bond strength due to the use of CS.

Figure 29(b) illustrates the variation in split tensile
strength with different proportions of CS, underscoring
the positive impact of CS on enhancing this property.
Overall, the use of CS in concrete, whether as a cement
substitute, fine aggregate, or coarse aggregate, can lead
to improved split tensile strength, provided that the pro-
portions are optimized to achieve the best performance.

4.6.3 Flexural strength

Flexural strength measures a material’s ability to with-
stand bending forces without deforming or failing. The
incorporation of CS into concrete, whether as a replace-
ment for cement or fine aggregates, can influence flexural
strength both positively and negatively. The specific effects
of CS on flexural strength are contingent upon several
factors, including the replacement ratio, particle size dis-
tribution, and the quality of the CS used. Research indicates
that a CS replacement ratio of around 5% for cement is
optimal for achieving maximum flexural strength [168].
This relatively low proportion allows for the beneficial
properties of CS to enhance the flexural performance of
concrete without adversely affecting the mix’s overall
characteristics. Conversely, replacing a significant portion
of fine aggregates between 40 and 50% with CS has also
been found to optimize flexural strength [79]. This range of
replacement is effective in leveraging the angular shape
and pozzolanic properties of CS to improve the concrete’s
resistance to bending forces.

Figure 29(c) illustrates the variation in flexural strength
with different CS replacement proportions, highlighting the
potential benefits of using CS in concrete mixes. Despite
these positive findings, continuous research and testing
are essential to fully comprehend the effects of CS on flex-
ural strength and to refine the mix design guidelines. Adher-
ence to established standards and guidelines will ensure the
effective integration of CS into concrete mixes, optimizing
performance and durability while addressing any potential
challenges associated with its use.

4.7 Durability properties

4.7.1 Water absorption

Water absorption is a critical parameter in assessing the
quality and durability of construction materials [169].
Lower water absorption in construction materials corre-
lates with reduced susceptibility to carbonation and
chloride attacks, enhancing the longevity of the structure
[170]. In the context of CS-based concrete, several factors,
including particle size and substitution proportions, signif-
icantly influence water absorption [134]. When CS is used
as a secondary cementitious material, its fine particles con-
tribute to a micro-filler effect within the concrete matrix.
This effect, combined with the pozzolanic reactivity of CS,
leads to the formation of a denser concrete structure with
improved resistance to water absorption [154]. Despite this,
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studies have shown that replacing cement with CS can
introduce additional porosity, though the pores are gener-
ally smaller than 10 μm in diameter. The permeability of
water through these pores decreases as pore size
diminishes [171]. CS-based concrete durability was assessed
by Moura et al. [162] in a study in which capillary action of
water was determined on the concrete. It was concluded
that replacing 20% cement with CS resulted in 13.5% less
water permeability through the concrete as compared to
controlled samples. However, the capillary action of water
in such concrete decreased by 24.1%. The reason behind
this phenomenon is that CS utilization helped reduce the
pore sizes in concrete and provided resistance to capillary
action. Similarly, Boakye reported a reduction in the water
absorption rate in concrete that utilized CS as SCM [172].
However, the effectiveness of CS in reducing water absorp-
tion has limitations. Studies indicate that the optimum pro-
portion of CS to achieve reduced water absorption is
around 40%. Beyond this threshold, water absorption
begins to increase due to the larger pore sizes created by
higher CS content [134]. Zhao et al. also reported a signifi-
cant decrease in water absorption with 40% CS substitution
but observed that increasing this proportion to 60%
resulted in larger pore sizes and increased water absorp-
tion [149].

In summary, while CS can enhance the water resis-
tance of concrete by reducing water absorption up to a
certain proportion, its effectiveness diminishes with higher
replacement levels. Optimal use of CS, particularly around
the 40% mark, can help achieve a balance between
improved durability and manageable water absorption.

4.7.2 Chloride attack

Chloride attack is harmful to concrete as it corrodes the
steel bars in reinforced concrete and swells the concrete
[173–175]. Therefore, it is crucial to enhance the durability
of CS-based concrete to shield it from chloride penetration
[176]. To mitigate this issue, it is essential to enhance the
durability of concrete against chloride penetration. Incor-
porating CS into concrete has been shown to improve resis-
tance to chloride attack by contributing to a denser and
more impermeable concrete structure [177]. The effective-
ness of CS in reducing chloride penetration depends on the
quantity used. Studies indicate that an optimal replace-
ment ratio of 20%–25% CS as a fine aggregate is effective
in minimizing chloride attack while maintaining concrete
durability [178]. At this proportion, CS helps in achieving a
dense concrete matrix that impedes chloride ions from
penetrating the structure. Additionally, the resistance to

chloride penetration improves with increased curing age
as the concrete continues to gain strength and density over
time [179].

In summary, utilizing CS in concrete can enhance its
resistance to chloride attack, provided that the amount
used is carefully controlled. An optimal replacement ratio
of 20%–25% CS is recommended to achieve a balance
between durability and performance, with further
improvements observed with prolonged curing.

4.7.3 Sulfate penetration

Sulfate attack is one of the worst hazards that affect the
durability of concrete [180]. Sulfate ions penetrate concrete
and react with the calcium hydroxide present in the con-
crete to form substances such as ettringite and gypsum
[181–183]. These substances result in the cracking of con-
crete. Also, the reaction of sulfate with crucial compounds
of hardened concrete increases the destruction of har-
dened concrete. It decomposes C–S–H. The sulfate penetra-
tion resistance depends greatly on the permeability quality
of hardened concrete [184]. Hardened concrete with less
permeability is less prone to sulfate attacks [185]. Studies
concluded that using CS as an SCM in concrete improves
the resistance against permeability in concrete. The pozzo-
lanic properties of CS contribute to a denser microstruc-
ture, reducing the permeability of concrete and limiting
the ingress of sulfate ions. Studies have shown that con-
crete containing CS exhibits a lower expansion rate when
subjected to sulfate environments compared to traditional
concrete mixes. This is attributed to the formation of more
stable hydration products, such as C–S–H, which are less
susceptible to sulfate attack [148,186,187]. Similarly,
research reported that 20% replacement of cement by CS
is the optimum amount to provide resistance against sul-
fate attack [125]. Another research found that sand
replaced by 40% of CS provides the most optimum sulfate
resistivity [143].

5 Limitations

This article’s limitations primarily stem from the inherent
challenges associated with scientometric analysis. The reli-
ance on bibliometric databases like Web of Science and
Scopus introduces potential biases due to incomplete cov-
erage, especially concerning non-English or regional pub-
lications. Furthermore, citation metrics, while useful, may
not fully capture the qualitative impact of research, as they
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often emphasize quantity over significance. The analysis is
also subject to citation biases, including self-citations and
variations in citation practices across different fields, which
can affect the comparability of results. Additionally, the time
lag in citation accumulationmay lead to an underestimation
of the impact of more recent studies, while older works
might be undervalued due to the natural decline in citations
over time.

6 Conclusion

This article provides a scientometric review of the litera-
ture regarding the utilization of CS as a substitute material
in ordinary Portland cement concrete (OPCC). The review
reveals that while research on CS concrete dates back to
1983, the most significant period of growth occurred
between 2015 and 2022, during which the volume of litera-
ture on the topic saw an exponential increase. “Journal
articles” were identified as the primary document types,
while “engineering” and “material science” disciplines
emerged as the major subject areas in published research
on CS concrete. The journal “Construction and Building
Materials” was revealed to be the major source, whereas
“Dharmar, B.” was found to be the leading author of the
research on CS concrete. “India” was found to be the top
country, “Thiagarajar College of Engineering”was found to
be the top organization, whereas “National Natural Science
Foundation of China” was found to be the top funding
sponsor of the research on CS concrete. The article titled
“Characteristics and utilization of CS – A review” was
found to be the most cited document of the research on
CS concrete. “Compressive strength” emerged as the most
investigated mechanical property of CS concrete. CS is a
pozzolana and can be utilized as a building material if used
within a specific limit. It does not have greater early
strength gain, but alkali activators can be used to break
the acidic layer around its particles and its reactivity can
be increased by many folds. It can also be achieved by
grounding the CS particles and busting opening the active
elements such as alumina and silica. CS has some quanti-
ties of heavy metals such as copper and zinc. These heavy
metals can affect the setting time of the mixes containing
CS as a binding material. The setting time of CS based
concrete can be reduced by washing off the inert surface
of CS particles or by grounding the CS particles. In addition,
the inclusion of CS in concrete increases the workability of
concrete but the addition of more than 80% concrete
results in bleeding of concrete. For improving the work-
ability, the optimum ratio of cement replacement by CS is

30%, while the optimum ratio to replace sand by CS is
40%–50%. CS is also beneficial for the enhancement of
the mechanical properties of concrete. Although CS harms
early strength gain, this problem can be mitigated by using
Alkali activators. Most studies suggest that 5%–10% CS can
be added to cement to attain the most beneficial mechan-
ical properties. The addition of CS in concrete has been
found to enhance the durability properties of concrete.
Since CS imparts the micro filler effect to the structure of
concrete and makes the concrete denser, concrete is hardly
penetrated by any substance. The number of pores in con-
crete increases by adding CS, but their pore size is so
minute that no substance can pass through them. The
optimum amount of CS that can be used to improve dur-
ability properties is 20% if CS is used as SCM and 40% if CS
is used as sand. The utilization of CS as cement has many
ecological benefits as well. CS contains heavy metals that
are incorporated and hardened in concrete. After the con-
crete hardens, these heavy metals do not leach under any
circumstances. Hence, using CS as SCM or sand replace-
ment in concrete successfully utilizes the heavy metals,
saving the environment.

This scientometric review of CS utilization in OPCC
offers several important implications and contributions
to the field of construction materials. The significant
increase in research on CS concrete from 2015 to 2022
underscores a heightened interest and recognition of CS
as a viable alternative material. This trend highlights the
need for continued exploration into its benefits and appli-
cations, suggesting that CS could play a substantial role in
future concrete formulations. The identification of “com-
pressive strength” as the most investigated mechanical
property provides a clear direction for future studies.
Researchers and practitioners can focus on optimizing CS
content to achieve desired strength properties, addressing
challenges related to early strength gain with alkali activa-
tors, and exploring the balance between CS content and
concrete workability. The review offers practical insights
into the optimal replacement ratios for CS as both a cement
and sand substitute. These recommendations are crucial
for engineers and construction professionals aiming to
enhance concrete performance and workability while
maintaining structural integrity. The review emphasizes
the ecological benefits of using CS in concrete, particularly
its role in stabilizing heavy metals and preventing
leaching. This contributes to sustainable construction prac-
tices by providing a method for effectively utilizing indus-
trial by-products and reducing environmental impact. By
highlighting the need for further investigation into the
long-term properties of CS concrete and its performance
in various applications, the review opens avenues for
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future research. This includes exploring the durability of
CS concrete over extended periods and its suitability for
different environmental conditions. The review consoli-
dates extensive research on CS concrete, offering a thor-
ough examination of its properties, applications, and
trends. This comprehensive overview aids in under-
standing the current state of knowledge and provides a
valuable reference for future studies. By recognizing
leading journals, authors, and funding organizations, the
review identifies key contributors and sources of research.
This information is valuable for researchers seeking colla-
boration opportunities and for understanding the primary
drivers of research in this field. The review provides
actionable guidelines for the effective use of CS in concrete
mixes, including optimal replacement ratios and methods
to enhance reactivity and workability. These guidelines
can be directly applied in practice, facilitating the adoption
of CS in construction projects. The review highlights the
ecological benefits of using CS, emphasizing its role in
environmental conservation by incorporating heavy
metals into a stable concrete matrix. This contributes to
promoting sustainable practices within the construction
industry. In summary, this review not only advances the
understanding of CS as a substitute material in concrete
but also provides practical recommendations and identi-
fies future research directions, contributing significantly to
the field of sustainable construction materials.

7 Future recommendations

The investigation on the utilization of CS in concrete either
as a SCM or as a fine aggregate has shown its potential as a
sustainable material. However, the results reported in dif-
ferent studies can be ascribed to the alterations in types of
CS, mix ratios, preparation methods, fineness of CS, and
mix contents. The existing research advocates its viability;
however, there is still a need for further research. Future
studies are recommended to prioritize several key aspects.
First, the environmental impact of the utilization of CS in
concrete needs to be thoroughly investigated. Exploring the
environmental aspects will help in evaluating the sustain-
ability of such concrete mixtures and guaranteeing that
their production and use align with ecofriendly procedures.
Second, performing a lifecycle assessment of CS along with a
cost–benefit analysis is crucial. This involves assessing the
resource consumption and economic considerations in addi-
tion to the environmental impacts over the entire life of
concrete structures. Such assessments are critical for
making informed decisions regarding the feasibility and

sustainability of the utilization of CS in concrete construc-
tion. Third, the tensile behavior of CS concrete should be
examined in detail. Studying tensile behavior is important
for designing structures that can endure different types of
loading. Lastly, investigating the abrasion resistance of CS
concrete is critical, especially in applications where wear
and tear are substantial factors. Evaluating endurance to
abrasion will help in determining the durability of CS con-
crete-based structures. In summary, addressing these
research gaps will contribute to a comprehensive and
detailed understanding of the potential and limitations of
CS concrete.
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