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substantial quantity of CO; to the environment, and causes depletion of natural resources. Thus,
utilizing sugarcane bagasse ash (SBA) in CBCs in place of cement might be a sustainable
approach. In this review, two approaches have been adopted, namely, scientometric analysis and
a thorough manual review of the use of SBA in CBCs. A scientometric analysis can deal with huge
bibliometric data without complications. This study retrieved journal articles and review articles
on SBA utilization in CBCs available at the Scopus database from 2007 to 2021 and performed a
scientometric analysis using a suitable software tool. The aim of the scientometric analysis was to
ascertain the current state of research and to identify relevant publication fields, sources with the
most publications, the most frequently used keywords, the most cited articles and authors, and
the countries that have made the greatest contribution to the field of SBA utilization in CBCs.
Additionally, the influence of SBA on the fresh and hardened properties as well as durability
properties of CBCs are comprehensively discussed. It was found that the top publication source is
construction and building materials with 36 publications, the author with most publications is
Bahurudeen A with 14 articles, and the country having the highest contribution in the relevant
field is India with 110 publications. Furthermore, the addition of SBA in CBCs as cement
replacement was found to be beneficial in terms of sustainability aspects and performance of
composites. This study also highlighted the limitations associated with SBA utilization in CBCs
and reported recommendations for future studies.

1. Introduction

Globally, cement-based composites (CBCs) are the materials most commonly used in construction [1-6]. Their popularity is due to
a variety of factors, including their ease of acquisition, resistance to water, thermal resistance, and adaptability to a range of sizes and
shapes [7-13]. CBCs are used in the construction of all types of civil engineering structures [14]. CBC is frequently made up of three
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primary components: cement, aggregates, and water [15]. After water, CBCs have believed the next highly used material on Earth [16].
Cement production is increasing at a rate of 2.5% per year, having risen from 2300 million tons in 2005 to 3500 million tons in 2020
[171, and is expected to reach 3700-4400 million tons by 2050 [18]. After steel and aluminum, cement is the third material worldwide
that is most energy-intensive [19]. Unfortunately, manufacturing cement results in massive emissions of greenhouse gases such as CO;
into the air, which is a major contributor to climate change [20]. It is projected that the manufacture of cement alone generates 1350
million tons of greenhouse gases per year [21]. Three major sources of CO2 emission are involved in the manufacture of cement:
approximately 325 kg/ton COs is produced during fuel combustion furnace, approximately 525 kg/ton COs is produced during the
decarbonation of limestone, and approximately 50 kg/ton CO3 is produced during the consumption of electrical energy [22]. Each ton
of cement requires approximately 80 units of electricity and raw materials of about 1500 kg [23]. The supplementary cementitious
materials (SCMs) are used in CBCs to reduce CO5 emissions [24-30]. Agriculture waste products such as sugarcane bagasse ash (SBA),
olive oil ash, corn cob ash, sawdust ash, rice husk ash, and palm oil fuel ash, as well as industrial by-products like fly ash, silica fume,
red mud, tailing, coal gangue, and slag, are presently being utilized as SCMs in several applications [31-43]. Due to the contamination
of water and air, the discarding of these waste materials in landfill areas poses a severe threat to the natural environment [44]. When
used as pozzolanic materials in CBCs, these waste materials may improve the mechanical and durability properties of the composites
[45]. Also, utilization of waste materials in CBCs will help promote sustainability in construction.

SBA is a by-product of the sugar industry. After the sugar is extracted from sugarcane, a larger fibrous waste material called bagasse
is left behind [46]. When bagasse is burned at a specific temperature, a huge quantity of ash is produced, known as SBA [47,48]. After
fibrous bagasse is burned at approximately 600-800 °C, the ash produced is rich in amorphous silica with excellent pozzolanic
properties [49]. Bagasse ash’s amorphous silica content makes it an excellent cement substitute in concrete [46]. Generally, it was
discovered that the SBA could be used as a pozzolanic material because of its greater amount of amorphous silica and alumina [50].
The amount of silica in the ash varies depending on a variety of factors, including the burning method and temperature, the type of soil
used to grow sugarcane, and raw material properties [51]. Sugarcane is projected to be cultivated in 121 countries [52], with 15
countries accounting for 86.2% of the total area and 87.4% of total production. India, Brazil, Pakistan, Thailand, United States, China,
Argentina, South Africa, Bangladesh, Cuba, Philipines, Columbia, Australia, Mexico, and Myanmar [52]. Additionally, it is estimated
that global sugarcane production exceeds 1.50 billion tons per year [53]. Roughly 26% of fibrous bagasse waste is generated after the
extraction of sugar from sugarcane [44], and this industry generates 400-500 million tons of bagasse annually [54]. Bagasse with a
26% moisture content comprises 0.62% remaining ash and 50% moistness [55]. That is, just 6.2 kg SBA is left behind when 1-ton dry
bagasse waste is burned at 300-600 °C temperature [56]. The sugar mill’s entire production chain is depicted in Fig. 1. After sugarcane
juice is extracted, sugarcane bagasse waste is left behind, which contains nearly 50% of the sugarcane’s quantity. Bagasse is frequently
used as a fuel for power generation. SBA is the final waste product of this process. Thus, utilization of SBA is CBCs would be a sus-
tainable approach.

In this study, two methods have been adopted, including scientometric analysis and a thorough discussion on the utilization of SBA
in CBCs as a sustainable approach for construction materials. Scientometric analysis can deal with vast data without making any
further complications. Traditional manual reviews are inadequate to establish a profound and reliable correlation among various
sections of the literature. Scientific mapping and network visualization of bibliographic coupling, co-occurrence, and co-citations are
currently among the most challenging aspects of contemporary research. To address the fundamental shortcomings of traditional
manual reviews, this study employs scientometric analysis in conjunction with traditional manual reviews to achieve the following
objectives: (1) To identify the sources with maximum publications, co-occurrence of keywords, authors collaboration, mostly cited
authors and articles, and regions participating actively in the research of SBA in CBCs for sustainability in construction. (2) To discuss
the effect of SBA on the fresh and hardened properties of CBCs, incorporating SBA as cement replacement, and the durability properties
of CBCs with the addition of SBA. (3) To identify limitations associated with the use of SBA in CBCs, and possible solutions. (4) To
suggest future studies based on extensive literature review.
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Fig. 1. Process of bagasse ash extraction from sugarcane.
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2. Significance of current research

Recently, extensive research has been conducted to determine the factors that contribute to construction’s sustainability, and some
useful conclusions have been reached. Review studies conducted so far are mostly manual reviews. This study employs scientometric
analysis in conjunction with the traditional manual review on the use of SBA in CBCs as a sustainable strategy. SBA is a waste material
that causes environmental and human health problems when disposed of in landfills. Therefore, SBA is reviewed in this study for its
utilization in construction materials to protect the environment and human health. Researchers from diverse geographical locations
may benefit from the graphical representation based on a scientometric review when forming research alliances, forming joint ven-
tures, and sharing breakthrough technologies and ideas as a result of this research. Additionally, the advantages of utilizing SBA in
construction are discussed in this study. The effect of SBA on the fresh, hardened, and durability properties CBMs and their sustain-
ability benefits are discussed in detail. Additionally, various restrictions on the use of SBA are discussed, as well as possible remedies.
Finally, future research is recommended.

3. Methodology

Two strategies have been adopted in the current research: a scientometric analysis of the bibliometric data [57-61] and a tradi-
tional manual review on the utilization of SBA in CBCs. The major reason for establishing a scientometric review method is that re-
searchers’ subjective analyses of civil engineering studies have been demonstrated to be prone to error. Scientometrics, on its own,
produces a more rational and less skewed result, as it is unaffected by any individual’s perspective [62-64]. This study reviews and
articulates the research of the last two decades. This study employs maps and connections between bibliometric data to quantify
research progress, resulting in a quantitative assessment.

In the current study area, numerous articles have been published, and it is critical to locate the most accurate database. Web of
Science and Scopus are the two most effective, comprehensive, and objective databases for conducting literature searches [65]. Scopus
provides a broader coverage of bibliometric data and more up-to-date data than Web of Science [65-67]. The bibliometric data for the
current analysis on the use of SBA in sustainable construction were compiled using Scopus. The Scopus search was carried out in June
2021. The search keyword in Scopus, "bagasse ash in concrete", resulted in 353 articles. To eliminate irrelevant articles, data
refinement options were used. Only the "article" and "review" from the “document type” drop-down menu were chosen. From the
"source type", only “journal” was selected, while the "language" was chosen as "English". The first document on the current study field
was found in 2007. The "publication year" limit was set between 2007 and 2021. "Engineering, Material Science, and Environmental
Science" was selected from the "subject area", for further analysis. After applying these filters, the resulting articles were 220. Pre-
viously, researchers from a variety of fields used comparable methods [68-70]. Scientometric reviews employ science visualization, a
technique initiated by scholars for analyzing bibliometric data for a variety of purposes [71]. It describes the difficulties researchers
face when conducting manual reviews and also establishes a link between sources, keywords, authors, articles, and countries within a
given research area [72]. Scopus data was exported in the Comma Separated Values (CSV) format for analysis using a suitable software
tool. VOSviewer (version: 1.6.16) was used to create the science mapping and visualization. VOSviewer is an open-source visualization
application that is widely used in a variety of fields and comes highly recommended in the literature [73-77]. As a result, the VOS-
viewer was used to accomplish the objectives of the current study. VOSviewer was used to conduct the analysis, with the "type of data"

Database selection
(Scopus)

Data retrieval
(CSV file)

Selection of software
(VOSviewer)

Data analysis
(Sources, Keywords, Authors,
Articles, and Countries)

Results and discussions

Fig. 2. Scientometric analysis sequence.
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set to "create a map from bibliographic data" and the "data source" set to "read data from bibliographic database files." The Scopus CSV
file was imported into VOSviewer and analyzed in a few simple steps while maintaining data consistency and reliability. The sources of
articles, mostly occurred keyword, most cited authors and articles, and regions participations were analyzed as part of the science
mapping review. Maps were used to depict various parameters, their relationships, and co-occurrence, while tables summarized their
quantitative values. Fig. 2 illustrates the sequence of the scientometric analysis.

4. Discussions on scientometric analysis results
4.1. Relevant subject areas and yearly publication trend

The Scopus analyzer was used to conduct a search of the Scopus database in order to identify the most relevant areas of research.
Engineering, Materials Science, and Environmental Science were determined to be the top three fields in terms of document count,
accounting for 38.5%, 22.8%, and 10.5% of total documents, respectively, as illustrated in Fig. 3. These fields comprise approximately
71.8% of all documents searched in the Scopus database. For the overall documents, journal articles and review articles were
compared. Journal articles accounted for 90.9% of the total, while review articles accounted for 9.1%. From 2007 to 2021, Fig. 4
depicts the yearly publication trend in the current study field. Up to 2016, a gradual increase in the number of publications on the use
of SBA in concrete was noticed. However, there has been a noticeable increase in the last five years (2016-2021). It’s fascinating to
realize that scholars are increasingly focusing their research on sustainable construction methods.

4.2. Mapping of sources in the relevant field

Source mapping enables the visualization of development and innovation analysis. These sources provide access to data that is
constrained by predefined, unique constraints. It is possible to apply the research pattern sequentially in the analysis area by
initializing the mapping of research origins. This analysis was conducted using Scopus bibliometric data in the VOS viewer. The
"analysis type" was chosen to be "bibliographic coupling," and the "analysis unit" was chosen to be "sources". The minimum number of
documents required for a source was set at 5, and 9 of the 84 sources met this criterion. The leading sources/journals that publish at
least 5 documents containing data on SBA in concrete for sustainable development are listed in Table 1, along with their citation counts
and total link strength. Construction and building materials, international journal of civil engineering and technology, and journal of
cleaner production are the top three journals in terms of document count, with 36, 21, and 16 documents, respectively. Construction
and building materials receive the most citations (1241), followed by cement and concrete composites (931) and journal of cleaner
production (683). The yearly publication pattern of top sources/journals and their scientific mapping are depicted in Fig. 5. This
information was gathered in the course of establishing a network of research sources. It is worth noting that this type of research would
serve as a foundation for future scientometric reviews in the current field of study. Additionally, previous manual reviews were
deficient in terms of science mapping detail. The trend in the yearly publication of the top journals is depicted in Fig. 5(a). The
participation of construction and building materials is from 2009 to 2021. While the contribution of journal of cleaner production in
the current study area is from 2013 to 2021. However, the international journal of civil engineering and technology participated from
2017 to 2018; after that, no articles were found in the present study area. Similarly, the international journal of applied engineering
research contributed from 2014 to 2017. As can be seen, the number of publications increased noticeably in the last five years,
particularly for construction and building materials and journal of cleaner production. Fig. 5(b) depicts the network visualization of a
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Fig. 3. Subject areas containing relevant publications.
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Table 1

Sources of relevant published articles.
S/N Source Documents Citations Total link strength
1 Construction and building materials 36 1241 3756
2 International journal of civil engineering and technology 21 38 458
3 Journal of cleaner production 16 683 2216
4 International journal of applied engineering research 8 15 124
5 International journal of innovative technology and exploring engineering 8 3 259
6 Journal of materials in civil engineering 8 198 1002
7 Materials 8 82 1353
8 Cement and concrete composites 7 931 1373
9 Materials and design 5 334 577

journal with at least 5 articled published. The size of the node in the figure corresponds to the journal’s article count contribution; a
larger frame size indicates a greater contribution. For instance, construction and building materials have a larger node size than the
other journals, indicating that this journal has the greatest influence in the current study area. Additionally, nodes (sources) with the
same color display clusters of related nodes discovered via VOSviewer analysis. For example, the red color denotes a cluster containing
construction and building materials, materials, journal of cleaner production, cement and concrete composites, and journal of ma-
terials in civil engineering. Clusters are formed based on the scope of research outlets or the number of times they are co-cited [78]. The
number of articles in the current study area that contain co-citations is indicated by the connection links between the research sources.
Additionally, the link strength indicates the number of times two journals have been cited in the same article. For example, con-
struction and building materials (total link strength: 3756) contained the most references to other sources of research. In a cluster,
nodes (sources) that are closely spaced together have stronger connections than those that are further apart. For instance, the con-
struction and building materials is closely linked to journal of cleaner production and cement and concrete composites than to the
journal of materials in civil engineering.

4.3. Keywords co-occurrence

The crucial materials in research are keywords because they identify and represent the fundamental field of the research domain
[79]. The "type of analysis" for that analysis was chosen as "co-occurrence," and the "unit of analysis" as "all keywords." A keyword’s
minimum number of occurrences was set to 10. Due to these constraints, only 55 of the 1525 keywords met the criteria. Table 2
summarizes the top 20 keywords that appeared most frequently in the research articles in the current study field. According to the
researcher’s study, the top five most frequently occurring keywords are bagasse, compressive strength, concretes, bagasse ash, and
sugar-cane bagasse. The co-occurrence visualization of keywords networks is depicted in Fig. 6, along with their connections to one
another and the density associated with their correlation frequency. In Fig. 6(a), the size of the keyword node indicates its frequency,
while its location indicates its co-occurrence in publications. Additionally, the visualization shows that the aforementioned keywords
have bigger nodes than the others, indicating that they are the most important keywords in the study of SBA utilization in concrete for
sustainability. In the network, clusters of keywords have been colored differently to indicate their co-occurrence in various publica-
tions. Four clusters were identified, denoted by the colors green, red, blue, and yellow. For instance, a green cluster contains bagasse,
compressive strength, bagasse ash, portland cement, recycling, aggregates, binders, etc. As illustrated in Fig. 6(b), distinct colors
indicate the density concentration of keywords. The color’s order of density is red, yellow, green, and blue, with red having the highest
and blue having the lowest density. For example, bagasse, compressive strength, and concretes have red marks in the density
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Fig. 5. Relevant publication sources: (a) Annual publication pattern; (b) Scientific mapping.

visualization, indicating a higher density. This finding will aid future writers in selecting keywords that will make it easier to locate
published data in a particular domain. The links between bagasse with other keywords have been depicted in Fig. 7(a), and links
between concretes and other keywords are shown in Fig. 7(b). The links of bagasse with concrete and pozzolanic materials indicate
that it has been used as a pozzolanic material in concrete. Thus, utilizing SBA in CBCs would be a better and sustainable approach.

4.4. Authors mapping

The number of citations a researcher receives indicates their influence in a particular field [80]. In the VOSviewer, the "type of
analysis" was set to "co-authorship," while the "unit of analysis" was set to "authors." The minimum number of documents required for
an author was maintained at 5, which resulted in 16 of 549 authors meeting the constraints. According to data retrieved from the
Scopus database, the top authors in the field of SBA utilization in concrete for sustainable growth with the most documents and ci-
tations are listed in Table 3. The average citation count was determined by dividing the total number of citations by each author’s total
number of publications. Most publications were authored by Bahurudeen A. (14 articles), while the most citations were authored by
Cordeiro G.C. (769 citations). It will be difficult to evaluate a researcher’s effectiveness independently. The author’s rating, on the
other hand, will be determined by comparing all variables individually or in combination. When the total number of publications is
compared, for example, the top three authors are Bahurudeen A. with 14, Jaturapitakkul C. with 13, and Cordeiro G.C. with 9 pub-
lications. Alternatively, if the number of citations is compared, Cordeiro G.C. ranks first with 769, Toledo Filho R.D. ranks second with
743, and Jaturapitakkul C. ranks third with 516 citations. Additionally, when comparing average citations, the author’s ranking is as
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Table 2
List of top 20 mostly occurred keywords.
S/N Keyword Occurrences Total link strength
1 Bagasse 103 884
2 Compressive strength 29 699
3 Concretes 68 634
4 Bagasse ash 50 252
5 Sugar-cane bagasse 49 460
6 Sugarcane bagasse ash 49 303
7 Portland cement 47 410
8 Concrete 45 334
9 Cements 44 396
10 Fly ash 43 335
11 Durability 42 383
12 Chlorine compounds 33 296
13 Sugar cane 33 285
14 Silica fume 28 213
15 Concrete aggregates 26 273
16 Bagasse ashes 25 214
17 Concrete mixtures 24 208
18 Silica 24 205
19 Water absorption 24 223
20 Cement industry 23 245
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Table 3

Top authors in the relevant field.
S/N Author Documents Citations Average citations total link strength
1 Bahurudeen A. 14 384 27 6
2 Jaturapitakkul C. 13 516 40 14
3 Cordeiro G.C. 9 769 85 12
4 Tangchirapat W. 9 171 19 13
5 Balaji K.V.G.D. 8 15 2 6
6 Chindaprasirt P. 8 175 22 9
7 Santhosh Kumar T. 8 14 2 6
8 Singh S. 8 182 23 0
9 Toledo Filho R.D. 7 743 106 11
10 Santhanam M. 6 373 62 6
11 Aslam F. 5 25 5 5
12 Fairbairn E.M.R. 5 494 99 9
13 Javed M.F. 5 25 5 5
14 Mendoza-Rangel J.M. 5 30 6 0
15 Sales A. 5 207 41 0
16 Sounthararajan V.M. 5 3 1 0

follows: Toledo Filho R.D. has 106, Fairbairn E.M.R. has 99, and Cordeiro G.C. has 85 average citations. The visualization of authors
with a minimum of five documents and the linkage of the most prominent author is shown in Fig. 8. Only three of the 16 authors have
been linked. On the basis of citations in the field of SBA utilization in concrete, it was determined that authors from different regions
are not connected to each other.

4.5. Mapping of articles

The number of citations a research article receives reflects its influence on a particular field of study. Articles that receive a large
number of citations will be considered landmarks in the research field. The "type of analysis" was set to "bibliographic coupling" and the
"unit of analysis" to "document" in the VOSviewer to analyze documents based on citations. The minimum citation count for a
document was set at 10, and 82 of the 220 records met these criteria. Table 4 summarizes the top twenty highly cited research articles,
their authors, and the year of publication. Ganesan K. [26] received a total of 355 citations for their article titled "Evaluation of bagasse
ash as supplementary cementitious material". Cordeiro G.C. [81,82] received 258 and 211 citations, for their respective articles and
were ranked in the top three. Fig. 9 illustrates the author’s visualization of the articles with the most citations on their respective
publications (Fig. 9(a)), the top connected articles (Fig. 9(b)) based on citations, and the density of connected articles ((Fig. 9(c)) in the
field of the current study. According to citations, 77 out of 82 documents were connected. This visualization depicts the network of
co-citations between the authors who contributed to the study of SBA utilization in concrete for sustainability. The proximity of the
articles indicates how closely related they are in terms of citations.

4.6. Mapping of countries

Certain nations have previously made greater contributions than others to the current research domain and continue to do so. The
visualization network was created to assist readers in visualizing regions that are serious about sustainable construction. The "type of
analysis" was chosen as "bibliographic coupling,” and the "unit of analysis" as "countries.” The minimum number of documents required
by a country was set at five, and 10 of 45 countries met this criterion. Table 5 lists the top most active nations in terms of the number of
documents and citations related to the current study area. With 110, 24, and 22 documents, respectively, India, the United States, and
China contributed the most documents. Similarly, these countries received the most citations, i.e., 1295, 1055, and 919 respective
citations. The total number of documents, citations, and links indicates a country’s influence on the evolution of the current research
domain. The total link strength reflects the degree to which a country’s documents influenced the other countries included in these
studies. In comparison to other countries, India had the strongest total link strength (8938), followed by the United States (4965) and
Thailand (4531). As a result, it was determined that the aforementioned countries have the greatest influence on the use of SBA in
concrete for sustainability. Fig. 10(a) and (b) depict the connectivity and density of countries linked based on citations. The size of the
frame reflects a country’s contribution to the field of study. Furthermore, the density visualization demonstrates that countries with
the highest participation had a higher density. The graphical representation of participating countries will aid future researchers in
establishing scientific collaborations, producing joint venture reports, and sharing innovative techniques and ideas.

5. Properties of sugarcane bagasse ash

It is critical to understand the properties of SBA in order to ensure that it functions properly when used in place of cement in CBCs.
The hardened properties of CBCs are determined by a variety of factors, including the water-binder ratio (w/b), the chemical
composition of the binder, the quality of the filler material, cement type, cement quantity, and quality control measures taken during
the concrete production process. SBA’s chemical composition has been listed in Table 6. The CaO content of SBA is between
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Fig. 8. Co-authorship scientific mapping: (a) Visualization of authors with at least 5 documents; (b) Connected authors.

approximately 1% and 12.6% of the overall composition. According to various research studies, ordinary Portland cement (OPC)
comprises a greater concentration of CaO than SBA. The presence of SiO5 in SBA is used to determine its reactivity. The SiO; content is
between 57.63% and 78.34%, indicating that SBA contains a high concentration of essential oxides appropriate for a pozzolanic
material [83]. According to ASTM C618-08a [84], if the amount of SiO,, Al;03, and Fey03 exceed 50% of the total mass, it is cate-
gorized as class C pozzolanic material; if the amount exceeds 70%, it is classified as class F pozzolana. Therefore, maximum SBA
samples, as listed in Table 6, might be classified as class F pozzolana according to this criterion. If SBA is used in the CBCs
manufacturing process, it has the potential to aid in the process of strength development.
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Table 4
Top 20 mostly cited documents in the relevant field.

S/ Document Title Citations Total link

N strength

1 Ganesan K. (2007) Evaluation of bagasse ash as supplementary cementitious material 355 64

2 Cordeiro G.C. Pozzolanic activity and filler effect of sugar cane bagasse ash in Portland cement and lime mortars 258 48
(2008)

3 Cordeiro G.C. Ultrafine grinding of sugar cane bagasse ash for application as pozzolanic admixture in concrete ~ 211 135
(2009)

4 Paris J.M. (2016) A review of waste products utilized as supplements to Portland cement in concrete 190 197

5 Chusilp N. (2009) Utilization of bagasse ash as a pozzolanic material in concrete 184 117

6 Aprianti E. (2015) Supplementary cementitious materials origin from agricultural wastes - A review 174 245

7 Aprianti SE. (2017) A huge number of artificial waste material can be supplementary cementitious material (SCM) for ~ 152 248

concrete production — a review part II

8 Loh Y.R. (2013) Review Sugarcane bagasse - The future composite material: A literature review 147 10

9 Sales A. (2010) Use of Brazilian sugarcane bagasse ash in concrete as sand replacement 132 66

10 Bahurudeen A. Performance evaluation of sugarcane bagasse ash blended cement in concrete 127 170
(2015)

11 Rukzon S. (2012) Utilization of bagasse ash in high-strength concrete 126 70

12 Fairbairn E.M.R. Cement replacement by sugar cane bagasse ash: CO2 emissions reduction and potential for carbon 123 171
(2010) credits

13 Bahurudeen A. Influence of different processing methods on the pozzolanic performance of sugarcane bagasseash 107 181
(2015)

14 Akram T. (2009) Production of low cost self compacting concrete using bagasse ash 107 0

15 Cordeiro G.C. Experimental characterization of binary and ternary blended-cement concretes containing 89 193
(2012) ultrafine residual rice husk and sugar cane bagasse ashes

16 Somna R. (2012) Effect of ground fly ash and ground bagasse ash on the durability of recycled aggregate concrete 84 126

17 Sua-lam G. (2013) Use of increasing amounts of bagasse ash waste to produce self-compacting concrete by adding 82 220

limestone powder waste

18 Amin N.-U. (2011) Use of bagasse ash in concrete and its impact on the strength and chloride resistivity 77 22

19 Prusty J.K. (2016) Concrete using agro-waste as fine aggregate for sustainable built environment — A review 73 48

20 Somna R. (2012) Effect of ground bagasse ash on mechanical and durability properties of recycled aggregate 68 130

concrete

The binding and filling materials’ physical properties had an effect on the hardened properties of CBCs [96]. The current review
focuses on the physical properties of SBA and OPC, including their specific gravity, particle size, shape, color, loose and compacted
bulk density, soundness, and specific surface area. These characteristics of OPC are related to those of SBA, which are provided in
Table 7. SBA is available in three colors: reddish grey, black, and white. Color variations are related to both the degree of incineration
and the structural change of silica in the ash [97]. SBA collected from power plants ranges in color from dark black to light. Dark black
shows a greater carbon amount because of inadequate incineration [98], while SBA seems gray at an elevated temperature greater than
800 °C and white when the temperature is above 900 °C [99]. Additionally, prolonged heating is required to convert SBA completely
to white ash [100]. Various scholars discovered that the specific gravity of SBA is between 1.78 and 2.88, which is significantly less
than the specific gravity of cement (2.9-3.15). This means that when a unit weight of SBA is replaced by cement, a greater volume will
result. As a result, the CBC’s sample prepared using SBA will have a lower density than those of cement only, and density will further
decrease as the amount of SBA in CBCs increases [101]. Additionally, it is believed that pozzolanic materials such as SBA have a lower
bulk density than OPC. Because of the decreased density, the volume occupied by an intended mass is increased, and as a result, small
voids of the matrix will be filled by these particles, reducing its permeability [102]. According to several researchers, the Blaine
specific surface area of OPC is between 309 and 373 m?/kg, which is significantly less than that of SBA, which is between 514 and
1250 m?/kg. Because of the high specific surface area of SBA, it requires a greater amount of water, superplasticizing and air entraining
admixtures to achieve the same workability as the control mix. While SBA has a finer particle size than cement, its texture is more
glassy, similar to that of fly ash particles, which may increase workability [47].

6. Properties of cement-based composites containing sugarcane bagasse ash
6.1. Fresh state properties

Generally, the concrete performance in a fresh state is determined by its workability. Various terms are employed to describe
concrete’s workability, including mixability, compactability, moldability, and transportability. Fig. 11 depicts the effect of SBA on the
slump of fresh mixes, based on literature. The slump test results of Srinivasan and Sathiya [86] revealed that the workability of fresh
mix enhanced with the addition of SBA while keeping the w/b constant. At higher content of SBA, the slump value further increased.
Priya and Ragupathy [15] examined the effect of SBA on the workability of the fresh mix up to a 25% cement substitution. The results
indicated that increasing the amount of SBA improved the slump of the concrete, as indicated in the figure. It was reported that
utilization of SBA in concrete decreased the water demand and improved the workability. Subramaniyan and Sivaraja [85] investi-
gated the fresh state properties of concrete containing SBA as SCM in 10%, 20%, 30%, and 40% contents by performing a slump test.
The authors demonstrated that the workability of fresh concrete mix increased with the addition of SBA, which was proportional to the
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Fig. 9. Scientific mapping of articles: (a) Articles with at least 10 citations; (b) Visualization of connected articles; (c) Density visualization of
connected articles.

<

SBA content. The slump of the control mix was 104 mm, while the slump of the mix containing 40% SBA was found to be 153 mm. Rao
and Prabath [104] also investigated the effect of SBA on concrete workability. According to the authors, the presence of SBA in
concrete resulted in a decrease in workability, depending on the amount of SBA. They stated that the reduction in workability of the
fresh mix was caused due to the absorption of water by SBA particles. In another study by Hussein et al. [47], the effect of SBA as SCM
used in 5-30% proportions on workability of fresh mix was investigated. They observed an increase in slump values as the SBA content
increased. Although SBA has a much finer particle size than cement, its texture is more glassy, similar to that of fly ash particles,
resulted in increased workability. Also, the improved workability can be attributed to the SBA’s low loss on ignition (LOI) of 1.4%,
which indicated that the SBA has been completely burned and the ash contains no carbon. Similar results of increased slump values
with SBA addition were noticed by Venkatesh and Rani [49], Mahmud et al. [55], and Patel and Raijiwala [110], as indicated in the
figure. Ganesan et al. [26] studied the effect of SBA on the workability of fresh concrete by performing a slump test. Cement was
replaced by SBA at 5%, 10%, 15%, 20%, 25%, and 30% proportions and the w/b ratio was kept constant for all mixes. It was found
from the test results that with the addition of SBA up to 10%, slump value increase by 17.3% compared to the control mix, while further
addition of SBA caused reduction in slump. The slump value dropped by 34.7% at 30% content of SBA. At higher proportions of SBA
water demand of the mix increased, resulted in decreased workability. Therefore, it can be concluded that the effect of SBA on
workability of fresh mix is inconsistent. The glassy surface texture of SBA mostly enhances the workability, while its high specific
surface area tends to reduce the workability.

Most of the past studies reported that the SBA tends to improve the workability of CBCs by increasing compaction factor, as
illustrated in Fig. 12. Srinivasan and Sathiya [86] studied the impact of SBA used as SCM on the fresh properties of concrete. Cement
was replaced by SBA in 5-25% contents with an increment of 5%. It was found that as the proportion of SBA increased, the compaction
factor increased, signifying improved workability. The compaction factor increased from 0.95 to 0.97 (2.1%) with SBA addition. Priya
and Ragupathy [15] investigated the use of SBA in concrete as a cement substitute. The results indicated that when compared to the
reference mix, the mix with SBA had higher compaction factor values and adequate workability. They observed an increase in
compaction factor from 0.88 to 0.96 due to SBA addition, exhibiting a 9.1% improvement than the control mix. Similar results were
noticed by Subramaniyan and Sivaraja [85] when SBA was used as SCM in the proportion of 10%, 20%, 30%, and 40%. The
compaction factor increased from 0.94 to 0.97, demonstrating improved workability.

6.2. Hardened state properties

6.2.1. Density

The mass of concrete per unit volume is referred to as its density. It is critical in evaluating various properties of concrete, including
the estimation of lattice constants for calcium silicate hydrate (C-S-H) phase in hydrated cement, the assessment of porosity, strength,
and durability [111]. The impact of SBA as SCM on concrete density has been investigated by several researchers, and the results are
illustrated in Fig. 13. Jagadesh et al. [103] investigated the concrete density that contained both natural and processed SBA. Samples of
original SBA were obtained from the plant during the boiler cleansing process. While the processed SBA was obtained by grinding the
original SBA for 45 min at 300 rpm in a laboratory ball mill. After grinding, the SBA was placed in a furnace set to 400 °C for 4 h. The
authors used between 5% and 30% of the original and processed SBA as SCM in concrete. [t was noticed that increasing the proportion
of original SBA decreased the density of concrete, whereas increasing the proportion of processed SBA, the density of concrete
increased up to 20% content and then decreased, as shown in the figure. The authors stated that finer processed SBA particles filled the
pore volume of concrete, thereby increasing density. Srinivasan and Sathiya [86] investigated the density of concrete by substituting
5-25% SBA for cement. According to the test results, it was discovered that increasing the amount of SBA reduced the density of
concrete. Kumari and Kumar [51] also assessed the density of SBA concrete at w/b of 0.44, 0.45, and 0.46. In their study, they
substituted cement for 5%, 10%, 15%, and 20% of SBA. The test results indicated that increasing the SBA percentage decreased the
density of concrete. Additionally, one should keep in mind that the concrete density was inversely proportional to the w/b. The results
indicated that the concrete density at a w/b of 0.44 was greater than the density at 0.45 and 0.46. The findings of Abdulkadir et al. [92]
were similar to those made by previous authors, i.e., that the concrete density decreased when the SBA content was increased.

Hence, it can be concluded that due to the lower bulk density of SBA than cement, the density of composites containing SBA has a
lower density than those of cement only. However, the reduced density values are still in the range of normal weight concrete.

6.2.2. Compressive strength

The variation in compressive strength (C-S) with the addition of distinct proportions of SBA has been displayed in Fig. 14. Mostly,
incorporation of SBA in lower proportions enhanced the C-S, while a higher amount of SBA negatively impacted the C-S of composites.
Srinivasan and Sathiya [86] investigated the effect of using SBA as a cement substitute in concrete. SBA was substituted for 5-25% of
the cement weight in their study. The addition of 5% and 10% SBA improved the C-S by about 37.2% and 14.9%, respectively,
compared to the reference sample. While an increased amount of SBA degraded the C-S of composites. The reduction in C-S was noted
to be around 10.2%, 12.1%, and 17.7% in comparison with the reference sample at 15%, 20%, and 25% SBA content, respectively. The
authors reported that 5% SBA was the optimal replacement for M20 grade concrete, 10% SBA concrete had a C-S greater than the
reference sample but less than 5% SBA concrete. The improvement in C-S with SBA addition might be attributed to the filler effect due
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Table 5

Countries with minimum 5 articles in the relevant study area.
S/N Country Documents Citations Total link strength
1 India 110 1295 8938
2 Brazil 24 1055 3842
3 Thailand 22 919 4531
4 Pakistan 18 294 4472
5 United States 11 329 4965
6 Malaysia 9 565 2160
7 Mexico 7 76 2719
8 Saudi Arabia 7 44 2659
9 Australia 5 118 1179
10 Spain 5 48 2027

to smaller particle size and pozzolanic reaction due to the presence of amorphous silica in SBA. Priya and Ragupathy [15] used SBA to
substitute up to 25% of cement in concrete. C-S tests were conducted on concrete specimens to investigate the influence of different
contents of SBA. According to the authors, while 10% was an optimal replacement, concrete with 20% SBA had a C-S greater than the
control mix. Only at 25% content of SBA, C-S was less than the control mix. The reason for the C-S reduction at a higher SBA content
was that the amount of amorphous silica in the mixture was greater than the amount required to react with the Ca(OH), produced
during the hydration reaction, thereby reducing the specimen’s overall strength. Dhengare et al. [106] examined the effect of using
SBA as a cement substitute in M25 and M35 concrete. They replaced 10-30% of cement with SBA passing through a No. 600 sieve. The
results indicated that the maximum C-S was obtained by substituting 15% SBA in place of cement in both concrete grades. Whereas,
higher amount of SBA reduced the C-S in comparison with the control sample. Kiran and Kishore [107] mixed the concrete with up to
25% SBA. The authors concluded from the test results that 5% SBA was an optimal replacement content. However, concrete with 15%
SBA also produced a C-S greater than the reference mix. Ranjith et al. [112] investigated the C-S of concrete utilizing SBA as SCM with
5-25% replacement ratios. It was determined that a maximum of 5% replacement was required to attain adequate C-S. Rao and
Prabath [104] produced M25 concrete by partially substituting SBA for cement from 0% to 25% ratios with a 5% increment. The
concrete with a 10% SBA replacement provided the highest C-S relative to the reference specimen.

Similarly, Ganesan et al. [26] used SBA to replace 5%, 10%, 15%, 20%, 25%, and 30% cement in concrete. SBA was collected from
the mill and then burned for 1 h at a controlled temperature of 650 °C. The carbon content of SBA was reduced from 11.2% to 4.9% as a
result of this combustion process. The C-S enhanced by approximately 10.8%, 13.5%, 10.8%, and 5.4% with 5%, 10%, 15%, and 20%
SBA content, respectively. However, at 25% and 30% content of SBA, the C-S dropped by 10.8% and 18.9%, respectively, compared to
the control sample without SBA. Based on the test results, the authors concluded that 10% SBA content was the optimal amount for
M25 concrete and that the concrete with 20% SBA content also had a C-S greater than the reference mix. The increase in C-S could be a
result of the higher silica content, specific surface area, fineness, amorphous phase, and degree of reactivity of SBA, as well as the
pozzolanic reaction between Ca(OH); and reactive silica in SBA, as reported by other researchers [113-117]. Mamatha et al. [23]
performed C-S tests on concrete specimens to examine the influence of 5%, 10%, 15%, and 20% nano SBA used as cement replacement.
They noticed an improvement in C-S with the increasing amount of SBA. With 5%, 10%, 15%, and 20% nano SBA, the C-S enhanced by
around 17.0%, 22.7%, 28.7%, and 32.4%, respectively, relative to the control specimen. The finer particles of nano SBA filled the pores
in the matrix, and pozzolanic reaction improved the microstructure of the matrix, thereby enhancing the composites strength. The test
results of Inbasekar et al. [46] revealed that up to 10% of SBA content used as SCM improved while higher SBA contents degraded the
C-S of concrete. Most of the other studies also reported improvement in C-S when SBA was used as SCM [47,49,52,53,55,91,110,118].
On the other hand, Kumari and Kumar [51] found a reduction in C-S with adding SBA. They replaced cement with 5%, 10%, 15%, and
20% SBA and evaluated the performance of samples. After performing the C-S test, it was noticed that with SBA addition of 5%, 10%,
15%, and 20%, the C-S decreased by about 5%, 9.8%, 16.9%, and 24.9%, respectively, than that of a reference sample. Thus, this study
concluded that SBA could enhance the C-S of CBCs when used in lower proportions and decrease the C-S when used in higher pro-
portions. The improvement in C-S of composites might be attributed to the filler effect of SBA finer particles, reducing porosity and
pozzolanic properties of SBA due to the presence of reactive silica, resulting in the improved microstructure of composite and ulti-
mately improves the strength properties. The reduction in C-S of composites at higher SBA quantities might be due to the dilution of
cement.

6.2.3. Modulus of elasticity

Modulus of elasticity (MOE) is the resistance of a material to elastic deformation in response to the applied force. Additionally, it is
a critical parameter for structural design. Fig. 15 shows the MOE values for various concretes containing varying amounts of SBA.
Jagadesh et al. [103] conducted a thorough investigation of the MOE of concrete containing both original and processed SBA. Original
and processed SBA was used as SCM in concrete in proportions of 5-30% during their investigation. They found a decrease in MOE with
original SBA addition at all proportions. The maximum reduction in MOE was 28.4% at an SBA content of 30%. However, MOE mostly
increased with processed SBA addition, and the maximum increase was 13.1% higher than the control mix at 10% content of processed
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Fig. 10. Scientific mapping of countries: (a) Network visualization; (b) Visualization of density.

SBA. The finer particle size of processed SBA than the original SBA might be a reason for this improvement in MOE. The finer particles
of processed SBA benefit the matrix by reducing voids, better pozzolanic reactivity, and enhanced microstructure, resulting in
improved properties. Similarly, Priya and Ragupathy [15] examined the influence of various proportions (5-25%) of SBA in place of
cement on the MOE of concrete. The experimental results revealed mostly an increase in MOE with SBA addition compared to the
reference sample. The highest MOE was achieved at 10% SBA replacement which was 8.5% higher than that of the reference sample.
On the other hand, Srinivasan and Sathiya [86] observed a reduction in MOE of concrete containing SBA in different proportions
(5-25%). This reduction in MOE was more at higher SBA quantity. In general, the MOE of CBCs containing SBA as cement replacement
depends on the particle size of SBA utilized. More the finer particle size SBA used, the higher the MOE will be.

6.2.4. Split-tensile strength
The influence of SBA addition in CBCs on split-tensile strength (S-T-S) has been shown in Fig. 16. The effect of SBA on S-T-S was
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Table 6
Chemical composition of sugarcane bagasse ash.
Chemical compound (%) Ref.
SiO, Al,03 Fe,;03 CaO MgO SO3 K,O N0 LOI
76.67 213 3.78 5.59 0.92 - 8.29 0.12 2-5 [85]
78.34 8.55 3.61 215 0.83 0.56 3.46 0.12 0.42 [86]
62.43 4.28 6.98 11.80 2.51 1.48 3.53 - 4.73 [53]
64.59 4.38 6.98 11.80 2.51 1.48 3.53 - 4.73 [44]
65.0 4.80 0.90 3.90 - 0.90 2.0 - 10.50 [45]
65.0 3.95 9.17 12.60 0.60 0.10 - - 9.02 [87]1
77.25 6.37 4.21 4.05 2.61 0.11 2.34 1.38 - [88]
57.63 1.33 1.50 6.14 1.56 3.52 7.33 0.22 21.0 [89]
65.0 3.95 9.17 12.60 0.60 0.10 - - 9.02 [90]
58.62 19.95 12.25 1.92 2.10 2.07 - - 1.08 [91]
72.85 1.08 6.96 9.97 6.42 - 6.77 1.97 4.23 [92]
62.10 5.54 5.42 1.0 1.12 - 2.22 0.81 - [93]
66.89 29.18 - 1.92 0.83 0.56 - - 0.72 [94]
77.25 6.37 4.21 4.05 2.61 0.11 2.34 1.38 - [47]
62.43 4.38 6.98 11.80 2.51 1.48 3.53 - 4.73 [95]
Table 7
Physical properties of ordinary Portland cement and sugarcane bagasse ash.

Properties Sugarcane bagasse ash Ordinary Portland cement

Color Reddish grey, black and white Grey

Size (um) 0.1-105 22.5-28

Shape Spherical -

Loose Bulk density (kg/mg) 575-578 1160

Compacted Bulk density (kg/m®) 1200-1561 1560

Specific gravity 1.26-2.88 2.9-3.15

Blaine specific surface area (m2/kg) 514-1250 309-373

Fineness passing 45 ym (%) 95-97 93

Soundness (mm) 1.21 1-9

References [17,19,44-46,49,55,103-105] [19,23,26,49,102,103,105-109]

Slump (mm)

0 r T T v
0 10 20 30 40

Sugarcane bagasse ash replacement ratio (%)

Fig. 11. Effect of sugarcane bagasse ash on slump (1) Srinivasan and Sathiya [86], (2) Priya and Ragupathy [15], (3) Subramaniyan and Sivaraja
[85], (4) Rao and Prabath [104], (5) Hussein et al. [47], (6) Venkatesh and Rani [49], (7) Ganesan et al. [26], (8) Mahmud et al. [55], (9) Patel and
Raijiwala [110].

found to be similar to that of C-S. Srinivasan and Sathiya [86] investigated the effect of using SBA as SCM in concrete. SBA was used at a
rate of 5-25% by cement weight in their study. It was observed that the maximum S-T-S was achieved at a replacement rate of 5% SBA,
which was 26.7% higher than the S-T-S of the control mix. The S-T-S with 10% SBA was increased by 6.7% than the control mix.
Moreover, the S-T-S was found to be comparable to that of the control mix at 15% SBA content. However, at an increased replacement
ratio of 20% and 25%, the S-T-S dropped by 13.3% and 20%, respectively, relative to the control mix. The filler effect and pozzolanic
nature of SBA resulted in enhanced S-T-S at a lower replacement ratio. While the reason for the reduction in S-T-S at a higher SBA
replacement ratio is that the amount of pozzolanic material in the mix exceeds the amount required to combine with Ca(OH), during
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Fig. 12. Effect of sugarcane bagasse ash on compaction factor (1) Srinivasan and Sathiya [86], (2) Priya and Ragupathy [15], (3) Subramaniyan and
Sivaraja [85].
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Fig. 13. Effect of sugarcane bagasse ash on density (1) (2) Jagadesh et al. [103] with original and processed SBA, respectively, (3) Srinivasan and
Sathiya [86], (4) (5) (6) Kumari and Kumar [51] with w/b: 0.44, 0.45, and 0.46, respectively, (7) Abdulkadir et al. [92].
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Fig. 14. Effect of sugarcane bagasse ash on compressive strength at 28-days (1) Srinivasan and Sathiya [86], (2) Priya and Ragupathy [15], (3) (4)

Dhengare et al. [106] M25 and M35 concrete, respectively, (5) Kiran and Kishore [107], (6) Ranjith et al. [112], (7) Rao and Prabath [104], (8)
Ganesan et al. [26], (9) Mamatha et al. [23], (10) Inbasekar et al. [46], (11) Kumari and Kumar [51].
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the hydration process, this results in excess silica leaching out and a deficiency in strength because it substitutes part of the binder but
does not contribute to strength. Additionally, it is possible that weak zones are caused by defects generated during SBA dispersion.
Priya and Ragupathy [15] also used SBA as SCM replacing cement by 5-25%, and evaluated the response of samples in tension. Mostly,
improvement in S-T-S was noticed with SBA addition up to 20% content, but at 25% SBA content, the S-T-S of samples was less
compared to the reference sample. The highest S-T-S was observed for samples with 10% SBA content.

Similarly, Dhengare et al. [106] explored the impact of SBA as SCM in concrete grades M25 and M35. The S-T-S of M25 concrete
was enhanced by 10.7% and 7.1% at SBA replacement levels of 10% and 15%, respectively, relative to the control sample. While at
higher replacement levels of SBA, the S-T-S of samples was found to be less than the control sample. Thus, the optimum replacement
level of SBA for M25 concrete was 10%. On the other hand, the optimum replacement level for M35 concrete was found to be 15%,
resulting in S-T-S improvement by 4.6% that the control sample. The experimental results of Kiran and Kishore [107] indicated that a
5% SBA replacement provided the highest S-T-S. Likewise, Ranjith et al. [112] also agreed that a 5% content of SBA was the optimal
amount in normal-weight concrete. In another study by Rao and Prabath [104], the effect of SBA as SCM on S-T-S of concrete was
examined. There was improvement observed in S-T-S by adding SBA up to 10% ratio, while S-T-S reduced at higher ratios of SBA. It was
reported that a 10% SBA ratio was the optimum quantity, causing a 7.8% increase in S-T-S. Ganesan et al. [26] noticed an increase in
S-T-S than the control mix when SBA was used in place of cement up to 20%. However, the optimum SBA content was found to be 15%,
resulting in S-T-S improvement by around 10% relative to the control mix. The utilization of more than 20% SBA content caused a
reduction in S-T-S relative to the control mix. Mamatha et al. [23] determined that 15% was the optimal replacement level and that
concrete containing 20% SBA also had a greater S-T-S than the control mix. An experimental study was performed by Inbasekar et al.
[46] to investigate the effect of utilizing SBA in concrete as SCM in replacement levels of 5-20%. The results of the S-T-S test revealed
that at 5% and 10% replacement of cement by SBA, the S-T-S increased by approximately 3.1% and 6.3%, respectively. Though most of
the researchers found improvement in S-T-S when SBA was utilized as a cement substitute in CBCs, some studies reported the contrary.
For example, Kumari and Kumar [51] observed the negative impact on strength properties of concrete with SBA addition. The cement
in concrete was partially replaced by 5-20% SBA. It was found that S-T-S of samples containing SBA was less than the reference sample,
and this reduction was proportional to the amount of SBA used. It was reported that the drop in S-T-S was around 2.9%, 5.9%, 11.8%,
and 17.6% when cement was replaced by SBA at proportions of 5%, 10%, 15%, and 20%, respectively, relative to the reference sample.
Hence, this study determined that utilizing SBA in CBCs is favorable at lower replacement levels, while a higher amount of SBA tends to
degrade the strength properties of composites. SBA being a finer material fill the voids in the concrete matrix, and being pozzolanic
material promotes the growth of hydration products, making improved microstructure and eventually enhances the mechanical
performance of composites.

6.2.5. Flexural strength

Fig. 17 has been generated based on past studies indicating the effect of SBA addition on flexural strength (F-S) of CBCs. The effect
of SBA on F-S was noticed to be similar to the C-S and S-T-S, i.e., F-S increased with SBA addition up to an optimal content and then
reduced. Srinivasan and Sathiya [86] explored the impact of SBA when used as SCM in concrete. It was reported that the maximum F-S
was achieved by substituting cement for 5% of SBA. Priya and Ragupathy [15] performed the F-S test to study the influence of utilizing
SBA in concrete as SCM at replacement levels of 5-25%. They reported improvement in F-S in comparison with the control mix with
cement substitution of up to 20% by SBA, while at 25% SBA content, F-S was observed to be less than the control mix. The optimum
SBA content giving maximum F-S was 10%. Dhengare et al. [106] conducted an experimental study to determine the optimal amount
of SBA to substitute for cement in concrete grades of M25 and M35. Based on F-S test results, the optimum SBA content was noted to be
15% for both concrete grades. In another study by Kiran and Kishore [107], SBA was used in cement’s place at 5-25% ratios to
determine the F-S variation. It was noted that SBA ratios of 5%, 10%, and 15% increased the F-S by about 12.8%, 5.1%, and 2.6%,
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Fig. 15. Effect of sugarcane bagasse ash on the modulus of elasticity (1) Jagadesh et al. [103] with original SBA, (2) Jagadesh et al. [103] with
processed SBA, (3) Priya and Ragupathy [15], (4) Srinivasan and Sathiya [86].
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respectively, compared to the reference mix. However, a higher replacement ratio of SBA degraded the F-S of concrete. The reduction
in F-S compared to the reference mix was noted to be about 25.6 and 48. 7% at SBA ratio of 20% and 25%, respectively. Ranjith et al.
[112] also conducted the F-S test and observed the variation in F-S with different percentages (5-25%) of SBA used as SCM in concrete.
They noted improvement in F-S at only 5% SBA replacement ratio, relative to the control specimen, while the addition of SBA higher
than 5% caused a decrease in F-S. Rao and Prabath [104] evaluated the impact of SBA as a cement substitute in concrete. They
concluded in their study that using 10% SBA by cement weight was an optimal replacement ratio having the highest F-S. Therefore, it
obvious to say that most of the literature recommended the utilization of SBA as cement replacement in lower percentages. The reasons
described above for the variation in C-S and S-T-S are also applicable to the variation in F-S of composites.

6.3. Durability properties

6.3.1. Resistance to chloride penetration

Fig. 18 depicts the influence of various proportions of SBA in CBCs on chloride penetration, as reported in the literature. Ganesan
et al. [26] conducted an experiment to determine the resistance of SBA concrete to chloride ion penetration. Cement was substituted by
SBA at 5-30% replacement levels. They demonstrated that charges passing through the samples of concrete containing SBA reduced
continuously as the SBA percentage increased up to 25%. Although there was an increase at 30% SBA, the value was significantly less
than the control mix, as illustrated in the figure. The results indicated that partial substitution of OPC with SBA significantly reduced
the chloride penetration. Additionally, it was observed that the overall amount of charge passed decreased by more than 50% when
related to the reference sample with 20% SBA content. Amin [119] also made comparable observations, i.e., a continuous reduction in
chloride penetration was found up to 25% SBA replacement ratio. Rukzon and Chindaprasirt [45] conducted an experiment to
investigate the durability properties of high-strength concrete when 10%, 20%, and 30% SBA was used in place of cement. The results
of the tests indicated that the amount of charge passing through the samples containing SBA was significantly less than that passing
through the reference sample. Furthermore, it was stated that the reduction in the value of charge passed was more when 30% SBA was
substituted. Bahurudeen and Santhanam [120] confirmed previous findings that the value of charge passed through specimens con-
taining SBA was significantly lower than the control specimen. Additionally, they reported that SBA substituted specimens have a
lower chloride conductivity index than control specimens, with a drop in conductivity index of about 23%, 48%, and 54% at SBA
content of 5%, 10%, and 20%, respectively. In another study by Rukzon and Chindaprasirt [121], it was noticed that replacing OPC
with SBA reduced the amount of coulombs, signifying improvement of composite against chloride penetration. This indicated that the
electrical charge passed through SBA concrete was less than the charge passed through the control mix. The reduction in chloride
penetration with SBA addition might be attributed to the filler effect and pozzolanic action of SBA in the matrix, which made the matrix
compact and denser.

6.3.2. Resistance to the acidic environment

An experimental study was conducted by Rambabu and Rama [122] to investigate the resistance of concrete incorporating SBA in
HCL and H,SO4 solutions. SBA was replaced with cement in proportions of 5-20%. The parameter studied in their research was the C-S
variation of completely immersed concrete specimens in 1%, 3%, and 5% HCL and HySO4 solutions after 28, 60, and 90-days of curing.
The variation in 28-days C-S of composites cured in different conditions has been shown in Fig. 19. The authors reported that after
28-days of exposure to 1%, 3%, and 5% concentrations of HCL solution, the C-S of control specimens decreased by 20%, 26.5%, and
31.9%, respectively. Also, in 1%, 3%, and 5% H3SO4 solution, the C-S loss was 23%, 31.1%, and 34.8%, respectively. C-S of specimen
containing 5% SBA exposed to 1%, 3%, and 5% concentrations HCL solution reduced by 17.6%, 22.1%, and 27.9%, respectively, while
C-S of specimens exposed to 1%, 3%, and 5% H3SO4 solution decreased by 20.6%, 27.5%, and 32.4%, respectively, compared to the
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Fig. 16. Effect of sugarcane bagasse ash on split-tensile strength at 28-days (1) Srinivasan and Sathiya [86], (2) Priya and Ragupathy [15], (3) (4)
Dhengare et al. [106] with M25 and M35 concrete, respectively, (5) Kiran and Kishore [107], (6) Ranjith et al. [112], (7) Rao and Prabath [104], (8)
Ganesan et al. [26], (9) Mamatha et al. [23], (10) Inbasekar et al. [46], (11) Kumari and Kumar [51].
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water cured specimen. Additionally, it was noticed that the C-S of the specimens cured in HCL solution was more than that of the HySO4
cured specimen. It was stated that the strength loss associated with SBA replacement was less than that associated with reference
specimens in both HCL and H,SO4 solutions, as shown in the figure. The better resistance of SBA concrete to an acidic environment can
be attributed to the improved microstructure due to the ultra-fine particles of SBA, reducing matrix’s porosity, and also to the presence
of highly reactive silica in SBA, promoting the growth of hydration products.

Rambabu et al. [123] investigated the effect of SBA as SCM in concrete subjected to a variety of acidic conditions. OPC was replaced
by SBA in the proportions of 5%, 6%, 7%, 8%, 9%, and 10%. The findings of the study have been plotted in Fig. 20. The C-S of samples
without SBA decreased by around 7.1%, 11.3%, and 15.4% when exposed to 1%, 3%, and 5% HCL solution, respectively, compared to
the water-cured sample. With the addition of SBA, the C-S loss was minimized. At 5% SBA content, the C-S of samples exposed to 1%,
3%, and 5% HCL solution was reduced by approximately 8.3%, 12.6%, and 13.4%, respectively, in comparison with the water-cured
sample. Similarly, at the SBA proportion of 6% in samples, the C-S loss was observed to be 8.2%, 12.4%, and 14.3% when samples were
cured in 1%, 3%, and 5% HCL solution. A similar trend was observed in C-S loss at all replacement levels of SBA, as the figure depicts.
The authors concluded from the test results that an SBA content of 6% was the optimal substitute for M35 grade concrete. Several other
studies also reported better performance of SBA concrete in an aggressive environment. Gupta et al. [108] investigated the resistance
of SBA concrete in NaySO4 solution experimentally. Samples cured in 1%, 3%, and 5% NaySO4 solutions with SBA contents of 5%, 6%,
7%, 8%, 9%, and 10% by mass of cement were examined. It was observed that the addition of SBA to concrete not only protected it
from sulphate attack but also enhanced its mechanical strength. Joshaghani [124] conducted an experimental study to determine the
effect of SBA as partial replacement of cement on concrete’s sulphate resistance. The parameter investigated in their study was the
strength reduction of completely submerged concrete specimens in 5% MgSO4 and 5% NaySO4 solutions after 28, 90, 120, 180, and
360 days of curing. The results of the tests indicated that concrete specimens containing up to 25% SBA had a higher C-S than the
control specimen, with the maximum C-S noted at a 20% SBA replacement. Additionally, the author demonstrated that weight loss was
reduced in all SBA concrete specimens exposed to 5% sulphate, and the specimen comprising 20% SBA had the least weight loss
compared to the control specimen. The increased resistance of SBA concrete to acidic environments is related to the enhanced
microstructure created by the ultra-fine SBA particles, which reduce matrix porosity, and to the presence of highly reactive silica in
SBA, which promotes the formation of hydration products.

7. Discussions on the optimal percentage of sugarcane bagasse ash

Previously, extensive research has been carried out on the utilization of SBA in CBCs, and various properties of the composites have
been investigated at different replacement ratios of SBA. Mostly, enhancement in strength properties of composites was observed with
SBA incorporation as SCM. However, there observed an optimal percentage of SBA at which the highest strength properties were noted,
and beyond that amount, the strength of composites degraded. Researchers from distinct regions reported the optimal percentage
replacement ratio of SBA in CBCs based on the strength properties resulted from experimental investigations. These optimal per-
centages reported in the literature have been compared in the present review. Table 8 shows the results of C-S, S-T-S, and F-S at
different SBA contents, their percentage variation compared to the control mix, and the optimal SBA content, as reported in the
literature. It was noted that most of the researchers found the optimal replacement ratio of SBA to be 10%, but some observed 5% and
15% SBA as the optimal replacement ratio in CBCs. So, this made clear that optimal SBA content lies in the range of 5-15% by cement
mass. The improvement in strength properties of composites caused by SBA up to the optimal amount might be due to the two factors,
including filler effect and pozzolanic reaction. The ultra-fine particles of SBA contribute to filling the voids in the matrix, reducing
porosity, and improve the performance of the composite with a more compact and denser microstructure. Moreover, SBA contains
highly reactive silica in its composition, making it a good pozzolanic material. The pozzolanic reaction between amorphous silica and
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Fig. 17. Effect of sugarcane bagasse ash on flexural strength at 28-days (1) Srinivasan and Sathiya [86], (2) Priya and Ragupathy [15], (3) (4)
Dhengare et al. [106] with M25 and M35 concrete, respectively, (5) Kiran and Kishore [107], (6) Ranjith et al. [112], (7) Rao and Prabath [104].
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Fig. 18. Effect of sugarcane bagasse ash on chloride penetration (1) Ganesan et al. [26], (2) Amin [119], (3) Rukzon and Chindaprasirt [45], (4)
Bahurudeen and Santhanam [120], (5) Rukzon and Chindaprasirt [121].

Ca(OH), improves the growth of hydration products, making further improvement in the microstructure and ultimately enhances
material strength. While the reason for the reduction in strength properties of composites at higher SBA replacement ratios is that the
amount of pozzolanic material in the mix exceeds the amount required to combine with Ca(OH)s, this results in excess silica leaching
out and a strength deficiency because it acts as a binder substitute but does not contribute to strength. Additionally, it is possible that
weak zones are caused by defects generated during SBA dispersion. Therefore, the utilization of SBA in CBCs as cement replacement is
recommended in lower proportions, i.e., 5-15% by mass of cement.

8. Sustainability aspects of utilizing sugarcane bagasse ash in cement-based composites

Following the extraction of sugar from sugarcane, a larger fibrous waste material known as bagasse is left behind. When bagasse is
burned in a power plant at a specific temperature for energy production, a large amount of ash known as SBA is produced. There is no
valuable use of SBA, and it is usually disposed of in landfills. The problems associated with the disposal of SBA have been depicted in
Fig. 21 (a). The dumping of this waste material in landfill areas may cause a dearth of useful areas and produce problems for waste
management authorities. Additionally, when SBA contacts with water bodies, it results in contamination of water. Also, being in
powder form, SBA can easily mix with air and pollute the atmosphere. Furthermore, SBA might affect the cultivable land if disposed of
near agricultural lands. Thus, discarding SBA poses a serious threat to the natural environment and endangers human health. On the
other hand, SBA comprises chemical compounds which are suitable for a pozzolanic material. The higher amount of amorphous silica
in SBA makes it appropriate to be used as SCM in CBCs. The utilization of SBA in CBCs as partial replacement of cement would be a
sustainable approach and may solve the aforementioned problems associated with SBA disposal in landfills. The advantages of SBA
utilization in CBCs have been displayed in Fig. 21 (b). The main ingredient of CBCs is cement, but its production consumes a
considerable amount of energy, causes natural resources depletion, and CO; emission to the environment. Therefore, utilizing SBA in
place of cement in CBCs would decrease cement demand and solve these issues by producing sustainable construction materials.
Additionally, incorporating SBA results in composites with improved strength properties, as discussed in the above sections, at a lower
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Fig. 19. Effect of sugarcane bagasse ash on 28-days compressive strength at different curing conditions [122].
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cost. Moreover, with decreasing quantity of SBA disposal in landfill areas, the waste management problems can be reduced, and the
natural environment can be protected.

9. Conclusions

The aim of this study was to carry out a scientometric and traditional manual review on the use of sugarcane bagasse ash (SBA) in
cement-based composites (CBCs) as a step towards sustainability in construction. Scientometric analysis was used to determine the
relevant study fields, the publication trend of articles, the most influential sources, the co-occurrence of keywords, the most cited
articles and authors, and the active countries in the field of SBA utilization in CBCs. Additionally, the sustainable aspects of SBA use in
construction materials as secondary cementitious material (SCM) were examined, as well as the effect of SBA on the performance of
CBCs in the fresh and hardened state. Furthermore, the durability properties of composites containing SBA were reviewed. Conclusions
have been drawn as follows:

e Scientometric analysis of the available data from the Scopus database revealed that Engineering, Materials Science, and Envi-
ronmental Science accounted for 38.5%, 22.8%, and 10.5% of total documents, respectively, making them the top three areas.
From 2007 to 2016, a gradual increase in the number of publications on the use of SBA in concrete was noticed. However, there has
been a noticeable increase in the last five years (2016-2021). The top three journals by publication count were found to be
Construction and building materials, international journal of civil engineering and technology, and journal of cleaner production
with 36, 21, and 16 publications, respectively. The top five most frequently occurring keywords were identified as bagasse,
compressive strength, concretes, bagasse ash, and sugarcane bagasse. Additionally, India, Brazil, and Thailand contributed the
greatest number of publications to the current study’s field of study.

The presence of a higher amount of amorphous silica in SBA composition making it a good pozzolanic material and suitable to be
used as SCM in CBCs. Therefore, it may contribute to sustainability in construction by decreasing cement demand, reducing CO,
emissions, protecting natural resources, solving waste management problems, and preventing environmental pollution. Hence, a
sustainable construction material can be produced by utilizing SBA in CBCs at a lower cost.

When compared to conventional concrete, concrete containing SBA needed less water to achieve the same workability due to the
glassy surface texture of SBA, and the water demand decreased as the SBA percentage replacement increased.

The density of CBCs reduced with the addition of SBA due to the lower bulk density of SBA than cement. However, the reduced
densities of SBA composites lie within the range of normal weight composites. Thus, SBA composites could be used in a variety of
applications.

The strength properties of CBCs improved with SBA addition up to an optimal amount, while further addition of SBA negatively
impacted the strength properties. The optimal replacement ratio of SBA in CBCs was in the range of 5-15%. Utilizing the optimal
content of SBA enhanced the strength properties of composites.

The resistance to chloride penetration and acidic environment of CBC specimens could be improved due to the incorporation of SBA
as SCM. The resistance offered was proportional to the amount of SBA used.

10. Recommendations for future research

Following a thorough investigation, additional research is essential to determine the behavior of SBA concrete structural members.
Future studies may focus on the following:
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Fig. 20. Effect of sugarcane bagasse ash on 28-days compressive strength at different curing conditions [123].
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Table 8
Optimal sugarcane bagasse ash in concrete based on mechanical strength.
Ref. SBA (%) C-S (MPa) C-S variation (%) S-T-S (MPa) S-T-S variation (%) F-S (MPa) F-S variation (%) Optimal SBA (%)
[86] 0 21.5 1.5 3.5 5
5 29.5 +37.2 1.9 +26.7 3.7 + 5.7
10 24.7 + 149 1.6 + 6.7 3.6 +29
15 19.3 -10.2 1.5 0.0 3.4 -2.9
20 189 -12.1 1.3 -13.3 3.2 -8.6
25 17.7 -17.7 1.2 -20.0 3 -14.3
[15] 0 33.3 2.1 6.1 10
5 37.4 +12.3 2.8 33.3 6.7 +9.8
10 38.1 +14.4 3.1 47.6 6.8 +11.5
15 36.8 +10.5 29 38.1 6.7 +9.8
20 35.8 +7.5 2.7 28.6 6.4 + 4.9
25 30.1 -9.6 1.9 -9.5 5.9 -3.3
[106] 0 24.45 2.8 4.1 15
10 24.45 0.0 3.1 +10.7 5.4 + 31.7
15 249 + 1.8 3 +7.1 6.3 + 53.7
20 19 -22.3 1.55 -44.6 4.2 + 2.4
25 18.6 -23.9 1.4 -50.0 3.6 -12.2
30 18.3 -25.2 1.1 -60.7 2.5 -39.0
[106] 0 31.1 3.25 5.1 15
10 32 +29 3.25 0.0 6 +17.6
15 32 + 2.9 3.4 + 4.6 6.5 + 27.5
20 30 -3.5 2.7 -16.9 4.45 -12.7
25 29 -6.8 2.1 -35.4 3.9 -23.5
30 26 -16.4 1.7 -47.7 2.6 -49.0
[107] 0 39.5 1.3 3.9 5
5 45.5 +15.2 1.4 +7.7 4.4 +12.8
10 43 + 8.9 1.3 0.0 4.1 +5.1
15 39.7 + 0.5 1.3 0.0 4 + 2.6
20 30.1 -23.8 1.1 -15.4 2.9 -25.6
25 18.7 -52.7 0.9 -30.8 2 -48.7
[112] 0 39.5 2.6 4.6 5
5 40 + 1.3 2.9 +11.5 4.8 + 4.3
10 38 -3.8 2.4 -7.7 4.3 -6.5
15 37.6 -4.8 2.1 -19.2 4.2 -8.7
20 37 -6.3 1.8 -30.8 4.1 -10.9
25 36 -8.9 1.7 -34.6 3.9 -15.2
[104] 0 36.18 2.55 5.9 10
5 36.89 + 2.0 2.59 +1.6 6.1 +3.4
10 37.52 + 3.7 2.75 + 7.8 6.45 +9.3
15 33.93 -6.2 2.25 -11.8 5.8 -1.7
20 30.07 -16.9 1.92 -24.7 4.9 -16.9
[26] 0 37 4.5 - - 10
5 41 +10.8 4.75 + 5.6 - -
10 42 +13.5 4.85 +7.8 - -
15 41 +10.8 4.95 + 10.0 - -
20 39 + 5.4 4.8 + 6.7 - -
25 33 -10.8 4 -11.1 - -
30 30 -18.9 3 -33.3 - -
[23] 0 32.67 3.18 - - 20
5 38.23 +17.0 3.17 -0.3 - -
10 40.1 + 22,7 3.83 +20.4 - -
15 42.06 + 28.7 3.98 + 25.2 - -
20 43.24 +32.4 3.81 +19.8 - -
[46] 0 37.2 3.2 - - 10
5 38.7 + 4.0 3.3 +3.1 - -
10 40.3 + 8.3 3.4 + 6.3 - -
15 22 -40.9 2.7 -15.6 - -
20 19.6 -47.3 2.5 -21.9 - -
[51] 0 33.8 3.4 - - -
5 32.1 -5.0 3.3 -2.9 - -
10 30.5 -9.8 3.2 -5.9 - -
15 28.1 -16.9 3 -11.8 - -
20 25.4 -24.9 2.8 -17.6 - -

e The examination of the structural behavior of a material suitable for usage in CBCs will be incomplete without examination of steel-
reinforced SBA concrete beams and slabs. The properties such as stiffness, flexural behavior, crack formation, shear properties, and
stress-strain behavior are intimated for future research.
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Fig. 21. Sugarcane bagasse ash: (a) Problems with disposal; (b) Advantages of utilization in cement-based composites.

Currently, considerable research has been conducted on the C-S of SBA composites, but little research has been conducted on the S-
T-S and F-S, as well as the development of ratios between C-S, S-T-S, and elastic modulus. As a result, these are suggested for
additional and confirmatory studies.

e There is a requirement to evaluate the long-term durability of SBA composites before their practical utilization in construction
materials. Additionally, creep, drying shrinkage, bond strength, and elastic modulus are not well defined and recommended for
new research.

e There is a dearth of information on the properties and performance of reinforced pre-stressed concrete beams containing SBA when
subjected to static loading. It is required to investigate this in greater detail under static and fatigue loading conditions.

e Only a few studies on the utilization of micro and nano SBA in ultra-high-performance concrete are available where future research

may focus.

There is no study conducted on the sorptivity of SBA composites, which can be evaluated in greater detail.

Numerical/analytical models need to be developed for the calculation of various mechanical properties of CBCs incorporating SBA

in different proportions.

e The different chemical compositions of SBA used in CBCs have a distinct influence on their mechanical properties. Therefore,

research needs to be conducted to develop a relation between variation in mechanical properties with the chemical composition of

SBA.

It is required to apply computer software tools like the machine learning approach to predict the behavior of CBCs utilizing SBA as

partial replacement of cement.

Most of the past research has been conducted on the utilization of SBA in lower replacement ratios. Future research may focus on

the high-volume utilization of SBA in construction materials like geopolymers.

While significant research has been conducted on the usage of SBA in CBCs, much more work is required to determine the com-

mercial utility of SBA composites in construction.
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