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Abstract: The construction industry has a significant environmental impact, contributing consid-
erably to CO, emissions, natural resource depletion, and energy consumption. The construction
industry is currently trending towards using alternative construction materials in place of natural
materials and cement, thereby reducing the environmental impact and promoting sustainability.
Two approaches have been used in this review: scientometric analysis and a comprehensive man-
ual review on the waste glass (WG) utilization in cement-based materials (CBMs) as a sustainable
approach. Scientometric analysis is conducted to find out the current research trend from available
bibliometric data and to identify the 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 most significant contribution to the field of WG utilization in CBMs. The effect of WG on
the mechanical properties of CBMs was found to be inconsistent in the literature. The inconsistent
effects of WG impede its acceptance in the construction sector. This study intends to shed light on
the arguments and tries to explain the opposing perspectives. This article summarizes the findings of
various research groups and recommends new viewpoints based on the assessment of fundamental
processes. The effect of utilizing WG on fresh and hardened properties of CBMs, including workabil-
ity, compressive strength, split-tensile strength, and flexural strength, are reviewed. Furthermore, the
microstructure and durability of composites containing WG are investigated. Different limitations
associated with WG use in CBMs and their possible solution are reported. This study will assist
researchers in identifying gaps in the present research. Additionally, the scientometric review will
enable researchers from diverse regions to exchange novel ideas and technologies, collaborate on
research, and form joint ventures.

Keywords: cement-based materials; waste glass; sustainable construction; mechanical proper-
ties; durability

1. Introduction

Sustainability trends have accelerated recently as a result of resource constraints,
resulting in an increased number of emerging issues from managerial, strategic, and
operational perspectives. Additionally, the construction sector significantly contributes
to society’s requirements by improving people’s quality of life [1-3]. Despite this, this
industry generates between 45 and 65% of waste disposed of in landfills, accounting for 35%
of global CO; emissions. Additionally, the construction industry and its related activities
generate substantial amounts of harmful emissions, accounting for nearly 30% of global
greenhouse gas emissions resulting from construction operations, with transportation and
processing of construction materials accounting for 18% of these emissions [4]. The value
of sustainability research in the field of civil construction is self-evident. In this regard,
firms are increasingly aware that ensuring a competitive advantage is contingent on more
than just client satisfaction based on low costs and the quality of the product or service
provided. Clients expect businesses to be ethical, environmentally conscious, and socially
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responsible [5]. As a result, sustainability in construction must be seriously considered.
Researchers have concentrated on a variety of factors in order to achieve construction
sustainability. One of them is the utilization of waste materials in construction materials.
Several processes, including mining, manufacturing, agricultural production, electric-
ity generation, iron and steel metallurgy, and electronic goods, generate massive amounts
of solid waste. Many hazardous solid wastes are flammable, chemically reactive, incen-
diary, corrosive, and infectious, and their discharge and disposal have resulted in large
financial losses [6,7]. As a result, solid waste recycling or reuse in construction materials
would be preferable [8]. Cement-based materials (CBMs) are extensively used construction
materials [9-12]. Researchers have used various approaches to enhance the performance of
CBMs [13-16]. Waste materials can be used in concrete as an aggregate substitute [17-22],
as fibers for reinforcement [23-28], as well as a cement substitute [29-35] to improve CBMs’
performance. As a result of the reduced cement consumption, natural resources can be
conserved, and CO, emissions can be reduced. Furthermore, it has been discovered that
incorporating waste materials into CBMs improves their mechanical performance [36-38].
Each year, tens of millions of tons of waste glass (WG) are produced in the United States [39],
with a huge quantity of WG being disposed of in landfills. Although many cities are pro-
ducing more WG at a growing rate, landfill space is becoming scarce, particularly in major
cities. Glass is chemically stable as compared to certain forms of solid waste, such as plastic
and wood. Glass that has been buried in soil for a long time is non-biodegradable [40].
Furthermore, certain glass, for example, cathode ray tube (CRT) glass, holds toxic elements
such as mercury, cadmium, lead, and beryllium, polluting subsurface soil and water [41].
China produces CRT glass at a rate of more than 43 million tons per year [42], posing a
major environmental threat and endangering public health. Glass production requires a
considerable amount of energy as silica must be melted at an elevated temperature for
hours [43]. For container glass, the temperature is kept at 1500 °C for 24 and 72 h for
plate glass [44]. Producing 1 kg of plate glass utilizes approximately 17 MJ (mega-joule) of
fossil fuel energy and emits approximately 0.6 kg of CO, [45]. In Europe, annual energy
consumption for glass manufacturing exceeds 350 P] (peta-joule), accounting for approx-
imately 20% of overall industrial energy utilization [45]. Thus, recycling WG effectively
is generating increasing interest worldwide. Recycling glass for use in the manufacture
of glass products is a popular method of reusing WG. However, recycling is a compli-
cated process. To produce glass plates and containers, WG ought to be cleaned, sorted,
and melted [46]. Another way to recycle WG is to use it to make construction materials.
WG can be crushed and mixed with cement and aggregates in CBMs to partially replace
cement/aggregates [21,47-51]. The use of WG in CBMs has several benefits. First, the
WG utilized in CBMs does not need to be melted, so minimizing the energy requirement.
Second, WG management is significantly simplified. For example, glass cleaning and
sorting are not required. Third, WG consumption will be high due to the extensive use of
CBMs in construction. Fourth, toxic elements in glass can be locked and solidified within
CBMs. Present research indicates that recycling WG in CBMs is a better approach [47,48].
Thus, the use of WG in construction materials as an aggregate replacement will contribute
to save natural resources and solve waste management problems. Its use as a cement
replacement will help to reduce the cement demand and ultimately decrease CO, emission.
As aresult, there is a need to investigate sustainability in construction, which has been
discussed in this paper. Manual reviews are insufficient for building a deep and consistent
relationship between different literature sections. Scientific mapping and network visu-
alization of bibliographic coupling, co-citations, and co-occurrence are currently among
the most difficult parts of modern research. A scientometric review can deal with large
amounts of data without adding to the complexity of responding to the fundamental limi-
tations of earlier manual evaluations. To solve the fundamental drawbacks of traditional
reviews, scientometric analysis is used in conjunction with traditional reviews in this study.
More specifically, a thorough examination of the keywords co-occurrence, co-authorship by
researchers, bibliographic coupling of sources, articles, and countries actively contributing
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to the subject of the utilization of WG in concrete for sustainable construction is conducted.
The effect of WG on the mechanical properties (MPs), microstructure, and durability of
CBMs are reviewed. Various limitations associated with WG utilization are identified, and
their possible solution is detailed. In the current study, scientometric analysis is used in
conjunction with an in-depth discussion to achieve the following objectives: (1) To identify
the most relevant publishing field, publication sources, most frequently used keywords,
most cited authors and works, and nations with the greatest influence in the field of WG
utilization for sustainability in construction. (2) To examine the current level of research
and its focus on a variety of elements throughout the last two decades. (3) To identify
research gaps so that future research can be directed in the proper direction.

2. Research Significance

In recent decades, a substantial study has been done to explore the elements that
contribute to sustainability in construction, and some useful results have been reached.
Review studies were also conducted; however, these were primarily manual reviews. This
study is based on scientometric analysis, as well as an in-depth discussion on WG utilization
in CBMs as a sustainable approach. The reason for selecting WG from the various waste
materials is because it is non-biodegradable and contains toxic chemicals that have a greater
detrimental impact on the environment if disposed of in landfills. Researchers from various
locations may benefit from the graphical depiction based on a scientometric evaluation in
forging research alliances, forming joint ventures, and sharing breakthrough technologies
and ideas as a result of this research. Furthermore, the advantages associated with WG
utilization in construction are described. Specifically, the impact of WG on the mechanical
performance of CBMs and its sustainability aspects are reviewed. Different restrictions
related to the use of WG are also discussed, as well as possible remedies. Finally, possible
future studies are recommended.

3. Methodology

This study employed two approaches: a scientometric analysis review [52-55] and an
in-depth discussion on WG utilization in construction materials. The primary reason for
instituting a scientometric review method is that subjective analyses of civil engineering
studies by researchers have been shown to be prone to error. Scientometrics, by itself,
provides a more rational and less skewed outcome, as it is not biased by any individual’s
perspective [56-58]. This study examines and articulates findings spanning two decades.
Maps and connections between bibliometric data are used to quantify research progress in
this report, resulting in a quantitative assessment.

Numerous publications have been written in the area under study, and it is critical to
locate the most accurate database. According to Aghaei et al. [59], the two most effective,
comprehensive, and objective databases for conducting literature searches are Web of
Science and Scopus. Scopus has a broader coverage and more up-to-date bibliometric data
than Web of Science [59-61]. Scopus was used to compile the bibliometric data for the cur-
rent analysis on the utilization of WG for sustainable construction. The searched keyword
in Scopus was “waste glass in concrete”, which resulted in 1488 documents. Options for
data refinement were used to weed out irrelevant publications. From the “document type”,
only “article” and “review” were selected. The “source type” field was kept to “journal”,
while the “language” field was “English”. The “publication year” was limited from 2001 to
2021. The “subject area” was kept “Engineering, Material Science, and Environmental Sci-
ence”. After applying these limiting filters, the resulting documents were 737. Researchers
from a variety of fields have previously conducted research using similar methods [62-64].
Scientometric reviews make use of science visualization, a technique developed by scholars
for analyzing bibliometric data for a variety of purposes [65]. It describes the difficulties re-
searchers face when conducting manual reviews and also establishes a connection between
sources, keywords, authors, articles, and countries within a particular research area [66].
Scopus data were saved in the Comma Separated Values (CSV) format for subsequent
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analysis with an appropriate software tool. The science mapping and visualization were
created using the software tool VOSviewer (version: 1.6.16). VOSviewer is a freely avail-
able visualization application that is widely used in a variety of fields and comes highly
recommended in the literature [67-71]. Hence, the VOSviewer was used to accomplish the
current study’s objectives. The analysis was conducted in VOSviewer, with the “type of
data” set to “create a map from bibliographic data” and the “data source” set to “read data
from bibliographic database files”. The CSV file downloaded from Scopus was imported
into VOSviewer and analyzed in a few simple steps while ensuring data consistency and
reliability. As part of the science mapping review, the sources of documents, keyword co-
occurrence, citation network, co-authorship, articles, bibliometric overlapping, and country
contributions were analyzed. Additionally, the cumulative number of citations to articles
was tallied. Additionally, the connections between authors, publications, and countries
were charted. Maps were used to visualize various parameters, their relationships, and
co-occurrence, while tables were used to summarize their quantitative values. Additionally,
the keywords were thoroughly reviewed and summarized in the discussion section in
order to develop the major research themes. The sequence of the scientometric analysis is
depicted in Figure 1.

Selection of
database

* Scopus

Retrieval of

« CSV file
data

Software

* VOSviewer
tool

* Sources

* Keywords

* Co-Authorship
* Documents

* Countries

L Discussions

on results

Analysis

Figure 1. Sequence of scientometric analysis. CSV: comma separated values.

4. Results and Discussion on Scientometric Analysis
4.1. Subject Area and Annual Publication Pattern of Articles

The Scopus analyzer was used to search the Scopus database in order to determine
the most significant research areas. The analysis revealed that the top three fields based
on the number of documents were determined to be Engineering, Materials Science, and
Environmental Science, containing 34.7%, 21.9%, and 16.0% of the total documents, respec-
tively, as illustrated in Figure 2. These fields account for around 72.6% of the total number
of documents searched in the Scopus database. Both journal articles and review articles
were compared for the overall documents. Journal articles contributed 90.9%, and review
articles contributed 9.1%, respectively. Figure 3 depicts the annual publication pattern in
the current study field from 2001 to 2021. A gradual increase in the number of publications
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on the utilization of WG in concrete has been observed up to 2016. However, a remarkable
increase was observed in the last 5 years. It is fascinating to discover that scholars are now
focusing their studies on sustainable construction methods.

Other (4.5%)

Economics, Econ... (1.5%)

Earth and Plane... (1.5%)
Chemical Engine... (2.3%) Engineering (34.7%)
Physics and Ast... (3.3%) ~
Computer Scienc... (4.3%) .

Business, Manag... (4.5%)
Energy (5.6%)

Environmental S... (16.0%) ~

Materials Scien... (21.9%)

Figure 2. Subject area of articles.

Documents by year

150
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Documents

50

25

2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

Year
Figure 3. Annual publication pattern.

4.2. Sources Mapping

Mapping sources enables the analysis of development and innovation to be visualized.
These sources make data available within the confines of predefined, unique constraints.
By initializing the mapping of research origins, it is possible to apply the research pattern
sequentially in the analysis area. This analysis was conducted in VOS viewer using Scopus
bibliometric data. The “type of analysis” was selected to be “bibliographic coupling,”
and the “unit of analysis” was selected to be “sources”. A source’s minimum document
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count was set at 10, and 10 of the 256 sources met this criterion. Table 1 lists the leading
sources/journals that publish at least 10 documents containing data on WG in concrete
for sustainable development, along with their citations and total link strength. Based
on the number of documents, the top 3 journals are construction and building materials,
the journal of cleaner production, and the international journal of civil engineering and
technology, containing 112, 56, and 25 documents, respectively. The highest citations are of
construction and building materials (3989), followed by cement and concrete research (1935)
and journal of cleaner production (1878). Figure 4 illustrates the annual publication trend
of sources and their scientific mapping. This data was gathered as part of the process of
establishing a network of research sources. It is worth noting here that this type of research
would lay the groundwork for upcoming scientometric reviews in the current study field.
Additionally, previous manual reviews lacked sufficient detail regarding science mapping.
Figure 4a depicts the yearly publication trend of the top journals. The contribution of
resources, recycling and conservation is from 2002. While the contribution of construction
and building materials, journal of cleaner production, and materials is from 2007, 2009,
and 2016, respectively, in the current study field. It can be seen that up to 2016, the number
of publications was insignificant, while an abrupt hike in the last 5 years was observed
especially for construction and building materials. The network visualization of journals
containing at least 10 documents has been displayed in Figure 4b. The size of the frame
in the figure corresponds to the journal’s contribution in terms of citation and documents
count; a larger frame size indicates a higher contribution. For example, construction and
building materials has a bigger frame size, indicating that this journal has the greatest
influence in the current study area relative to the other. Additionally, frames (sources)
with identical colors display clusters of related frames developed through VOSviewer
analysis. For instance, the red color indicates a cluster containing construction and building
materials, journal of cleaner production, materials, journal of building engineering, and
applied sciences (Switzerland). Clusters are formed based on the scope of research outlets
or their co-citations. [72]. The number of co-citations in the articles in the current study
area is indicated by the connection links between the research sources. Additionally, the
link strength indicates the number of mutually cited references between two journals. For
instance, the journal of cleaner production (total link strength: 9941) contained the greatest
number of references to other research sources. Closely spaced frames (sources) in a cluster
have stronger connections than those that are further apart. For example, the construction
and building materials is more connected with cement and concrete composites than it is
with other sources.

Table 1. Documents sources.

S/N Source Documents  Citations Total Link
Strength
1 Construction and building materials 112 3989 9941
2 Journal of cleaner production 56 1878 5526
3 International journal of civil engineering 25 70 437
and technology
4 Materials 23 163 2785
5 Resources, conservation and recycling 21 1770 1915
6 Journal of building engineering 20 260 3931
7 Waste management 18 1792 1290
8 Cement and concrete composites 13 1261 2580
9 Applied sciences (switzerland) 10 35 1474
10 Cement and concrete research 10 1935 513




Crystals 2021, 11, 710 7 of 34

25
20
]
E B
=
3
g 10
()]
5
0:: —e
S EFFC L L IL TP ® D PP PP
FEFTFFITFFTIT TS F TS S S

-8~ Materials -#= Resources Conservation And Recycling - Construction And Building Materials

=& Journal Of Cleaner Production

(a)
N e T

(b)
Figure 4. Sources of research articles: (a) yearly publication trend; (b) network visualization.

4.3. Keywords Mapping

Keywords are essential research materials because they identify and represent the
research domain’s fundamental field [73]. For that analysis, the “type of analysis” was
chosen as “co-occurrence” and “unit of analysis” as “all keywords”. The minimum num-
ber of occurrence of a keyword was kept to 20. These constraints indicated that only
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100 keywords from 5576 satisfied the criteria. Table 2 lists the top 20 keywords having the
most occurrence in the research articles used in the present study field. According to the
researcher’s study, the most commonly occurring keywords include glass, compressive
strength, concretes, recycling, and concrete, making the top 5 mostly occurred keywords.
Figure 5 illustrates the co-occurrence of keywords networks, their visualization, their con-
nections to one another, and the density associated with their correlation frequency. The
size of the keyword node in Figure 5a indicates its frequency, whereas its location indicates
its co-occurrence in publications. Additionally, the visualization demonstrates that the
aforementioned keywords have bigger nodes than the others, indicating that these are
the most important keywords in the study of WG utilization in concrete for sustainable
construction. Clusters of keywords have been colored differently in the network to indi-
cate their co-occurrence in various publications. A total of five clusters were observed,
represented by green, red, blue, yellow, and purple. For example, a cluster represented
by green color contains glass, silica, cements, durability, silica fume, cement replacement,
concrete mixtures, etc. As illustrated in Figure 5b, the density concentration of keywords is
denoted by distinct colors. Red, yellow, green, and blue are the colors in ascending order
of density. For example, glass, compressive strength, and concretes have red marks in the
density visualization, indicating a higher density. This finding will aid writers in the future
when selecting keywords to make it easier to locate published data in a particular domain.
Figure 6 illustrates the connections of glass (Figure 6a), waste management (Figure 6b),
and recycling (Figure 6¢) with other keywords. The connection network demonstrates that
glass and recycling have a sizeable impact on waste management. Thus, recycling WG
would reduce the burden from waste management authorities.

Table 2. Top 20 most occurred keywords.

S/N Keyword Occurrences Total Link Strength
1 Glass 407 3435
2 Compressive strength 257 2102
3 Concretes 232 2028
4 Recycling 225 1938
5 Concrete 172 1374
6 Aggregates 171 1576
7 Concrete aggregates 145 1298
8 Waste glass 111 925
9 Cements 110 984
10 Fly ash 99 869
11 Durability 96 867
12 Mechanical properties 93 758
13 Silica 91 913
14 Waste management 87 726
15 Mortar 75 707

16 Glass powder 73 538
17 Portland cement 73 700
18 Water absorption 72 667
19 Slags 68 666
20 Tensile strength 67 638
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4.4. Co-Authorship Mapping

Citation counts indicate a researcher’s influence in a particular field [74]. In the
VOSviewer, “co-authorship” was selected as the “type of analysis”, while “authors” were
chosen as the “unit of analysis”. The minimum number of documents required for an author
was kept at 5, which resulted in 20 of the 2077 authors meeting the constraints. The top
20 authors in the field of WG in concrete for sustainable growth with the most documents
and citations are listed in Table 3, according to the data retrieved from the Scopus database.
The average citation count was calculated by dividing the total number of citations by the
number of publications by each author. Poon C.S. was the author of the most publications
(16), while Arulrajah A. was the author of the most citations (656). It will be difficult to
independently assess a researcher’s effectiveness. However, the author’s rating will be
determined by comparing all variables individually or in conjunction with one another. For
instance, if the total number of documents is compared, the top three authors are Poon C.S
with 16, Arulrajah A. with 13, and Tagnit-Hamou A. with 12 publications. Alternatively,
if the number of citations is compared, the author’s ranking would be Arulrajah A. with
656, Shi C. with 624, and Poon C.S. with 567 citations. Additionally, when comparing
average citations, the authors are ranked as follows: Shi C. with 125, Poon C.-S. with 75,
and Ling T.-C. with 54 average citations. Figure 7 illustrates the visualization of authors
with a minimum of 5 documents and the linkage of the most prominent author. Of the
20 authors, only 4 have been linked. It was observed that authors from different regions
are not connected to each other based on citations in the field of WG utilization in concrete.
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Table 3. Top researchers.

S/N Author Documents Citations é‘;::;:ﬁf s ?:::n];tl;lk
1 Poon C.S. 16 567 35 11
2 Arulrajah A. 13 656 50 16
3 Wang H.-Y. 12 321 27 4
4 Tagnit-Hamou A. 12 302 25 0
5 Horpibulsuk S. 11 454 41 15
6 Poon C.-S. 7 525 75 4
7 Ling T.-C. 7 378 54 5
8 LuJ.-X. 6 83 14 7
9 Shi C. 5 624 125 1
10 Brouwers H.J.H. 5 177 35 0
11 Dinis M.L. 5 150 30 15
12 Fiuza A. 5 150 30 15
13 Meixedo J.P. 5 150 30 15
14 Ribeiro M.C.S. 5 150 30 15
15 Mohammadinia A. 5 122 24 9
16 Lin K.-L. 5 108 22 0
17 Olofinnade O.M. 5 78 16 4
18 Ede A.N. 5 75 15 4
19 Xuan D. 5 69 14 6

20 Wang C.-C. 5 49 10 4
wangh.-y.
din@m.|
. S mabiglo |.p.
ribeif@m.c.s. brouwers h.j.h.
aruligjeh a.
ed@e.n. horpi'suk:
olofinnade o.m.
ﬁy-c.
-
tagnit-hamou a.
lu .
poon c.s. i
(a)

Figure 7. Cont.
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Figure 7. Visualization of co-authorship; (a) authors with minimum five documents; (b) connected authors.

4.5. Articles Mapping

The number of citations a research article receives indicates its impact on a partic-
ular field of study. Articles with a high citation count will be considered a landmark in
the history of science. To analyze document citations, the “type of analysis” was set to
“bibliographic coupling” and the “unit of analysis” to “document” in the VOSviewer. A
document’s minimum citation count was set to 50, and 102 of the 737 records adhered to
these boundary requirements. The top 20 highly cited research articles, their authors, and
the year of publication are listed in Table 4. Meyer C. [75] had the maximum citations of
691 on their article titled “The greening of the concrete industry”. However, Shayan A. [76]
and Topcu LB [39] had 363 and 342 citations on their respective articles and have been
ranked in the top three. Figure 8 shows the author’s visualization having the most article
citations on their respective publications (Figure 8a), the top connected articles (Figure 8b),
and density visualization of connected articles (Figure 8c) in the present study field. It was
observed that the connected documents were 88 out of 102 based on citations. The network
of co-citations between the writers participating in the study of WG utilization in concrete
for sustainable construction is depicted in this visualization. The closeness of the articles
depicts how interconnected they are with each other in terms of citations.

Table 4. Top 20 publications based on citation count.

S/N Author Title Citations Total Link
Strength
1 Meyer C. (2009) The greening of the concrete industry 691 12
2 Shayan A. (2004) Value-added utilisation of waste glass in concrete 363 27
3 Topcu 1.B. (2004) Properties of concrete containing waste glass 342 68
4 Batayneh M. (2007) Use of selected waste materials in concrete mixes 341 2
5 Park S.B. (2004) Studies on mechanical properties of concrete containing waste 264 0

glass aggregate
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Table 4. Cont.
S/N Author Title Citations Total Link
Strength

6 Shi C. (2007) A review on the use of waste glasses in the production of 260 189

cement and concrete
Performance of glass powder as a pozzolanic material in
7 Shayan A. (2006) concrete: A field trial on concrete slabs 248 62
8 Tam V.W.Y. (2006) A review on the viable techno?ogy for construction 239 5
waste recycling

9 Ismail Z.Z. (2009) Recycling of waste glass as a partial replacement for fine 211 108
aggregate in concrete

10 Paris .M. (2016) A review of waste products ut1.hzed as supplements to 189 98
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Figure 8. Mapping of documents; (a) documents with minimum 100 citations; (b) connected documents based on citations;

(c) density of connected documents.

4.6. Countries Mapping

Certain nations have contributed more than others in the current research domain in
the past and continue to do so. The visualization network was developed to help readers
visualize regions that are deeply committed to sustainable construction. The “type of
analysis” was “bibliographic coupling”, and the “unit of analysis” was “countries”. The
criterion for a country’s minimum number of documents was set at 5, and 37 of 87 countries
met the criterion. The top 20 active nations are listed in Table 5 based on the number of
documents and citations related to the present study area. India, United States, and China
contributed the most documents overall, with 126, 63, and 52 documents, respectively.
While the United States, Australia, and United Kingdom were the top three participating
countries in terms of citation count, with 2778, 2098, and 1857 citations, respectively. The
number of documents, citations, and total link strength indicates a nation’s influence on
the evolution of the current research domain. The total link strength indicates the extent to
which a country’s documents have influenced the other countries participating in these
studies. The United States had the strongest total link strength in comparison to other
countries, followed by Australia and China. As a result, the aforementioned countries
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were determined to have the greatest influence on the utilization of WG in concrete for
sustainable construction. Figure 9a,b illustrates the countries” connectivity and density
visualization of countries that are connected through citations. The frame’s size indicates
the country’s contribution to the field of study. Additionally, the density visualization
demonstrates that the countries with the highest participation had a higher density. Future
researchers will be aided in establishing scientific collaborations, producing joint venture
reports, and sharing innovative techniques and ideas by the graphical representation of
participating countries.

Table 5. Top 20 contributing countries.

S/N Country Documents Citations Total Link Strength
1 India 126 1581 15,912
2 United States 63 2778 19,741
3 China 52 1622 16,421
4 Australia 49 2098 17,897
5 South Korea 34 691 9220
6 United Kingdom 34 1857 9041
7 Iran 33 730 13,483
8 Taiwan 32 825 9171
9 Canada 28 1095 11,043
10 Hong Kong 26 1425 10,994
11 Portugal 22 1167 6173
12 Spain 22 893 4421
13 Turkey 22 721 4795
14 Iraq 21 454 4291
15 Malaysia 21 424 8844
16 Egypt 20 816 7705
17 Italy 20 498 5085

18 Thailand 20 809 6157
19 Poland 17 99 5883
20 Nigeria 16 162 10,632

(eagenia)
(usimia) , /1 ,@’} (eapt)

Gy

GrapEEd @G g
——_—
-
=

(a)

Figure 9. Cont.
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‘

(b)
Figure 9. Countries mapping: (a) network visualization: (b) density visualization.

5. Types and Properties of Waste Glass

WG is classified chemically as lead, soda-lime, electric, and borosilicate glass. The
most widely utilized type of glass is soda-lime glass. The main chemical composition
of glass includes SiO,, NayCOj3, and CaCOj3 [77]. Table 6 lists the percentage of various
chemical compounds in different kinds of glass. Glass is classified according to its color
into three categories: clear/flint, green, and brown/amber glass [78]. Glasses come in a
variety of colors due to their chemical compositions, which relate to distinct levels of color
impurity. Color impurity is limited to 4-6%, 5-30%, and 5-15% in clear, green, amber glass,
respectively [77]. Glass is classified according to its application into six categories, namely,
plate glass, container glass, continuous filament glass, mineral wool insulation, specialty
glass, and domestic glass or tableware [77]. Between these types, plate and container glass
are typically made of soda-lime glass; domestic glass is typically made of lead or soda-lime
glass; continuous filament glass is typically made of electric glass; borosilicate glass is
used to insulate mineral wool, and specialty glass is frequently made of borosilicate or
soda-lime glass.

Table 6. Chemical composition of various kinds of waste glass [77].

Chemical Compound (%)

Glass Type -
SIOZ NaZO + Kzo CaO A1203 3203 PbO
Soda-lime 71-75 12-16 10-15 - - -
Lead 54-65 13-15 - - - 25-30
Borosilicate glass 70-80 4-8 - 7 7-15 -
Electric 52-56 0-2 16-25 12-16 0-10 -

6. Waste Glass Utilization in Cement-Based Materials

WG can be utilized in CBMs as aggregate replacement and cement replacement. Thus,
it conserves natural resources, solves waste management problems, reduces CO, emission
by decreasing cement demand, protects the environment from toxic chemicals, and pro-
duces cost-effective composites. Therefore, the utilization of WG in construction materials is
a better approach for sustainability in construction. In this section, the effect of utilizing WG
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on fresh and hardened properties of CBMs, including workability, compressive strength
(CS), split-tensile strength (STS), and flexural strength (FS), are reviewed. Furthermore, the
microstructure and durability of composites containing WG are investigated. Different
limitations associated with WG use in CBMs and their possible solution are reported.

6.1. Mechanical Properties of Cement-Based Materials Containing Waste Glass as Natural
Aggregate Replacement

6.1.1. Workability

WG'’s effect on the workability of fresh concrete has been reported to be inconsistent
in previous studies. Partial substitution of sand with WG improved workability. For
instance, Elagra et al. [79] used a soda-lime glass (size: <20 um) and found that increasing
the replacement percentage from 0% to 30% increased the slump from 130 mm to 190 mm.
However, the utilization of WG decreased the workability of concrete. For example, an
electric glass (size: <150 um) reduced the slump from 200 mm to 45 mm as the amount of
WG increased from 0% to 40% [80]. The above-mentioned inconsistencies in WG’s effect on
the workability of composites are the result of two competing effects. Firstly, glass improves
workability by reducing water adsorption and friction due to its dense microstructure and
smooth surface. Indeed, WG has been used to create SCC that is vibration-free during
construction [81-85]. Secondly, glass can reduce workability due to extremely fine glass
particles; the surface-to-volume ratio increases, increasing water adsorption. Thus, the
size of the glass particles is a critical parameter in determining their effect on workability.
However, if coarser glass particles are utilized, the irregular shape of the glass particles
improves mechanical interlocking among adjacent particles and ultimately reducing the
workability [86]. This is consistent with Topcu and Canbaz’s [39] findings, i.e., the addition
of coarse glass particles (size: 16 mm) decreased the workability of the fresh mix. With
increasing glass particle size, the surface-to-volume ratio decreases, resulting in a small
quantity of paste or mortar adsorbed on the surface of glass particles for lubricating nearby
glass particles. This effect of under-lubrication may have been facilitated by the glass
particle’s smooth and dense surface.

6.1.2. Compressive Strength

According to the literature, there is a detrimental effect on CS of composites containing
WG as a partial or complete substitute of NA, as shown in Figure 10. Mostly, a decreasing
trend is observed with the increasing replacement ratio of WG. However, using a smaller
size WG at a lower replacement ratio can enhance the CS by filling the voids in the matrix.
Liu et al. [87] found a decrease in CS by 2.9%, 10%, and 15.7% when coarser WG (5-10 mm)
was used at 10%, 20%, and 30% content, respectively. Though, using finer WG (size:
<4.75 mm), the reduction in CS was minimal. They reported two primary explanations
for this decline. Firstly, the WG aggregate has a lower strength than the NA aggregate,
and secondly, the smooth surface of the WG aggregate affects its binding with cement
paste, reducing the strength of the concrete. A similar pattern of reduction in CS with the
increasing amount of WG in composites as an aggregate replacement was also noted by
other researchers [88-90]. Conversely, Ismail and Hashmi [91] and Abdallah and Fan [92]
found a 4.3% and 4.9% increase in CS, respectively, when fine aggregate was replaced at
20% by WG. Similarly, Malik et al. [93] investigated the CS of composites containing finer
WG particles (size: <1.18 mm) at various replacement ratios. The results revealed that
composites containing 10%, 20%, and 30% WG enhanced the CS by 20.0%, 25.1%, and
9.8%, respectively, compared to the reference mix. However, at 40% replacement ratio,
the CS decreased by 8.5% than the reference mix, as shown in the figure. Thus, the use
of finer WG at a lower replacement ratio could enhance the CS by filling voids in the
matrix, while coarser WG reduces the CS because of weak ITZ between WG aggregate and
cement matrix.
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Figure 10. Effect of waste glass as a natural aggregate replacement on 28-days compressive strength.

6.1.3. Split-Tensile Strength

The WG usage as an NA replacement also has an unfavorable effect on the STS of
composites, as depicted in Figure 11. The STS decreases with the increasing replacement
ratio of WG, as reported by most researchers [87,90,93,94]. Liu et al. [87] reported a decrease
in STS than that of reference mix by 8.5%, 14.1%, 21.1%, and 25.4% when WG replaced
natural fine aggregate at 25%, 50%, 75%, and 100% ratios, respectively. Song et al. [90]
found a decrease in STS compared to control mix by 2.3%, 2.3%, 5.2%, 6.8%, and 10%
when NA was replaced by 20%, 40%, 60%, 80%, and 100% WG, respectively. However,
Abdallah and Fan [92] and Malek et al. [95] found an increase in STS of WG composites
than NA composites using lower content (up to 20%) of WG. It can be concluded that
WG with smaller particle size and used in lower proportions positively influences the STS
of composites.

6
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Figure 11. Effect of waste glass as a natural aggregate replacement on 28-days split-tensile strength.
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6.1.4. Flexural Strength

Figure 12 depicts the influence on FS of composites with increasing WG content as
the NA replacement. It shows that at lower WG content, the FS of composites can be
improved, while higher WG content results in decreasing FS. However, the reduction in FS
is minimal compared to CS and STS. Wang and Huang [88] found improvement in FS of
14.7% at a 10% replacement ratio, while a further increase in WG decreased FS compared
to the reference sample without WG. The study of Ismail and Hashmi [91] and Abdallah
and Fan [92] reported improvement in FS of WG aggregate composites in comparison
with the NA composites. The improvement in FS with WG addition may be attributed
to the pozzolanic properties of glass, which helped to improve the microstructure of the
matrix [91]. Kim et al. [96] and Sikora et al. [97] observed a drop in FS of WG composites
in comparison to the NA composites. The reduction in FS was more at higher WG content
as aggregate replacement. This could be because the smooth surface of WG relative to
the NA having lower adhesion to the surrounding matrix than that of NA. However,
Malek et al. [95] reported increasing FS with increasing WG percentage up to 20% with an
increment of 5%. At a 20% replacement ratio, the FS increased by 14.3%. The reason is the
use of fine WG (size: <2 mm), which helped improve the microstructure by filling pores
in the matrix. Thus, the use of WG can improve the properties of composites if used in
smaller sizes and lower replacement ratios. This is because the finer WG can improve the
microstructure by filling voids in the matrix [93]. In addition, a higher replacement ratio
and a larger size of WG used as NA replacement reduced the properties of composites. This
may be attributed to the more glass-matrix interfaces, and the smooth surface of WG may
reduce the interfacial bond strength, resulting in decreased strength of composites [90].
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Figure 12. Effect of waste glass as a natural aggregate replacement on 28-days flexural strength.

6.2. Mechanical Properties of Cement-Based Materials Containing Waste Glass as
Cement Replacement

6.2.1. Workability

The finer /powder WG is usually used as cement replacement. Islam et al. [98] per-
formed a flow test on mixes of WG powder mortar. Water/binder ratio (w/b) was kept
0.5 for mix preparation. The findings indicated that as the percentage of WG as cement
substitute increased, the flow diameter increased. The flow diameter of the reference
mix was 132.5 mm, while the flow diameter of mortar samples containing 25% WG as
cement replacement was 135 mm. As a result, a slight increase in flow was observed.
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Aliabdo et al. [51] evaluated the workability of WG powder-modified concrete using a
slump test. It was observed that the slump of mix containing WG powder as a substi-
tute for cement improved as the WG powder content increased. The smooth surface and
minimal water absorption capacity of WG powder may contribute to the slump increase.
Additionally, WG powder contains coarser particles than cement, which might have caused
the improvement in a slump. Soliman and Tagnit-Hamou [99] also demonstrated that
incorporating WG powder in place of cement increased the workability of concrete, which
may be due to the low water absorption and smooth texture of WG powder than the
cement particles. Another factor contributing to increase the workability is the dilution of
cement. The reasons outlined above account for the reduction in the formation of hydration
products of cement during the initial time. As a result, there is an insufficient number of
products available for combining disparate particles. As WG powder has a smaller specific
surface area than cement, the total surface area of the cement and WG powder mixture is
reduced. Therefore, it decreased the water requirement for particle surface lubrication and
resulted in an increased slump.

6.2.2. Compressive Strength

Islam et al. [98] performed a CS test on mortar specimens containing recycled WG as
cement replacement. Compared to controlled mortar specimens, recycled WG mortar had
a lower CS at the age of 7, 14, 28, and 56 days. At 90 days, an increase in CS was observed;
the highest CS was obtained with a 10% cement replacement. Similarly, 15% cement
replacement at 180 days and 20% cement replacement at 365 days exhibited maximum CS.
The reason could be the pozzolanic behavior of glass, which reacted slowly and improved
the microstructure of the matrix at later ages and resulted in improved CS. Figure 13 is
generated based on the past studies depicting the variation in 28-days CS with increasing
WG content as cement replacement. A slight increase in CS can be observed at lower
replacement ratios. Rehman et al. [82] used WG powder as cement replacement (20%,
30%, and 40%) and steel slag as a fine aggregate replacement (40%, 60%, and 80%) in
SCC and investigated their influence on MPs. They observed an increase in CS when
20% cement is replaced by WG powder, but it decreased as the WG powder content is
increased further. When the proportions of all other ingredients were constant, increasing
the steel slag content increased the CS of SCC. At constant WG powder content, the CS of
concrete improved as the steel slag content increased. The maximum increase in CS was
observed by 11% in comparison with the control specimen when 20% WG powder was
used in place of cement, and 80% steel slag was used in place of fine aggregate. On the
other hand, there was a slight decrease in CS of SCC as the WG powder content increased
while the steel slag content was kept constant. The minimum CS was 5.7% lower than
the control specimen when WG powder and steel slag were used in place of 40% cement
and 40% fine aggregate, respectively. The increase in CS with the addition of steel slag
could be attributed to the pozzolanic action of steel slag or the difference in hardness
between steel slag and the replaced aggregates. Al-Zubaid et al. [100] studied the effect
of brown, green, and neon glass on MPs of concrete used as cement replacement by 11%,
13%, and 15%. The best results of CS were observed with neon glass at 13% content due to
the high concentration of SiO, (68%) in neon glass, combined with the high CaO content
(66.11%) in cement, and their combination with water formed a significant amount of
CaCOj during the hydration process. Anwar [101] also observed improvement in CS at
lower content of WG powder. At 10% WG powder content, the CS improved by 16.6%
than the reference sample. The increase in CS occurred due to the pozzolanic reaction
of glass powder. Because the glass powder acts as a pozzolanic material, it reduces the
effect of carbonation and increases the strength of concrete. Thus, the smaller particle
size of the glass powder interacts more readily with the lime in the cement, resulting in
increased CS in the concrete. Aliabdo et al. [51] reported a 5.1% increase in CS for 33 MPa
concrete containing 5% WG powder in place of cement when compared to the reference
mix. Whereas CS decreased with further addition of WG powder, as shown in the figure.



Crystals 2021, 11, 710

22 of 34

Compressive strength (MPa)

60

20

Additionally, the CS of concrete mix grade 45 MPa increased by 2.5% at 5% replacement
and 4.8% at 10% replacement compared to the reference mix. When more than 10% of the
cement was replaced by WG powder, a decrease in CS was observed; this decrease could
be attributed to the increased percentage of cement replacement, which resulted in cement
dilution. A similar trend was also observed from various studies with the use of WG as
cement replacement [102]. Hence, WG powder as cement replacement is preferable only at
lower replacement ratios.
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Effect of waste glass as cement replacement on 28-days compressive strength.

6.2.3. Split-Tensile Strength

The effect of using WG as cement replacement on STS has been shown in Figure 14. It
also indicates that at lower content of WG, the STS can be increased while higher content
of WG decreases the STS compared to the reference samples without WG. Similar to the
CS, Rehman et al. [82] noted that the maximum improvement in STS was 13.2% when
20% of cement was replaced with WG powder, and 80% of cement was replaced with
steel slag. The minimum STS was 5.6% less than that of the control mix when 40% steel
slag and 40% glass powder were used as cement and aggregate replacements, respectively.
Whereas, Al-Zubaid et al. [100] mostly found a decrease in STS with the addition of
different types of WG in concrete. However, using green glass at 13% replacement of
cement showed improvement in STS by 16.2% than the control mix. Aliabdo et al. [51]
described enhancement in STS by 16.6%, 19.4%, and 5.9% for 33 MPa concrete containing
5%, 10%, and 15% WG powder, respectively, when compared to the control mix. Whereas
STS decreased by 10% and 13.8% when 20% and 25% WG powder were substituted
for cement in a 33 MPa concrete mix, respectively. Additionally, for 5%, 10%, and 15%
replacement in 45 MPa grade concrete, the STS increased by 11.7%, 13.0%, and 18.1%,
respectively. Whereas, at 20% and 25% replacement, a slight decrease in STS of 1.0% and
2.3%, respectively, was observed. STS decreases when more than 20% of cement is replaced
with WG powder. The reasons for the improvement in STS at lower WG contents and
reduction in STS at higher WG contents are the same as described earlier for CS.

6.2.4. Flexural Strength

The influence of WG powder as cement replacement on the FS of composites has been
displayed in Figure 15. It also shows an almost similar trend as CS and STS. For instance, the
results of Rehman et al. [82] showed enhanced FS at 20% and 30% contents of WG powder
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while at 40% content of WG powder, the FS reduced compared to the reference sample. The
highest value of FS was observed at 20% content of WG powder as cement replacement
and 80% steel slag as fine aggregate replacement. Similar to the CS, the maximum FS was
observed with neon glass at a 13% replacement ratio [100]. Also, the addition of WG with
up to 20% content exhibited improvement in FS while a further increment in WG content
reduced the FS than the reference sample [101]. Hama [103] also reported maximum FS at
20% replacement of cement by WG powder. However, several studies reported a reduction
in FS with the utilization of WG powder as cement replacement [100,104], as shown in the
figure. The reasons for the CS behavior of composites with WG addition also apply to the

flexural behavior.
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Figure 14. Effect of waste glass as cement replacement on 28-days split-tensile strength.
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Figure 15. Effect of waste glass as cement replacement on 28-days flexural strength.

6.3. Microstructure of Cement-Based Materials Containing Waste Glass

The microstructure study of various past studies revealed that the size of WG used as
aggregate replacement greatly influences the ITZ and porosity of the matrix. Afshinnia and
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Rangaraju [105] found weak glass-matrix ITZ and high porosity when coarser WG was
used as an aggregate replacement, compared to the NA concrete, as depicted in Figure 16.
As illustrated in the figure, WG aggregates have a smooth particle surface that interfaces
with the cement paste, resulting in minimal mechanical interlocking between the two
phases. The weak bond between WG and cement matrix is also reflected in the mechanical
characteristics of composites. Conversely, the use of finer WG as an aggregate replacement
can improve the microstructure of composites [105]. Soliman and Hamou [106] performed
SEM analysis to study the microstructure of composite containing 50% quartz sand and
50% recycled WG with a mean particle size of 275 um. They stated that the bond among
WG and cement matrix is comparable with that among quartz and cement matrix, as
shown in Figure 17. Thus, the microstructure study also supports the use of finer WG
as aggregate replacement. Kong et al. [107] examined the effect of WG powder on the
microstructure under various curing conditions. The study demonstrates that WG powder
exhibits strong pozzolanic reactions when cured in microwave or steam rather than under
standard curing conditions. Matos and Sousa-Coutinho [108] conducted SEM analysis to
study the microstructure of mortar containing 10% WG powder as cement replacement
and compared it with the control mix as depicted in Figure 18. The glass particles appear
to have been completely compressed and scattered within the hydration products of a
compact, dense, and mature gel containing needle-shaped ettringite crystals (Figure 18c,d).
It was seen that the C—S-H gel in samples containing WG powder has more calcium as
well as more alkalis compared to the reference sample due to the pozzolanic properties of
WG powder. This is the reason for having improved MPs of composites with WG powder.

Debonding of
paste and
aggregate at
interface and high

g2 porosity

(a) (b)

Figure 16. Microstructure of composites with: (a) natural aggregate; (b) waste glass aggregate (size: 4.75-9.5 mm) [105].

6.4. Durability of Cement-Based Materials Containing Waste Glass

The durability of concrete is inextricably linked to its permeability [109]. Water
permeability was increased by partially replacing cement with WG. A concrete sample
having a 25 mm penetration depth of water when 30% of the cement was substituted with
soda-lime WG (size: <120 um), decreased the penetration depth of water to 9 mm; however,
when 60% of the cement was substituted with WG, the penetration depth of water decreased
it to 5 mm [110]. By substituting 60% natural sand for flint WG (size: <4 mm) in concrete
with a 20 mm penetration depth of water, the penetration depth of water was decreased
to 16 mm [111]. The use of finer WG reduced chloride penetration [79,102,112,113], while
coarser WG showed less resistance to chloride penetration [114]. The percentage of water
absorption reduced as the amount of WG in CBMs increased. When 20% WG (size: 100 pm)
was used in place of cement, the percentage of water absorption ratio decreased from 4.6%
to 3.2% [115]. Likewise, by substituting 25% cement for WG (size: <80 um), the percentage



Crystals 2021, 11, 710 25 of 34

water absorption was decreased from 6.2% to 3.8% [116]. When CRT WG (size: <5 mm) was
used as sand substitute at 0%, 50%, and 100% the water absorption ratios were 7.3%, 7.0%,
and 6.4%, respectively [96]. To replace coarse aggregate, WG (size: 3-16 mm) was used,
and the percentage of water absorption decreased from 6.0% to 2.5% as the proportion of
WG increased from 0 to 75%. Hence, consistent results revealed that proper usage of WG
contributes to the reduction of CBMs’ permeability and the impediment of detrimental
elements transport in CBM. This enhancement is a result of the synergy of several effects,
including the pozzolanic and filler effects that enhance the hydration process and improve
the microstructure, thereby decreasing permeability. Simultaneously, appropriate glass
gradation can increase the packing density of particles, thereby lowering the permeability
even further.

0
P 1

200um

Figure 17. Microstructure of composite containing quartz and glass sand (glass mean particle
size = 275 um) [106].

Figure 18. Cont.
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(c) (d)

Figure 18. Microstructure of composites: (a) control mix, 10,000 times enlarged; (b) control mix, 20,000 times enlarged;
(c) containing 10% waste glass powder, 10,000 times enlarged; (d) containing 10% waste glass powder, 20,000 times

enlarged [108].

The sulphate immersion test was used to observe the resistance of CBM to sulphate
attack. After five wet/dry cycles, the mass loss of concrete was determined. The mass loss
was measured to be 0.8% for concrete with a w/b of 0.68; however, when 40% cement in
concrete was replaced by WG (size: <150 um), the loss in mass was decreased to 0.2% [81].
The anti-sulfate attack test revealed a consistent beneficial phenomenon. A WG (size:
<4.75 mm) was used in place of natural sand in concrete, having a w/b ratio of 0.55. With
increasing proportion of WG from 0% to 80%, the concrete’s five-cycle mass loss decreased
from 11% to 4% [117]. This increase in resistance to sulphate attack can be attributed to the
concrete’s refined microstructure, resulting from the pozzolanic reaction and filler effect
of finer WG. The sulphate ion degrades CBMs by reacting with portlandite and forming
gypsum, which sequentially forms expansive ettringite, which can crack the matrix of
CBM [117]. A compact and improved microstructure prevents the passage of the sulphate
ion, thereby increasing the resistance to sulphate attack.

Concrete with a w/b of 0.5 and cement was replaced by WG (size: 0.1-40 um) at
0%, 10%, and 20%, proportions used to investigate the influence of WG on the depth
of carbonation. At four months, the carbonation depth increased from 3 mm to 8 mm
as the proportion of WG increased from 0% to 20% [108]. Similar observations were
described in [118] when CRT WG (size: <5 mm) replaced the natural sand up to 100% in
the production of heavyweight barite concrete with a w/b of 0.48. Depth of carbonation
rose from 7.5 mm to 11.5 mm as the proportion of WG increased from 25% to 100%. The
available data indicate that the use of WG degrades carbonation resistance. This is primarily
due to the fact that glass reacts with Ca(OH), contained within concrete. The Ca(OH); aids
in the delay of CO, diffusion, and glass consumption of Ca(OH); speeds up carbonation.
It is important to mention here that the studies cited above were performed on standard
concrete. It is reasonable to consider that the detrimental impact of WG for resistance
to carbonation can be alleviated or eliminated through microstructure refinement and
low porosity, as concrete’s diffusivity is decreased. There are numerous ways to decrease
concrete’s diffusivity, including increasing the packing density, decreasing the w/b, and
using fillers.

Concrete’s freezing-thawing resistance was increased by partially replacing cement
with WG. Cement in concrete was replaced by electric WG (size: 13 um), and loss in mass
of the sample was reduced by 30% after 310 freezing-thawing cycles [119]. Similar findings
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were published in [120,121]. Cement was replaced by WG (size: 75 um) at proportions of
5%, 10%, and 15%. It was found that as the proportion of WG increased from 0% to 10%,
the loss in mass decreased monotonically, implying that the WG enhances the resistance
to freezing-thawing, most possibly because of the pozzolanic reaction and filler effect.
However, as the amount of WG increased from 10% to 15%, the loss in mass increased
because of the dilution effect [120]. The dilution effect is related to the concrete’s w/b. Due
to the significant increase in the w/b caused by substituting an extreme quantity of cement
with WG, the additional water raises the porosity and results in the dilution effect. Though
it is envisioned that in high-performance concrete or ultra-high-performance concrete
with a very low w/b, a greater amount of cement can be substituted by WG without a
dilution effect.

7. Utilization of Waste Glass Powder in 3D Printing and Geopolimerization
7.1. 3D Printing

Three-dimensional (3D) printing of CBMs, also referred to as additive manufacturing
in the construction sector, is the process of combining CBM extrusion in layers with robotic
motion control [122]. Interest in 3D printing technology has increased significantly over
the last few decades, both in academia and industry [123]. This is largely because it
eliminates the need for formwork and human interference due to automation, which
significantly decreases the time required to construct a structure. Additionally, because this
technology is capable of creating complex structures, it enables structural optimization [124].
Mostly, fine aggregates were used in the 3D printing of CBMs [125]. The aggregate size
is constrained by the material delivery system. The most frequently used material in 3D
printing is natural sand [122]. By substituting recycled WG for natural sand in the material,
a new market for WG can be created while also reducing demand for natural sand, a
finite resource. With the rapid growth in the popularity of 3D printing technology, the
widespread use of recycled WG as a raw material for such applications has the potential to
be very beneficial. As a result, the WG recycling rate can be increased, thereby reducing
the need for landfill space. Ting et al. [126] evaluated the properties of natural sand and
recycled WG aggregate mortar 3D printing applications. The mixes were subjected to
rheological and mechanical characterizations to compare the various aggregates’ effects.
The rheology results demonstrated the benefit of recycling WG in CBMs for 3D printing.
The fact that the fresh material has a lower plastic viscosity and dynamic yield stress show
that the recycled WG mix has better flow characteristics than the natural sand mix. This was
most likely due to excess water in the recycled WG mix because of the WG particles’ reduced
capacity of water absorption than the natural sand, as observed in another study [114].
Other possible explanations include the smooth surface of recycled WG particles related to
the natural sand particles [127]. However, the CS, STS, and flexural strength of recycled
WG mixes were significantly less than those of natural sand mixes. Numerous publications
have attributed these findings to the low adhesive strength amongst WG particles and the
surrounding matrix at ITZ [48,114].

7.2. Geopolimerization

Cement is the primary constituent of concrete, acting as a binder for the aggregate
particles contained in any concrete mixture. However, producing cement consumes a
significant amount of energy and CO, emission. To address this issue, most studies
and research have focused on developing a more environmentally friendly alternative
binder. Geopolymer is a suitable alternative to ordinary concrete. Geopolymer is a novel
binder that is currently being developed. This is a type of binder that was developed to
replace cement in the manufacture of concrete. The objective is to develop sustainable
and environmentally friendly concrete that does not contain cement as a binder. The
geopolymer contains a binder that is rich in silica and alumina. WG is an amorphous
material, and its chemical composition has been listed in Table 6. Recently, WG powder
has been investigated as a potential source of alumina for geopolymer production [128].
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Geopolymers derived from WG are a relatively new field of study. According to a study,
WG-based geopolymer achieved comparable CS to fly ash-based geopolymer, and the
mechanical properties were highly dependent on the WG particle size, curing conditions,
and alkali solution concentration [128]. Novais et al. [129] conducted a study to partially
replace metakaolin with WG powder in the production of geopolymer and studied its
influence on the mechanical properties. The results indicated that adding 12.5% WG
increased CS by nearly 46%, whereas a further increase in the amount of WG has the
opposite effect when compared to the pure metakaolin-based geopolymer. Additionally, the
results demonstrated the enormous influence of curing conditions on the CS of geopolymers
containing WG. The CS loss was reduced considerably when geopolymers with a high WG
content were cured at ambient conditions rather than in sealed bags. This allows for the
addition of up to 37.5% WG without compromising CS.

8. Conclusions and Future Recommendations
8.1. Conclusions

In this study, a scientometric review was performed on the utilization of waste glass
(WG) in concrete for sustainable construction, along with a comprehensive discussion.
Scientometric analysis was carried out to evaluate the relevant study fields, publication
trend of articles, most contributing sources, keywords co-occurrence, most cited articles
and authors, and active countries contributing to the field of WG utilization in concrete for
sustainable construction. Moreover, the sustainable aspects of WG utilization in construc-
tion materials were reviewed, and the influence of WG on the performance of cement-based
materials (CBMs) was assessed. Particularly, the effect of WG on workability, compressive
strength, split-tensile strength, flexural strength, microstructure, and durability of the
resulting composite was evaluated. The following conclusions have been made:

e  Scientometric analysis on the available data retrieved from the Scopus database ex-
posed that the top four fields based on the number of documents were Engineering,
Environmental Science, Materials Science, and Energy, containing 26.4%, 22.4%,11.6%,
and 9.9% of the total documents, respectively. A slight increase in the number of pub-
lications on the utilization of WG in construction materials was observed up to 2015.
However, a remarkable increase was observed in the last 5 years. The top 3 journals
based on the number of documents were found to be the journal of cleaner produc-
tion, construction and building materials, and resources, conservation, and recycling,
containing 241, 202, and 79 documents, respectively, of the 2066 total documents.
Sustainable development, recycling, construction industry, compressive strength, and
sustainability were observed to be the top 5 most occurred keywords. Additionally,
the connection network demonstrated that waste management and recycling have a
strong link with sustainable development and may have a sizable impact on sustain-
ability in construction. Furthermore, India, China, and United Kingdom contributed
the most documents in the current study field.

e WG can be used in CBMs as aggregate replacement and cement replacement. Thus,
it conserves natural resources, solves waste management problems, reduces CO,
emission by decreasing cement demand, protects the environment from toxic chem-
icals, and produces cost-effective composites. Therefore, the utilization of WG in
construction materials is a better approach for sustainability in construction.

e  The influence of WG as aggregate/cement replacement in CBMs on the mechanical
properties (MPs) was found to be inconsistent. Usually, finer glass particles improved,
while coarser glass particles decreased the MPs of composites. In additions, its use in
higher proportions has a negative influence on the MPs of composites.

e Due to the pozzolanic reaction and filler effect of WG powder, it is possible that
substituting WG for up to 25% of the cement or 20% of natural aggregate enhanced
the MPs. However, using an excessive amount of WG may decrease the mechanical
strength because of the dilution effect. The optimum content of WG in concrete is
related to the water/binder ratio (w/b), as the w/b affects the amount of Ca(OH),
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reacting with glass. By substituting coarser WG for natural aggregates, the mechanical
strength may be reduced. The influence of WG depends on both particle size and the
proportion of the replacement.

e  The addition of WG can help improve the microstructure and reduce the permeability
of CBMs, thereby increasing their resistance to sulphate attack and freeze-thaw and
eventually enhancing the durability of composites. However, glass may impair the
resistance to carbonation because of Ca(OH), consumption by glass.

Appropriate WG selection is critical to the success of applications. It is suggested that
the amount, size, and type of WG used in CBMs are appropriate for achieving adequate
MPs and durability, reliant on the anticipated applications.

8.2. Future Recommendations

This review demonstrated the importance of developing a complete knowledge of
the impacts of WG on the MPs of CBMs in order to ensure the long-term viability and
durability of structures. The subsequent research needs can be found as a result of the
foregoing discussions:

e  Further research is essential to clarify the impact of WG on the rheological properties
of CBMs in terms of amount, type, particle size, and morphology of WG particles. This
is an assumption, but it is possible that the rheology of the CBMs prior to incorporating
WG particles influences the glass particle’s role.

e  There is a necessity to explore potential coupling effects between the w/b of concrete,
the size of the WG particles, and the percentage replacement. This is an assumption,
but it is possible that the w/b of CBMs and the size of the WG particles affect the
optimal content of WG, resulting in a loss of mechanical strength.

e Thereis a dearth of comprehensive knowledge regarding the effects of WG content
and particle size on the durability of CBMs at various w/b. This is an assumption that
the w/b has a considerable influence on the durability-related roles of WG content
and particle size.

e  Computer software tools s the machine learning approach and numerical modeling
need to be applied to predict the various properties of CBMs containing WG.
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