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Abstract: Concrete is the second-most used material glob-
ally and significantly impacts the environment by emitting
a large amount of carbon dioxide (CO,). This scientometric
review investigates the sustainable use of waste glass (WG)
in concrete. Our study examines the impact of waste glass
powder (WGP) on the mechanical and fresh characteristics
of concrete and its environmental implications, enhanced
by a machine learning prediction model. We observed a
progressive increase in research activity on WGP-based
concrete since 2000, indicating the growing interest in
this area. The primary focus areas are engineering and
material science, reflecting the application potential, struc-
tural performance, and material properties of WGP-based
concrete. Our discussions highlight the significant benefits
of WGP in concrete, including its potential to reduce land-
fill usage, environmental pollution, and enhance properties
such as strength, sulfate resistance, alkali-silica reaction resis-
tance, and freeze-thaw resistance. The review also explores
the microstructure of glass powder (GP)-based concrete, illu-
minating the complex interactions between glass particles and
the concrete matrix, which influence the material’s overall
performance. Environmental impact assessments underscore
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the necessity for sustainable construction practices and waste
reduction. Utilizing machine learning prediction models helps
optimize the composition of GP-based concrete, thus enhan-
cing material performance and durability. This review pro-
vides a comprehensive analysis of using WG in concrete,
contributing to the field’s understanding and informing future
research and innovations to optimize WG use in concrete
applications.

Keywords: waste glass, concrete, scientometric review, sus-
tainable construction, cement replacement, utilization of
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1 Introduction

Everything in the world is becoming more environmen-
tally friendly and sustainable in recent years. Concrete is
the second-most useful material in the world, right behind
water [1,2]. Concrete continues to be the substance that is
utilized in construction most frequently. Previous researchers
[3-5] carried out a study and calculated that 11.5 billion tons
of concrete are consumed worldwide, or roughly 1.7 tons for
every person on the planet. Concrete is one of the largest
hurdles to a more friendly environment since it releases
the majority of carbon dioxide (CO,) into the atmosphere.
Torres-Carrasco et al [6] have done research, finding a con-
clusion that 1.7 tons of raw materials are needed to produce 1
ton of cement, and the burning of those raw materials and
fuel releases 0.8 tons of CO, back into the atmosphere.
Because there are no concrete eco-friendly alternatives avail-
able now in our industry, the usage of concrete is constantly
growing. Due to its high compressive strength, the concrete
utilization is increasing day by day. China alone has used
more concrete than US in the twentieth century. According
to Li [7], the results indicated that the amount of waste con-
crete reached 239 million tonnes in 2010 and is projected to
reach 638 million tonnes in 2020, showing an average annual
growth rate of 8%. In spite of this, the use of concrete is not
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slowing down. The usage of concrete in our society is one of
the main causes of the extreme rise in the planet’s tempera-
ture that the globe is currently experiencing. The generation
of greenhouse gases and subsequent climate change are both
considerably increased by the construction industry [8]. As
mentioned in the study by Ma et al. [9], high temperatures
have been recognized as a significant factor in causing severe
damage to the micro- and meso-structure of concrete. This
results in a decrease in overall mechanical properties and
may harm the concrete’s ability to maintain structural integ-
rity, including spalling and exposure of reinforcement bars,
particularly in fire situations. Spalling can expose the reinfor-
cement bars to corrosion, which may degrade the bond
strength and decrease the concrete structure’s ability to
bear weight [10,11]. The concrete absorbs most of the heat
coming from the sun and the water absorption of the paved
surface also decreases due to this. Water level of the ground
also decreases by the paved surfaces like street pathways and
other concrete surfaces. The two countries that create the
most CO, globally are the United States and China due to
the presence of large industries in these countries. About
60% of the cement produced and consumed globally is in
China [12,13], while the USA produces about 86 million metric
tons per year [14,15]. Concrete is the main cause for most of
the CO, emission into the atmosphere. While preparing con-
crete, when its reaction takes place, around 0.93 pound of CO,
is release while preparing 1 pound of concrete which is very
high and dangerous for the environment. Concrete emits
roughly 8% of world CO, into the atmosphere. Recycling
rate of glass is improving day by day. Some of the countries
has up to 90% recycling rate of glass.

Recognizing the urgent need to address these environ-
mental concerns, our scientometric review focuses on the
utilization of glass powder (GP) as a sustainable alternative
in concrete production. The use of recycled glass has been
considered in the construction sector’s circular economy,
focusing on its benefits for concrete and addressing chal-
lenges and opportunities for sustainable construction [16].
By incorporating waste glass (WG) into concrete mixtures,
we can reduce the demand for traditional raw materials,
such as sand and gravel, while simultaneously diverting
glass waste from landfills and minimizing its harmful
impact on the environment. According to Liu et al [17],
due to their non-biodegradable nature, these glass wastes
cover vast areas of open space and seriously harm the
ecosystem through air, water, and land pollution. Nearly
10 million tons of glass is produced every month for dif-
ferent purposes and the recycle rate of glass is very low.
Ruth and DellAnno [18] conducted a study, in which they
have concluded that 1.2 tons of nonrenewable raw mate-
rials are used to produce one ton of container glass. Glass is
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mostly recycled by burning in the kiln to mold it for the
future use, when the glass is burned, it requires high
amount of energy and it pollutes environment as well. In
previous research [10,19,20], it is discussed how recycling
glass could reduce the energy use and environmental
impact of glass production and disposal. Glass is composed
of different chemicals and when it is burned, different
kinds of chemical smokes are released into the atmosphere
which is very dangerous for most of the living things in the
world. EID [19] discussed that glass is brittle and can break
easily, causing injury or waste. According to Sundaram
et al. [21], most glass waste could be periodically recycled
without losing any of its chemical or physical characteris-
tics, but the key challenge is the variety in color and quality
of the glass collected. There is no completely safe method to
recycle glass. In advanced kilns, water is used to clean the
smoke, but chemicals from the process mix with the water,
which then seeps into the ground and contaminates ground-
water, negatively impacting both the land and water quality.
Only 60% of the glass is recyclable, due to different colors
and chemicals used in glass, it cannot be recycled by only
burning the glass. The non-recyclable glass is dumped into
landfill and in the ocean. By using GP in concrete, it will not
affect environment as much as when glass is burned, which
emits most of the CO, in the atmosphere. According to Jani
and Hogland [22], incorporating WG in cement and concrete
production offers several benefits such as conservation of
natural resources, energy and cost savings, and reduction in
CO, emissions and other greenhouse gases. According to
Guo et al. [23], every year, more glass is produced as a result
of the rising standard of living and the increasing speed of
industrialization, which results in more glass waste ending
up in landfills. The natural resources can be preserved, and
the glass can be recycled without emitting hazardous che-
mical smoke into the atmosphere, when the glass replaces in
part the cement and fine and coarse aggregates.

Waste glass powder (WGP) concrete has a number of
beneficial qualities, as shown in Figure 1. First, it presents
an effective cost-saving solution as the GP is a byproduct of
glass manufacturing, readily available at a lower cost com-
pared to conventional cementitious materials [24]. Addi-
tionally, the inclusion of WGP enhances the hydration
process in concrete, leading to improved strength and dur-
ability concluded by previous studies [25-27]. Acting as a
pozzolanic material, it reacts with calcium hydroxide when
mixed with water, forming additional cementitious com-
pounds. Another notable benefit is the increased resistance
of WGP concrete against chemical attacks. Structures made
with this type of concrete exhibit enhanced durability, as
they are less susceptible to corrosion caused by chemicals
or aggressive substances. By using WGP in concrete,
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Figure 1: Benefit of WGP concrete.

pollution can be reduced as glass waste is diverted from
landfills, effectively minimizing the environmental impact
associated with glass disposal. Furthermore, WGP concrete
is considered environmentally friendly. By partially sub-
stituting cement with WGP, the reliance on fresh raw
resources is decreased. As a result, the carbon emissions asso-
ciated with concrete production are lowered, contributing to a
reduction in CO, emissions. This method encourages sustain-
ability and helps in the preservation of natural resources,
including clay and limestone, which are commonly utilized
in the manufacture of cement. Finally, WGP concrete exhibits
improved resistance to freeze and thaw (FT) cycles, making it
suitable for colder climates. The incorporation of GP helps
minimize the risk of cracking and deterioration caused by
repeated FT cycles. Overall, the multiple benefits of WGP con-
crete, including cost savings [28], improved hydration [29],
chemical resistance [30], pollution reduction [31], eco-friendli-
ness [32], CO, reduction [33], conservation of natural resources
[34], and resistance against FT [35], make it a desirable choice
for environmentally friendly building techniques.

The scientometric review for this study is to examine
the impacts of incorporating GP into concrete, emphasis on
how it affects the environment and how the concrete’s
mechanical and fresh properties are affected. GP, when
recycled or disposed improperly in water or land, can
have detrimental effects on the environment. Burning
glass releases harmful chemicals into the atmosphere [8].
However, there are significant environmental advantages
of using glass waste in the production of geopolymer con-
crete. These include conserving natural resources, conver-
sion of landfill waste into useful products, reduction in CO,
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and greenhouse gas emissions, promotion of sustainable
building practices, and significant energy and cost savings.
Traditionally, concrete production relies heavily on cement,
fine aggregate, and coarse aggregate, which are obtained by
crushing natural resources from the earth. This leads to a
rapid depletion of valuable natural resources [36]. By incor-
porating GP into concrete, the need for burning is elimi-
nated, making it an environmentally friendly alternative.
Utilizing WG in concrete not only avoids disposal in landfills
but also contributes to resource conservation [37]. In addi-
tion, testing the effects of GP on newly formed characteris-
tics is another goal of its use in concrete [38], such as work-
ability [39] and setting time [40], as well as the mechanical
properties [39], including compressive [41], tensile [42], and
flexural strengths [43]. Understanding how GP affects these
properties is crucial for sustainable construction practices.
The primary focus is to reduce the reliance on natural aggre-
gates and maximize waste recycling. GP can be used as a
cementitious material, substituting both fine and coarse
cement in specific applications [44] and coarse aggregates
[45] in others. Due to its widespread household usage and
disposal in landfills [46], GP is readily available and cost-
effective to procure. To use glass in concrete, it is crushed
into a fine powder form, ensuring its suitability for concrete
applications. The objective of the scientometric review is to
assess the environmental effects of utilizing GP in concrete,
considering its effects on recycling and incorrect disposal.
In order to maximize sustainable construction techniques,
the fresh and mechanical qualities of the final concrete are
also prioritized. This is done by minimizing the use of nat-
ural aggregate and maximizing waste recycling [47]. The
availability and cost-effectiveness of GP make it a viable
option for incorporating recycled materials into concrete
production.

The utilization of WG in concrete represents a pivotal
area of research within sustainable construction practices.
This review holds substantial importance as it systemati-
cally synthesizes and analyzes the application of WGP, a
largely underutilized by-product, in concrete, contributing
to environmental sustainability and innovation in con-
struction materials. By investigating the integration of
WG into concrete, this study addresses a significant gap
in current construction practices that often overlook the
potential of recycled materials in reducing carbon foot-
prints and enhancing material properties. The primary
contribution of this review to the existing body of knowl-
edge lies in its comprehensive analysis of how WGP influ-
ences the mechanical and fresh properties of concrete.
Through a detailed scientometric analysis, this review
highlights emerging trends, evaluates the effectiveness
of past and current methodologies, and provides a new
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perspective on the potential scalability of such practices.
This not only aids in advancing academic understanding
but also serves as a crucial resource for industry practi-
tioners seeking to implement more sustainable and cost-
effective materials. Furthermore, this review tackles the
problem of industrial waste, specifically the underutilization
of glass waste, which has been a longstanding environ-
mental issue. By mapping out the benefits and challenges
associated with using WG in concrete, the review sets a
foundation for future research and development in this
area. The objectives of this review are to delineate the cur-
rent state of research on WG in concrete, to identify and fill
gaps in the knowledge, and to suggest directions for future
research that could lead to wider adoption of this sustainable
practice in the construction industry. By achieving these
goals, this review intends to foster a deeper understanding
of the material’s capabilities and encourage its incorpora-
tion into mainstream construction practices, thus promoting
greater environmental responsibility and innovation in
building materials.

2 Methods

The methodology for reviewing WGP-based concrete, as
represented in Figure 2, involves a series of systematic
steps. First, a thorough search is conducted in a reputable
literature database, such as Scopus, to gather relevant
scholarly articles and research papers. The information
extracted from the literature database is then stored and
organized in a Microsoft Excel comma-separated value file
for efficient data management. Subsequently, scientometric
analysis is performed using Scopus and VOSviewer, enabling
the visualization and examination of publication trends,

Database
Storage

Literature
Database
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subject areas, sources, articles, organizations, funding
sponsors, and countries associated with WGP-based con-
crete research. Finally, the obtained results are pre-
sented, encompassing various aspects such as publication
trends over time, distribution of research across subject
areas, prominent literature sources, article counts, con-
tributing organizations, funding sources, and active coun-
tries in the field of WGP-based concrete research. The
review seeks to provide a thorough knowledge of the
research landscape through this rigorous technique, iden-
tify key contributors, and shed light on the development
and impact of WGP-based concrete.

3 Results

The findings of the scientometric review on the use of
recycled glass in concrete for green building, as part of
the aim, encompass a comprehensive analysis of various
key aspects. First, publication trends over time are exam-
ined, providing insights on the development and evolution
of this field’s research. The distribution of research across
subject areas helps identify the diverse areas of focus
within the domain of WGP-based concrete. The review
also highlights prominent literature sources, showcasing
the key references and resources that have contributed
significantly to the body of knowledge. Additionally, article
counts offer a quantitative measure of the research output
and productivity in the field. The analysis also encompasses
identifying the contributing organizations, shedding light on
the institutions and entities actively involved in WGP-based
concrete research. Moreover, the review explores funding
sources, providing an understanding of the financial support
that drives research in this area. Finally, the examination of

Scientometric
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Microsoft Excel's

Significance, Limitations,

Scopus

Figure 2: Review methodology of WGP-based concrete.

Comma Separated
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Publication Trend;
Document Types;
Subject Areas;
Sources; Articles;
Keywords; Authors;
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Environmental Impact, and
Properties of WGP; Role of
WGP in Concrete;
Microstructure, Applications,
and Challenges of WGP
Based Composites; Fresh
State Properties, Hardened
State Properties, and
Prediction Models of WGP
Based Concrete.
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active countries in WGP-based concrete research highlights
the global distribution and participation, offering insights into
the geographical spread of research endeavors. These find-
ings add to our understanding of sustainable building techni-
ques in this area by offering a thorough analysis of the use of
WG in concrete.

3.1 Publication trend

According to Chadegani et al. [48], a thorough comparison
of databases such as Web of Science and Scopus, which
classify journals based on output and total citations, reveals
the latest research on the use of discarded glass in concrete.
According to Markoulli et al [49], science visualization is
used in scientometric reviews, a method developed by
researchers for analyzing bibliometric data with diverse
objectives. The trend of annual publication patterns related
to WGP-based concrete, as illustrated in Figure 3, exhibits a
remarkable and progressive increase in research activity
over time. Upon analyzing the data from 1960 to 2000, it
becomes evident that the number of publications per year
during this period was relatively low, averaging less than 10.
However, a significant shift occurred starting from 2000 to
2008, as the number of publications experienced a notable
surge, reaching nearly 30 per year. Subsequently, from 2008
to 2016, there was a substantial improvement in research
output, with the number of published documents skyrock-
eting to approximately 80 per year. This upward trajectory
persisted, with a remarkable growth observed from 2016 to
2024, as exemplified by the consistently increasing number
of publications each year. The year 2017 witnessed a count of
80 publications, followed by a substantial jump to 120 in
2018, 140 in 2019, 170 in 2020, 290 in 2021, and 300 in 2022.
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Figure 3: Annual publication pattern of WGP-based concrete documents.
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Up until May 2023, approximately 150 additional publications
have already been recorded, indicating a continued surge in
research activity. It is predicted that this year’s total number
of publications will exceed 300 based on current patterns,
further reinforcing the escalating interest and engagement
in research related to WGP-based concrete. This trend under-
scores the increasing importance of this innovative material
in the field of sustainable construction and highlights its
potential for driving positive change.

3.2 Document types

According to Qin et al. [50], the scientific mapping review
included analysis of document sources, keyword co-occur-
rence, citation networks, co-authorship, publications, biblio-
metric overlap, and country contributions. The distribution
of WGP-based concrete records among various categories is
shown in Figure 4. The analysis reveals that articles consti-
tute the majority, accounting for 60% of the documents.
Conference papers comprise 24.5% of the total, indicating
a significant contribution from conference proceedings in
disseminating research in this area. Conference review
papers make up 5.8% of the documents, reflecting the
importance of critical assessments and evaluations within
conference settings. Review papers, which provide compre-
hensive summaries and analyses of existing literature,
represent 5.6% of the documents, indicating their role in
synthesizing knowledge and highlighting key findings in
WGP-based concrete research. Additionally, there are book
chapters, comprising 2.9% of the documents, suggesting the
inclusion of this topic within book compilations. Books and
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Figure 4: Types of WGP-based concrete documents.
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erratum make up a small fraction, each accounting for 0.2%
of the total. This distribution across different document
types signifies the diverse range of scholarly outputs, including
original research articles, conference contributions, reviews,
book chapters, and books, contributing to the knowledge
base on WGP-based concrete.

3.3 Subject areas

In order to identify the most important study fields, the
Scopus database was examined using the Scopus analyzer.
Figure 5 presents a pie chart illustrating the distribution of
subject areas in WGP-based concrete research. The ana-
lysis reveals that engineering represents the largest por-
tion, comprising 36.7% of the chart. This highlights the
close relationship between WGP-based concrete and engi-
neering disciplines, emphasizing the engineering-driven
approach in exploring its applications, structural perfor-
mance, and construction techniques. Material science fol-
lows closely, accounting for 24.8% of the distribution, indicating
the significance of understanding the material properties, dur-
ability, and structural behavior of WGP-based concrete. This
field of study is essential for maximizing the material’s compo-
sition, characteristics, and performance and assuring its com-
patibility for various construction applications. The presence of
environmental science at 10.7% underscores the increasing
focus on sustainable construction practices. WGP-based con-
crete provides advantages for the environment by lowering
waste production, conserving natural resources, and mini-
mizing carbon emissions associated with traditional concrete
production. The inclusion of physics and astronomy at 6.8%
highlights the scientific principles applied to study the physical
properties, interactions, and behavior of WGP-based concrete.
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Figure 5: Subject areas of WGP-based concrete documents.
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Energy-related research at 4.6% reflects the growing emphasis
on energy efficiency in the construction sector, with WGP-
based concrete offering potential benefits in reducing energy
consumption and carbon footprint. The presence of earth and
planetary science, computer science, business and manage-
ment, chemical engineering, and chemistry in the chart sig-
nifies the interdisciplinary nature of WGP-based concrete
research. These subject areas contribute expertise in areas
such as geotechnical aspects, computational modeling, sus-
tainability assessment, industrial processes, and chemical
interactions, enriching the understanding and develop-
ment of WGP-based concrete. The diverse subject areas
represented in the chart highlight the collaborative and
interdisciplinary efforts required for advancing WGP-based
concrete as a sustainable construction material.

3.4 Sources

The investigation of growth and innovation may be visua-
lized, thanks to source mapping. These sources provide
data within the bounds of particular, predetermined limits.
Table 1 presents the sources of literature on WGP-based
concrete, along with the corresponding document counts,
citation counts, and total link strength. The sources are
ranked according to the quantity of papers they contribute
to the field. At the top of the list is “Construction and
Building Materials,” which accounts for 176 documents. It
has received a significant number of citations (7,870) and
has a high total link strength (4,825), indicating its influ-
ence and impact within the research community. Fol-
lowing closely is the “Journal of Cleaner Production” with
77 documents. It has received a substantial number of cita-
tions (3,992) and has a total link strength of 2,710. Other
sources, such as “Materials Today: Proceedings,” “IOP Con-
ference Series: Materials Science and Engineering,” “Mate-
rials Science Forum,” and “Materials,” also contribute a
significant number of documents to the field, with varying
citation counts and total link strengths. IOP Conference
Series: Materials Science and Engineering, known for pub-
lishing conference proceedings, has contributed 62 docu-
ments to the field. It has received 232 citations and has a
total link strength of 319, indicating its role in dissemi-
nating conference-based research on WGP-based concrete.
As per Materials Science Forum with 53 published docu-
ments, this source has received 179 citations. It has a total
link strength of 176, reflecting its contributions to the
knowledge base on WGP-based concrete from a materials
science perspective. The source “Materials” has contrib-
uted 52 documents on WGP-based concrete. It has received
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S. no. Source Documents Citations Total link strength
1 Construction and Building Materials 176 7,870 4,825
2 Journal of Cleaner Production 77 3,992 2,710
3 Materials Today: Proceedings 70 363 1,176
4 I0P Conference Series: Materials Science and Engineering 62 232 319

5 Materials Science Forum 53 179 176

6 Materials 52 761 1,455
7 Journal of Building Engineering 40 1,128 2,006
8 IOP Conference Series: Earth and Environmental Science 37 54 108
9 Advanced Materials Research 35 38 4

10 Case Studies in Construction Materials 33 379 1,563
" Resources, Conservation, and Recycling 31 3,514 1,237
12 Key Engineering Materials 30 17 129
13 International Journal of Civil Engineering and Technology 25 131 63
14 Sustainability (Switzerland) 24 266 1,008
15 Cement and Concrete Composites 23 1,937 1,106
16 Waste Management 21 2,756 432
17 AIP Conference Proceedings 20 18 31

18 American Concrete Institute, ACI Special Publication 19 24 157
19 Applied Sciences (Switzerland) 19 172 668
20 Cement and Concrete Research 19 3,420 212

761 citations and demonstrates a total link strength of 1,455,
indicating its impact and connectivity within the research
field. The “Journal of Building Engineering” has contributed
40 documents on WGP-based concrete, receiving 1,128 cita-
tions. With a total link strength of 2,006, it demonstrates
strong connections and references within the field of
building engineering. The “IOP Conference Series: Earth
and Environmental Science” has contributed 37 documents
on WGP-based concrete. These publications have received
54 citations, indicating their impact and recognition within
the field. With a total link strength of 108, this source demon-
strates connections and references to other studies in the
realm of earth and environmental science. The source
“Advanced Materials Research” has provided 35 documents
on WGP-based concrete. These documents have received 38
citations, suggesting a moderate level of recognition. With a
total link strength of 4, this source may have fewer connec-
tions to other studies in the field. However, it still holds
value for exploring specific aspects of WGP-based concrete.
The source “Case Studies in Construction Materials” has 33
documents on WGP-based concrete, with 379 citations and a
total link strength of 1,563. It offers valuable case studies and
practical applications of this material in construction pro-
jects. The journal “Resources, Conservation and Recycling”
has 31 documents, with 3,514 citations and a total link
strength of 1,237, focusing on the sustainable aspects of uti-
lizing waste materials. “Key Engineering Materials” offers 30
documents with 117 citations and a link strength of 129, pro-
viding insights into the engineering properties and materials

science aspects. “International Journal of Civil Engineering
and Technology” features 25 documents, 131 citations, and a
link strength of 63, presenting research on civil engineering
applications. “Sustainability (Switzerland)” publishes 24 docu-
ments, with 266 citations and a link strength of 1,008, empha-
sizing sustainable practices in WGP-based concrete. “Cement
and Concrete Composites” presents 23 documents, with 1,937
citations and a link strength of 1,106, focusing on the com-
posites’ performance and properties. “Waste Management”
explores waste management strategies with 21 documents,
2,756 citations, and a link strength of 432. “AIP Conference
Proceedings” contains 20 documents, 18 citations, and a link
strength of 31, providing conference contributions on the
topic. “American Concrete Institute, ACI Special Publication”
and “Applied Sciences (Switzerland)” both offer 19 docu-
ments, with 24 citations and a link strength of 157, and 172
citations and a link strength of 668, respectively. Finally,
“Cement and Concrete Research” presents 19 documents,
3,420 citations, and a link strength of 212, focusing on
research in cement and concrete materials. The table pre-
sents a diverse range of sources contributing to the literature
on WGP-based concrete. These sources address a variety of
topics related to the topic, such as engineering, environ-
mental science, materials science, construction and building
materials, and cleaner production. The findings suggest a
strong emphasis on sustainability, engineering properties,
civil engineering applications, and composites’ performance.
The high citation counts and total link strengths of certain
sources indicate their significant impact and influence within
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the research community. Overall, these sources collectively
contribute to the growing knowledge and understanding of
WGP-based concrete, supporting advancements in its applica-
tions, properties, and sustainable utilization.

Figure 6 depicts a graphical representation of the
sources of WGP-based concrete study. The graph show-
cases the range of documents contributed by each source,
indicating their significance in the field. The source with
the minimum number of documents is “Case Studies in
Construction Materials,” which accounts for 33 documents.
On the other hand, the source with the maximum number
of documents is “Construction and Building Materials,”
which contributes 176 documents. Other notable sources
include “Advanced Materials Research” with 35 documents,
“IOP Conference Series: Earth and Environmental Science”
with 47 documents, “Journal of Building Engineering” with
40 documents, “Materials” with 52 documents, “Materials
Science Forum” with 53 documents, “IOP Conference Series:
Materials Science and Engineering” with 62 documents,
“Materials Today: Proceedings” with 70 documents, “Journal
of Cleaner Production” with 77 documents, and “Construc-
tion and Building Materials” with the highest number of 176
documents. The distribution of research efforts among dif-
ferent sources is represented graphically in the graph,
which sheds light on the academic contributions made in
the area of WGP-based concrete.

Figure 7 illustrates the publication pattern of sources
in WGP-based concrete research over the years. The graph
provides insights into the number of publications by each
source across different time periods. The source “Construc-
tion and Building Materials” shows significant progress,
starting with an average of five publications per year
from 2005 to 2010. The number of publications increases
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Figure 6: Sources of WGP-based concrete documents.
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Figure 7: Publication pattern of the sources of WGP-based concrete
documents.

to around seven per year from 2010 to 2015 and further
rises to an average of ten publications per year from 2015
to 2020. Notably, from 2020 to 2023, the average publication
rate reaches 26 papers per year, with a peak in 2021 with 36
publications. In contrast, the “Journal of Cleaner Produc-
tion” initially had around one publication per year from
2005 to 2015, but the average publication rate increases to
eight papers per year from 2015 to 2023, with the highest
number of publications in 2019. “Materials Today: Proceed-
ings” started its publication in 2017, averaging around 12
papers per year. “Materials Science Forum” began pub-
lishing in 2006, with an average of one paper per year
from 2006 to 2012, and then increased to around five
papers per year from 2012 to 2023. “Materials” published
its first paper in 2016, with an average of approximately
eight papers per year. The publication pattern graph pro-
vides valuable information about the research output and
trends of these sources in the field of WGP-based concrete
over time.

Figures 8 and 9 provide a comprehensive analysis of
the network and density mapping of leading sources in
WGP-based concrete literature. A network of intercon-
nected dots representing different sources, with the largest
dot indicating the highest density observed for the source
Construction and Building Materials. This source exhibits
extensive connections and collaborations with other sources
in the network. Notable sources in the network, represented
by dots in different colors, include Journal of Cleaner Produc-
tion, Materials Today: Proceedings, IOP Conference Series:
Materials Science and Engineering, and more, each with dis-
tinct roles and characteristics within the network. The ana-
lysis of the network and density provides insights into the
interconnections and collaborations among these leading
sources in the field. A density mapping is provided, with
colors representing different levels of density. Red indicates
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the highest density, yellow represents the intermediate den-
sity, and blue represents the lowest density. The mapping
reveals that “Construction and Building Materials” is the most
densely connected source, demonstrating a high level of colla-
boration, citations, and interactions within the research

community. On the other hand, “Cement and Concrete
Research” is the least dense source, indicating a lower level
of connectivity and collaboration compared to others. The
density mapping helps visualize the varying levels of inter-
connectedness among the sources, with red indicating
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rialef romaman‘jc., nal of

Materials« .

lecture notes in civil engineering

Ind concrete resed

. key engineering materiialsial of physics: confer

i

al of civil engineering and technology:

s: materials science and eng

urnal of environmental and civil en
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strong connectivity and blue indicating weaker connectivity.
Figures 8 and 9 offer a comprehensive overview of the net-
work of leading sources in WGP-based concrete literature.
Figure 8 highlights the network’s structure and the promi-
nent sources within it, while Figure 9 provides a density
mapping that visually represents the levels of interconnect-
edness among the sources. This combined analysis provides
valuable insights into the collaborations and interconnec-
tions among these leading sources in the field.

3.5 Articles

The scientometric method was used to analyze these arti-
cles in order to show the clarity of the overall literature
sample, research keywords, publication source, most pro-
ductive and influential scholars, most-cited articles, nations,
and institutions actively involved in the concrete WGP
research. Table 2 presents a collection of articles on WGP-
based concrete, showcasing their document titles, total link
strengths, and citation counts. Among the articles listed, the
one titled “The Greening of the Concrete Industry” by Neyer
C. in 2009 stands out with the highest number of citations,
reaching 986. This article has garnered significant attention
and recognition within the research community. On the

Table 2: Articles of WGP-based concrete

DE GRUYTER

other hand, the article titled “Microstructural Characterisa-
tion” by Torres-Carrasco M. and Puertas F. in 2015 has the
lowest number of citations, with a count of 232. In terms of
total link strength, the article titled “Waste Materials and By-
Products in Concrete” by Siddique R. in 2008 holds the
highest value at 25. This suggests a strong interconnection
and referencing of this particular article within the field.
Conversely, the lowest total link strength is associated with
multiple papers, one of which is titled “Studies on Concrete
Containing Ground Waste Glass” by Shao et al. in 2000. This
indicates a relatively lower level of interconnection and refer-
encing for this group of papers compared to others in the
table. The citation counts mentioned in Table 2 for the articles
on WGP-based concrete play a crucial role in advancing
research in this field. Citations serve as an indicator of the
impact and significance of a particular article within the aca-
demic community. A higher number of citations suggests that
the article has been widely recognized and referenced by
other researchers, indicating its influence and contribution
to the existing body of knowledge. The information presented
in Table 2 provides insights into the citation counts and link
strengths of various articles in the field of WGP-based con-
crete, highlighting the articles that have garnered significant
attention and influence within the research community.
Figures 10 and 11 provide valuable insights into WGP-
based concrete research. A network mapping that visually

S.no. Document Ref. Citations Total link strength
1 The greening of the concrete industry [511 986 1
2 Studies on concrete containing ground waste glass [52] 525 0
3 Use of selected waste materials in concrete mixes [53] 492 0
4 Value-added utilization of waste glass in concrete [54] 461 6
5 Properties of concrete containing waste glass [55] 442 2
6 A review on the use of waste glasses in the production of cement and concrete [56] 362 14
7 Studies on mechanical properties of concrete containing waste glass aggregate [57] 343 0
8 Performance of glass powder as a pozzolanic material in concrete: A field trial on concrete slabs  [58] 324 6
9 A review on the viable technology for construction waste recycling [591 320 1
10 Geotechnical and geoenvironmental properties of recycled construction and demolition [60] 315 3
materials in pavement subbase applications
" Recycling of waste glass as a partial replacement for fine aggregate in concrete [61] 305 5
12 A review of waste products utilized as supplements to Portland cement in concrete [62] 293 7
13 Waste glass powder as partial replacement of cement for sustainable concrete practice [63]1 279
14 Strength and durability of recycled aggregate concrete containing milled glass as partial [64] 266 1
replacement for cement
15 Use of glass waste as an activator in the preparation of alkali-activated slag. Mechanical strength  [65] 259 5
and paste characterization
16 Utilization of waste glass powder in the production of cement and concrete [31 257 0
17 Waste glass in the production of cement and concrete - A review [22] 248 14
18 Waste materials and by-products in concrete [66] 247 25
19 Durability of mortar using waste glass powder as cement replacement [67] 244 12
20 Waste glass in the geopolymer preparation. Mechanical and microstructural characterization [68] 232 5
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Figure 10: Network mapping of the WGP-based concrete documents.

represents the connections and relationships between arti-
cles and authors. Each article is represented by a colored
dot, indicating specific authors or groups of authors with
common research focuses. The size of each dot corre-
sponds to the number of citations received, reflecting the
influence and impact of the articles within the research
community. On the other hand, a density mapping show-
cases the citation impact of different authors in the field. The
figure utilizes color coding to represent varying levels of
citations, with red indicating high impact, yellow indicating
moderate impact, and light blue representing lower impact.
This visualization allows researchers to identify influential
authors and understand the varying levels of impact asso-
ciated with different articles. Figures 10 and 11 provide a
comprehensive understanding of the network mapping and
citation impact in WGP-based concrete research, enabling
researchers to navigate the research landscape, identify key
contributors, and gain insights into the field’s trends and
connections.
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Figure 11: Density mapping of the WGP-based concrete documents.

3.6 Keywords

The search term used to find relevant publications and data
in the Scopus database was WGP concrete. Table 3 provides a
comprehensive overview of the keywords associated with
WGP-based concrete. The table includes columns such as
occurrences, keywords, and total link power. The keywords
listed in the table highlight the important concepts and
aspects related to this field of research. The keyword “Glass”
appears most frequently, with 971 occurrences and overall
link strength of 5,847, indicating its significance in WGP-based
concrete studies. Other prominent keywords include “Com-
pressive Strength” with 689 occurrences and a total link
strength of 4,288, “Recycling” with 524 occurrences and a total
link strength of 3,058, and “Concretes” with 494 occurrences
and a total link strength of 3,026. These keywords reflect the
key focus areas within the research, covering aspects such as
glass being used as a material, the strength properties of the
concrete, recycling practices, and the overall durability and
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Table 3: Keywords of WGP-based concrete documents

S. no. Keyword Occurrences Total link
strength
1 Glass 97 5,847
2 Compressive strength 689 4,288
3 Recycling 524 3,058
4 Concretes 494 3,026
5 Concrete aggregates 448 2,918
6 Aggregates 347 2,304
7 Concrete 334 1,844
8 Waste glass 322 2,031
9 Cements 312 2,108
10 Fly ash 284 1,796
" Durability n 1,478
12 Silica 208 1,509
13 Sustainable 203 1,418
development
14 Slags 201 1,410
15 Mechanical properties 195 1,176
16 Tensile strength 195 1,398
17 Concrete mixtures 179 1,284
18 Portland cement 178 1,263
19 Glass powder 177 1,03
20 Mortar 174 1,223

sustainability of concrete made using leftover GP. The table
provides the list of researchers with valuable insights into the
prevalent themes and areas of interest in this field, allowing
us to identify relevant keywords and explore specific aspects
of WGP-based concrete more effectively.

Figures 12 and 13 offer comprehensive insights into
WGP-based concrete research. Figure 12 presents a network
mapping of keywords associated with the field, representing
them as dots with varying sizes. The size of each dot reflects
the frequency of occurrence and the strength of links asso-
ciated with the keyword. Different colors categorize specific
groups of keywords, such as yellow for materials like glass
and WG, red for properties like compressive strength and
durability, green for supplementary cementitious materials,
and blue for keywords related to concrete and sustainability.
This mapping visually illustrates the interconnections and
relationships between keywords, aiding researchers in iden-
tifying significant keywords and their associations for further
exploration and analysis.

In Figure 13, a density mapping focuses on the impact
of different keywords in WGP-based concrete research.
Colors indicate the frequency of occurrence for each key-
word, with red representing high occurrence, yellow indi-
cating moderate occurrence, and light blue representing
minimum occurrence. The mapping allows researchers to
understand the distribution and prominence of keywords
within the research literature. It helps identify frequently
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Figure 12: Network mapping of the keywords of WGP-based concrete
documents.

studied and influential keywords, highlighting key areas of
focus and enabling researchers to explore the relationships
and connections between these keywords. Overall, Figures
12 and 13 provide researchers with a comprehensive visual
representation of the network mapping and density of key-
words in WGP-based concrete research, facilitating deeper
understanding and analysis of the subject matter.

3.7 Authors

In scientometric reviews, the authors play a crucial role in
conducting comprehensive analyses and providing valuable
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Table 4: Authors of WGP-based concrete documents

S. no. Author Citations Total link strength
1 Poon C. S. 1,285 40,199
2 De Brito J. 704 17,981
3 Tagnit-Hamou A. 605 22,129
4 Shi C. 592 19,630
5 Ling T. C. 487 16,362
6 Du H. 434 16,871
7 Tan K. H. 434 17,010
8 Meyer C. 413 9,880
9 Arulrajah A. 395 11,990
10 Shayan A. 343 10,171
1 Xu A 309 9,478
12 Siddique R. 306 7,097
13 Tayeh B. A. 305 8,147
14 Wang Y. 302 8,308
15 Dhir R. K. 299 11,112
16 Provis J. L. 292 8,695
17 Topcu 1. B. 281 8,468
18 Wang H. 279 8,732
19 Li ). 268 6,310
20 Cyr M. 263 10,362

insights. Table 4 provides information on the researchers
that developed WGP-based concrete, presenting data in col-
umns such as author, citations, and total link strength.
According to the most citations they have earned, the
authors are presented in descending order. The table offers
valuable insights into the prominent authors in this field
and their research impact. Topping the list is author Poon
C.S. with 1,285 citations and a total link strength of 40,199.
Following closely is De Brito J. with 704 citations and 17,981
total link strength, and Tagnit-Hamou A. with 605 citations
and 22,129 total link strength. Other notable authors include
Shi C. with 592 citations and 19,630 total link strength, Ling
T.C. with 487 citations and 16,362 total link strength, and Du
H. and Tan KH., both with 434 citations and total link
strengths of 16,871 and 17,010, respectively. These data pro-
vide researchers with an overview of the leading contribu-
tors in the field of WGP-based concrete and allows for a
deeper understanding of the research landscape and the
authors who have made significant contributions to this
area of study.

Figure 14 presents a vertical bar graph illustrating the
distribution of authors and the number of documents
related to WGP-based concrete. The accompanying table
displays the authors in descending order, with Poon C.S.
having the highest number of papers, exceeding 30 publi-
cations. On the other hand, Choudhary J. has the lowest
number of papers, with approximately nine publications.
This bar graph provides a visual representation of the dis-
tribution of research contributions among different authors

A scientometric review on the utilization of waste glass in concrete
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Figure 14: Authors of WGP-based concrete documents.

in the use of concrete made using WGP. It highlights the
varying levels of involvement and productivity among
researchers, showcasing the extensive body of work pro-
duced by authors such as Poon C.S. while indicating the
relatively lower number of publications by Choudhary J.
This information can be useful in understanding the
research landscape and identifying key contributors and
their research output in this particular field.

Figures 15 and 16 provide complete insights into the
WGP-based concrete research landscape. Figure 15 pre-
sents a network mapping of authors involved in this
research, with the size of each author’s dot representing
their citation count. Larger dots indicate higher citation
counts, showcasing the influence and impact of authors
within the field. The mapping also illustrates the collabora-
tive relationships and co-authorships among researchers.
Additionally, the dot colors correspond to each author’s
research focus, enabling viewers to identify authors with
similar objectives based on their dot colors. This network
mapping visually represents citation impact, collaborations,
and research aims, facilitating a better understanding of
influential authors and their areas of expertise. In Figure
16, a density mapping of authors in the area of WGP-based
concrete research is shown. The mapping utilizes different
colors to indicate the level of citation impact for each author.
The authors with the most citations are shown in red, those
with a moderate number of citations in yellow, and authors
with the minimum number of citations in light blue. This
density mapping allows for a quick visual assessment of cita-
tion distribution among authors, highlighting those who have
made significant contributions to the research field and dis-
tinguishing them from those with fewer citations. By exam-
ining the density of colors across the mapping, viewers can
easily identify authors who have garnered substantial
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Figure 15: Network mapping of the authors of WGP-based concrete documents.

attention and recognition for their work in WGP-based con-
crete research.

Together, Figures 15 and 16 provide a comprehensive
visual representation of the network mapping, collabora-
tive relationships, citation impact, and research focuses
within the field of WGP-based concrete. These figures
offer valuable insights into influential authors, their con-
tributions, and the overall research landscape, aiding
researchers in identifying key contributors, understanding
research trends, and fostering further exploration and
collaboration.
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3.8 Organizations

The organization provides the necessary resources and
infrastructure to carry out the analysis of bibliometric
data effectively. It may include academic institutions, research
centers, or scientific organizations that have expertise in scien-
tometrics and bibliometrics. Figure 17 presents a horizontal
bar graph that depicts the connection between various orga-
nizations and their involvement in research on WGP-based
concrete. The chart highlights several institutions, including
Hong Kong Polytechnic University, Czech Technical University
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Figure 17: Organizations linked with WGP-based concrete documents.

of Prague, University de Sherbrooke, Consejo Superior de
Investigaciones Cientificas, National Kachsiung University of
Science and Technology, Universidade do Porto, Malaviya
National Institute of Technology Jaipur, Prince Sattam Bin
Abdulaziz University, and the Ministry of Education China.
Each organization is represented by a node within the bar
graph, indicating their presence in this research field.

Each node’s size indicates how many papers have been
published by that organization, according to the nodes’
sizes, reflecting their research contributions. Hong Kong
Polytechnic University holds the largest node with 35
papers, demonstrating their significant involvement in
WGP-based concrete research. Czech Technical University
of Prague follows with 23 papers, while University de Sherbrooke,
Consejo Superior de Investigaciones Cientificas, and National
Kaohsiung University of Science and Technology have
22, 21, and 18 papers, respectively. Other institutions,
including Universidade do Porto, Malaviya National Institute
of Technology Jaipur, Prince Sattam Bin Abdulaziz University,
and the Ministry of Education China, also show their presence
in the field with varying numbers of published papers. Overall,
this bar graph provides valuable insights into the collaboration
and research output among different organizations engaged in
studying WGP-based concrete.

3.9 Funding sponsors

The sponsors can be governmental or non-governmental
organizations, research foundations, or private entities
that recognize the importance of scientometric analysis
and its potential impact on scientific knowledge. Figure 18
presents a horizontal bar graph depicting the funding and
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sponsorship sources for research on concrete made with
WGP. The majority of research funding is contributed by
corporations through their research and development depart-
ments, as well as by government entities. Among the funding
sources, the National Natural Science Foundation of China
stands out with the highest number of papers supported,
totaling approximately 63. On the other hand, the Ministry
of Land, Infrastructure, and Transport has the lowest number
of papers, with around 12. Other notable funding sponsors
include the European Regional Development Fund, the Aus-
tralian Research Council, the Hong Kong Polytechnic Univer-
sity, and the National Science Foundation, among others.
These organizations play a crucial role in supporting research
and development in the field of WGP-based concrete.

3.10 Countries

Countries play a significant role in scientometric reviews
as they provide a geographical context for analyzing scien-
tific output and collaboration patterns. Understanding the
contribution of different countries to scientific research is
essential for identifying global research trends, assessing
scientific productivity, and promoting international colla-
borations. Table 5 provides information about the coun-
tries that are actively involved in research on WGP-based
concrete. The table consists of five columns, including
serial number, country, number of documents, citations,
and total link strength. The data reveal the research output
and impact of each country in this field. India occupies the
top position with 315 documents, 5,036 citations, and a total
link strength of 13,989. China follows closely with 192 docu-
ments, 4,101 citations, and a total link strength of 14,214.
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Table 5: Countries linked with WGP-based concrete documents

S.no.  Country Documents  Citations  Total link
strength
1 India 315 5,036 13,989
2 China 192 4101 14,214
3 United States 166 6,332 13,661
4 Australia 118 4,613 14,026
5 United 93 3,371 9,036
Kingdom
6 Iraq 83 1,339 11,966
7 Turkey 70 1,593 10,549
8 Malaysia 69 1,364 9,931
9 Canada 63 2,691 6,153
10 Russian 62 292 6,350
Federation

" Egypt 61 1,634 5,096
12 Italy 58 1,403 5,072
13 Iran 55 1,410 6,068
14 South Korea 55 1,297 4,296
15 Saudi Arabia 52 715 11,254
16 Spain 52 2,518 7,067
17 Pakistan 51 809 9,002
18 Poland 46 519 2,610
19 Hong Kong 44 2,830 4,464
20 Portugal 43 1,954 6,053

The United States ranks third with 166 documents, 6,332
citations, and a total link strength of 13,661. Australia,
United Kingdom, Iraq, Turkey, Malaysia, Canada, and the
Russian Federation also contribute significantly to the
research on WGP-based concrete. Each country’s research
output is measured by the number of documents, citations,
and total link strength, providing valuable insights into
their contributions to this field of study. The table high-
lights the global nature of research on WGP-based concrete,
with diverse countries actively participating and making
significant contributions. This international collaboration
and knowledge exchange facilitate advancements in this
area, leading to a more comprehensive understanding of
WGP-based concrete applications and technologies.

Figure 19 presents a vertical bar graph illustrating the
countries that are actively engaged in research on WGP-
based concrete. The graph provides a visual representation
of the number of documents that each country has pro-
vided, enabling us to understand the level of research
activity in different regions. According to the graph, India
stands out as the leading country with the highest number
of documents, recording a significant count of 315. On the
other end of the spectrum, the Russian Federation has the
lowest number of documents, with 62. Notable countries
that contribute significantly to the research on WGP-based
concrete include China, the United States, Australia, the
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Figure 19: Countries linked with WGP-based concrete documents.

United Kingdom, Iraq, Turkey, Malaysia, and Canada. The
vertical bar graph offers a quick overview of the research
landscape, allowing us to identify the countries with a sub-
stantial research presence in this field. By understanding
which countries are actively researching WGP-based concrete,
researchers, policymakers, and industry professionals can
identify potential collaborators, gain insights into regional
expertise, and foster international cooperation for further
advancements in this area of study.

Figures 20 and 21 offer valuable insights into WGP-
based concrete research at the global level. Figure 20 pre-
sents a network mapping of countries connected to this
research, with dots representing individual countries and
links indicating their interconnections and collaborations.
The colors assigned to the dots signify regional associations
and research interests. This network mapping visually
depicts the relationships and connections among different
countries, enabling researchers to identify clusters or groups
with similar interests and collaborations. The visual represen-
tation emphasizes the global reach of research efforts in this
field and facilitates the identification of potential opportu-
nities for international cooperation and knowledge exchange.
In Figure 21, a density mapping of countries linked to WGP-
based concrete research is presented. The mapping illustrates
the level of research contributions from different countries.
The density of each country’s research output is represented
by the color of the corresponding spot on the map. Red spots
indicate countries with a higher number of research papers
and substantial involvement in the field, while yellow
spots represent countries with a moderate level of research
activity. Light yellow spots signify countries with a relatively
smaller research output in this area. This density mapping
provides an overview of the distribution and intensity of
research efforts across countries, allowing researchers, pol-
icymakers, and stakeholders to identify active contributors
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Figure 20: Network mapping of the countries linked with WGP-based concrete documents.

and those making significant contributions to the field. The
visualization helps in understanding the global research
landscape of WGP-based concrete, supporting collaboration,
knowledge sharing, and targeted initiatives to further advance
research and development.

Figures 20 and 21 provide a comprehensive visual
representation of the network mapping, interconnections,
collaborations, and research contributions at the country
level in the field of WGP-based concrete. These figures facil-
itate a better understanding of the global landscape, foster
international cooperation, and support strategic efforts to
drive research and innovation in this domain.

canada

4 Discussion

This research section delves into various parameters con-
cerning WGP-based concrete. These parameters include
the significance of WGP, limitations of WGP, environ-
mental impact assessment of WGP, properties of WGP,
role of WGP in concrete, fresh state properties of WGP-
based concrete, and hardened state WGP-based concrete’s
properties. The significance of WGP explores the impor-
tance and potential benefits associated with its usage in
concrete applications. The limitations of WGP shed light
on the challenges or constraints that may arise when
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incorporating WGP into concrete mixtures. The environ-
mental impact assessment of WGP evaluates the ecological
implications and sustainability aspects associated with its
use. The properties of WGP focus on its physical and che-
mical characteristics, including particle size distribution,
chemical composition, and pozzolanic reactivity. The role
of WGP in concrete investigates impact on the strength and
other qualities of concrete, durability, and workability. The
fresh state properties of WGP-based concrete examine its
behavior during mixing, placing, and early curing stages.
Finally, the hardened state properties of WGP-based con-
crete assess its long-term performance, including mechan-
ical strength, durability, and resistance to environmental
factors. By addressing these parameters, the research aims
to provide comprehensive insights into the utilization and
potential using WGP in improving the sustainability and
properties of concrete.

4.1 Significance of WGP

Concrete is a widely used construction material, but it pre-
sents various challenges related to both cement and aggre-
gates. The usage of natural aggregates is one of the main
issues, it harms the ecosystem and results in the depletion
of natural resources. This poses a significant problem for
future generations. According to Aliabdo et al. [3], an ana-
lysis of concrete that used WGP as a cement component
revealed increased strength with 10% cement replacement
and enhanced properties with up to 15% replacement or
15% addition. However, in this section, we will discuss
several significant advantages of using WGP to make con-
crete. First, it helps reduce the volume of waste dumped in
landfills, promoting waste management and sustainability.
Second, the incorporation of WGP in concrete leads to a
reduction in environmental pollution, as it provides an
alternative use for glass waste that would otherwise contri-
bute to pollution. Additionally, it offers improvements in
concrete properties, increasing its durability and strength.
Concrete made using WGP displays increased resistance
against various deleterious effects, including sulfate attack
[69], alkali-silica reaction (ASR) [70], and FT cycles [71]. Fed-
erico and Chidiac [72] conducted a study in which they con-
cluded that cost-effective collection of WG in mixed colors is
possible. Moreover, the utilization of WGP promotes better
hydration, leading to improved concrete performance. By
highlighting these significant benefits, this study area aims
to highlight the benefits and potential of waste GP-based
concrete as an environmentally responsible and long-lasting
substitute for conventional concrete production techniques.
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4.1.1 Reduction in landfills

One of the main waste sources in the globe is glass. Glass is
a common substance in the world’s largest landfills and in
the oceans, where it affects not just people but also marine
life. Egypt produces over 3.45 million tons of glass waste
per year, with 84% of it ending up in landfills [69]. Glass
has a tremendous potential for use in concrete as a partial
replacement for cement because of its pozzolanic qualities.

4.1.2 Reduction in environmental pollution

The large portion of the waste produced worldwide is
made of glass. Basically, burning and melting glass to shape
it into various jars and bottles will produce more pollution.
According to Shekhawat and Aggarwal [73], environmental
legislation is driving the increased availability supplemen-
tary aggregates for concrete made of WG. This is due to the
impact of regulations governing containers, end-of-life vehi-
cles, and waste electrical goods. When concrete contains GP
in place of some of the cement, glass acts as pozzolan. In
addition to increasing glass utilization, using glass in con-
crete will reduce pollution by preventing glass burning,
which is good for the environment.

4.1.3 Improvement in basic properties of concrete

The WGP has a particle size that is smaller than cement. In
comparison to regular cement concrete, smaller particles
will help the concrete have less porosity, which will help
the concrete have fewer cracks. Concrete’s mechanical
strength will increase with the addition of GP with smaller
particles. Khatib et al. [74] reported an increase in the com-
pressive strength of concrete with a maximum observed
enhancement of up to 10.0% while utilizing GP in place of
cement. Concrete’s workability is also influenced by particle
size; smaller particles will be more workable than typical
cement concrete.

4.1.4 Resistance against sulfate attack

Concrete is significantly affected by sulfate attack. The
sulfate attack can result in spalling, expansion, delayed
ettringite formation, and cracking. According to Rashad [75],
long-term chloride permeability performance was increased
by the durability of concrete containing WG. However, con-
cerns were raised regarding ASR. Over the course of the
concrete’s existence, noxious chemical components like
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sulfides, sulfates, and alkalis provide a higher danger of ASR.
It was noted that a suitable pozzolan can effectively mitigate
ASR and consume lime, thereby significantly reducing efflor-
escence. GP can help concrete be more sulfate resistant than
regular concrete by being used in the concrete-making pro-
cess. The glass will withstand the sulfate attack because it is
less permeable than cement and does not react with salt.

4.1.5 Resistance against ASR

When the mixture contains silica material that is reactive,
an ASR occurs. ASR damages the structure and generates
significant cracks. GP does not react with silica; hence it
can help to keep the silica material from reacting with
other substances. In a study by Du and Tan [76], a unique
behavior of concrete was observed upon the addition of
GP. When 60% of the cement was replaced with GP, the
researcher discovered that the resistance to the ASR and
water absorption dramatically increased.

4.1.6 Resistance against FT effect

When water is present in small voids in the concrete, a
cycle of freezing and thawing causes the concrete to crack.
Concrete cracks as a result of freezing and thawing’s
expansion and contraction of the material. GP is very
fine particle, which will absorb less water than cement.
Concrete will be less vulnerable to the effects of freezing
and thawing because of the smaller size of GP will lead to
less voids. Furthermore, the study found that adding more
WGP to concrete increases the FT resilience of plain con-
crete [77].

4.1.7 Improvement in hydration process

Concrete’s mechanical properties are crucial. The majority
of researchers investigate a variety of approaches to enhance
the concrete’s mechanical properties. Because it is smaller
and absorbs less water than cement, the improved strength
of the concrete will be aided by the use of GP in its manu-
facturing. As a result, there will be enough water available for
the reaction to fully hydrate and develop its maximum
strength. Based on hydration studies, investigations were
made on the WGP’s pozzolanic reactivity through experi-
mental analysis at different cement replacement levels (0,
15, 30, 45, and 60% by weight). The results demonstrated that
up to 30% cement substitution, due to the pozzolanic reac-
tion between glass particles and cement hydration products,
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the compressive strength of concrete was unchanged after
28 days [78].

4.2 Limitations of WGP

WGP-based concrete has a few limitations. The color of the
glass used can affect not only the visual appearance but
also the chemical properties of the concrete. Certain glass
colors, such as amber or green, may contain additives or
impurities that can react with the cementitious matrix and
impact the concrete’s performance. According to the find-
ings by Vandhiyan et al. [79], using GP in concrete adversely
affected the workability. The GP, with an angular shape and
passing through a 90 pm sieve, resulted in 50% retention on
a 75 um sieve [80]. Additionally, other factors like glass
sources, availability, and the challenges associated with
working with glass must be considered to maximize the
benefits and minimize the limitations of WGP-based concrete.
Ongoing research and innovation are crucial in addressing
these limitations and optimizing the utilization of used glass
in practical applications.

4.2.1 Glass color

Glass is available in a wide range of forms and originates
from numerous sources. Glass comes in a variety of colors
as well. It can often be very difficult to remove its color
without the help of chemicals. Different chemicals are used
to remove the color of glass, but they are also costly and
dangerous [81]. The properties of glass are also changed by
its color. It is quite hard to use colored glass in concrete
since it also reacts with some materials when a reaction
occurs. Jiang et al. [82] have discussed how the color of the
glass affects pozzolanic and ASR reactivity [83], durability
of alkali-activated materials (AAMs) with GP [84], perfor-
mance of glass fume in ultra-high-performance concrete
(UHPC) [85], and use of GP in phase change materials and
sintering products [86].

4.2.2 Glass sources

Many different household and other products are made
from glass. Glass is not obtained from a single source in
landfills or other locations. The majority of WGP is sourced
from landfills as the non-recyclable fraction, because it is
difficult to achieve the standards for quality in remanufac-
turing glass. Consequently, usually, this portion is aban-
doned and dumped in landfills [87]. Glass is gathered
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from a variety of places. When glass from various sources
is used in the preparation of concrete, the concrete’s
strength will be impacted. In certain areas, the concrete’s
strength will be higher, while in others, it will be lower,
which is risky for important structures [88].

4.2.3 Difficulty to work with glass

Glass is a very sharp material that easily cuts through any-
thing. When glass is used in concrete, it is done so in the
form of powder. Due to the high percentage of amorphous
silica (50-70%) in large particle size glass aggregates, the
ASR poses a serious concern [89] and sodium (8-15%) [90]
in soda-lime glass [91]. Glass is crushed down to a fine
powder to use it in concrete. When someone comes into
contact with the smaller glass, it can hurt both humans and
animals since it is so sharp. The GP behaves sharply like
crystal, and working with it can be challenging [92].

4.3 Environmental impact assessment
of WGP

Almost all household items, including drinking glasses,
plates, cups, tables, bottles, jars, mirrors, building parti-
tions, windows, facades, TV, computer, and smartphone
screens, are made of glass. Almost everyone comes in con-
tact with glass more than once every day, and tones of glass
waste are produced daily, increasing the amount of waste
pollution from garbage and the amount of waste in land-
fills. Recycling WG reduces quantity of glass that have been
dumped in landfills; however, using traditional recycling
techniques causes more pollution in the air and water,
whether the glass is recycled or new glass is manufactured,
both causes increase in pollution. WGP needs to be recycled
quickly and effectively because of its growing accumulation,
which is taking up more space, pollutes the environment,
and wastes valuable resources for its management [93]. The
large amount of waste in landfills across the world is glass.
Natural materials including sand, soda ash, cullet, and lime-
stone are used to make glass. High heat energy is needed to
melt and shape glass during manufacturing [94], for 1 kg
glass, over 0.6 kWh is used. Glass can be recycled such that it
uses less energy during recycling compared to manufac-
turing of new glass. Other advantages of recycling include
reduced air and water pollution as well as a decrease in
disposal in landfills. Given the final applications and volume
of production, recycling WG in the production of cement
and concrete can have a positive impact on the environment
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and the economy [56]. The recycling rate of glass waste
remains considerably low worldwide, as depicted in
Figure 22, which illustrates the percentage of recycled glass
through a horizontal bar graph. The Netherlands stands
out with the highest recycling rate of approximately 90%,
while Iran demonstrates the lowest rate of recycling WG.
This highlights the significant impact of WG on our envir-
onment and the urgent need for effective recycling prac-
tices. Furthermore, these findings indicate a vast potential
to utilize WG in concrete production, providing a sustain-
able solution that improves the environmental perfor-
mance of the building sector while also reducing waste.
By harnessing the opportunities presented by WG, we
can help promote a circular economy and lessen the envir-
onmental harm caused by the disposal of glass waste.
According to Heriyanto and Pahlevani [95], with a recy-
cling rate of 42%, Australia produced roughly 800,000
tons of glass garbage in 2015.

Glass is made of silica, a naturally occurring material
similar to sand. Nearly every year, 28 billion glass bottles
are added to landfills. Despite growing public awareness of
municipal garbage separate collection, less than 10% of
used glass beverage bottles are recycled [96]. Glass pollutes
the environment because of the chemicals it contains.
When glass decomposes, sulfate is formed, and when it
burns, nitrogen is created. Ocean acidification, land toxi-
city, and freshwater toxicity are all caused by glass waste.
The effects of glass waste on people, animals, and plants
extend to all other living things in the planet. Glass takes
approximately 1 million years to break down. There are
various phases for recycling of glass. The glass is initially
collected from various landfills. After that, the glass is thor-
oughly cleaned by having all of the impurities removed
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from it, which requires a lot of water. The glass aggregate
used in the study was sourced from building and car
window panels, which were carefully washed and treated
in a dedicated facility [91]. To remove the glass’s color,
various chemicals are added, and water is then used to
wash the glasses once more. Glass is placed in a big kiln
in the last phase, and when it melts, it is then shaped into
bottles, jars, and other objects. Recycling uses less energy
than producing new glass, yet it still pollutes the air and
water.

Glass has a significant amount of silica, which is what
causes the pozzolanic reaction while concrete is being
mixed. The creation of items for extra hydration, such as
magnesium silicate hydrate (MSH) [97] and magnesium
calcium silicate hydrate (MCSH) [98], can occur through
the reaction between a magnesium source (such as MgO
nanoparticles [99], Mg (OH),, and MgCO3 hydrated phases)
and an amorphous silica source (such as rice husk ash,
silica fume [SF], and pulverized fuel ash). These recently
developed phases (MSH and MCSH) improve the mechan-
ical properties of composite cement matrices [100]. Glass
recycling using the conventional approach uses a lot of
energy and water. When glass is reduced to powder, it
develops into a natural pozzolan that gives concrete its
hardening and fresh properties. It will not consume a lot
of energy or other processing to employ glass in concrete
when it is ground into powder form. Glass can be used to
make concrete more economically and since it does not
need to be melted, there will be less water and air pollu-
tion. Due to rising population levels and the need for new
homes and buildings, glass has a significant market [101].
GP is the most acceptable replacement for cement in the
production of concrete due to its low cost of WG and poz-
zolanic activity.

4.4 Properties of WGP

In Table 6, the chemical composition of GP and cement is
compared. The amount of Al,05 in GP is about 0.4%, com-
pared to 6.97% in cement, and it acts as the cement’s nuclei,

Table 6: Comparison of chemical property of GP with cement

Chemical A|203 MgO Cao F6203 SIOZ NaZO Kzo
composition

PercentageinGP 040 330 9.70 0.20 7250 13.7 0.10
Percentage in 6.97 236 6272 334 21.24 0.3 0.81

cement
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accelerating the hydration reaction until the concrete’s
initial setting time has passed. Al,O3; also improves the
strength of concrete while reducing its porosity. The hydra-
tion reaction will be slowed down, there will be an increase
in porosity, and the strength will also be compromised if GP
is used to replace cement. This is so because GP has a lower
Al,03 content than cement does. Around 2-5% of cement
contains magnesium oxide, which is essential for the reac-
tion that creates concrete. The production of C3S and C4A3S
is facilitated by MgO, which also helps in the absorption of
additional lime. While MgO is present in GP in amounts
between 2 and 5% of what is needed, it also helps concrete
gain strength and speed up the setting time. When a reaction
occurs, calcium oxide helps the concrete in expanding and
overcoming past contraction. When there is more CaO in
concrete, there are less cracks. GP contains less calcium
oxide (9.7%) than cement (62.72%), which will result in
more microscopic cracks in concrete. A slight decrease in
compressive strength will occur, and Fe,03 helps the con-
crete obtain additional flexure strength. GP contains 0.2%
Fe,0s3, which is less than cement, which has 3.34% Fe,0s.
There will be no changes in compressive strength when
GP is used; however, there will be a small increase in flexure
strength. Due to SiOy’s pozzolanic nature, there will be an
increase in shrinkage but a decrease in permeability when
there is more SiO, in concrete. SiO, content in GP is higher
than in cement, resulting in greater shrinkage but decreased
permeability. Na,O should not exceed more than 0.6%
while making concrete. When the amount of sodium
oxide increases, it will damage the concrete. In GP, the
amount is very high compared to cement which will cause
damage. The alkaline metal found in cement is potassium
oxide. When there is more K,O in concrete, the concrete
will weaken. Less K,0 is present in GP, which makes it
more workable and aesthetically pleasing.

Table 7 compares the physical properties of cement
and GP from several papers. Ordinary Portland cement
(OPC) has a specific gravity between 3.1 and 3.16, which
shows how much heavier cement is. Compared to cement,

Table 7: Physical properties of GP

Physical Specific Specific Mean Maximum

properties gravity density particle particle
(kg'm™3) size (um)  size (pm)

Ref.

[104] 2.53 — 11.72 80

[105] 2.40 — 17 —

[106] 2.55 2,174 5.07 —

[107] 2.60 2,510 10.97 —
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GP has a lower specific gravity, which is between 2.4 and
2.6, indicating that the GP will absorb less water than the
cement. GP will absorb less water, allowing concrete to
form more quickly and with more strength. Density is
important in cement. Density has a direct impact on the
concrete’s mechanical properties. The mechanical proper-
ties of concrete will increase as cement density increases.
GP has a density of 2,000-2,600 kg-m'3, which is higher than
cement, although cement has a density of 1,440 kg-m’3 [102].
GP concrete will have more mechanical strength than con-
ventional cement concrete. The mean particle size affects
the porosity of the concrete; as the particle size increases,
the porosity of the concrete also increases [103]. Cement has
a mean particle size of 10-20 um compared to GP, which has
a mean particle size of 5-18 um. Concrete will be less perme-
able when GP is used. GP has a maximum particle size of
80 m, whereas cement has a maximum particle size
of 200 m.

4.5 Role of WGP in concrete

A crucial component of concrete is WGP, affecting various
parameters that influence its performance. Table 8 pro-
vides an overview of some of these parameters. First, the
heat of hydration is influenced by the finer GP’s ability to
absorb more water compared to cement. This results in
reduced thermal cracking in the concrete. Second, WGP
contributes to volume stability by decreasing early-age
shrinkage [104], micro cracks [108], and drying shrinkage
cracks [109]. The experimental findings demonstrated that
the composite incorporating 10% WGP and 0.5% nanoma-
terial filler in OPC exhibited the highest thermal stability
[98]. This increases the concrete structure’s overall dur-
ability. The presence of GP in concrete results in the pro-
duction of a compact matrix, according to microstructural
studies, thereby enhancing the durability characteristics of

Table 8: Different factors affecting GP
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the material [54]. Additionally, the water—cement ratio is
positively impacted as the remaining cement can utilize
more water, increasing workability. Finally, WGP contains
silica, which enhances the pozzolanic reaction and improves
the characteristics of the concrete [83]. Finer GP particles
also increase the pozzolanic reaction, leading to improved
performance in concrete applications. These effects high-
light the significance of WGP in optimizing concrete proper-
ties and promoting sustainable construction practices.

4.5.1 Heat of hydration

The increase in initial temperature, which occurs when
cement reacts with water, is known as the “heat of hydra-
tion.” The cementitious characteristics of the material,
curing temperature, water-to-cement ratio, and material
fineness all have an impact on the heat of hydration. The
mechanical properties of normal concrete with WG varies at
high temperatures. Despite this, little is known about how
reactive glass (RG) affects the high-temperature perfor-
mance of geopolymer UHPC, especially in light of the glass’s
heat stability and lack of a defined melting point [117]. When
GP is finer, it will absorb more water, changing the con-
crete’s water-to-cement ratio as a result. In this condition,
concrete will have enough water for hydration because
cement absorbs more water than GP. Due to GP’s chemical
makeup and resistance to sulfates, making concrete with it
will require less heat of hydration [118]. Thermal cracking in
the concrete will be less likely to take place with less heat of
hydration, and it will not affect the volume.

4.5.2 Volume stability
The volume of new concrete varies when it is settling up

initially. The volume of the concrete increases during
mixing, when more heat is produced, and it will shrink

S. no. Parameter Effect of WGP
1 Heat of hydration * Finer GP will absorb more water [110]
* GP absorbs less water than cement [111]
+ Thermal cracking in concrete will be less [112]
2 Volume stability + Decrease in early age shrinkage micro cracks [113]
+ Decrease in drying shrinkage cracks [30]
3 Water-cement ratio + Workability increases due to remaining cement will have more water [114]

Pozzolanic reaction of WGP

Presence of silica improves pozzolanic reaction [115]
Finer GP will increase pozzolanic reaction [116]
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after 24 h due to heat loss. Early age shrinkage and drying
shrinkage will increase the number of cracks and damage
the concrete. In order to mitigate drying shrinkage, WG
cullet was utilized as a substitute for natural aggregates
[119]. There will be less volume change in concrete because
GP does not produce as much heat as cement. By adding
more GP to concrete, early age shrinkage and drying
shrinkage cracks will be reduced.

4.5.3 Water-cement ratio

The term “water—cement ratio” refers to the mass ratio of
cement and water used to build concrete. As the water—
cement ratio is raised, the strength of the concrete will
drop. However, as the water—cement ratio rises, the con-
crete becomes more workable. GP does not absorb much
water; therefore, making concrete with less water results in
stronger concrete. Due to its angular shape and decreased
water—cement ratio, GP slightly decreases workability. Meena
et al. [120] have written a research paper about partial replace-
ment of cement. GP content in M30 concrete was 0, 2.5, and 7%.
The water—cement ratio was 0.43 on each occasion. The highest
compressive strength was 43.1 N'mm >

4.5.4 Pozzolanic reaction of WGP

Due to the material’s inclusion of silica and alumina, a
pozzolanic reaction occurs when moisture is added to a
material that already has certain cementitious properties.
Due to their pozzolanic behavior, concrete can be made
partially without cement by using a variety of ingredients.
According to the study, if the glass particle size is less than
38 um, it exhibits favorable pozzolanic behavior, whereas
between 38 and 75 um, its pozzolanic activity decreases or
becomes negligible. Furthermore, it was observed that
finer glass particles result in higher concrete strength, par-
ticularly at later stages [121]. Fly ash (FA), SF, and granulate
blast furnace slag are a few of these materials, all of which
have demonstrated great performance when employed as
cementitious materials. High levels of silica in GP indicate
that it shows pozzolanic behavior. A high silica content will
facilitate the initiation of the pozzolanic reaction when
mixing GP. According to Parghi and Alam [122], due to
the potential for the pozzolanic reaction to increase the
density of the microstructure, the hardened mixture’s
water absorption was observed to be decreased and its
density increased with the addition of GP. Smaller GP
will give better results because of the increase in pozzo-
lanic reaction as the size of the GP decrease. The pozzolanic
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reactivity of GP is also affected by color. Due to its chemical
composition and glass structure, the green color has a
higher pozzolanic reaction. According to Li et al [123],
because of its pozzolanic feature and low thermal conduc-
tivity, GP was said to have had a key influence in improving
the strength development and lowering thermal conduc-
tivity. This was possible because blocks physio-mechanical
characteristics could be easily met.

4.6 Fresh state properties of WGP-based
concrete

The fresh state properties of WGP-based concrete, including
setting time and workability, are important factors to con-
sider. To ensure correct handling and finishing, it is essen-
tial to accurately calculate the setting time. Setting time is
the period it takes for the concrete to harden. The size of the
WGP’s particles and its chemical make-up can both affect
how long things take to set. Workability determines how
easily it can be handled and placed. The research findings
demonstrate a significant decrease in workability upon the
addition of WGP-0.5h to the mortar [87]. It directly affects
the construction process and the final product’s quality.

4.6.1 Setting time

Concrete’s initial and final settings both take a certain
amount of time to complete. The qualities of the concrete
are still fresh during the initial setting phase, and they
harden during the final setting time. The initial setting
time takes around 45 min to mold the concrete in shape,
and the final setting time takes about 10 h for the concrete to
harden. Similar findings have been reported by Samarakoon
et al. [124] where the addition of GP as a precursor in place
of up to 30% FA led to an increase in the initial and final
setting times. The water—cement ratio will increase when GP
is added to concrete as a partial replacement for cement
since glass needs less water to hydrate while other compo-
nents in the concrete mix need more water. The initial set-
ting time of concrete will be impacted by this. Both the
initial and final setting times of concrete are increased by
GP. Guo et al [125] conducted a study, in which they con-
cluded that when GP is used in the concrete, the reaction
rate experienced reduction in polycondensation rate due
to which the formation of activation products is slower.
According to Lu et al [126], the increase in setting time
that resulted from the addition of GP, which increased the
water content in the fresh AAM, was caused by the phy-
sical characteristics of the GP (Figure 23).
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Figure 23: Influence of GP on setting time [127].

4.6.2 Workability

For usage in concrete, glass is ground into a fine powder.
The fundamentally angular shape of the GP creates a link
with other concrete components. GP makes concrete less
workable because of its angular shape, but because it did
not absorb as much water, there is more water in the
mixture, making the concrete more workable. Si et al
[128] conducted a study, in which he evaluated the mini-
slump test’s ability to assess the workability of AAMs cre-
ated by substituting GP for metakaolin (MK) by 20%. As one
property increases and one property drops, the work-
ability of the concrete practically remains the same. There-
fore, adding GP to concrete will not significantly change the
workability of concrete. These results agree with that in
the study by Samarakoon et al. [124] where using GP as the
precursor instead of up to 30% FA led to an improvement
in the workability of the AAMs of up to 80%. According to
the study’s findings, fresh concrete became more workable
with a higher GP content, as can be seen in Figure 24.

As shown in Figure 25 and reported by Liao et al. [129],
GP has been used up to 40% in the concrete flow of
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Figure 24: Influence of GP on slump flow [127].
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Figure 25: Influence of GP on workability [127].

concrete. The flow has increased by 11, 22, 28, and 33%,
respectively, when 10, 20, 30, and 40% GP has been used
in concrete. These studies have concluded that when GP is
used in concrete, the workability of the concrete improves
as the GP quantity increases. In another study, Jiang et al
[130] utilized GP as a replacement for FA in AAMS by up to
30%. The study’s findings also point to an improvement in
the workability of fresh AAMs with more GP. When com-
pared to AAM made with only FA as the precursor, the flow
increased by 3, 11, and 14%, respectively, when GP was
used as 10, 20, and 30% replacement of the FA.

4.7 Hardened state properties of WGP-based
concrete

When evaluating the effectiveness and durability of a
material, the qualities of the material’s hardened state
are crucial. These characteristics describe how the con-
crete will behave once it has fully dried and hardened.
Evaluating these properties helps determine the structural
integrity, strength, and long-term behavior of the concrete.
In a study conducted by de Castro and de Brito [91], the
largest glass particle size that would not result in the ASR
was explored by the researchers. Glass particles were used
to replace between 30 and 70% of the sand mass. Interest-
ingly, glass particles smaller than 100 um had no deleter-
ious effects [131]. In contrast, despite the rise in water content,
the concrete’s compressive and flexural strength increased.
Factors such as compressive strength, split tensile strength,
and flexural strength against various environmental condi-
tions are considered in the assessment. WGP can influence
these properties, and optimizing its content in the concrete
mixture is crucial. Tests like compressive strength tests [132],
split tensile test [39], and flexural strength tests [39] are
conducted to measure and analyze these hardened state
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properties. By understanding and enhancing these properties,
engineers can ensure that WGP-based concrete meets the
required structural standards and exhibits the desired dur-
ability for its intended applications.

4.7.1 Compressive strength

The force used to compress an object against it is known as
its compressive strength. Because of the inclusion of coarse
aggregate and the adherence of the constituent materials,
concrete has a good compressive strength. Table 9 demon-
strates the results of concrete samples using different
amounts of GP in terms of compressive strength. The sam-
ples are labeled as “Sample,” and the table displays the
compressive strength values in N-mm for each GP per-
centage. The results reveal the compressive strength values
achieved when using 0, 5, 10, 15, 20, and 40% GP content.
Notably, the data show that as the GP percentage increases,
the compressive strength generally follows an increasing
trend, with a few exceptions. The highest compressive
strength is observed at 55.1 N-mm™2 for a 15% GP content,
while the lowest value is 24.22 N-mm™? for a 0% GP content.
It is worth mentioning that some entries lack compressive
strength values, indicated by dashes in the table. This table
provides valuable insights into the effect of GP on the com-
pressive strength of concrete, allowing researchers and
practitioners to assess the performance of concrete mixes
incorporating various amounts of GP. According to Sethi
et al [133], WGP can be added to the geopolymer matrix
together with other source materials to strengthen the bonding
between aggregates and binder in the transition zone. GP also
helps in filling small voids present in the concrete. As the
amount of GP in the sample grows, so does its compressive
strength. In another research, Chen et al [104] conducted the
compressive test on the FA-type geopolymer binder by substi-
tuting WGP at various concentrations (10-40%). According to
Liao et al [129], increasing the WGP content by 30% boosts the

Table 9: Compressive strength of concrete containing GP
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compressive strength of the ground granulated blast-furnace
slag (GGBS)-based geopolymer binder.

As shown in Figure 26, the graph shows how the
amount of GP used in concrete and its effect on compres-
sive strength are related to one another. The x-axis repre-
sents the various levels of GP replacement, ranging from 0
to 40%, the concrete’s compressive strength, measured in
N-mm is shown on the y-axis. The graph clearly shows
that adding GP to the concrete mixture results in a general
boost in compressive strength. Compressive strength con-
sistently and noticeably improves as the fraction of GP
replacement rises from 0 to 15%. This indicates that incor-
porating GP in concrete positively influences its ability to
withstand compressive forces. However, beyond the 15%
threshold, the graph shows a decline in compressive strength
with higher percentages of GP replacement. This decline sug-
gests that there may be limitations or adverse effects asso-
ciated with using higher amounts of GP in the concrete mix. It
can be inferred from the graph’s tendencies that 15% of GP is
the ideal amount to use in order to achieve the highest com-
pressive strength. At this level, the concrete exhibits sig-
nificant improvements in strength without experiencing a
decline in performance. Utilizing a 15% GP replacement in
concrete is thus recommended to maximize the compres-
sive strength and ensure optimal performance.

4.7.2 Split tensile strength

Concrete’s split tensile strength is crucial for the concrete.
The split tensile force is applied on the cylinder to split the
cylinder into two parts. Split tensile force extends the size
of the cracks in the structure. Basically, the concrete is
weak in tensile strength and good in compressive strength.
Sethi et al. [133] have shown an improvement in the split
tensile characteristics of the geopolymer matrix when WGP
was employed as a ternary source material as opposed to
reference concrete made with FA and GGBS. Table 10

Ref. 0% GP 5% GP 10% GP 15% GP 20% GP 40% GP
(N-mm™2) (N-mm™) (N-mm™?) (N-mm™) (N-mm™?) (N-mm™2)

[120] 441 46.13 50.56 55.1 47.11 4170
[134] 36.5 387 40.2 4.6 39.8 324

[135] 24.22 33.19 36.88 35.55 34.44 —

[136] 32.3 348 36.9 35.7 336 —

1371 286 30.4 31.8 306 — —

[134] 25.9 27.8 29.7 286 — —

[138] 26.7 28.9 30.8 29.7 — —
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Figure 26: Effect of GP on compressive strength.

illustrates the concrete samples’ split tensile strength when
GP was added in various amounts. The table includes dif-
ferent samples labeled as “Sample” and presents the split ten-
sile strength values in N'mm™ for each GP percentage. The
data demonstrate the split tensile strength values achieved at
0, 5, 10, 15, 20, and 40% GP content. The highest split tensile
strength value recorded is 5 N‘mm 2 at a 15% GP content, while
the lowest value is 2.32 N-mm™ for the 0% GP content. Some
entries in the table are marked with dashes, indicating missing
values. This table provides valuable insights into how the inclu-
sion of GP influences the split tensile strength of concrete,
aiding researchers and practitioners in assessing the perfor-
mance of concrete mixes incorporating different amounts of
GP. Hemanth et al [139] have done a study from which they

Table 10: Split tensile strength of concrete containing GP

concluded that adding different WGP replacement percentages
had an impact on the matrix of the FA-type geopolymer.
The experimental investigations’ findings indicated that
an improvement in split tensile strength of 3.3 MPa is
produced by a 10% increase in WGP.

According to Figure 27, it is evident that adding GP to
concrete results in a rise in split tensile strength. The graph
shows the effect of the proportion of GP used in the con-
crete mix on the split tensile strength, which ranges from
0 to 40%. The graph shows that, compared to conventional
concrete without GP, split tensile strength consistently and
significantly improves up to a 15% replacement of GP. This
indicates that the inclusion of GP positively affects the con-
crete’s ability to resist tensile forces. The graph, however,

Ref. 0% GP 5% GP 10% GP 15% GP 20% GP 40% GP
(N'-mm™) (N'-mm™3) (N'-mm™?) (N'mm™?) (N'-mm™) (N'mm™)

[120] 4.4 453 483 5 432 3.91

[140] 2.32 2.42 2.51 2.38 2.43 —

[141] 3.12 3.28 3.42 3.36 3.24 —

[142] 2.86 3.04 3.18 3.06 — —

[120] 2.59 2.78 2.97 2.86 — —

[143] 267 2.89 3.08 2.97 — —
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Figure 27: Effect of GP on split tensile strength.

reveals a decrease in split tensile strength when the pro-
portion of GP replacement rises above the 15% limit point.
This decline suggests that there may be limitations or
adverse effects associated with higher percentages of GP
in the concrete mix. Comparing the GP-containing samples
to the normal concrete, it is notable that the GP-containing
samples generally exhibit higher split tensile strength. This
finding suggests that adding GP to concrete can improve
the concrete’s tensile strength, which is a good result for
using GP in concrete applications. Overall, the data from
Figure 27 demonstrate that incorporating GP in concrete
can result in increased split tensile strength. It has been
discovered that 15% of GP is the ideal amount for gener-
ating the highest split tensile strength. However, further
investigations and considerations may be required to under-
stand the potential limitations and effects associated with
higher percentages of GP in concrete.

Table 11: Flexure strength of concrete containing GP

4.7.3 Flexure strength

The flexure strength of the concrete is obtained by applying
load on the beam sample. The tensile strength of unrein-
forced concrete is measured by the flexure strength of the
concrete. The flexure strength is the beam resistance against
bending. Sethi et al. [133] conducted a study in which they
concluded that the flexural strength of a geopolymer matrix,
made with ternary blends of WGP and GGBS as partial
replacements for FA, demonstrated significant improve-
ments. Table 11 displays the flexure strength of concrete
samples containing varying percentages of GP. The table
includes different samples labeled as “Sample” and presents
the flexure strength values in N'mm™ for each GP content.
The data represent the flexure strength achieved at 0, 5, 10,
15, 20, and 40% GP content. The highest flexure strength
recorded is 5.76 Nmm™ at a 10% GP content, while the

Ref. 0% GP 5% GP 10% GP 15% GP 20% GP 40% GP
(N-mm™) (N-mm™?) (N-mm™) (N-mm™2) (N-mm™2) (N-mm™?)

[120] 4.03 4.1 43 48 4.04 3.88

[145] 412 5.09 5.67 5.32 5.11 —

[142] 4.86 5.28 576 5.54 5.18 —

[136] 4.56 4.98 536 5.4 — —

[146] 429 4.68 5.09 4.86 — —
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lowest value is 403N-mm™ at the 0% GP content. Some
entries in the table contain dashes, indicating missing values.
This table provides insights into the influence of GP content on
the flexure strength of concrete, offering researchers and
practitioners valuable information for evaluating concrete
performance when incorporating different levels of GP.
Chen et al [144], studied the impact of different WGP con-
centrations (10%-30%) on the flexural strength of FA-type
geopolymers. According to them, adding more than 10%
WGP negatively affected the mixture’s flexural strength.
Figure 28 shows that the flexural strength of concrete
increases with the addition of GP. The graph shows how
the amount of GP, which can range from 0 to 40% in the
concrete mix, affects the flexural strength. The graph
shows that, compared to conventional concrete without
GP, there is a continuous and significant gain in flexural
strength up to a 10% GP replacement. This indicates that the
inclusion of GP positively affects the concrete’s ability to
withstand bending or flexural stresses. However, beyond
the 10% threshold, the graph shows a decline in flexural
strength as the percentage of GP replacement increases.
Similar to what was seen in earlier data for split tensile
strength and compressive strength, this decline raises the
possibility that increasing percentages of GP in the concrete
mix may have restrictions or unfavorable impacts. Upon
comparing the GP-containing samples to the normal con-
crete, it is evident that the GP-containing samples generally
exhibit higher flexural strength. This finding indicates that
incorporating GP in concrete is beneficial for enhancing the
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concrete’s ability to withstand bending forces, which is a
positive outcome for the use of GP in concrete applications.
Overall, the data from Figure 28 demonstrate that incorpor-
ating GP in concrete can result in increased flexural strength.
The optimal percentage of GP for achieving the highest flex-
ural strength is observed to be around 10%. However, it is
important to consider the potential limitations and effects
associated with higher percentages of GP in concrete to
ensure optimal performance and durability.

4.7.4 Durability

Millions of tons of glass are being dumped in landfills, and
the amount is rising extremely fast. Because glass has
extremely slow rate of degradation and the millions of
years it takes to decompose, disposal is one of the primary
issues with glass. Glass can be recycled in concrete, which
makes it a great option for use in concrete. The concrete
industry has shown its ability to use glass in concrete,
which will start to decrease the amount of waste going to
landfills. By adding glass to concrete, the construction will
become less dependent on natural aggregate and move
closer to being sustainable. There are certain issues with
replacing aggregate with GP, since the concrete’s durability
will be reduced by the ASR. According to Maraghechi et al.
[147], with 30% GP present, the compressive strength of up
to 55 and 78 MPa, respectively, could be achieved after 3
and 28 days, although no overt ASR susceptibility was
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Figure 28: Effect of GP on flexure strength.
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found. These results relate to mechanical and durability
aspects. GP shows pozzolanic behavior, making it suitable
for use as a cementitious material and a partial replace-
ment for cement to some extent. Concrete having up to 15%
GP has a substantially positive effect on compressive, split
tensile, and flexure strength because of the pozzolanic char-
acteristics of the GP and its ability to fill voids. According to
various studies, in terms of durability, adding GP as an
additional cementitious component works well.

Table 12 summarizes a number of studies looking into
the impact of WG incorporation on concrete’s durability
performance. The references cited in the table investigate
various percentages of cement replacements with WG and
analyze a number of effects, including oxygen perme-
ability, porosity, electrical resistivity, chloride diffusivity,
drying shrinkage, compressive strength, flexural strength,
split tensile strength, modulus of elasticity, transport prop-
erties, chemical attack, ASR, FT, water absorption, chloride
penetration, and sulfate attack. The main findings suggest
that incorporating WG into concrete can lead to improved
durability characteristics, including reduced permeability,
enhanced resistance to chemical attack, ASR, FT cycles, and
reduced water absorption. GP displays pozzolanic proper-
ties, especially with smaller particle sizes (<75 pm), which
prevent the development of ASR gel and enhance dur-
ability and strength performance. Particle size, shape,

Table 12: Effect of WG on the durability performance of concrete
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color, and type are just a few variables that affect how
much WG is to be replaced at any one time. Overall, the
studies indicate that WG can contribute positively to the dur-
ability of concrete, forming denser microstructures, enhancing
hydration, reducing permeability, and increasing strength.
The water absorption tendencies of ultra-high perfor-
mance self-compacting concrete (UHPSCC) that incorpo-
rates different proportions of GP and lime powder (LP)
replacements for cement are shown in Figure 29, and we
see a strong tendency. As the content of GP and LP
increases within the mix, a noticeable reduction in water
absorption becomes evident when compared to the control
mix. The conventional sample exhibits a water absorption
rate of 1.151%, while the UHPC 4 mix (30% GP) and UHPC 8
mix (30% LP) remarkably show substantially lower water
absorption percentages of 1.05 and 0.98%, respectively.
This marks a significant decrease of 8.77 and 14.8% for
UHPSCC 4 and 8 mixes when contrasted with the control
mix [151]. The increased adhesion of the aggregate paste
matrix and the density gain brought on by the addition of
glass and lime powder are credited with this decrease in
water absorption. It is important to highlight that the nano-
particle size of the lime powder contributes to its role as a
filler, effectively densifying the concrete and, in turn, redu-
cing water absorption. In contrast, Kanellopoulos et al.
[152] reported opposing results concerning recycled LP’s

Ref. Percentage Effects

replacement

Main findings

[148] 20-40% Oxygen permeability, porosity, electrical
resistivity, chloride diffusivity, and drying
shrinkage

[136] 5-30% Compressive strength, flexural strength, split
tensile strength, modulus of elasticity

[70] 5-100% Transport properties, chemical attack, ASR,
and FT

[58] 0-30% Reduced water absorption, chloride
penetration, and ASR expansion

[149] 0-30% Reduced water absorption, chloride
penetration, sulfate attack, and ASR
expansion

[150] 0-40% Reduced water absorption, chloride

penetration, and ASR expansion

In comparison to glass powder (GP) and FA mixes at a similar
cement replacement level, the durability characteristics of the
glass-incorporated self-compacting concrete (SCC) mixes were
comparable to or better. Beyond 90 days, a notable improvement
in the glass SCC mixtures’ transport characteristics was seen
GP with a particle size of less than 75 pm can have pozzolanic
properties that prevent the formation of ASR gel, increasing the
performance in terms of toughness and durability. This study has
demonstrated that when GP replacement levels for cement vary
between 10 and 15%, concrete performs adequately overall

The incorporation of RG in concrete applications can improve the
durability performance by reducing the permeability and
enhancing the resistance to chemical attack, ASR, and FT cycles.
However, the optimum replacement level depends on several
factors such as particle size, shape, color, and type of RG.

GP can improve the durability of concrete by acting as a
pozzolanic material and filling the pores

GP can enhance the hydration of cement and form a denser and
more stable microstructure

GP can reduce the permeability and increase the strength of
concrete by forming calcium silicate hydrate gel
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Figure 29: Impact of water absorption on the durability of GP-based concrete after 90 days [151].

impact on water absorption. However, LP’s potential as a
replacement filler in cement remains promising and calls
for additional investigation.

The assessment of sorptivity, a key indicator of con-
crete’s long-term durability, involves a technique where
UHPSCC samples are partially submerged in bottles filled
with distilled water. This evaluation revolves around capil-
lary suction, influenced by the presence of capillary pores
and their continuity within the concrete [151]. Sorptivity
results for all UHPSCC combinations are shown in Figure
30, with values ranging from 6.5 to 4.1 g-cm>s™°%. Notably,
when compared to the control, all UHPC combinations had
much reduced sorptivity values. This observation is consis-
tent with the findings of Dou et al. [153], underscoring the
impact of nano glass on UHPC durability. The lowest sorp-
tivity values among the mixtures are displayed by UHPSCC 4
(30% GP) and UHPSCC 9 (20% GP + 20% LP), which have
sorptivity values of 4.1 and 4.2g-cm™> s™*°, respectively.
These numbers indicate a considerable decline of 36.9 and
35.3% from the control mix. The significant pozzolanic reac-
tion caused by the presence of GP and SF, which effectively
shrinks pores, is blamed for the decrease in sorptivity. Addition-
ally, pore plugging, which increases the concrete’s resistance to

l11)
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water penetration, is greatly aided by the tiny LP particles,
which act as fillers and nanoparticles.

4.8 Microstructure of glass-based
cementitious composites

Glass-based cementitious composites’ performance and char-
acteristics are greatly influenced by their microstructure.
Concrete mixtures known as “glass-based cementitious com-
posites” use recycled glass in place of some of the aggregates
or cement that is typically used. The organization and distri-
bution of individual components, such as cementitious parti-
cles, aggregates, and WG, at the microscopic level within the
composite material are referred to as its microstructure. The
presence of tiny WG particles is one of the primary charac-
teristics of the microstructure in cementitious composites
based on glass. When added to the mixture, these glass par-
ticles combine with the cementitious matrix and other ingre-
dients to produce a special composite structure. The very
small size of the glass particles allows for better contact
with the cement matrix and results in a more precise micro-
structure when compared to ordinary concrete. Glass-based
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Figure 30: Sorptivity’s influence on durability with GP and LP replacement ratios at 90 days [151].
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cementitious composites’ microstructure shows a number of
characteristics that boost the material’s performance. By
reacting with the cementitious materials in the presence of
water, glass particles combine with WG to produce additional
binding substances like calcium silicate hydrates (C-S—H) gel.
These aspects are subject to considerable debate among
researchers; nevertheless, the precise influence of glass, with
its significant alkali content, on concrete microstructure remains
uncertain. While many scientists attribute the ASR to three key
factors — adequate alkali content, reactive aggregates, and ample
water — disagreements persist [154-156]. This process is known
as pozzolanic reactions and can be facilitated by the inte-
gration of WG. The composite is made stronger and more
durable, thanks to this formation. Furthermore, the micro-
structure of glass-based cementitious composites frequently
displays reduced porosity due to the pozzolanic reaction and
filling effect of the glass particles. The reduced permeability
of the denser microstructure makes the material more
impervious to the penetration of hostile substances such
as water, chlorides, and other chemicals. These composites
thus exhibit improved resistance to sulfate attack, chloride
penetration, ASR, and other chemical degradation processes.
The microstructure of glass-based cementitious composites
affects their mechanical properties as well. Increased com-
pressive, flexural [157], and tensile strengths [158] are the
result of better load transfer mechanisms and increased
glass-cement matrix interfacial bonding [159]. Additionally,
the inclusion of glass particles can have a bridging effect
that increases the material’s overall toughness by assisting
in the prevention of crack propagation.

These properties include an extensive variety of micro-
structural study and characterization techniques used to
investigate the performance of glass-based cementitious com-
posites. They discuss electrical impedance spectra (EIS) [160],
pore size distribution [159], X-ray diffraction (XRD) studies
[161], rapid chloride permeability (RCP) values [160], non-
steady-state migration coefficients (NSSMC) [162], and the
composites improved microstructure [163]. They also explore
the interactions and binding mechanisms between the
components’ porosity and permeability characteristics,
and microstructure optimization for sustainable building.

4.8.1 EIS

An effective and non-destructive method for examining the
electrical characteristics of materials, particularly cemen-
titious composites made of glass, is electrical impedance
spectroscopy (EIS). In the context of studying the micro-
structure of these composites, EIS provides valuable insights into
their internal electrochemical behavior and can offer a deeper
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understanding of their durability and performance [164]. During
EIS analysis, an alternating current is applied to the material at
different frequencies, and the resulting impedance (resistance
and reactance) is measured [165]. This impedance response is
then plotted on a Nyquist plot [166] or a Bode plot [167], providing
a clear representation of the material’s electrical behavior. In the
case of glass-based cementitious composites, EIS can offer valu-
able information on several aspects of the microstructure. For
instance, it can help assess the presence and extent of porosity, as
different pore structures and sizes can affect the electrical con-
ductivity of the material. A denser microstructure with fewer
pores is expected to exhibit lower electrical conductivity com-
pared to a more porous one [160]. Furthermore, EIS can provide
insights into the electrochemical reactions occurring within the
composite. It can be used to research the interactions between
glass particles, cementitious matrix, and other elements as well as
the hydration products’ production and characteristics, such as
the calcium silicate hydrate (C—S—H) gel [168]. The durability and
overall performance of the glass-based cementitious composites
are greatly influenced by these parameters. Additionally, EIS is a
helpful tool for tracking the long-term performance and stability
of these composites in practical applications since it may assist
detect any changes in electrical behavior over time. Overall, EIS is
a valuable technique for characterizing the microstructure of
glass-based cementitious composites. Its non-destructive nature
and ability to probe the internal electrochemical behavior make
it an essential tool for researchers and engineers seeking to
optimize the microstructural design and enhance the perfor-
mance and durability of these sustainable construction materials
[110].

4.8.2 Pore size distribution

Pore size distribution is a critical aspect of the microstruc-
ture analysis for various materials, including glass-based
cementitious composites. It refers to the characterization
of pores in terms of their size [169], shape [104], and dis-
tribution within the material. Understanding the pore size
distribution is essential because it directly influences sev-
eral key properties and performance aspects of the compo-
sites. In the context of glass-based cementitious composites,
pore size distribution plays a vital role in determining their
mechanical strength [163], durability [169], permeability,
and other important characteristics. A well-optimized pore
size distribution can lead to enhanced properties, while an
undesirable distribution may result in reduced performance.
The mechanical properties of the composite, such as compres-
sive strength and flexural strength, are often improved by a
denser microstructure with a smaller average pore size.
Smaller pores provide more efficient load transfer
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mechanisms, resulting in increased overall strength and resis-
tance to mechanical forces. Additionally, the relationship
between pore size distribution and material permeability is
simple to understand [157]. A lower porosity and a narrow
range of pore sizes can lead to reduced permeability, making
the composite less susceptible to water ingress and chemical
attack. This improved durability is especially crucial in struc-
tures exposed to harsh environmental conditions. Analyzing
the pore size distribution can also help in understanding the
potential for pore connectivity within the material. If larger
pores are prevalent and interconnected, it may create path-
ways for the ingress of harmful agents, such as chlorides and
sulfates, leading to possible deterioration of the composite
over time. Researchers and engineers use various techniques
to determine the pore size distribution in glass-based cemen-
titious composites. Mercury intrusion porosimetry [159], gas
adsorption methods [170], and image analysis [171] using
scanning electron microscopy are some common techniques
employed to characterize the pore structure. In summary,
pore size distribution is a critical microstructural character-
istic in glass-based cementitious composites. A crucial consid-
eration in the design and development of high-performance
and sustainable building materials is that the distribution of
pores may considerably enhance the material’s mechanical
strength, durability, and permeability features.

Figure 31 presents the pore size distribution of various
components, including GP, lime stone (LS), SF, and MK.
Notably, the particle size of SF is the smallest among these
materials, followed by LS and MK, which have similar par-
ticle sizes. In comparison, GP exhibits a larger pore size
distribution, a characteristic attributed to its particle size.
This variation in pore size can significantly influence con-
crete properties and durability. The benefit of GP’s larger
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Figure 31: Comparison of particle size distribution with GP [172].
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particle size lies in its potential to enhance interparticle
packing, leading to improved overall density. Reduced
pore connectivity in concrete mixtures also highlights the
intriguing observation that the pore size of GP’s perfor-
mance is comparable to that of OPC, highlighting its poten-
tial as an additional cementitious ingredient.

4.8.3 XRD analysis

An effective approach for examining the crystallographic
structure and mineralogical makeup of materials, particu-
larly glass-based cementitious composites, is the XRD ana-
lysis [173,161]. XRD is a non-destructive method that provides
valuable information about the arrangement of atoms
within the material and helps identify the phases present
in the sample. In the context of studying the microstructure
of glass-based cementitious composites, XRD analysis is par-
ticularly useful for understanding the cement hydration
products and the interactions between cementitious mate-
rials and WG particles. Multiple crystalline phases and
amorphous components may be identified in the composites
using the diffraction patterns produced from the XRD exam-
ination [110]. XRD can detect various mineral phases in the
cementitious matrix, including C-S-H [174], calcium hydro-
xide (CH) [175], and calcium aluminate hydrates (C—A-H)
[176]. Additionally, it can detect the crystalline phases of
WG, such as silica (Si0,) [168] or other glass-forming oxides,
which can undergo reactions with cementitious materials.
XRD analysis is also useful in evaluating the degree of poz-
zolanic reaction in the composite. The appearance of new
phases or shifts in diffraction peaks can indicate the forma-
tion of pozzolanic compounds, such as C—S-H gel or calciu-
m-aluminum-silicate-hydrates (C—A-S-H), resulting from the
interaction between the WG particles and cement hydration
products. Moreover, XRD can provide information about the
amorphous content in the material, which can significantly
impact its performance. Amorphous components, such as
glassy phases, may have an impact on the composite’s
mechanical and durability qualities by adding to its pozzo-
lanic activity. Researchers often utilize XRD analysis to
assess the changes in the microstructure of glass-based
cementitious composites over time, such as during the
curing process or in response to environmental exposure.
This helps in comprehending the material’s stability and
long-term behavior in practical applications. In summary,
XRD analysis is a useful method for describing the micro-
structure of cementitious composites made of glass. It
provides critical information about the crystallographic
structure, mineralogical composition, and pozzolanic reac-
tions within the material [76]. By understanding the XRD
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patterns, researchers and engineers can optimize the micro-
structural design, tailor the composite’s properties, and develop
high-performance and sustainable construction materials.
Figure 32 presents a comparative analysis of the prop-
erties of SF (a) and GP (b) through XRD analysis. The XRD
spectra for both materials, designated as spectrum 8, spec-
trum 9, spectrum 23, and spectrum 24, provide insights into
the composition of oxygen, calcium, carbon, silicon, alu-
minum, and magnesium. Specifically, spectra 8 and 9 cor-
respond to SF, while spectra 23 and 24 correspond to GP. In
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spectrum 8, the composition percentages are 42.5% oxygen
(0), 36.3% calcium (Ca), 9.7% carbon (C), 9.1% silicon (Si),
1.4% aluminum (Al), and 1% magnesium (Mg). Spectrum 9
exhibits composition percentages of 51.5% O, 22.5% Ca,
14.7% C, 8.1% Si, 1.4% Al, 1.1% Mg, and 0.6% carbon (C).
Spectrum 23 showcases composition percentages of 45.4%
0, 28.9% Ca, 9.6% C, 3.6% Si, 2.3% Al and 1.4% Mg. In con-
trast, spectrum 24 illustrates composition percentages of
50.4% O, 21.1% Ca, 15.4% C, 11.3% Si, 1% Al, and 0.7% Mg.
The data from this analysis highlight the elemental makeup
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Figure 32: X-ray diffraction analysis of (a) SF and (b) GP. The graphs characterize the chemical composition and structural properties of SF and

GP [1771.
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of SF and GP, shedding light on their chemical composition
and potential benefits for concrete performance.

4.8.4 RCP

RCP values, or rapid chloride permeability values, are a
measure of the resistance of concrete, including glass-based
cementitious composites, to the penetration of chloride ions
[160]. Chloride ions can be particularly harmful to concrete
structures as they can initiate and accelerate corrosion of
embedded reinforcement, leading to structural deteriora-
tion and reduced service life. In chloride-rich settings, such
as coastal locations or places exposed to deicing salts, RCP
testing is a frequently used technique to evaluate the resili-
ence and long-term performance of concrete [178]. The test
involves subjecting the concrete specimen to an electrical
potential, which drives chloride ions into the material [179].
By monitoring the rate of chloride ion penetration over a
specified duration, the RCP value can be determined. In the
context of glass-based cementitious composites, RCP values
can provide valuable information about the material’s perme-
ability to chloride ions [160]. A composite is less vulnerable to
chloride-induced corrosion if it has a lower RCP value, which
implies a stronger resistance to chloride penetration. This is
particularly important in marine or harsh environments
where chloride ingress can be a major concern for the dur-
ability of concrete structures. The incorporation of WG in the
cementitious composite can influence the RCP values due to
the effects on the microstructure. As glass particles contribute
to a denser and less porous microstructure, the pathways for
chloride ions to migrate through the composite are reduced,
resulting in lower permeability and lower RCP values. Lower
RCP values indicate that glass-based cementitious composites
are less prone to chloride-induced corrosion, making them
suitable for use in structures exposed to chloride-rich envir-
onments. By extending the service life of concrete buildings
and decreasing maintenance expenses, this improved resis-
tance to chloride penetration can increase sustainability. In
conclusion, RCP values play a crucial role in assessing the
durability of glass-based cementitious composites by evalu-
ating their resistance to chloride ion penetration. The incor-
poration of WG can contribute to lower RCP values due
to the positive effects on the material’s microstructure,
making these composites promising candidates for sus-
tainable and long-lasting concrete applications in chal-
lenging environments.

The RCP values of three distinct kinds of concrete —
plain concrete, GP concrete, and FA concrete — are shown
in Figure 33. These measurements were collected after 28,
56, and 90 days with varied curing times. Notably, plain
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Figure 33: Comparison of RCP values among plain concrete, GP-based
concrete, and FA-based concrete [160].

concrete exhibits the highest RCP value among the three
types, indicating its relatively lower permeability to chloride
ions. The inclusion of GP in concrete brings forth a notable
observation from these data. Despite plain concrete show-
casing the highest RCP value, the RCP values of GP concrete
demonstrate its potential to achieve chloride permeability
levels comparable to or even better than that of FA concrete.
This demonstrates how well GP works to reduce chloride ion
penetration inside the concrete matrix, improving the con-
crete’s durability and resistance to chloride-induced corro-
sion. This suggests that GP, as an additional cementitious
material, can efficiently contribute to the improvement of
concrete’s resistance to chloride ingress, making it an impor-
tant component for enhancing the long-term durability and
performance of concrete structures, especially in corrosive
environments.

4.8.5 NSSMCs

NSSMC is a parameter used to characterize the transport
properties of ions [180], particularly chloride ions, within
concrete materials, including glass-based cementitious com-
posites. It is a valuable measure to assess the material’s
resistance to chloride ingress and its overall durability per-
formance in chloride-rich environments. In the NSSMC test,
a concrete specimen is electrically potentiated, and the rate
at which chloride ions diffuse through the material over
time is observed. This test differs from the RCP test in that
it examines the transport behavior of ions under non-



DE GRUYTER

steady-state conditions, representing more realistic condi-
tions that occur in real-world scenarios. The NSSMC values
provide insights into the effectiveness of the composite’s
microstructure in mitigating chloride ion penetration. Lower
NSSMC values indicate a higher resistance to chloride migra-
tion, signifying a denser and less porous microstructure that
restricts the movement of chloride ions. The durability and
service life of concrete buildings can be greatly impacted by
chloride-induced corrosion, which can be prevented by this
feature. The incorporation of WG in the cementitious compo-
site can influence NSSMC values due to its impact on the
microstructure [181]. Glass particles can enhance the mate-
rial’s overall density, reduce porosity, and create a more tor-
tuous path for chloride ions, leading to lower NSSMC values
and improved chloride resistance. Researchers and engineers
can better understand the transport characteristics of glass-
based cementitious composites and how well they might
function in chloride-contaminated settings by analyzing
NSSMC values. Lower NSSMC values are indicative of a
material’s enhanced durability and resistance to chloride
ingress, making these composites suitable for use in infra-
structure exposed to aggressive chloride-rich conditions. In
conclusion, NSSMC is a crucial parameter for assessing the
chloride resistance and durability performance of glass-
based cementitious composites [160]. The integration of
WG can positively influence NSSMC values by enhancing
the microstructure and reducing chloride ion penetration,
making these composites promising candidates for sustain-
able and resilient construction materials in challenging
environments.

Three different forms of concrete — plain concrete, GP
concrete, and FA concrete — have different NSSMC values,
which are shown in Figure 34. These measurements were
taken at various curing intervals of 28, 56, and 90 days.
Notably, the NSSMC values reflect the rate at which chloride
ions migrate through the concrete matrix, offering insights
into the materials’ resistance to chloride penetration. Exam-
ining the information in this image reveals a huge advan-
tage of using GP in concrete. Favorably, 20% GP concrete
had the highest NSSMC value of all the concrete combina-
tions, demonstrating that it has a higher level of resistance
to chloride ion migration than other mixtures like plain
concrete and 20% FA concrete. This shows that adding GP
to concrete enhances the material’s capacity to obstruct the
flow of chloride ions, increasing its longevity and lowering
the likelihood of chloride-induced corrosion within concrete
buildings. GP concrete has excellent performance in terms
of NSSMC values, indicating that it has the potential to be a
useful additive for extending the lifespan and service life of
concrete in chloride-exposed situations, resulting in more
robust and durable concrete buildings.
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Figure 34: Comparison of NSSMC values among plain concrete, GP-
based concrete, and FA-based concrete [160].

4.8.6 Enhanced microstructure

Enhanced microstructure refers to the improved arrange-
ment and distribution of components within a material,
such as glass-based cementitious composites, which leads
to superior properties and performance compared to con-
ventional materials. The concept of enhancing the micro-
structure involves optimizing the interaction and bonding
between various constituents, resulting in a more refined
and tailored composite with desirable characteristics [182].
Enhancing the microstructure of glass-based cementitious
composites often involves utilizing WG in place of some of
the cement or aggregates. The cementitious matrix may
benefit from the inclusion of finely ground glass particles
to achieve a more uniform distribution of elements and a
denser, less porous structure. When WG is added, pozzo-
lanic reactions may occur. In these reactions, glass parti-
cles combine with cement hydration products and water to
generate new binding substances such as C-S-H gel. The
interfacial transition zone between the glass particles and
the cementitious matrix is strengthened and made more
robust as a result of these processes, which improves the
composite’s load-transfer mechanisms and overall mechan-
ical performance [183]. Furthermore, the inclusion of WG in
the microstructure can aid to boost packing density and
minimize pore diameters, which improves resistance to
the entry of hazardous substances like chlorides and sul-
fates and lowers permeability. This enhanced durability
makes glass-based cementitious composites more suitable
for applications in aggressive environments or structures
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exposed to harsh weather conditions. The optimized micro-
structure also influences the long-term performance of glass-
based cementitious composites. It can reduce the potential for
early-age cracking and enhance the material’s resistance to
thermal stresses and environmental factors, ensuring the
structural integrity and service life of the composite over
time [184]. By carefully changing the amount and properties
of WG and other cementitious materials, researchers and
engineers hope to build glass-based cementitious composites
with improved microstructure. By understanding the rela-
tionships between the composition, microstructure, and prop-
erties, they can develop high-performance and sustainable
construction materials tailored to specific applications.
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In summary, enhancing the microstructure of glass-based
cementitious composites involves improving the arrange-
ment and interaction of components to create a denser,
more durable, and better-performing material. The incorpora-
tion of WG plays a vital role in achieving these improvements,
making glass-based cementitious composites promising candi-
dates for sustainable construction solutions with enhanced
properties and longer service life.

Figure 35a illustrates the effects of replacing sand with
untreated GP, where the presence of silica initiates a reac-
tion with hydrated cement, causing microcracks of approxi-
mately 3 um width to develop. This reaction creates silica
gel, which is highly attracted to water and causes swelling

Deboned and._
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Figure 35: Microstructural examination of (a) untreated GP concrete and (b) silane-treated GP concrete [185].
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and pressure at the glass-cementitious matrix contact. The
structure develops cracks as a result of this pressure. The
problem is made worse by the rough surface roughness of
the GP, which prevents effective pore-filling and reduces the
strength of the concrete matrix. Additionally, the addition of
GP causes a delay in the synthesis of C-S—H, potentially as a
result of a slowed cement hydration process. The link
between cement paste and glass particles becomes much
weaker when considerable ettringite production starts to
show after adding GP. On the other hand, Figure 35b shows
that using GP that has been silane-treated improves the
concrete’s resistance to fracture propagation. The increased
adhesion between glass particles and cement paste made
possible by the presence of silane is responsible for the
decreased frequency of detected fractures. Through the for-
mation of silanol groups, the smoother surface of glass par-
ticles treated with silane improves pore-filling and boosts
bonding with all constituents of concrete. The internal
toughness of the concrete is greatly increased as a result
of this treatment, which creates a denser structure rich in
C-S-H, particularly where the cementitious matrix and
glass meet. Additionally, reducing ettringite forms, which
increases the overall strength of the concrete, is another
benefit of using GP that has been silane-treated. While
using silane-treated GP increases adhesion, pore-filling,
and strength, resulting in a denser structure rich in
C-S-H and improved crack resistance, using untreated
GP instead of sand causes the development of micro-
cracks because of chemical reactions and reduced pore-
filling.

4.8.7 Interactions and binding mechanisms

The term “Interactions and Binding Mechanisms” in the
context of glass-based cementitious composites refers to
the intricate chemical and physical interactions that take
place between the various components of the composite
[186]. This includes the interactions between cementitious
materials, WG particles, and other supplementary mate-
rials used in the mixture. Understanding the interactions
and binding mechanisms is crucial as they directly influ-
ence the microstructure and overall performance of the
composite material. These interactions can occur at both
the macroscopic and microscopic levels, affecting proper-
ties such as mechanical strength, durability, and long-term
stability. One of the key interactions is between the cemen-
titious matrix and WG particles. Glass can experience poz-
zolanic interactions with the calcium hydroxide (CH) found
in the cement when it is included in the cementitious com-
posite. As a result, new binding substances are created,
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such as C-S-H gel, which adds to the material’s overall
toughness and durability. Additionally, WG particles can
act as nucleation sites for the cement hydration products,
enhancing the development of the microstructure and
improving the overall packing density of the composite
[187]. The interactions between the glass particles and
the cementitious matrix strengthen the bond and improve
the material’s capacity for load transmission. The binding
mechanisms within the composite can also influence the
resistance to various forms of degradation, such as che-
mical attack and ASR [188]. Proper interactions between
the glass particles and cementitious materials can lead to
the formation of stable and less reactive compounds, redu-
cing the potential for harmful chemical reactions and
enhancing the material’s long-term performance. More-
over, the interactions between supplementary materials,
like pozzolans or mineral admixtures, and the cementi-
tious matrix can further contribute to the optimization of
the microstructure. These substances can make it easier for
cement hydration products and glass particles to stick
together, which will increase performance and allow for
more effective usage of cementitious substances. To achieve
desirable interactions and binding mechanisms, researchers
and engineers carefully control the composition, proportion,
and characteristics of the components in the composite. By
understanding the complex interactions between the consti-
tuents, they can design glass-based cementitious composites
with enhanced properties and tailor them for specific appli-
cations, such as sustainable construction, infrastructure
development, and building materials. In conclusion, the study
of “Interactions and Binding Mechanisms” in glass-based
cementitious composites is essential for understanding the
chemical and physical relationships between the various
components. These interactions play a key role in the creation
of high-performance and environmentally friendly building
materials because they have a considerable impact on the
microstructure, mechanical characteristics, and durability
of the composite.

4.8.8 Porosity and permeability characteristics

Porosity and permeability characteristics are vital para-
meters in the study of glass-based cementitious composites,
as they directly influence the material’s durability, resis-
tance to environmental factors, and overall performance
[173]. Porosity refers to the volume fraction of voids or
pores within the composite, while permeability refers to the
ease with which fluids or gases can penetrate the material.
Reducing porosity is essential for improving the mechanical
characteristics of glass-based cementitious composites, such
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as compressive strength and tensile strength [189]. A lower
porosity implies a more compact and denser microstructure,
which enhances load transfer mechanisms and results in
improved overall mechanical performance. The incorpora-
tion of WG particles can contribute to a reduction in porosity
by promoting a more efficient packing of cementitious mate-
rials and filling up voids within the composite. On the other
hand, permeability is a crucial factor in determining how
well the composite resists the entry of hazardous elements
like chloride ions or dangerous chemicals. Lower perme-
ability indicates a reduced ability for these agents to pene-
trate the material, thereby enhancing its durability and
resistance to degradation. By creating a denser microstruc-
ture with smaller pore sizes, WG particles can significantly
lower the permeability of the cementitious composite. In
addition to the macroscopic porosity, the pore size distribution
within the composite is also essential [163]. A well-optimized
pore size distribution can further enhance the material’s dur-
ability and mechanical properties. Smaller and more uniform
pores contribute to improved resistance against chloride
ingress and other forms of chemical attack, ensuring a
longer service life for concrete structures. Researchers and
engineers use various techniques, such as mercury intrusion
porosimetry and image analysis, to evaluate the porosity and
permeability characteristics of glass-based cementitious
composites. These studies aid in the creation of high-perfor-
mance composites for use in sustainable building applica-
tions and offer insightful information on the microstructure
of the material. In summary, porosity and permeability
characteristics are crucial factors in determining the per-
formance and durability of glass-based cementitious com-
posites. The incorporation of WG particles can lead to a
reduction in porosity, creating a denser microstructure
that enhances mechanical properties. Additionally, the
reduced permeability contributes to improved resistance
against harmful agents, making glass-based cementitious
composites promising materials for sustainable and long-
lasting infrastructure development.

4.8.9 Microstructure optimization for sustainable
construction

Microstructure optimization for sustainable construction is
a crucial approach aimed at creating high-performance
materials with enhanced properties while minimizing their
impact on the environment [85]. The aim of this optimization
method is to increase the mechanical strength, durability,
and eco-friendliness of the material, such as glass-hased
cementitious composites, by fine-tuning the arrangement,
distribution, and interactions of components inside the
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material. In the context of glass-based cementitious com-
posites, microstructure optimization involves several key
aspects. The use of WG, a sustainable and environmentally
beneficial element that can improve the composite’s overall
performance, is one crucial component. Additional binding
compounds are created as a result of pozzolanic interactions
between the WG particles and the cement hydration pro-
ducts. As a result, the interfacial transition zone between the
glass and cementitious matrix becomes denser and more
robust, eventually enhancing the load transmission mechan-
isms. Another essential consideration in microstructure
optimization is the reduction in porosity within the compo-
site [190]. By promoting a more efficient packing of cemen-
titious materials and filling up voids within the matrix, a
lower porosity can be achieved. This leads to enhanced
mechanical strength and resistance to degradation, making
the composite more robust in various applications. More-
over, controlling the permeability of the composite is crucial
to prevent the penetration of harmful substances, such as
chloride ions or aggressive chemicals. A denser microstruc-
ture with smaller pore sizes can significantly lower the per-
meability, ensuring the composite’s long-term durability
and service life. To further enhance microstructure optimi-
zation, supplementary materials like pozzolans or mineral
admixtures can be added. These materials improve the
interaction between the glass particles and cementitious
matrix, leading to a more efficient use of cementitious mate-
rials and improved overall performance. Comprehensive
performance testing is a fundamental part of microstructure
optimization [159]. Through thorough evaluations of mechan-
ical properties, durability characteristics, and resistance to
environmental factors, engineers and researchers ensure
that the composite meets the required performance stan-
dards for sustainable construction. By optimizing the micro-
structure of glass-based cementitious composites, we can
create materials that offer superior mechanical strength,
enhanced durability, and reduced environmental impact.
By increasing the service life of infrastructure, lowering
maintenance requirements, and encouraging the effective
use of waste materials in construction, these composites
have the potential to make a substantial contribution to sus-
tainable building methods.

4.9 Prediction models for glass-based
cementitious composites

The development of accurate prediction models (i.e., arti-
ficial intelligence based [191-194] or pure mathematical
ones [195-198]) is a crucial aspect in the field of glass-based
cementitious composites research. These models seek to
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create connections between the composition, microstruc-
ture, and characteristics of the composites so that scientists
and engineers can predict how well they will function in
certain scenarios. By leveraging prediction models, valuable
insights can be gained to optimize the design, production,
and application of glass-based cementitious composites for
sustainable construction. Prediction models can concentrate
on a wide range of attributes in the context of glass-based
cementitious composites, including mechanical strength,
durability, permeability, and resistance to environmental
conditions. These models may incorporate various para-
meters, including the content and type of WG, cementitious
material proportions, curing conditions, and other supple-
mentary materials. Machine learning techniques, statistical
analyses, and computational simulations are commonly
employed to develop prediction models. The authors used
a dataset of 200 concrete samples to train three different
machine learning models: support vector machines (SVMs)
[199], random forests (RF) [200], and artificial neural net-
works (ANN) [201]. The outcomes demonstrated that all
three models had a decent ability to predict the strength
of recycled aggregate concrete (RAC). The SVM model had
the highest accuracy, followed by the RF model and the ANN
model [202]. These methods leverage data obtained from
experimental testing and observations to build robust and
accurate models. As more data become available and the
understanding of glass-based cementitious composites dee-
pens, these prediction models can be continually refined and
improved. The application of prediction models for glass-
based cementitious composites extends beyond laboratory
settings. In order to ensure that the chosen composites fulfill
precise performance requirements and sustainability objec-
tives, engineers may utilize these models to make educated
decisions throughout the design phase of building projects.
Moreover, prediction models facilitate the identification of
optimal mix designs, reducing the need for trial-and-error
approaches and expediting the development of new and
improved materials.

4.9.1 Linear regression (LR) model

LR model applied to GP in concrete predicts how changes
in GP percentage influence concrete properties like strength
and durability. It establishes a linear relationship between
these variables using experimental data. This model pro-
vides insights into the optimal GP range for desired concrete
performance, aiding in sustainable mix design. However, it
assumes a linear correlation and should be used alongside
other methods for a comprehensive understanding of GP’s
effects on concrete.
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Eq. (1) represents the thorough examination of the
variables affecting the compressive strength of typical con-
crete mixes containing WG dust. This complex inquiry was
carried out using optimization strategies, including the use
of least squares and sum of error squares procedures. Uti-
lizing the Solver tool in an Excel software speed up the
procedure. Each of the parameters in the equation is impor-
tant: “w/b” stands for the water-to-binder ratio, “C.C.” repre-
sents the cement content, “G.P.” stands for glass powder
content, “F.A” stands for fine aggregate content, “C.A.”
stands for coarse aggregate content, and “T” stands for
time or a related time-dependent variable. The equation
effectively captures the interplay of these parameters and
their collective impact on the compressive strength of con-
crete, offering valuable insights for the optimization of WG-
incorporated concrete mixtures. This optimization was con-
ducted in a designated cell termed the “objective cell,”
bounded by values from other relevant equations. The con-
nection between anticipated and actual compressive strengths
of regular concrete mixes incorporating WG particles is shown
graphically in Figure 36, both for training and testing datasets.
Statistical methods were used to do a thorough evaluation of
the model, which resulted in R values of 0.918 for training
data and 0.923 for testing data. While the mean absolute error
(MAE) was computed as 2.41MPa (training) and 2.58 MPa
(testing), the root mean square error (RMSE) was 3.07 MPa
(training) and 3.28 MPa (testing). The structural index (SI)
value indicated good efficiency within the range of 0.1-0.2,
and the objective (OB]) value was equal to 6.039. Furthermore,
the model’s application is uncomplicated; however, it does
exhibit a limitation, displaying slightly reduced predictive cap-
ability for compressive strength with higher error percentages
compared to alternative models. Both the training and testing
datasets in the study have an error margin of about +25%. The
compressive strength of low-strength normal concrete mixes
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Figure 36: LR model [203].
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tended to be somewhat overestimated by the model under
development, whereas samples of high-strength normal con-
crete were found to have compressive strengths that were
slightly underestimated.

oP = -65.03 - 74.83 x % + 0.04 x C.C. -0.033 x G.P. @

+0.043 x F.A. +0.076 x C.A. + 0.146 x T.

4.9.2 Nonlinear regression (NLR) model

NLR model applied to GP in concrete predicts concrete
properties considering the complex, nonlinear relationship
between GP percentage and outcomes. Unlike linear models,
it captures intricate effects and offers accurate insights into
real-world behavior. This model is particularly useful for
materials like GP, where effects on concrete may not follow
a linear trend. However, it requires careful parameter esti-
mation and validation to prevent overfitting. It is a valuable
tool for optimizing concrete mix designs, providing deeper
understanding of how GP levels impact properties and
aiding sustainable construction practices.

For both the training and testing datasets, connections
between predicted compressive strength and experimen-
tally acquired compressive strength data from typical con-
crete combinations are highlighted. The suggested equation
for the NLR model combining several variable factors is
shown in Figure 37. Eq. (2), generated through thorough
analysis, produced outstanding results using 110 data points
for training and 43 for testing, with an amazing R* of 0.921
for training data and 0.929 for testing data. While the MAE
data showed accuracy with 2.34 MPa (training) and 2.43 MPa
(testing), the RMSE values showed precision with 3.022 MPa

50 b Training Data= 110 /"
G R?=0.921 .
S 45 || Testing Data= 43 e o
= R2=0.929 & o o
T 40t RN
g 35 o /":O = ® ¢ 7
:—: © Training data x//".o b °© L
5 30 . L
g ® Testing data e R el
25 €8 e - s
g ® &~ % . Ao
% 6 1 .?6 - ,‘:Jw
g 20 /6 () 0° ’_%/0’

[ 4 »*

2 s g oadts %3 P = -138.27- T1.54 % (W/b12%)+
Z ol o oS- 0.1044 * (C.CO%52) - 0.01 * (G.P1265)
g L +0.658 * (F.A%55)+ 1.646 *
E. 5| O",:”‘r' (C’AO.SZS) +0.165* (’1‘0.976)
S 7
< 0 i

0 5 10 15 20 25

30 35 40 45 S50 55

Compressive strength, ¢i (MPa)

Figure 37: NLR model [203].
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(training) and 3.159 MPa (testing). Notably, the equation’s
parameters hold distinct importance: “w/b” represents the
water-to-binder ratio, “C.C.” symbolizes the cement content,
“G.P.” represents the GP content, “F.A.” represents the fine
aggregate content, “C.A.” denotes the coarse aggregate con-
tent, and “T” represents time or a relevant time-dependent
variable. The resultant OB] value of 5.1 underlined the
model’s efficacy, while the SI value, which fell between 0.1
and 0.2, underlined successful performance. Importantly,
the assessed datasets showed error margins of —15 and
+20% for both testing and validation datasets, and a +20%
error line for training data. Analogous to the LR model, the
NLR model exhibited a slight underestimation for high-
strength normal concrete mixes, accompanied by a moderate
overestimation for low-strength normal concrete samples.
The equation’s multifaceted parameters collectively contri-
bute to a comprehensive understanding of their impact on
predicting the compressive strength of concrete infused
with WGPs.

oP = -138.27 — 71.54 % [ ] +0.1044 x (C.C. 0.852)

)

w
b1.125
- 0.01 x (G.P. 1.265) + 0.658 x (F.A. 0.65)
+1.646 x (C.A. 0.628) + 0.165 x (T0.976).

4.9.3 ANN

ANN mirrors the human brain’s neural structure and are
pivotal in deciphering intricate material behaviors within
glass-based cementitious composites. By amassing exten-
sive experimental data encompassing glass content, curing
conditions, and mechanical and durability traits, researchers
train the ANN to grasp the nuanced links between input
factors and material properties. Comprising interconnected
neurons organized in layers, the ANN processes input data
through mathematical transformations, learning from pat-
terns and refining connection weights to boost predictive
accuracy. Trained ANNs exhibit potent predictive capabilities,
projecting the mechanical strength, durability, permeability,
and more of novel glass-based compositions. They unveil
complex interactions between factors, elucidating how com-
position adjustments impact performance. This nonlinear
aptitude enables ANNs to capture intricate relationships often
evading traditional linear models. ANNs continually enhance
predictions as they learn from fresh data, ensuring ongoing
refinement. Nonetheless, their efficacy hinges on substantial
data and careful parameter tuning to avert overfitting.
Armed with adaptability and computational prowess, ANN
stands as a potent asset for predicting and optimizing mate-
rial properties in glass-based cementitious composites,
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significantly advancing sustainable and high-performance
construction materials.

In order to maximize the effectiveness of the ANN, sev-
eral combinations of neurons, momentum rates, learning
rates, and iterations were investigated. The results showed
that the configuration of a single hidden layer with 9 neu-
rons, 0.2 momentum, 0.1 learning rate, and 50,000 iterations
produced the best precise predictions for the compressive
strength of regular concrete mixes incorporating WG gran-
ules. The ANN model was calibrated using training datasets
and subsequently validated against independent testing
datasets to forecast compressive strength values based on
appropriate input parameters. Comparing projected and
experimentally determined compressive strength values for
regular concrete mixes containing WG particles was part of
the assessment, which took into account both training and
testing datasets. Depicted in Figure 38 is a graphical represen-
tation that showcases the outcome of data analysis. Specifi-
cally, this analysis pertains to the accuracy of predictions
made by the ANN model in comparison to other models.
The data points in the graph are indicative of the extent to
which the predicted values align with the actual values.
Importantly, for both the training and testing datasets, it is
noted that the error line, which reflects the difference
between projected and actual values, is considerably less
than +25%. According to this observation, the forecasts of
the ANN model are noticeably closer to the actual values
than the predictions of the other produced models. It means
that, practically speaking, the ANN model is more accurate
in predicting the compressive strength of regular concrete
mixes that contain WG particles. Following this study, more
assessments are made in order to fully gauge the effectiveness
of the ANN model. These evaluations are guided by specific
metrics that are widely utilized in predictive modeling. The
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Figure 38: ANN model [203].
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MAE, which measures the average magnitude of absolute
errors, the RMSE, which measures the average magnitude of
prediction errors, and the coefficient of determination R,
which measures the percentage of the variance in the depen-
dent variable that can be explained by the independent vari-
ables are some examples of these metrics. In essence, the
graphical representation in Figure 38 provides an initial visual
insight into the relative accuracy of the ANN model’s predic-
tions, emphasizing its favorable performance in comparison
to other models. Subsequent quantitative assessments through
metrics such as RMSE, MAE, and R offer a more detailed and
precise understanding of the model’s predictive capabilities
and its overall fit to the observed data.

The efficacy of the ANN model in predicting the attri-
butes of GP-based concrete is intricately analyzed in Table 13.
The table systematically explores various configurations of
hidden layers and neurons within those layers, detailing
the resulting performance metrics. The first column indicates
how many hidden layers there are in the ANN architecture,
and the next two columns show how many neurons are
located on the left and right sides of each hidden layer. The
quantitative metrics of the model’s prediction precision are
shown in the following columns. The coefficient of determi-
nation, denoted by the “R? column, measures how well the
model’s forecasts match the data. Higher R* values signify a
stronger correlation between predictions and actual values.
The “MAE” column represents the MAE, which quantifies the
average magnitude of prediction errors, as opposed to this,
the “RMSE” column displays the root mean square error,
which calculates the average magnitude of prediction mis-
takes and gives larger errors more weight. As we analyze
the table, we observe trends in the performance metrics

Table 13: ANN model for GP-based concrete [203]

No. of No. of No. of R? MAE RMSE
hidden neurons in  neurons in (MPa) (MPa)
layers left side right side

1 5 0 0.9846 1.6313  2.0347
1 6 0 0.9851 16326  2.028
1 7 0 0.9848 1.6772  2.0664
1 8 0 0.9869 1.4545  1.8039
1 9 0 0.9892 1.2531 1.6056
1 10 0 0.9824 17112 2.1077
1 n 0 0.9876  1.425 1.7442
1 12 0 0.9871 1.4324 1.7398
2 4 4 0.9733 21615  2.6982
2 5 5 0.9737 21551  2.6906
2 6 6 0.9745 21046  2.6346
2 7 7 0.9696 2.2522  2.8383
2 8 8 0.9765 2.0766  2.5582

Bold value shows the best performing ANN model out of all others.
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based on the different configurations. For instance, the R?
values range from approximately 0.9696 to 0.9892, indicating
a relatively high degree of correlation between predictions
and actual values across various settings. Similarly, the MAE
and RMSE values provide insights into the average error
magnitudes, with lower values indicating better predictive
accuracy. In summary, Table 13 serves as a comprehensive
guide to understanding how different combinations of hidden
layers and neurons impact the ANN model’s ability to predict
properties of GP-based concrete. Researchers can use this
table to select optimal configurations that yield the highest
levels of accuracy and precision in predictions, enhancing the
model’s reliability and utility in practical applications.

4.9.4 SVMs

SVMs are robust machine learning models used to predict
material behaviors in glass-based cementitious composites.
Employing a classification algorithm, SVM determines an
optimal hyperplane for segregating data points into dis-
tinct classes. In the realm of these composites, SVM proves
valuable for forecasting whether a composite meets spe-
cific performance criteria based on its composition and
microstructure. Researchers gather experimental data on
diverse glass-based cementitious composites, encompassing
attributes like glass content, cement type, curing conditions,
and mechanical measurements. SVM endeavors to identify a
hyperplane that maximizes separation between classes,
ensuring robustness and precision. Trained SVMs classify
new composites based on input features, estimating fac-
tors such as load-bearing strength and durability against
environmental effects. SVM’s adaptability accommodates
various classification tasks, enabling exploration of dif-
ferent performance standards. Its capability to manage
multiple features facilitates analysis of intricate vari-
able-property relationships. Notably, SVM accuracy hinges
on quality training data, necessitating continuous data collec-
tion and model refinement. With the ability to inform mate-
rial design and enhance sustainable construction, SVMs and
similar machine learning models are instrumental in propel-
ling innovation and bolstering construction material effi-
ciency and resilience.

The compressive strength of concrete cubes has been
predicted using the SVM approach. Several statistical indi-
cators, including the coefficient of correlation (CC) and
RMSE, were used to evaluate the efficacy of this strategy.
The coefficient of correlation is shown in Eq. (3) as CC. In a
dataset of “n” paired observations, this statistical measure
evaluates the magnitude and direction of the linear con-
nection between two variables, denoted as “x” and “y,”
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inside the dataset. The equation involves calculating the
covariance between the deviations of the paired observa-
tions from their respective means, and then normalizing it
by the product of the standard deviations of the two vari-
ables. With values ranging from -1 to +1, CC assesses how
closely the different permutations of “x” and “y” align.
Greater values of “x” correlate with greater values of “y,”
and vice versa. A positive number denotes a positive con-
nection. Conversely, a negative value indicates an inverse
correlation, while a value close to zero suggests a weak or
no linear correlation between the variables.

RMSE, sometimes known as Eq. (4), is a statistical con-
cept. It serves as a gauge for the average size of the dis-
crepancies between observed (“x”) and projected (“y”)
values. This metric provides insight into the overall accu-
racy of a predictive model or method. The equation involves
squaring the differences between observed and predicted
values, averaging these squared differences, and then taking
the square root of the result. RMSE gives a sense of how well
a predictive model’s outcomes align with actual observa-
tions. Lower values of RMSE indicate a smaller average
prediction error, reflecting a higher level of accuracy in
the predictions. In the context of assessing predictive models
for concrete properties, like compressive strength, RMSE
provides a quantitative measure of the model’s perfor-
mance, enabling researchers to gauge how closely their pre-
dictions match the real-world data.

Y06 - R -
CC= - .
VIO = XA - 3

RMSE = /%Z(xi -y @)
i=1

In this case, x; and y; stand for the experimental and
anticipated compressive strengths of the WGP concrete, respec-
tively. n denotes the total number of data points included in the
model, and X; and . stands for the mean experimental and
projected compressive strength, respectively.

&)

4.9.5 Comparison of models

The comparison of different prediction models for glass-
based cementitious composites highlights their diverse
approaches for forecasting material properties. These
models play a pivotal role in optimizing composite design,
production, and application, ultimately contributing to sus-
tainable construction practices. Machine learning models,
statistical analyses, and computational simulations are com-
monly utilized to develop prediction models. The effective-
ness of three well-known machine learning models, SVMs,
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RF, and ANN, in predicting the strength of RAC including
WG particles was specifically examined in this study.

Linear regression model offers insights into the linear
relationship between GP percentage and concrete proper-
ties. It employs optimization techniques to determine para-
meter influence on compressive strength, optimizing error
squares via Solver in Excel. The relationship between
expected and actual compressive strengths for typical con-
crete mixes with WG particles is shown graphically in
Figure 36. R? RMSE, and MAE are evaluation measures
that show how well the model performs. For both training
and testing data, the LR model displays an error line of
around +25%, slightly underestimating high-strength con-
crete and overestimating low-strength concrete. NLR model
captures the complex, nonlinear relationship between GP
content and concrete properties. Figure 37 showcases the
model’s equation and its accuracy evaluation. The analysis
reveals an error line within +20% for training data and
error margins of —15 to +20% for testing and validation
datasets. This model provides accurate insights into real-
world behavior. ANNs simulate the human brain’s structure
to predict material behaviors. Trained on extensive experi-
mental data, ANN uncovers intricate links between input
parameters and material properties. ANN’s architecture,
training process, and predictive power are detailed. Figure
38 illustrates a comparative analysis of ANN’s predictive
accuracy against other models. The error line is notably
smaller than +25%, indicating higher predictive accuracy.
Table 13 further dissects ANN’s predictive performance by
exploring various configurations of hidden layers and neu-
rons. The table provides a comprehensive view of R?, MAE,
and RMSE values for different setups, aiding researchers in
selecting optimal configurations for accurate predictions.
SVMs employ a classification algorithm to predict material
behaviors. SVM determines an optimal hyperplane for clas-
sifying data points. Statistical indicators like the CC and
RMSE are used in SVM’s application for the prediction of
compressive strength. Based on experimental and predicted
results for WGP concrete compressive strength, these mea-
sures determine the prediction accuracy.

The ANN exhibits superior dependability in compar-
ison to the other proposed models, according to the com-
puted R?, MAE, and RMSE values shown in Figures 39-42.
Specifically, the R* value in the ANN model surpassed that
of the regression model by 6% and exceeded the NLR by
5.7%. Compared to the regression model and the NLR, the
RMSE value in the ANN model was significantly lower at
91.8 and 88.8%, respectively. Similar to how the MAE value
in the ANN model significantly improved, being 87.2%
lower than the NLR and 92.8% lower than the regression
model. The ANN model’s objective (OB]) value was 95.8 and
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89.6%, respectively, less than those of the LR and NLR
models. Additionally, as shown in Figure 43, the SI value
of the ANN model was within the desirable range of 0-0.1,
suggesting outstanding performance.

In summary, these models offer distinct approaches
for predicting material properties in glass-based cementi-
tious composites, catering to different complexities and
nuances of the relationship between input parameters
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Figure 41: MAE value for proposed models [203].
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and material behavior. Researchers can leverage these
models to make informed decisions during composite design,
ensuring that the performance meets specific criteria while
advancing sustainable construction practices.

4.10 Applications and challenges

Glass-based cementitious composites hold immense poten-
tial for various applications in sustainable construction.
They have special qualities that can improve infrastruc-
ture’s performance and lifetime while minimizing environ-
mental effect. However, the adoption of these composites
also comes with certain challenges that must be addressed
to ensure their successful implementation.

4.10.1 Applications
Glass-based cementitious composites offer a wide range of

applications in sustainable construction, showcasing their
versatility and potential to revolutionize the industry. One
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Figure 43: SI value for proposed models [203].
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of the main uses is the creation of high-performance con-
crete, where these composites improve the mechanical
characteristics, such as compressive and flexural strength,
which makes them perfect for load-bearing components in
crucial infrastructure [204]. Additionally, their use as sus-
tainable construction materials stands out, as they help
alleviate the burden of glass waste disposal and reduce
reliance on traditional cement, contributing to a greener
environment. The enhanced durability of glass-based
cementitious composites makes them suitable for aggres-
sive environments like marine structures, where they
resist chemical attack and ASR more effectively [108].
Moreover, incorporating these composites in the manu-
facturing of lightweight and insulating panels improves
building energy efficiency and reduces carbon emissions.
Their compatibility with prefabricated elements stream-
lines construction processes, reducing time and costs.
As research and technology continue to advance, new
applications are continually being explored, solidifying
the position of glass-based cementitious composites
as an innovative and sustainable solution in modern
construction.

Table 14 provides an overview of the applications of
glass-based cementitious composites in sustainable con-
struction. Each application is described, along with its asso-
ciated advantages and real-world projects where these
composites have been used. High-performance concrete
utilizes these composites to enhance mechanical properties
in load-bearing structures like high-rise buildings and
bridges, improving structural integrity. They are also
employed as sustainable construction materials, utilizing
WG to promote resource conservation and reduce envir-
onmental impact in projects such as green buildings and
eco-friendly developments. Glass-based cementitious com-
posites exhibit enhanced durability, making them ideal for
use in coastal structures and wastewater facilities, where
they resist chemical attack and environmental factors,
prolonging the service life of these structures. Incorpor-
ating these composites in lightweight and insulating
panels improves energy efficiency and reduces carbon
emissions in buildings, while their application in prefabri-
cated elements streamlines construction processes, leading
to faster and cost-effective construction, particularly in mod-
ular construction projects. Overall, Table 13 showcases the
versatility and potential of glass-based cementitious compo-
sites to address various construction needs, contributing to
greener and more resilient infrastructure. The real-world
projects mentioned demonstrate the practicality and success
of using these composites in actual construction scenarios,
emphasizing their growing importance in sustainable and
high-performance building practices.
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Table 14: Applications for glass-based cementitious composites

Description

Application

Enhances mechanical properties for load-bearing elements in critical structures like high-

rise buildings and bridges, improving structural integrity

High-performance concrete

[206]

Green buildings, eco-friendly

projects

Resource conservation

Utilizes WG to promote sustainability and reduce environmental impact, contributing to

Sustainable construction

materials

resource conservation in projects such as green buildings and eco-friendly developments
Suitable for aggressive environments like coastal structures and wastewater facilities, where
it resists chemical attack and environmental factors, prolonging the service life of these

structures

[207]

Coastal structures, wastewater

facilities

Longer service life

Enhanced durability

[208]

Energy-efficient buildings,
insulation panels

Reduced construction

weight

Improves energy efficiency and reduces carbon emissions in buildings

Lightweight and insulating

panels

[209]

Modular construction projects

Faster construction

Streamlines construction processes and reduces time and costs, particularly in modular
construction projects

Prefabricated elements
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4.10.2 Challenges

The adoption of glass-based cementitious composites in
sustainable construction presents several challenges that
need careful consideration and innovative solutions [210].
It is crucial to ensure the performance and durability of
these composites over the long term, which necessitates
careful study and testing to determine how they respond
to a range of loading situations and environmental factors.
Standardization and the development of codes specific to
these materials are crucial to ensure consistent quality and
safety standards. Handling and processing WG during
manufacturing can be complex, necessitating the develop-
ment of efficient and cost-effective production processes.
Maintaining quality control is essential to prevent varia-
tions in material properties [211]. The initial cost of glass-
based cementitious composites may pose a barrier to their
adoption, making it imperative to demonstrate their long-
term benefits and cost-effectiveness. Integrating these com-
posites into existing design practices may require adjust-
ments, and promoting public perception and acceptance of
new materials is essential. Additionally, establishing a
robust recycling and circular economy infrastructure is
vital to ensure a consistent supply of WG. Continued
research and development efforts will further enhance
their performance and sustainability. The integration of
glass-based cementitious composites into mainstream con-
struction will be speeded up by addressing these issues
through cooperation between researchers, industry experts,
and policymakers, leading to the development of future
infrastructure that is more environmentally friendly and
robust [212].

Table 15 provides a comprehensive overview of the
challenges associated with the adoption of glass-based
cementitious composites in sustainable construction. Every
challenge is explained, stressing the most pressing issues
that must be resolved to enable the broad application of
these cutting-edge materials. As it influences the belief in
the material’s dependability over time, the first difficulty
highlights the significance of assuring the long-term dur-
ability and performance of glass-based cementitious com-
posites. Rigorous testing and real-world monitoring are
essential to assess its behavior under various environ-
mental conditions and loading scenarios. Another signifi-
cant challenge lies in establishing standardized testing
methods and codes specific to these composites, ensuring
consistent quality and safety standards. Collaborating with
regulatory authorities will aid in developing and imple-
menting these standards effectively. The complexities
involved in handling WG during the manufacturing pro-
cess pose challenges to production efficiency. Developing
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specialized equipment and processes will streamline the
handling and processing of WG. Maintaining consistent
quality during production is vital, as material properties
may vary. Robust quality control measures are necessary
to ensure that the final product meets desired perfor-
mance standards. Additionally, the higher initial cost of
glass-based cementitious composites compared to con-
ventional materials may deter adoption, particularly in
budget-constrained projects. Convincing stakeholders of
the long-term cost benefits of these composites becomes
crucial. Integrating these composites into existing design
practices requires collaboration between designers and
engineers to fully capitalize on their unique properties.
Moreover, public perception and acceptance of new mate-
rials incorporating WG can significantly impact their
market demand and adoption. Educating stakeholders
about the benefits and sustainability aspects of these com-
posites can help overcome resistance to change. Ensuring
a consistent supply of WG for production is crucial for the
continuous use of these composites, promoting recycling
infrastructure development will help maintain a reliable
source of WG. Continual research and development are
essential to improve the performance and sustainability of
glass-based cementitious composites, unlocking their full
potential. Finally, transitioning the construction industry
to adopt new materials and practices requires significant
investment and coordination among stakeholders. Infra-
structure development and training programs are vital for
successful integration. The potential of glass-based cementi-
tious composites for greener, more resilient, and sustainable
infrastructure for the future will be unlocked by addressing
these issues through cooperative efforts among researchers,
industry experts, and policymakers.

5 Conclusion and future research
direction

In this study, a thorough and in-depth debate was under-
taken along with a scientometric evaluation of the use of
WG in concrete for environmentally friendly construction.
The research used a detailed scientometric analysis to eval-
uate a number of factors, including the most popular fields
of study, article publishing patterns, the most important
sources, keyword co-occurrence, highly cited papers, and
well-known authors. We also looked at the countries that
were actively involved in the field of WG usage in concrete
for green building. We also carefully considered how
adding WG to building materials might affect sustain-
ability. We also carefully assessed how WG affected the
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performance of cement-based materials. We specifically
gave attention to important factors including the compo-
site material’s workability, compressive strength, split-ten-
sile strength, flexural strength, and durability. By going
through into these aspects, the aim of our study was to
provide valuable insights into the use of WG in concrete
for sustainable construction, shedding light on its potential
benefits and challenges for the construction industry.

The study presents a systematic scientometric review
methodology for analyzing WGP-based concrete research.
Itinvolves a literature search, data organization, and scien-
tometric analysis using Scopus and VOSviewer to under-
stand the research landscape and identify key contributors
in sustainable construction. The scientometric review on
WG in concrete provides comprehensive insights into publi-
cation trends, subject areas, influential sources, key articles,
and prominent keywords related to sustainable construction.
The study highlights the increasing research activity, inter-
disciplinary nature, and significance of engineering and
materials science in this field. Notably, “Construction and
Building Materials” emerges as the most influential source,
and “The Greening of the Concrete Industry” stands out as
the most-cited article. Moreover, the review identifies top
authors, organizations, and funding sponsors, reflecting global
collaboration. As a valuable resource, it aids researchers and
policymakers in advancing sustainable practices using WG in
concrete. The importance of concrete based on WGP for sus-
tainable construction. By reducing landfill waste and environ-
mental pollution, it offers improved concrete properties and
promotes eco-friendly practices. A feasible alternative to
cement made of WGP has the potential to make the building
sector more environmentally friendly. The limitations of WGP-
based concrete, including issues related to glass color, glass
sources, and challenges in working with glass. Different glass
colors can impact the concrete’s performance due to additives
and reactions with the cementitious matrix. Glass from var-
ious sources affects concrete strength differently, and the
sharpness of GP poses challenges in handling. Continuous
research and innovation are required to maximize the usage
of WG in concrete. A potential sustainable construction option
is the use of WG in concrete. Recycling WGP can significantly
reduce environmental impact, promote efficient resource use,
and decrease landfill waste. By harnessing the pozzolanic
properties of GP, concrete’s performance can be improved,
leading to enhanced durability and strength. In order to
ensure correct construction and the caliber of the finished
product, it is crucial to consider the fresh state characteristics
of WGP-based concrete, including setting time and work-
ability. The addition of GP can lead to increased setting times
due to slower reactions and changes in water demand.
However, adding more GP will increase the concrete’s
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workability and make it easier to handle. Utilizing WG in
concrete production for sustainable construction methods
requires a comprehensive understanding and optimization
of these qualities. For sustainable construction, using WGP
in concrete can greatly improve the material’s qualities in
the hardened stage. Increased compressive, split tensile, and
flexural strengths often come about by the use of GP, with 15%
being the ideal replacement proportion. This addition also
improves the concrete’s durability by reducing permeability,
enhancing resistance to chemical attack, ASR, and FT cycles,
and decreasing water absorption. The performance of the
concrete is further aided by the WGP’s pozzolanic activity.

For forecasting compressive strength in typical concrete con-

taining WG, the ANN model performed better than other

models across a range of statistical parameters.

In conclusion, this scientometric review on WGP-based
concrete research provides valuable insights into sustain-
able construction. WGP has potential as an alternative to
cement, offering improved properties and eco-friendly
practices. Challenges include glass color impact and hand-
ling issues. Nevertheless, utilizing WG in concrete presents
a sustainable solution, reducing environmental impact and
promoting stronger structures. By optimizing properties
and understanding pozzolanic behavior, we can advance
sustainable construction practices effectively. Based on the
outcomes of this study, the following practical recommen-
dations are proposed to enhance the use of WG in concrete
applications.

* Based on the findings of this study, construction and
material science industries should consider the integra-
tion of WGP in concrete mix designs more aggressively.
Regulatory bodies are also recommended to work toward
standardizing the use of WG in construction materials,
ensuring safety and performance standards are met.

¢ Further research should focus on the long-term dur-
ability of concrete structures incorporating WGP. Specific
attention should be paid to the material’s behavior under
various climatic and environmental stressors over extended
periods.

o It is recommended that further studies investigate the

optimal particle size of GP for concrete reinforcement.

This includes examining the balance between work-

ability, strength, and durability of concrete with varying

sizes of glass particles.

Future projects should include detailed environmental

impact assessments comparing traditional concrete and

GP-enhanced concrete. This will help quantify the envir-

onmental benefits and identify any potential negative

impacts.

* Conduct economic feasibility studies to assess the cost
implications of using WG in concrete. Such studies should
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consider the entire lifecycle costs including material pro-
cessing, transportation, and construction costs, as well as
potential savings from longer lifespan and reduced
maintenance.

Encourage the development of specialized concrete mixes
that use WG for specific applications such as decorative
elements, pavement solutions, and precast structures,
which can benefit aesthetically and functionally from
the unique properties of glass.

Increase public awareness and educational efforts about
the benefits and practicalities of using WG in concrete.
This can be achieved through workshops, seminars, and
publications targeted at industry professionals, policy-
makers, and the general public.

These recommendations aim to propel the utilization
of WG in concrete toward more sustainable and environ-
mentally friendly construction practices, backed by research
and economic validation. To further advance the field and
address current limitations, the following future research
directions are proposed.
¢ Investigate the compatibility of different types of WG

with various cementitious materials, focusing on enhancing
the mechanical properties and durability. This includes
studying the interactions at the microscopic level and
understanding how these interactions affect the macro-
scopic properties of the concrete.
* Conduct comprehensive life cycle assessments to quan-
tify the environmental benefits and potential drawbacks
of concrete mixtures that incorporate WG. These assess-
ments should consider all stages from material extrac-
tion through manufacturing, use, and disposal to ensure
a holistic evaluation of environmental impacts.
Explore the pozzolanic reactions between WGPs and
cement under different environmental conditions and
curing processes. This research should aim to optimize
the reaction conditions to maximize the strength and
durability of the concrete, while minimizing negative
environmental impacts.
* Assess the scalability of using WG in concrete produc-
tion, including detailed cost-benefit analyses that con-
sider the sourcing, processing, and transportation of
WG. Economic feasibility studies should also explore
potential market barriers and opportunities for commer-
cial adoption.
Examine the long-term performance of concrete incor-
porating WG, with a specific focus on its resistance to
environmental conditions like FT cycles, sulfate attacks,
and other deleterious effects. Studies should also look at
the aging process to understand how the properties of
concrete change over time with the inclusion of glass.
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* Research innovative applications of WGP in concrete,
aiming to enhance aesthetic qualities or develop specific
functional properties such as improved reflectivity or
insulation. This could include the use of colored glass
for decorative purposes or the development of specia-
lized concretes that offer better thermal or acoustic
properties.

Study the impact of regulatory frameworks on the adop-
tion of WG in concrete. Work toward the development of
standardized guidelines and best practices that facilitate
broader acceptance and use in the construction industry.
This should also involve collaboration with policy makers
to ensure that the guidelines are practical and based on
solid research findings.

By addressing these areas, researchers can contribute
to the development of more sustainable, durable, and cost-
effective concrete solutions, aligning with global sustain-
ability goals.
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