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Abstract

Self-compacting concrete (SCC) also uses a wide variety of resources, which makes it unsustainable. Currently, a lot of
experts are concentrating on using valuable industrial or agricultural waste as the main raw material for the building industry.
These wastes, on the other hand, are affordable and readily accessible everywhere, making them ideal for commercial use
while also contributing to the reduction of environmental degradation. Waste glass (WG) is a kind of industrial waste that
has the potential to be utilized in concrete. Many researchers are focused on utilizing WG in concrete and stated encourag-
ing responses. However, the information is scattered, and no one can judge easily the benefits of WG which restrict its use.
Therefore, a details review is required of WG as construction materials which provide an easy path for the reader. Further-
more, some researchers successfully conduct a review on WG as a concrete ingredient. However, according to the author's
best knowledge, fewer studies focus on the utilization of WG in SCC. This review aims to deliver a concise summary of the
already research carried out on WG as SCC ingredients to identify the benefits, mechanisms, and current researcher pro-
gress. Chemical compositions and physical properties of WG, strength properties, durability properties, and environmental
benefits are the main aspects of this review. In addition, the review assesses future researcher guidelines for SCC with WG

to improve its performance.

Keywords Self-compacting concrete - Waste glass - Compressive strength and durability

1 Introduction

In recent years, Self-Compacting Concrete (SCC) has
emerged as one of the top high-performance concretes. SCC
is a kind of concrete that can be laid down and consolidated
using its weight [1, 2]. Even in severely structural compo-
nents, it may fill reinforcing holes and spaces, and it flows
without segregation [3, 4]. SCC reduces noise because it
creates a vibration-free atmosphere, but it also improves the
quality of concrete by reducing the need for human involve-
ment in workability tasks. This concrete has recently been
widely used in several nations for a variety of purposes
[5]. Although using SCC has several technical benefits, the
expense of delivery may be 2 or 3 times more than that of
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traditional concrete [5] depending on the mix design and
concrete production quality control.

Therefore, an effort is being made to lower the cost of
SCC manufacturing by substituting cheaper resources, par-
ticularly waste compositions, for the material mixes. Addi-
tionally, many nations are seeing a significant expansion of
the building sector, which entails the utilization of natural
resources for the building of infrastructure. The scarcity
of accessible natural resources endangers this expansion.
Worldwide, there is a shortage of natural resources, while at
the same time, industrial waste generation is sharply rising
[6-8]. Utilizing unconventional and cutting-edge materials
as well as recycling trash are all part of sustainable growth
for the building industry [9—11]. This helps to make up for
the reduction of environmental resources and seeks out other
methods of environmental preservation. Many amenities for
humanity have been produced by modernization and indus-
try. However, owing to the generation of waste materials and
the release of dangerous gases, urbanization has resulted in
several ecological problems, including contamination, the
destruction of natural resources, and difficulties with waste
disposal [12-15].
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SCC mixes include cement, coarse aggregate, fine aggre-
gate, water, and additives, just like regular concrete [16—19].
Nevertheless, more sand must be added at the expense of
less coarse material for improved viscoelastic qualities [20,
21]. SCC, in contrast to conventional concrete mixtures,
comprises a high composition of fillers as fillers to enhance
the transport qualities of concrete. Using a large quantity of
cement as the sole powder component is not only economi-
cally unfeasible but also has negative environmental effects.
Due to this, scientists have begun to substitute other powder
substances, such as fly ash, silica fumes, and blast furnace
slag, for a part of the cement in concrete, which lowers the
cost of the material while simultaneously enhancing its per-
formance [22]. To lower the quantity of cement and heat
of hydration, improve rheological properties and longevity,
and delay the setting time. Fillers like limestone powder are
used as pozzolanic materials. Additionally, superplasticizer
is used to lessen yielding stress and improve resistance to
segregation [23].

Due to pollution, rising consumerism, and a rise in waste
materials, the globe is now dealing with numerous major
environmental concerns. Figure 1 depicts global garbage
production and projections. Additionally, the ecological
demand is to implement eco-friendly methods for reusing
and utilizing this garbage to save environmental assets and
lower Carbon dioxide CO, discharges [24]. Rising living
standards, industrialization, and urbanization resulted in a
growing quantity of garbage that is creating dumping issues.

Additionally, out of 25 million tons, 17.5 million tons
were dumped carelessly [25]. Recycling garbage is thus seen
as the best option since it lessens environmental degrada-
tion and facilitates the recovery of power generation pro-
cesses. Due to its nonbiodegradability, which leaves it less

Fig. 1 Worldwide waste produc-
tion and prediction: Source
(https://bit.ly/3DKY Vqj)
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ecologically beneficial, and the fact that landfill capacity
is being reached, glass garbage is unattractive for disposal
[26]. As a result, WG has significantly increased the load
on dumps across the globe. Every time the quantity of WG
grows and the landfill's area is at a premium, disposing of
it becomes more difficult [27]. Therefore, it is crucial to
develop a sustainable substitute so that this substance may
be reused and recycled.

The fact that glass is mostly used for single-use items like
beverage bottles is a major issue. It is projected that WG pro-
duced 5% of the world's municipal solid trash in 2016 [28].
Glass products are being used much more often, which has
produced vast amounts of WG. Glass production is projected
to total 209 million tonnes yearly worldwide [29]. Europe's
glass recycling rate was 71.48 percent in 2017, ranging from
98 percent (Slovenia and Belgium) to 9 percent in individual
nations (Turkey). In 2017, the United States had a glass recy-
cling rate of 26.63 percent, sending 52.9% of glass contain-
ers to landfills [29]. Glass garbage is not biodegradable and
takes up precious landfill space indefinitely. Poor recycling
processes result in the dumping of glass trash in landfills,
increasing the need for natural resources and decreasing
supplies like beaches to make additional glass. Landfill tax
is projected to increase as landfill space becomes more in
demand, encouraging improved recycling practises. Finding
more affordable ways to recycle waste may reduce disposal
costs while preserving landfills and natural resources. Due to
the rising need for landfill space and environmental assets as
well as the increased focus on lowering the carbon footprint
of the building sector, the management of WG became a
significant environmental challenge.

Glass is a special, inert, and perfect substance that can
be reused endlessly without losing any of its chemical
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characteristics [30]. Due to high WG dumping prices and
environmental laws, the use of WG as concrete ingredients
has recently received new study attention [31, 32]. The first
man-made materials are composed of glass. It is created in a
variety of shapes, such as flat glass, bulb glass, cathode ray
tube glass, packaging, container glass, and so on. Each of
these shapes has a finite life span. Glass must thus be reused
to prevent the environmental concerns that might arise if it is
accumulated or landfilled. Glass is a substance that is 100%
recyclable and may be recycled continuously without losing
quality [33]. The use of broken glass as aggregates was the
subject of much laboratory investigation. They discovered
that with 100% crushed glass as aggregates, 80% ASTM
Type III Portland cement, 20% metakaolin as cementitious,
and the right quantity of plasticizer, a fairly workable con-
crete could be created [32]. In the creation of concrete, WG
may be utilized as a cement substitute or as an aggregate.
Nevertheless, the outcomes are dependent on the WG par-
ticle size, replacement rate, and chemical makeup, all of
which must be taken into account while designing the mix.
The function of WG in concrete is shown in Fig. 2.
Concretes with up to 30% WG as a cementitious mate-
rial achieve the maximum compressive strength (CS) and
least permeability. The CS decreases above this replacement
level (30%) [35]. Some other studies found that the strength
of 45 MPa control concrete increased up to a substitution
rate of 10% whereas the CS of 33 MPa control concrete
decreased when more than 5% of the binder was supplanted
by WG [36]. Workability improves with increasing WG con-
tent, according to a study that mortar samples with WG of
about 15 mm at 0%, 10%, and 20% cement replacements
[37]. The impact of WG fineness on various SCC qualities
was explored. For concrete produced using WG with smaller
particle sizes, improved strength, and durability character-
istics have been reported [38]. A study that used 13 mm
WG as additional cementing material in concrete found that

adding WG slightly increased the slump, possibly because
of the non-water absorption nature of WG [39].

A short review of the literature reveals that many
researchers are committed to using WG in practical ways and
have seen success. However, there is a lack of knowledge and
difficulty in evaluating the advantages of WG, which limits
its application. To provide a simple route for the reader, a
detailed overview of WG as building materials is necessary.
Additionally, several researchers have effectively reviewed
WG as a concrete ingredient. The authors' best information,
however, indicates that little study has been done on WG as
self-compacting concrete. The objective of this study is to
provide a succinct overview of the prior research on WG
as SCC constituents to highlight the advantages, mecha-
nisms, and ongoing research developments. The key topics
of this review are the chemical make-up and physical char-
acteristics of WG, strength characteristics, and durability
characteristics.

2 Physical and Chemical Properties
of the Waste Glass

The bulk specific gravity of the WG was 2.49, which is less
than that of cement (3.0), and its fineness modulus was 4.25,
with a water absorption of 0.36. The grading of the glass
aggregates met the requirements of BS 882 [40] for aggre-
gates. According to an investigation, WG has an average
surface area of 2120 g/cm?2 and a PH value of 10.8 [41, 42].
About 40% of the mixture is made up of clay and dust [43].
Figure 3 depicts the WG before and after crushing.
According to Table 1, the primary components of WG
powder are Si0,, Na,O, and CaO. Nevertheless, the amounts
of these fundamental substances vary depending on the kind
of glass being produced. Most glass varieties listed in the lit-
erature have a substantial quantity of SiO, (70%). According

Fig.2 Role of WG in concrete
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Fig.3 WG (a) before crushing
and (b) after crushing [44]

to ASTM C 618, cementitious material's pozzolanic activity
must be at least 70 percent SiO, + Al,O; +Fe,O; to be clas-
sified as Class F [45]. Because glass has a higher SiO, con-
tent than regular Portland cement (OPC), it may substitute
for pozzolana when employed as an additional cementitious
ingredient.

Figure 4 displays pictures of glass particles obtained
using scanning electron microscopy (SEM). Glass is made
up of sharp, harsh, and unevenly surfaced grain forms.
Concrete's flowability was decreased by the angularity and
rough surface roughness of glass particles. The components'
internal resistance was increased by irregularities and harsh-
ness. According to research, fly ash particles are smooth and
round, while glass particles are harsh and irregular [48].

3 Strength Properties
3.1 Compressive Strength (CS)

The compressive strength (CS) of SCC with the replacement
of WG is shown in Table 2 and Fig. 5. It should be noticed
that the replacement of WG lowered the CS of SCC. The
research found that irrespective of substitution percentage or
age, using glass as a substitute for natural sand significantly
reduced CS compared to the reference blend. Additionally,
it was discovered that CS was unaffected by WG substitu-
tion by up to 30%. At 28 days, there was a 1.78 percent, 2.52

Table 1 Chemical composition of WG powder (WGP)

Reference [41] [43] [46] [47] [42]
SiO, 61.51 67.72 7191 70.50 74.3
Al,O4 1.53 1.20 - 2.60 0.15
Fe, 04 1.67 1.20 0.01 - 0.08
MgO 2.41 6.0 7.30 2.90 391
CaO 10.56 6.90 7.30 5.70 8.79
Na,O 8.65 5.35 9.59 16.30 11.6
K,0 - 5.35 0.53 1.20 0.03

@ Springer

percent, and 6.57 percent decrease in CS compared to the
reference blends for glass substitution rates of 10%, 20%,
and 30%, respectively. After additional increases in glass
content, notably after a 30 percent substitution, the drop in
CS became noticeable. The largest CS decrease recorded
for 50% WG was 15.29 percent [2]. This decrease could
be due to weaker interfacial adhesion between the cement
paste matrix and glass particles, smooth grain surfaces, and
decreased toughness strength against fracture [49].
According to research, using recycled glass trash instead
of sand lowers the CS of SCC combinations when compared
to the reference blend. It was found that the high degree
of smoothness of the WG particle, causes fractures as well
as insufficient adhesion between the WG and cement paste
inter-phase. An increase in the quantity of glass waste used
in concrete lowered the CS because the poor geometry of
WG prevented a homogenous dispersion of aggregates.
When compared to control mixes at various percentages
of WG substitutes, the percentage of CS loss is reduced as
cement rises from 350 to 450 kg/m?>. This might be explained
by the pozzolanic reactions that develop as the cement rises
from the addition of silica fume and the high proportion of
fines generated as the amount of WG rises [43]. According

Fig.4 SEM of WG particle [37]
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to Park et al. [27], adding 30% of WG to concrete resulted in
a 4 percent reduction in CS when compared to control mixes.

Natural aggregates were substituted with WG at replace-
ment levels of 0 percent, 20 percent, 40 percent, 60, 80,
and 100 percent by the total volume of aggregate. One can
argue that the use of WG as a whole or partial substitute
for natural aggregate has a negative impact on the values of
CS. The greatest drop in strength was seen with a 100% WG
substitution ratio. The proportional decrease in strength was
somewhere between 26 and 43 percent. Additionally, the
CS values varied between 53.0 and 65.2, 51.7 and 63.1, and
46.6 and 62.0 MPa. In addition to the WG particles' smooth
surface, the free water that is not absorbed by glass particles
may build up there, which might reduce ITZ strength by
creating a weak link between them and cement particles.
The decreasing trend was more obvious at high substitution
levels. As a result, the range of CS was suitable for different
applications of structural concrete [46].

The result demonstrates that the CS of SCC mix was
lower than the control at all test ages when glass was used
in substitution of sand and 10 mm coarse aggregate. Accord-
ingly, the 28-day strength of glass with a 15 percent, 30 per-
cent, and 45 percent substation was reduced by 1.5 percent,
4.2 percent, and 8.5 percent, respectively [40]. Additionally,
according to research, the strength of concrete created using
WG was only marginally stronger than that of regular con-
crete [27]. This may be explained by a weaker link between
the cement particles and the glass as well as a rise in the
fineness modulus of the natural rive sand, which reduced the
density of the concrete. Nevertheless, research find that WG
concrete had a greater CS value than regular concrete. At
10%, 40%, and 60% of WG substitution levels, the authors
observed a boost in the value of CS [59]. Inherent fissures in
glass particles and excessive bleeding of SCC mixes includ-
ing glass aggregate should also be mentioned as having a
harmful influence on the strength [60]. Glass aggregate's
higher CS and greater angularity, when compared to natural
aggregate, might be seen as contributing elements that can
raise the CS [61]. Comparable CS of blends including glass
aggregate and blends created without substituting natural
aggerate with glass aggregate may be achieved under the
combined impact of these favorable and unfavorable vari-
ables [51]. A study substituted 10%, 20%, 30%, 40%, and
50% of WG as natural river sand in SCC. The results show
that the replacement of WG lowered the CS of SCC. Recy-
cled glass SCC blends have a decrease of 2.93 percent, 0.36
percent, 2.735 percent, 1.3 percent, and 3.17 percent, respec-
tively, after 28 days of CS. This is comparable to earlier
concrete ages. The researcher concluded that, for practical
applications, the CS of glass-based SCCs is about equivalent
to the mix without the WG component. Therefore, replac-
ing less than 50% of the WG with sand yields acceptable
CS results. In comparison to its control combination, it was

@ Springer

discovered that adding 50% of WG to SCC as fine aggregate
reduced CS by 8% [43].

The research examined the combined effects of two indus-
trial effluents, namely WG and steel slag, as replacements
for cement and sand in SCC. The results show that when
20% of the cement is replaced by WG, CS increases com-
pared to the reference concrete for all substitution levels of
fine aggregates made of steel slag. However, when WG con-
tent is raised further, CS declines. Concrete's compressive
strength (CS) rises with an improvement in steel slag content
at a constant level of WG concentration. When 20% glass
powder was substituted as a binder and 80% steel slag was
substituted as sand, the highest boost in CS (11%) was noted
as compared to the reference mix. On the other hand, the
CS of concrete slightly decreases when the amount of WG
increases while the amount of steel slag remains constant.
The minimal CS is specified as 40% cement substitute and
40% sand substitute for concrete including WG and steel
slag, respectively showing CS 5.7 percent less than the ref-
erence mix [42].

According to research, the CS of 30 percent (10 m) WG
was comparable to 30 percent fly ash at all ages. However,
the CS values for mixes of 20 percent (10 m) and 40 percent
(10 m) WG were lower as compared to the fly ash-based
concrete. The possibility of replacing cement with WG is
confirmed by the CS of 30% (10 m), which matched the
intended concrete strength at 545 days. Even the coarsest
glass utilized in this investigation had at least a minor pozzo-
lanic impact that persisted after 90 days of curing, according
to the ongoing strength growth in all glass mixtures [48]. It
was found that the failure pattern of concrete cube specimens
including glass was comparable to that of standard concrete
cubes, which normally have their failure line parallel to the
direction of the applied stress as presented in Fig. 6.

Compressive strength aging relation is depicted in Fig. 7,
where 28 days' CS was chosen as the reference strength from
which other WG doses are compared at various curing days.
When 10 percent of WG is substituted for reference con-
crete, the CS of concrete after 7 and 28 days is equal to the
reference concrete's (control concrete's CS after 28 days),
but after 90 days, the CS is 6% more than reference con-
crete. The pozzolanic reaction of WG is responsible for the
increase in CS after 28 days since it develops more gradually
than cement hydration. Similar research revealed that the
pozzolanic process moves more slowly than cement hydra-
tion [62-64].

When 20 percent of WG is substituted for reference con-
crete, the CS of concrete after 7, 28, and 90 days are equal
to the reference concrete's (control concrete's CS after
28 days). When 40 percent of WG is substituted for refer-
ence concrete, the CS of concrete after 7 and 28 days is 15
and 11% less than the reference concrete, but after 90 days,
the CS is equal to reference concrete. Therefore, WG up
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Fig.5 Compressive strength
[43, 46, 47]

65

60 7

55

50 7

40

Compressive Strength (MPa)

35 1

30 7

25

EA

20
Ali et al.

to 40% can be utilized without any negative effect on CS.
However, a considerably decreased in CS was observed at
50% substitution of WG due to lack of flowability which
results in more voids in concrete. Also, a study claimed
that the higher WG adversely affects the CS of concrete
due to the dilution effect [63].

3.2 Tensile Strength (TS)

Table 2 and Fig. 8 show the TS of SCC with the substitution
of WG. It should be observed that the replacement of WG
caused decreased the CS of SCC. According to research, the
TS of concrete including WG as sand replacement showed
a tendency to decline with an increment in the WG mix
proportion. The TS of WG decreases by 5% after 28 days
when WG contributes 60% as fine aggregate [27]. Corre-
sponding to this, WG was employed in research as a partial

Fig. 6 Failure of SCC (a) Com-
pression and (b) Tensile [44]

Yasser et al. Bawi et al.

replacement for cement in amounts ranging from 0 to 30%
by weight of cement. The findings demonstrate that con-
crete's tensile strength improved up to a 20 percent replace-
ment of waste and further substitutions of WG reduced
TS owing to poorer flowability. They may also assert that
because of the higher cement matrix strength, WG improved
TS more effectively than CS [63]. Additionally, it has been
shown that low cement matrix strength results in less TS in
concrete [64]. The TS of concrete was improved by substi-
tuting WG which forms secondary C-S—H, which increased
cement matrix strength [63].

As the glass particle size grew, the TS of SCC adding WG
typically decreased. The increased particle size is blamed for
a generally weaker pozzolanic reaction, which results in a
lower TS for 30% glass (40 m). But after 90 days, the glass
powder mixtures, especially the ones with 30% glass (30 m)
and 30% glass (20 m), demonstrated superior or comparable

@ Springer
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TS to plan concrete. Parallel to CS data, the TS dropped
as the degree of glass replacement rose. For mixtures of
20 mm glass powder at various replacement amounts and
ages, research was conducted using TS. It's important to
notice that after 90 days, the TS for concrete with 20 per-
cent glass (20 m) is greater than reference concrete [48].
This could be caused by the smaller dilution factor and the
denser microstructure created by the pozzolanic reaction of
the glass powder [65]. In general, it can be concluded that
the TS of concrete is not adversely affected when up to 30%
of the cement is replaced with glass particles [48].

In general, as the glass particle size increased, the TS
of SCC incorporating WG decreased. The bigger parti-
cle size, which results in a generally lower pozzolanic
reaction is responsible for the lower TS for 30% glass
(particle size 40 pm). But after 90 days, the WG mix-
tures of 30% glass (particle size 30 pm) and 30% glass
(particle size 20 pm) showed greater or comparable TS
to reference concrete. With an increase in the degree of
glass replacement, the TS declined in accordance with the
CS information. For mixtures of 20 mm WG at various
replacement levels and ages. It's noteworthy to notice that
after 90 days, reference concrete has a higher TS than a
mix with 20 percent glass (particle size 20 pm) [48]. This
could be the consequence of the denser microstructure
and smaller dilution factor produced by the pozzolanic
reaction of the WG, respectively [66]. The TS of concrete
does not seem to be significantly affected by the substitu-
tion of up to 30% of cement with WG [48]. Furthermore,
the research found that the combined effects of WG and
calcined zeolite improved the TS of the concrete. The
inclusion of the calcined zeolite has reduced the brittle-
ness brought on by the WG and increased strength as
a consequence. At all ages, more WG replacement was

Fig. 7 Relative compressive
strength

!
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associated with higher TS as compared to the reference
SCC. Increased interfacial transition zone strength has
also led to a decrease in bleeding and shrinking [52].

The researcher examined the combined effects of WG and
steel slag, as replacements for cement and sand in SCC. The
results show that when 20% of the cement is replaced by WG
and 80% of the sand is replaced by steel slag, the highest
improvement in TS of 13.2% was recorded compared to the
reference mix. The minimum strength of the concrete mix is
also highlighted which is 5.6 percent lower than that of the
control mix and contains 40% sand replaced by WG and 40%
replacement cement. [42]. According to research, the smooth
surface of the glass caused a 5 percent reduction in TS when
used as an aggregate replacement with 50%. However, TS
was greatly reduced by roughly 30 percent when glass was
used in place of coarse aggregate in concrete [67]. Similar
findings were made by another investigation, which showed
that all mixes with glass aggregate had lower TS than con-
trol concrete [68]. Decreased TS was 1.5 percent, 5.0 per-
cent, 8.2 percent, and 15.4 percent, respectively of concrete
samples containing 15 percent, 30 percent, 45 percent, and
60 percent WG. These findings suggest that, because of the
glass's natural tendency to microcrack when crushed, the
loss in TS increases with the replacement percentages. Con-
sequently, the glass and cement paste fail to adhere well
together. A study substituted 10%, 20%, 30%, 40%, and
50% of WG as a fine aggregate. The results revealed a small
reduction in strength was observed for mixtures with more
than 20% WG substitution as sand. The test findings show
that a 50% substitution of WG for sand causes a 5 percent
reduction in TS at 28 days when compared to the reference
batch [43]. Similarly, the findings show that the TS of glass-
based SCC mixes was less than that of the reference mix at
28 and 90 days [69].
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Fig.8 Tensile strength [43, 46,
53]
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3.3 Flexural Strength (FS)

The flexural strength (FS) of SCC with the replacement of
WG is shown in Table 2 and Fig. 9. It should be noted that
the replacement of WG caused decreased in FS of SCC.
however, a study found that the pozzolanic processes that
occur when WG powder is used as a cement substitute
in SCC increase FS [70]. However, with larger replace-
ment percentages, the strength steadily declines. At larger
doses, the strength decreases by about 8.36 percent, 11.9
percent, and 19.33 percent for replacement percentages of
20 percent, 25 percent, and 30 percent, respectively. The
FS of concrete normally improves with a 5 to 15 percent
substitution of WG [71].

Research substituting 10, 20, 30, 40, and 50% of WG
for fine aggregates. In comparison to the control, except for
Mix 2, which had 10% glass substitution, the FS tends to
decline as the proportion of WG substitute in the concrete
mix increases. The adhesion between the glass and cement
paste may be increased by substituting a small amount of
glass for sand. However, when more glass is substituted for
sand, the high degree of smoothness of the glass reduces
the binding strength between the glass and cement parti-
cles. According to the flexural data, the SCC FS decreased
by 15% when 50% of the sand was replaced with recycled
glass as a comparison to the control mixture [43]. Instead of
using fly ash, more glass powder was utilized, which resulted
in a greater FS. Comparing it to reference concrete, the FS
of 20% glass replacement is enhanced by 57.47%. Glass
powder, contains more active silica than fly ash [55] which
results in more CSH, leading to more FS of SCC.

The research examined the combined effects of WG and
steel slag, as replacements for cement and fine aggregate in

Olutoge et al. Bawi et al.

SCC. Results show that FS increases when steel slag content
rises while WG content remains the same and FS reduces
when WG content rises while steel slag content keeps the
same. The highest FS, which is 19.3 percent greater than that
of the control mix, is reported for concrete that substitutes
20% WG and 80% steel slag for cement and fine aggregate.
In contrast, the minimum FS for concrete that substitutes
40% WG and 40% steel slag for cement and fine aggregate
is reported and is 11.3% lower than that of the control mix
[42]. The creation of SCC that incorporates WG aggregate
as a partial replacement of fine aggregate O percent, 10 per-
cent, 20 percent, 30 percent, 40 percent, and 50 percent is
examined by the researcher. Results show a pattern resem-
bling the CS findings. However, For FS, the impact of WG
was less noticeable than it was for CS. Experimental findings
show that for WG of 10%, 20%, 30%, 40%, and 50%, respec-
tively results FS tends to drop by 1.38 percent, 2.52 percent,
5.97 percent, 9.40 percent, and 11.70 percent at 28 days [2].

However, the research found that, compared to refer-
ence concrete, SCC containing WG, and calcined zeolite
had higher FS at all ages. For achieving the desired FS, a
mixture of 30% WG and 20% calcined zeolite is thought to
be ideal. Even with large percentage replacements of WG as
fine aggregate, the SCC including calcined zeolite produced
greater FS than FS of control SCC. In SCC, the inclusion
of WG and calcined zeolite produced a considerable filler
effect. At all percentage replacement levels of zeolite in the
SCC, the calcined zeolite effect in conjunction with the glass
powder improves the flexural behavior. The strength of the
concrete was improved with the use of glass powder and
raising replacement levels by using calcined zeolite. The
Concrete's bond was strengthened by the addition of 30
percent zeolite, making it less susceptible to the effects of
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Fig.9 Flexural strength [43, B
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flexural failure [52]. Furthermore, research shows that when
5%, 15%, and 20% WG replacements are applied, respec-
tively, the FS of concrete rises by about 3.54 percent, 5.03
percent, and 8.92 percent after 28 days owing to pozzolanic
reactions [72].

According to research, zeolite, and glass powder's pozzo-
lanic reactivity also led to the creation of hydrate CSH gels,
which increased the strength of the concrete. The addition of
zeolite, which may offer extra water for the transformation of
CH into CSH owing to its internal curing ability, significantly
reduces the water required by the self-compacting concretes
to build strength [73]. The decreased quantity of pores in
zeolite brought on by the calcination effect and the replace-
ment of the zeolite with glass powder, which prevented par-
ticle aggregation in the self-compacting concrete, may also
be to blame for the increased strength. The glass powder's
ability to fill pores and subsequently demonstrate pozzolanic
activity contributed to the concrete's increased strength as
it aged. The reduction in the quantity of water absorbed by
the zeolite when combined with glass powder significantly
decreased the amount of free evaporable water in the con-
crete, which may be the primary factor in the enhancement
of the mechanical strength qualities of the SCC.

3.4 Elastic Modulus (EM)

Figure 10 shows the findings of the EM with the substitu-
tion of WG as aggregate after 28 days. In comparison to
control mixes, the proportion of WG substitute in the con-
crete increase causing a reduction in the EM. The findings
show that the 28-day EM values were found to have reduced
by 3%, 5.3%, 6.6%, 9.2%, and 12.3% at cement contents of
350 kg/m3 for substitute ratios of 10%, 20%, 30%, 40%, and
50%, respectively [43].
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Research also asserted that when the amount of WG
increases the EM drops as compared to the reference EM
[40]. The EM of the concrete dropped as the particle size and
glass substitution amount increased. The diluting factor's
dominance over the positive benefits offered by the pozzo-
lanic reaction of glass powder is the cause of the decreased
EM for concrete at greater glass substitution levels. Addi-
tionally, a reduced total EM might be caused by the sort of
hydration products produced during the pozzolanic process
[48]. Another research found that the stiffness of the fine and
coarse aggregate, which make up a significant component
of the matrix, has a significant impact on the EM of con-
crete. Due to its higher paste composition, SCC may have
a somewhat lower elastic modulus than standard concrete
[74]. However, a study found that the EM for concrete con-
taining 5% WG reached its peak value within 14 days of cur-
ing. Furthermore, concrete containing 20% WG shows EM
reached its peak value on day 28 of the curing process [72].

The type of aggregate had a major effect on the EM of
concrete via the elastic deformation of such aggregate,
which only slightly influenced concrete deformation. Thus,
the EM findings were lowered by substituting WG for aggre-
gate, especially at high doses. For instance, the value of EM
decreased by 23.7 percent while utilizing 100% WG. The
cellular microstructure in the ITZ area and the poor inter-
locking in WG concrete produce microcracking within the
concrete structure, resulting in a lower EM value than simi-
lar reference concrete even though WG has a greater EM
than aggregate [46]. However, compared to other mechani-
cal features, the impact of glass on concrete's EM value is
thought to be the least significant [75]. According to earlier
reports, the availability of mixing water may have increased
porosity production, which might potentially be a factor in
the reduced elastic behavior.
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3.5 Fracture Energy

Figure 11 depicts the various fracture energies with the sub-
stitution of WG, or the energy needed to form a crack. For
the reference concrete, the fracture energy value was 160.2
N/m and it steadily decreased until it was between 116.1 and
155.7 N/m. The greatest decrease could be seen at a level of
fine glass aggregate substitution with a natural aggregate of
100 percent, which is 27.5 percent lower than the reference
concrete.

Past studies highlighted that the cement paste-aggregate
interfacial connection and the concrete's microstructural het-
erogeneity were connected to the fracture energy of the mate-
rial [76]. High porosity, simple fracture penetration, and a
weaker ITZ area than reference concrete were the effects of
using WG in concrete. These elements had a negative impact
on the fracture energy value and lowered it, which indicated
less brittle behavior. Stress concentration increases near aggre-
gates because of the weaker link between glass particles and
cement paste, which lowers the ITZ of such concrete. As a
result, fractures may form through the aggregates, causing the
fracture process zone to compress, and the behavior of the
concrete may become more ductile [77]. The decrease in brit-
tleness of WG concrete is caused by the weak paste-aggregate
contact and nonhomogeneous microstructure. Therefore, the
fracture pattern differs from that of the reference concrete.

It may be inferred that there were few articles available that
discussed the impact of WG on fracture characteristics. Due to
the high brittle tendency of WG concretes', which is directly
correlated with the strength qualities of concrete, when com-
pared to the reference, WG concrete was more fragile. This
phenomenon was ascribed to aggregate phase fractures, which
changed the fractal dimensions of the concrete. Furthermore,

Fig. 10 Elastic modulus [43]

when the failure line is directly through the aggregates, the
lowest fractal dimension, and smoother fracture surface are
seen [78]. As a result, the assessment recommends more
research into the fracture properties of WG-based concrete.

4 Durability
4.1 Bulk Density

Figure 12 displays the samples with glass aggregate's hard-
ened bulk density after 28 days. Comparing specimens
with natural river sand to specimens having glass aggre-
gate, the hardened density of the glass aggregate speci-
mens is considerably lower. This decrease in density could
be caused by the fact that the glass aggregate utilized in
this study exhibited particle densities that were 1.3% lower
than those of natural river sand. All specimens exhibited
densities that ranged from 2347 kg/m3 to 2386 kg/m3.
Additionally, the bulk density of the hardened samples
containing 50% glass aggregate was reduced by 1.6% in
comparison to the reference [2].

4.2 Water Absorption and Porosity

Figure 13 compares the water absorption and porosity val-
ues of SCC containing WG and calcined zeolite to control
concrete at various ages. The concrete samples exhibited
lower water absorption at all concrete ages when WG
was added. The combined effects of calcined zeolite and
WG were primarily responsible for the decreased water
absorption values of SCC. The SCC porosity is decreased
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Fig. 11 Fracture energy [46] 170
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because of the decrease in water absorption. Calcined
zeolite can fill holes and fine glass powder also can fill
gaps between particles to create SCC that is tight with few
water-accessible pores. The decreased in.

First, as a consequence of a chemical interaction between
natural pozzolans and CH in hydrated cement paste that con-
sumes lime and produces calcium silicate hydrates (CSH) gel,
cement paste's binding ability is improved, leading to a more
compact mass with reduced water absorption and SCC poros-
ity. Second, since the pozzolanic material's grains are smaller
than those of cement, it may provide a more compact mass by
micro-filling voids, which reduces the amount of water absorp-
tion [79, 80]. Furthermore, studies showed that bentonite clay

Fig. 12 Bulk density [2] 5390
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substitutes might lower WA by up to 30% [81]. Additionally,
one study found that SCM decreased water absorption due to
micro filling, which increased concrete's density and decreased
water absorption. Nevertheless, at higher dosages, a rise in WA
was seen due to a lack of flowability, which increased compac-
tion and led to porous concrete, which ultimately increased the
water absorption of concrete [82].

4.3 Sorpitivity
The speed at which moisture is absorbed is referred to as

sorptivity. When the surface of hardened concrete is exposed
to moisture or immersed in water. Concrete fissures absorb
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moisture through the force of capillary suction. Concrete's
sorptivity rate may be used to link durability, degradation
during wet-dry cycles, and service lifespan. Figure 14 illus-
trates the capillary water absorption findings after 28 days
of curing. The findings demonstrated that owing to glass
particles' lower moisture absorption characteristics than the
natural river sand, sorptivity values considerably dropped
as WG concentration increased. The use of calcined zeolite
together with WG in the concrete was shown to significantly
lower the sorptivity values [52]. Due to their natural hydro-
phobicity, glass granules limit the quantity of water that con-
crete may absorb via capillarity [36].

Fig. 14 Sorpitivity [2]
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According to research, durable concrete is defined as hav-
ing a sorptivity value of less than 3 mm/h'2. For reinforcing
steel bars in reinforced concrete, the recommended sorptiv-
ity value assures a minimum concrete cover of 15 mm to
avoid corrosion. The sorptivity value of 3 mm/h!"/2, which
ensures a minimum concrete cover, is defined as water
might infiltrate to a depth of 15 mm in 24 h of rain [83].
According to research, cement concrete may use regular
fine aggregate instead of WG (WG) without affecting the
performance of specimens. Additionally, the use of WG as
fine aggregates reduced the heat conductivity and sorptiv-
ity of cement mortars significantly [84]. Because secondary
cementitious materials (CSH), which improve the mortar's
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binding qualities and lower porosity, are produced during the
pozzolanic reaction, replacing pozzolanic material reduces
the porosity of concrete [82]. The 50 percent glass aggregate
and reference specimens had sorptivity values of 2.83 mm/
h'? and 1.35 mm/h'??, respectively. A mixture containing
50% RGA will have a 52.3 percent reduction in sorptivity.
This might be explained by the fact that the sorptivity of
SCM specimens dropped owing to the impermeable nature
of glass, whilst the strength of SCM specimens was reduced
due to the poor interfacial adhesion between glass particles
and paste matrix [2].

4.4 Electrical Resistivity

The electrical resistivity test assesses the permeability of
the microstructure and the ion-transfer resistance of water-
saturated concrete inferentially [66]. The material property
known as particular electrical resistivity makes it evident that
electrical charge transfer through the composite is a possibil-
ity. It often depends on the cementitious material's chemical
make-up, the pores' type and shape, and the make-up of the
pore solution [85]. Electrical resistivity is a crucial component
in determining a material's ability to conduct electric current.
Dry cementitious materials have extraordinarily high electrical
resistivity values because of their insulating qualities. The elec-
trical resistance of oven-dried concrete is around 109 Q m [86].

Figure 15 displays the electrical resistivity values at
7,28, 90, and 365 days. All of the SCC groups' electrical
resistivity values were near 5 KQ-cm on day 7 and began
to rise with time, which is especially noticeable for com-
binations containing glass aggregate. The resistivity of
the SCC groups increased with glass aggregate replace-
ment level from 7 to 365 days. The rise in resistivity of

Fig. 15 Electrical resistivity
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concrete mixes may have a convincing explanation for the
pozzolanic response of extremely small glass particles.
According to an SEM examination, research [87] found
evidence of a thin layer of CSH at the glass-paste contact,
probably as a result of the pozzolanic reaction of glass.
Due to the interaction between the dissolved glass silica
and the portlandite, Du and Tan [88] demonstrated that
the glass-paste ITZ may be denser over time than the link
between sand and paste.

4.5 Dry Shrinkage

Concrete shrinks because of the moisture that is lost during
the drying process. Shrinkage-compensating concrete is used
in its production to reduce cracking and structural instability
brought on by drying shrinkage in concrete. The amount of
drying shrinkage that takes place in concrete structures is gov-
erned by the materials, mixture quantities, curing period, drying
environment, and limitations. According to research, aggregate
prevents cement paste from moving around freely, which causes
concrete to shrink [63]. Figure 16 shows the drying shrinkage
values determined as a function of time. As can be observed,
drying shrinkage values reduced as recycled glass content
increased. This is likely because WG has a less water absorp-
tion rate than virgin glass. The drying shrinkage was far smaller
than the AS 3600 [89] limit of 0.075 percent at 56 days. The
temperature at which cement paste hydrates has been shown to
effect shrinkage [90]. Because less heat was produced during
the pozzolanic process, another study revealed that pozzolanic
mortars decreased concrete shrinkage [80].

Due to a low water-cement ratio (w/c) that restricts free
water evaporation, a previous study found that high-perfor-
mance concrete including WG as a cement substitute had
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Fig. 16 Dry shrinkage [40]
0.04 e
U
0.035 PO — A== —A
Q ///)(/// ///,. ..... -.
oo 0.03 '/~/ /k// — -
oo / - - L
c )( - -
o 0.025 L
- 9 2=
= VA4
L 002 »Y
c R4
= % —— WG-0%
© 0.015 /. —X— WG-15%
7 — &— WG-30%
001 | W’ —&— WG-45%
e
0.005 g’/
0
0 20 40 60 80 100 120

lower drying shrinkage than control concrete [91]. Another
research found that using WG as a 10 percent replacement
for cement resulted in reduced drying shrinkage. Due to the
denser matrix and WG's pozzolanic impact at 28 days, the
drying shrinkage in this instance was smaller than the refer-
ence concrete shrinkage [92].

Additionally, the research found that because of pozzolanic
reaction and micro filler, smaller WG grains increased con-
crete performance greater significantly than bigger ones [63].
Additionally, by filling up cracks in concrete materials, WG
lessens drying shrinkage and increases the internal compact-
ness of concrete, according to a study [93]. Additionally, it
was demonstrated that dry shrinkage at 56 and 90 days was
almost similar to shrinkage at 28 days. Additionally, it has
been shown that the shrinkage rate increases in the first seven
days and then declines or remains unchanged with age [94].
According to prior research, coarse aggregate inhibits shrink-
age, which is mostly brought on by the movement of mortar
[93]. The creation of supplementary C-S—H because of the
replacement of WG enhanced the cement paste's viscosity,
which decreased the paste's mobility. Additionally, the use
of WG decreased the heat of hydration, which in turn shrank
the pace at which water vaporized off the concrete surface,
leading to fewer shrinkage cracks [63].

The cement paste binding qualities and stiffness were
increased by the pozzolanic activity in combination with the
micro-filling of mineral additive, which eventually reduced
the dry shrinkage [80]. According to research, the drying
shrinkage of cement pastes is decreased when the amount
of cement in the pastes is reduced [95]. The study also dis-
covered that the mineral additive reduced the heat of hydra-
tion, preventing the rapid loss of water from the surface of

Days

the concrete and reducing the development of dry shrinkage
fractures [93]. Additionally, it has been shown that fly ash,
which plugs micropores and so increases internal compact-
ness, may greatly reduce drying shrinkage in concrete.

However, research claimed that the hydration rate rises
and participates in the exothermal effect of the pozzolanic
reactivity when cementitious materials with high pozzolanic
reaction react with hydrated CH [96]. Because of shrinkage
and the development of minute cracks, the higher hydra-
tion rate influences the longevity of mortars and concrete.
According to research [97], the larger temperature rise in
metakaolin blended mortars compared to control was caused
by metakaolin's faster effect on cement hydration.

4.6 Alkali-Silica Reaction (ASR)

Figure 17 shows the ASR growth of SCC mixtures contain-
ing WG at various ages. Up to 14 days, the ASR growth
was remarkable. The expansion at 14 days was smaller than
0.09 percent for all concrete mixes, which is marginally
smaller than 0.1 percent, as stipulated by ASTM C 1260 for
a benign response, demonstrating the suppressing impact of
WG microparticles on ASR development. As is clear, glass
has a significant alkaline content that may be leached away,
causing an expansion from the alkali-aggregate. Glass parti-
cles will not cause harmful expansion on their own once they
are less than 300 pm, according to research [98]. Accord-
ing to research [31], ASR expansion of concretes including
WG (particle size 4.76 mm) increased as the amount of fine
aggregate substitute enhanced.

ASR development of mortar including 100% beverage
WG (size 5 mm) as fine aggregate increased, corresponding
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to Ling and Poon [99]. According to Park et al. [27], as the
percentage of WG rise, the growth rate as measured by ASR
expansion in accordance with ASTM C 1260 [100]. Using
clear soda-lime glass as a fine aggregate substitute in levels
ranging from 0 to 100% with a 10% increase, Jin et al. [101]
examined the ASR development of mortars. The ASR became
larger as the glass sand concentration rose. Topcu et al., [102]
examined the ASR development of mortars using WG as a
natural alternative to river sand. According to Fig. 17, the
ASR development steadily reduced as the percentage of GWG
microparticles rose from O to 5, 10, 15, 20, 25, and 30. How-
ever, expansions at all ages did not go beyond 0.20 percent,
the maximum permitted by ASTM 1260 [103].

Natural river sand was a substitute for WG (size
4.75-0.3 mm). At 14 and 21 days old, the ASR expanded
more due to the presence of more glass sand. In a study
[104], the ASR development of mortars including 10, 30,
and 100% glass sand was examined. As the glass sand con-
tent rose, ASR expansion accelerated. Crushed WG (size
4.75-0.15 mm) was utilized by Ismail and Al-Hashmi [105]
to partly replace fine aggregate of 0, 10, 15, and 20%. The
results showed that the existence of WG reduced ASR devel-
opment. The ASR declines as the quantity of WG enhances.
ASR development is significantly influenced by the amount
of glass sand present. The ASR expansion shrank as glass
particle size decreased. This may be because certain glasses
with high active silica concentration may be categorized
as reactive aggregates or pozzolanic materials [106]. It is
evident that when the substitute level of WG microparti-
cles rises, the expansion of the mortar bar reduces. The
extremely reactive GWG microparticles' reaction with lime
to generate CSH gel, which keeps the alkalis in the CSH,
may be one cause.

Fig. 17 Expansion due to ASR 0.14
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Additionally, scientists discovered that at sand replace-
ment levels up to 40%, WG with grain sizes smaller than
4.5 mm results in no surface flaws or produces any increas-
ing ASR gel [107]. Because they create pores and hold solu-
tions for future reactions, microcracks in the particle are
undesirable because they increase ASR reactivity. This con-
firms that fragment size is not the primary factor influencing
the ASR possibility. Other aspects affecting the development
of the ASR gel include the WG concentration, the type of
cement and aggregates, the mix ratio, and w/c. Therefore, it
is feasible to lessen the risk of ASR created by the chemical
properties of WG and by keeping an ideal level of substitu-
tion and fragment size. Due to micro filling, properly graded
WG powders may reduce ASR expansion while increasing
density. Additionally, the inclusion of lithium ions prevents
development by changing the ASR gel composition [108].

In short, the concrete specimen test showed no detri-
mental ASR growth, showing that ASR would not be a
concern in the existence of WG microparticles. This may
happen because the WG microparticles' pozzolanic inter-
action with the cement seemed to strengthen the binding
of the alkali and prevent it from reacting in other ways.

5 Performance at Aggressive Environment
5.1 Acid Resistance

Numerous chemicals that are both naturally occurring and
used in an industry constantly expose concrete buildings
to harsh environmental conditions. Due to its ubiquity in
drainage systems, industrial pollution, and groundwater,
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sulfuric acid (H,SO,) is one of the most harmful substances
for concrete buildings [109]. Concretes degrade and suffer
damage significantly and quickly when exposed to sulfu-
ric acid. Although cementitious materials are constantly at
risk from sulfuric acid, cement type, and content are cru-
cial variables determining performance in sulfuric acid set-
tings [110]. According to research [111], when sulfuric acid
combines with hydration byproducts like calcium hydroxide
(CH) or calcium silicate hydrates, the alkalinity of hard-
ened cement binders, which is responsible for cementitious
characteristics, may be partly or fully neutralized (CSH).
As illustrated in Fig. 18, the inclusion of WG in the SCC
mixes reduces sample mass loss and increases sulfuric acid
resistance. For each set of created mixes, the samples with
a20% WG content showed the greatest resilience.

When subjected to acid assault, SCC blends work better
than traditional concrete. Concrete's calcium hydroxide
(CH), which is reacted with sulfuric acid at the start of the
corrosion process, may be consumed by the WG pozzo-
lanic reaction to lessen the deteriorate under acid assault.
Additionally, the CSH gel created by the pozzolanic activ-
ity of the WG refines the holes in the concrete and helps
to boost durability [113]. According to research [114], the
use of tiny rubber particles as fillers among the natural
aggregates increases the endurance of the concrete and
contributes to the higher performance of SCC with waste.

5.2 Chloride Diffusions
Among all mixtures, the reference concrete had the great-

est chloride diffusion coefficient. The lowest chloride dif-
fusion coefficient was achieved by replacing 20% of the

Fig. 18 Mass loss [112]
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original material with glass powder. It is obvious that glass
powder is required to improve the pore structure of the
concrete, however, additions beyond 20% seem ineffective.
The compaction energy may have risen owing to reduced
flowability. This enhanced the diffusion of chloride since
there were more voids possible. According to research
[115], concrete containing 30% WG reduced the chloride
diffusion coefficient by 90% when compared to the refer-
ence control. Reduced diffusivity is a result of the thicker
microstructure, finer pores, and poorer interconnectiv-
ity. Research [116] also found that when the amount of
glass powder in concrete increased chloride penetrability
decreased. Research that looked at the durability proper-
ties of mortar with cement replaced by glass powder by
10% and 20% discovered that although carbonation resist-
ance was reduced with WG incorporation, water sorptivity
was unaffected [117]. Research [116] also noted a decrease
in chloride penetrability with an increase in the amount
of glass powder in concrete. Research that looked at the
durability properties of mortar with cement replaced by
glass powder by 10% and 20% discovered that the presence
of WG reduced carbonation resistance but had no effect on
water sorptivity [115].

5.3 Carbonation Depth

The most critical of the many deterioration events of rein-
forced concrete is reinforcement corrosion, which has a sub-
stantial impact on the longevity and performance of rein-
forced concrete structures [118]. The carbonation depth for
WG replacement at 0, 10, 15, and 20% coarse aggregate and
5% silica fume was greater than that for 5% glass powder
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Fig. 19 Carbonation depth 4
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as shown in Fig. 19. Carbonation seems to rise in tandem
with an increase in WG percentage, which is consistent
with the overall tendency seen in concrete for various poz-
zolanic materials induced by decreasing amounts of Calcium
Hydroxide (CH). This may be due to the greater reactivity
of silica fume and the resultant decrease in CH compared to
WG in powder form [119].

According to one research, the carbonation depth of glass
containing SCC was larger than that of reference SCC. It
is consistent with the pattern found in concrete for differ-
ent pozzolanic materials and is most likely the result of CH
reduction. Incorporating WG helps to minimize CH, which
lowers the PH of the mix [120]. According to one research,
the carbonation depth reduced as the fly ash concentration
dropped. This might be because the cement produced more
hydration products [121], resulting in high carbonation
resistance. Therefore, the CO, transmission coefficient in
concrete has been reduced. If the concrete carbonation pro-
cess was regulated by CO, transmission in concrete, the car-
bonation depth of concrete was adversely connected with the
concrete strength grade. At the same time, products of the
interaction between hydration products and CO, on the con-
crete surface filled up certain holes, increasing the surface
density of concrete and decreasing the CO, transmission
coefficient in concrete. As a result, the carbonation response
of concrete decreased.

6 Environmental and Economic Benefits

Recycling glass has a favorable effect on sustainability since
it may be used as a raw material more than once. It is an
appealing concept to convert into an alternate raw material
without sacrificing quality [122]. A study [123] claims that
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With 5% silica fume

recycling glass saves 0.58 t of CO,, cuts air pollution by
20%, and decreases water pollution by 40% to 50% along the
supply chain. When employing cullet rather than raw mate-
rials, a researcher claims that CO, emissions are reduced
by 53 percent. In contrast to the typical rule that states that
a 10% increase in cullet volume results in a 5% reduction
in CO,, the Italian cullet reusing scenario demonstrated a
decline of 1.9 Mt of CO, [124]. To achieve sustainability in
this business, there is a push to employ industrial garbage
and byproducts. In the manufacture of one ton of cement, 0.9
tons of CO, are released into the environment. Additionally,
the manufacture of cement results in the mild emission of
NOx, SOx, and particulates [125]. Incorporating WG as a
Portland cement substitute in concrete has benefits for the
environment beyond lowering CO, emissions. Additionally,
it lessens the quantity of WG dumped in landfills. Over one
ton of environmental assets is saved for every ton of reused
glass. Since WG is not biodegradable, sensible examina-
tion of alternate uses for the material requires a diversion
away from landfill disposal locations. When utilized in the
right amount, the use of WG in the manufacturing of con-
crete improves the concrete's efficiency (both mechanical
and durability performance) as well as the ecosystem [126].
Depending on the recommendation and test results, it was
determined that adding WG up to 20% might be advanta-
geous when taking CS into account.

Hilton et al. [127] studied the ecological impacts of
the plan and WG incorporating concrete. The comparison
between WG and plan concrete has decreased the environ-
mental effect by more than 13%, according to the results.
Additionally, the usage of WG reduced the release of hazard-
ous gases created by plan concrete by 20%, which signifi-
cantly improved the way it related to global climate change.
When utilizing concrete made of cement, glass-based
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cement, which emits 0.17 to 0.42 g CO,/g, lowers CO, emis-
sions by 83 percent [128]. In their study, Patel et al. [129]
came to a similar conclusion. Granulated foam glass (GFG)
use in concrete may greatly decrease the amount of WG
and advance the recycling sector, enhancing the ecological
quality [130].

According to the World Health Organization (WHO), uti-
lizing WG in concrete rather than OPC in concrete manu-
facture reduces numerous environmental difficulties such as
acid rain, ozone depletion, photochemical instability, and
WG. The use of WG in concrete has a wide range of addi-
tional benefits. When garbage is recycled, the first benefit
is a decrease in landfill issues. Second, WG is used as an
additive in concrete and will be added to concrete, causing
some natural material to be lost in the concrete. The usage
of WG also protects the natural material. However, there are
still several outstanding problems with the properties of WG
cement, such as long-term serviceability, impact assessment,
and carbon footprints, therefore WG base cement is not yet
fully researched. Reusing recycled WG in the manufacture
of cement and concrete may also provide considerable finan-
cial advantages. In the US, the dumping charge for landfills
typically runs from $40 to $100 per ton of garbage, while
the price of concrete aggregates is $5 to $15 per ton and the
price of additional cementing supplies is $30 to 80 per ton.
Depending on the amount of manufacturing, the expense of
crushing may vary from $15 to $30/ton [131]. According to
a survey, the cost of WG in the local Bangladeshi market is
around 2 BDT/kg. Additionally, the overall cost of WG may
rise by up to 2.5 BDT/kg after refining and crushing. Since
a 50 kg bag of cement costs 450 BDT, replacing 10 and
20% of it with WG would result in expense declines of 7%
and 14%, respectively. Cost and CS are compared in [132].
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The ideal glass concentration was discovered to be 20%, for
which CS was 2 percent higher than the control concrete.
As can be shown in Fig. 20, the expense of cement itself
will be decreased by 14 percent by adding 20 percent glass
to cement. In addition, replacing 20% of the binder would
cause an environmental reduction of 18% of CO, emissions.
With this decrease in CO, emissions, significant amounts of
NOx, SOx, and particulate matter will also be decreased.

7 Conclusions

The use of WG as a concrete component has several ecologi-
cal and financial advantages, along with less soil and ground-
water contamination, less dust pollution, less use of natural
resources for cement clinker, and cheaper concrete building
prices. The purpose of this analysis is to provide a thorough
overview of current progress in the use of WG in SCC pro-
duction, as well as to identify four directions for using WG
in concrete production: physical and chemical properties,
strength properties, durability aspects, and environmental
aspects. The comprehensive conclusion is given below.

e The chemical composition of WG depicts that, it has the
creditability to be used as a cementitious material.

e Strength properties such as compressive, tensile, flex-
ural, elastic modulus, and fracture energy of SCC were
reduced with the substation of WG. The decrease in
strength properties of SCC is due to the poor ITZ. How-
ever, with up to 20% substitution of WG, the strength
properties of SCC are comparable to control concrete
strength.

mmmmm Cost/bag of cement

— & - Compressive strength (90 days) 52

Compressive strength (MPa)

40

WG (%)
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e Water absorption, porosity, and sorptivity decreased with
the substitution of WG due to micro-filling action which
produces more compact concrete.

¢ Expansion due to ASR also decreased with the substitu-
tion of WG. However, it depends on the glass particle
size. The risk of ASR is eliminated if the particle size is
less than 100 microns.

e Decreased dry shrinkage was also observed with WG
substitution as the pozzolanic reaction releases less heat
as compared to the cement hydration.

e The performance of SCC improved in an aggressive envi-
ronment with the substitution WG due to filling ability
and pozzolanic action.

e The cost per bag of cement increased and CS decreased
with the substitution of WG. However, according to the
author's best knowledge, for small scale cost per cement
bag increased with WG. However, for large scale, the cost
will be reduced. However, a details analysis is required
in this area.

8 Recommendations

Although SCC has multiple benefits over conventional con-
crete. However, fewer researchers focus on SCC. WG can be
utilized in SCC up to some extent but before being used practi-
cally, details research needs to address the following issues.

e Less data is accessible on durability aspects particularly
dry shrinkage and creeps. This study thus suggests that
SCC's dry shrinkage and creep characteristics should be
further investigated with the substitution of WG.

e Lessdatais accessible on fracture characteristics of SCC with
WG substitution. Therefore, a detailed study of fracture char-
acteristics of SCC with WG substitution should be explored.

e The strength of SCC decreased with the substitution of WG
due to poor ITZ (cracks). Therefore, the review suggests
adding filler materials (marble waste) to improve the IZT of
concrete. Furthermore, the glass-based SCC is more brit-
tle than the conventional SCC. Therefore, the review also
recommended the addition of fiber in glass waste-based
self-compacting concrete to obtain high-strength ductile
durable self-compacting concrete.

e ASR is one of the challenges for WG. ASR depends on the
particle size of WG. The review also suggests conducting a
details study on ASR with a varying particle size of WG.

¢ Additionally, research on fire resistance is necessary to
understand how this form of concrete responds to high
temperatures.

¢ Environmental and economic benefits show that WG in
SCC provides multiple benefits. However, the information
is less and a details study through life cycle assessment is
required.
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