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Abstract. Every year, the world is producing
around 100 million tons of waste glass (WG), the
majority of them are going to landfills that create
massive environmental problems. One approach to
solve this problemis to transform waste glass into
construction materials. Glass is recyclable; how-
ever, the melting temperature of the glass is highly
dependent on its color that requires sorting before
recycling. To overcome this challenge, many re-
searchers and end-users are using broken glass in
concrete eitheras a binder or aggregates. While sig-
nificant investigations have done in this area, how-
ever, the outcomes of these studies are scattered,
and difficult to reach a firm conclusion about the ef-
fectiveness of WG in concrete. In this study, the
roles of WG and its impact on microstructural and
durability properties for both cement and concrete
are critically reviewed. This review reveals that the
amorphous silica in WG effectively participate to
the hydration and geopolymerization process and
improve concrete microstructural properties. This
behavior of WG help to produce durable concrete
against shrinkage, chemical attack, freeze-thaw ac-
tion. The optimum replacement volume of binders
or natural aggregates and particle size of WG need
to be selected carefully to minimize the possible al-
kali-silica reaction. This review discusses a wide
range of parameters for durability properties and
challenges associated with WG concrete, which
provides necessary guidelines for best practice with
future research directions.
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INTRODUCTION

The production of concrete requires a signif-
icant volume of natural aggregates and non-
eco-friendly cement. The extraction of natural
river sand and stone chips for concrete con-
struction is increasing day by day, paving us to
a shortage of natural resources. The extraction
of river sand causes a change in river bed level
and hydrological strata, affecting the regular
stream directions [1,2,3]. Furthermore, cement
production requires substantial energy and
emits a large amount of carbon dioxide [4,5]. It
was reported that one ton of ordinary Portland
cement (OPC) production can release around
0.85 ton of carbon dioxide, which ultimately
causes around 5-8% of total emissions in the
world [6,7,8]. Thus, dependency upon cement
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binders and natural aggregates hinders the de-
velopment of an eco-friendly and sustainable
construction sector [9]. Therefore, researchers
are always welcomed in finding alternatives to
these conventional ingredients.

Globally, around 130 million tons of glass
are being produced each year among which ap-
proximately 100 million tons are being dis-
carded as waste [10]. Among the WG, only
21% are being recycled [11], and the rest are
going to landfill because of the variations in
colour and compositions, and being broken and
complex. In Australia, according to the statis-
tics of 2019, the WG recycling rate is around
57%, and the rest of them is dumped as waste
[12]. Moreover, exporting the WG from Aus-
tralia is also being banned [12]. Besides, in
other countries like UK, USA, Hong Kong, Sin-
gapore, the WG recycling rate is less than 50%
[13,14,15]. The highest recycling rate is re-
ported in EU (73%) [15]. Thus, a considerable
amount of WG is being landfilled each year,
which needs to be properly managed.

As the glass powder containing amorphous
silica, thusit can be a perfect substitute for nat-
ural sand. Moreover, the high toughness and
abrasion resistance nature of glass particles are
helpful when used as an effective substitution
of natural aggregate in cement and geopolymer
concrete. Additionally, the fine glass powder is
highly pozzolanic and amorphous, thus can be
perfectly introduced into concrete as a partial
substitution of binders [13,15]. Most of the pre-
vious researches concluded that the fine WG
powder helps to increase the pozzolanic reac-
tions in cement-based concrete and contributes
to making a densely packed concrete matrix,
thus provides high mechanical performances
[16,17,18,19]. Additionally, the filler effects
and hydraulic characteristics of WG powder
also affect the strength development in WG
concrete [13,20]. Moreover, glass powder can
be effectively utilized as a source of silica, as a
precursor or activator solution for geopolymer
production. Besides, WG powder can be used
as precursors, aggregates, or for developing ac-
tivator solutions for geopolymer concrete. The
WG powder effectively accelerates the geopol-
ymerization process and results in better
strength in the final geopolymer concrete [21].
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The most common concerning factors are
the high alkalinity of WG powder solution and
the negative effect of expansion due to the al-
kali-silica reaction (ASR) gels, which is nega-
tively affecting the strength and durability
properties of concretes [22,23]. Although the
risk of ASR expansion in geopolymer concretes
is less than the cement concrete [24], still it is a
concerning point for all researchers.

The durability of concrete is an important
parameter that needs to be analyzed before ap-
plying it to any environmental exposures. The
required durability properties for a typical con-
crete structure are resistance against shrinkage,
chemical penetration/attack, high-temperature
variation, freeze-thawing cycle. The dense and
compact microstructure is noticed in cement
and geopolymer concrete with WG powder
[25,26,27]. Thus, the concretes with WG are
reasonably durable against any exposure condi-
tions. However, in-depth review in this regard
is mandatory to come to any conclusions.

There are some review studies on WG incor-
porated concrete [28,29,30], but most of those
are focused on the mechanical properties of ce-
ment-based concrete. In those published review
papers, the effect of particle size and amount of
glass on the physical and mechanical properties
of WG concrete are described. However, the
correlation between the role and reactivity of
WG within the concrete and the process param-
eters are not analyzed in those review papers
[13,31,32,33].

2. Characteristics of WG in Concrete

Waste glass can be used in concrete as a re-
placement for binder or substitution of inert ma-
terials. However, depending upon the role of
WG in concrete and expected outcomes, the
typical size of WG particles can be selected. As
reported in the literature, the particle size and
chemical compositions of WG are the main
points that need to be carefully selected during
mix design. A typical flow diagram, as shown
in Figure 1, explains the size selection and ac-
tivity of WG in cement concrete.
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Figure 1. Roles of WG in cement concrete

The main chemical constituents of waste
glass are Si02 (71-75%), CaO (8—-11%), A1203
(0.95-2.5%), Na20 (0-14.5%), MgO (1.6—
3.6%), Fe203 (0.3—1%) [20,33]. Given the high
Si02 and mostly amorphous nature, WG plays
a vital role in concrete, starting from the hydra-
tion of binders and up to the final state of
strength development. A short induction period
is observed for hydration of WG-bases binder,
and consequently, the peak heat flows shortly
[34,35]. This is an indication of the accelerated
production of hydration products (C—S, C-S—
H) and a sign of more strength development.
According to ASTM C618 [36], materials with
75% pozzolanic index are relatively sufficient
to include as supplementary cementitious mate-
rial, where typical WG powder shows more
than 80% pozzolanic index in 28 days age [37].
Observing the amount of reacted Ca(OH)2, heat
flow during hydration, and final products of hy-
dration, it can be ensured that the WG powder
can undoubtedly improve the structure and
strength of the concrete matrix [38].

However, to ensure high pozzolanicity, the
particle size of WG powder should well below
the optimum limit around 38—75 um [39,40].
Beyond the optimum level of cement replace-
ment, the pozzolanicity and reactivity could be
decreased abruptly, as the deficiency of CaO
may be started with higher-level replacement,
thus resulting in a low amount of CH products
[41,42]. Therefore, the inclusion of WG powder
should within between 10-30% of'the binder, as
recommended in previous literature [41,42].
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Contrary, it was reported that the early strength
development of WG concrete is low.

In general, the reactivity and role of WG in
cement concrete are primarily dependents on its
particle size, chemical composition, and re-
placement level. To achieve the best perfor-
mance, the threshold particle size and optimum
replacement level to be designed following the
pozzolanic reactivity and ASR guidelines[43-
45].

Environmental Benefit of WG Concrete.
Recycling of WG as a construction material
simultaneously reduces solid waste manage-
ment problems, demand for landfills, and car-
bon footprints and problems on resource preser-
vation [14]. The environmental impacts of PC
and WG concrete were investigated by Hilton
et al. [25], and they revealed 13.2% reduced en-
vironmental impacts for WG concrete com-
pared with PC. In addition, a 20% reduced
global warming potential in WG concrete is a
good contribution to environmental sustainabil-
ity compared to PC.

Glass-based cement produces approximately
0.17-0.42 gCO2/gWG powder, resulting in up
to an 83% reduction in CO2 production com-
pared with OPC [46]. Similar results were ob-
tained from the study of Patel et al. [47], who
reported that eutrophication, ozone depletion,
the energy embodied, acidification rate, photo-
chemical instability, and WGP reduce with the
increasing content of WG in a cementitious
mixture; a significantly high environmental
benefit is ensured in comparison with control
groups. These studies represented the environ-
mental benefit of WG concrete. The recycling
of WG could be a major source of raw materials
and can facilitate saving natural resources and
nature. The total solid waste management sys-
tem will be benefitted, and a healthier environ-
ment can be expected in the future. However,
the long-term serviceability, carbon footprints,
environmental impact assessment is needed to
be done on WG base cement and geopolymer
concrete to rate this composite as a sustainable
material.

Challenges in WG Concrete and Remedies

ASR Expansion in WG-Based Concrete
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One of the major challenges of WG concrete
is the presence of high silica, and alkali content
in glass and cement causes the ASR, which
could cause expansive gel formation
[22,23,48]. The ASR expansion is accelerated
with the presence of Na and K ions [48]. The
ASR gel produces expansive stresses along the
reaction zone, which may cross the limit of the
tensile strength of concrete; thus, cracks can be
developed. Thus, an additional pre is created for
penetration and absorption of the external solu-
tion and consequently deteriorates the durabil-
1ty.

However, the risk associated with ASR gel
formation can be minimized using finer WG
powder instead of coarse glass aggregates. The
critical particle size of WG powder is margined
by researchers as 1-1.18 mm [39,49]. However,
some of the literature marked 0.6 mm particle
size as a safe limit [50]. For example, the re-
placement of 70% fine aggregates with 36—50
pum particles of WG powder in concrete did not
exhibit any harmful ASR expansion in previous
research [51]. Moreover, researchers concluded
that the glass sand particle size below 4.5 mm
without any surface cracks does not show any
expansive ASR gel formation for up to 40%
sand replacement level [52]. Micro-cracks in
the WG particle are not desirable, as they create
pores and store solutions for future reaction,
and consequently, ASR reactivity increases.
This ensures that only particle size is not solely
affecting the ASR risk; some other factors like
the content of WG, nature of cement and aggre-
gates, mix ratio, the water-cement ratio of the
concrete mix also influencing ASR gel for-
mation. Therefore, depending upon the chemi-
cal properties of WG and maintaining an opti-
mum level of replacement and particle size,
ASR risk can be minimized. However, properly
graded WG powders can enhance the density
and reduces the ASR expansion. Besides, the
presence of lithium ions suppresses the expan-
sion by changing the ASR gel composition
[53,54].

Low Adhesion between WG and Cement-
Paste

Low adhesion between cement paste and
WG is another major issue, which is a reason
for strength reduction in concrete [55]. Porous
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and weak ITZ can develop from the weak adhe-
sion of WG powder and binder paste [56]. The
main causes of low adhesion are the smooth
surface of WG and micro-crack within particles
[57]. A rough surface of WG can provide inter-
locking with cement paste, but excessive rough-
ness could generate a porous structure. Well-
graded glass particles are suitable for high
packing density. The pretreatment of WG using
heat or polymer resin can increase bond
strength with bonder paste, which needs further
investigation to be established. The mechanical
properties and durability of WG concrete can
degrade if micro-cracks are present in WG. The
preparation of WG powder and aggregate
should be under supervision.

CONCLUSIONS

This review includes a critical discussion on
the current research progress of cement contain-
ing waste glass. WG addition significantly al-
tering the microstructure and product character-
istics of concrete; thus its durability needs to be
investigated broadly. Current research progress
is not sufficient to address significant guide-
lines and examples of durable WG-based con-
crete. The following conclusions are drawn
from the state-of-the-art review:

e The waste glass acts as a rich source of
silica in concrete. Thus the pozzolanic activity
increases, hydration product formation in-
creases, and microstructures get improved after
the addition of fine WG in concrete. To opti-
mize the silica dissolution and pozzolanicity,
the optimum particle size of WG must be main-
tained as recommended around 38—75 um.

e Very limited research has been con-
ducted on the durability of WG-based concrete;
thus the recommendation for optimum level of
WG inclusion replacing binders or aggregates
in concrete remains an open research question.
However, based on current knowledge, it is es-
timated that the optimum level of binder re-
placement could be around 20-30%, and this
range is approximately 30—50% for fine aggre-
gate. Beyond the optimum level of replace-
ment, a porous concrete matrix will result in
lower durability.
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e The most critical issue of glass incorpo-
ration is the ASR and expansive gel formation
within concrete. This issue is less critical for ge-
opolymers compared with cement concrete.
The ASR expansion can be minimized by using
fine WG powder (<75 um), replacing cement
instead of aggregates, and adding recom-
mended by-products, such as silica fume, fly
ash, and slag optimum level of around 10-30%.
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Binxoau ckJjia B ieMeHTi Ta 0eTOHAX: OIS
XapaKTepPUCTHK Ta MPodJeMATHK

Oxcana BEPITHHK, Cepeiii BATOBChKHH

Amnorauis. HlopiuHoy cBiTi BUpOOISA€THCS TIPU-
om3Ho 100 MibHoHiB TOHH Bimxo#is ckia (BC),
OUTBIIICTh 3 SIKMX BiANPABISETHCS HA CMITTE3BA-
JHIIE, [0 CTBOPIOE MACIITA0H1 TPOOIEMH IS Ha-
BKOJIMIITHBOTO cepenoBuiia. OTHUM i3 MiIXO0IB 10
BUpIIIEHHS i€l MPOOIEeMHU € BUKOPUCTAHHS BIIXO-
JIiB CKJIa HY BUPOOHHUIITBI Oy1iBEIbHUX MaTepiaiB.
Ckio migmaeTbest mepepoOili, OIHAK TeMIleparypa
TUTABJICHHS CKJIAa 3HAYHO 3aJIeKUTh BiJ HOro Ko-
JBbOPY, 110 BUMArae COpTyBaHHS Hepesa nepepoo-
koto. [yt moonanHs 1i€i mpoOiiemu 6araro q0Ci-
THUKIB Ta KIHIIEBI KOPUCTYBAa4l BUKOPHCTOBYIOTh
mo/ipiOHEeHE CKIIO B OETOHI K B’ sDKyIWH Marepian
Y{ 3al0BHIOBAY. Xo4a 0araro IOCIHiIXKECHBL OyJio
MPOBEICHO B I1il1 00IACTI, pe3yabTaTh KX J10 CIIiB
PIBHSTBCS 1 CKIIAJHO JIaTH YITKUH BUCHOBOK OO
epexrtuBHOCTI BuKOpucTaHHsI BC y Oetoni Y
LOMY OTIISIAI po3msIatoThes pori BC Ta ix BB
Ha MIKpOCTPYKTYPHI BIaCTUBOCTI SIK LIEMEHT1B TaK
1 6eToHiB. O MoKasye, 1o aMmopGHUN T1IOKCHT
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kpemHito y BC edexTuBHO Oepe yuacTs y nporecax
rizpararmii Ta TOJIMITy€e MiIKpOCTPYKTYPHI BIIaCTH-
BocTi 6eToHy. st BmactuBicte BC cripusie Bup oOHH-
IITBY JOBIOBIYHOrO OETOHY CTIHKOIO /10 YCaJIKH, Xi-
MIYHOTO BIIJIMBY, MOPO30CTiKor0. ONTHMAIIBLHUNA
00'eM 3aMillleHHS B SDKYYMX MarepiaiB abo mpupo-
JTHUX 3aIT0BHIOBaYiB Ta po3Mip yacTok BC morpibHO
obuparu o6epexHO I MiHIMI3aIil MOKIMBOT JIy-
JKHO-KPEMHE3eMHUCTOT peakiii. ¥ mpboMy ol 00-
TOBOPIOIOTECA PI3HOMAHITHI MapaMeTpu Ta BHU-
KImku, noB's3ani 3 BC y GeToHi, o Hajae HE0O-
XiaHI peKOMeHallii AJIsl HaWKpaioi MPaKTHKH Ta
HaIpsIMKA MaiiOy THIX JT0CITI/IKEHb.

KurouogBi cjioBa: BiIX0I¥ CKIIa, JTy>KHO-KP €MHE-
3emucTa peakiis (ASR), 3armoBHIOBaY, JOBrOBIU-
HICTb, BIIXOAW MarepiaiiB, CKIITHUHN MOPOIIOK, Oe-
TOH, 100ABKH, 3aMiHa IIEMEHTY, YaCTKOBa 3aMiHa.
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