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MITIGATING ALKALI-SILICA REACTION USING WASTE GLASS
POWDER

SUMMARY

Alkali silica reaction (ASR), the most widespread alkali-aggregate reaction (AAR), is
a significant durability problem affecting concrete. A deleterious gel is formed due to
the reaction between alkali oxides and reactive aggregates containing silica. This gel
causes expansion, which in turn causes small cracks that affect the durability and
mechanical properties of the concrete later. Although ASR causes cracks in concrete,
the fundamental issue with ASR is the prevalence of additional durability concerns,
such as corrosion in steel, that could ultimately lead to extreme results.

Much research has been done to keep ASR expansion within the safe limits mentioned
in related standards. Chemical and mineral additives, such as lithium and different
supplementary cementitious materials (SCMs), can mitigate the expansion of ASR.
Recently, some studies introduced waste glass in powder form as a mineral additive to
mitigate ASR, and they found promising results with some problems in mechanical
properties. However, more research is needed to understand how waste glass mitigates
ASR and how we can solve its negative effect on mechanical properties.

Environmental problems are considered one of the most significant problems in
scientific society. Waste glass is an important environmental problem due to its large
volume and slow decomposition rate. Glass is non-biodegradable and can take
thousands of years to decompose in landfills. Improperly disposed of waste glass can
contribute to environmental problems such as pollution, climate change, and habitat
destruction. Therefore, using waste glass to produce cement-based materials can
contribute to sustainability by reducing environmental issues.

This experimental study proposes using waste glass powder (WGP) and nano silica
(NS) as mineral additives to mitigate ASR. Different percentages of (WGP): 10%,
15%, 20%, and 25%, with 1%, 1.5%, and 2% of nano silica as cementitious
replacement were examined. Nano-silica accelerates the early-age hydration reactions
in mortar, while waste glass powder mitigates.

Waste glass powder and cement used for the production were tested using an X-ray
fluorescence test (XRF) to learn the elemental composition of both materials. The
average particle size of WGP was 60um before production to increase the
effectiveness in mitigating ASR. Different tests were conducted to investigate the
effect of WGP-NS combinations on mortar properties. A flowability test determined
the workability of mortars with glass powder and Nano silica. Air content for mortars
containing different amounts of WGP and NS was calculated during the production
phase. An accelerated mortar bar test was conducted for different combinations to
measure the expansion in each mortar. Flexural and compressive strength tests were
conducted on prismatic specimens at 7 and 28 days. First, three flexural strength tests
were conducted on samples to divide each specimen into two pieces (6). Three of the
six pieces were tested in a compression machine, and the other three were used for a
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capillary water absorption test to see the influence of WGP and NS on the permeability
of mortar. The results showed a positive effect of WGP-NS on mitigating ASR and
limiting the reduction in the mechanical properties of mortars, especially at an early
age.

Scanning Electronic Microscope (SEM) and Thermo Gravimetric Analysis (TGA)
tests were performed to examine the pozzolanic reaction of glass powder and see the
cracks and different hydration products in the specimens. Also, X-ray diffraction
analysis was performed to investigate the effect of WGP and NS on CH consumption
C-S-H formation and quartz formation. SEM showed the ability of WGP to reduce the
cracks that resulted from alkali-silica gel formation. Also, results showed a denser
microstructure in mortars produced with WGP and NS. XRD and TGA tests presented
the pozzolanic activity of WGP. The fine particles of glass powder, which contain high
levels of Si+4 and Ca2+, conduct a pozzolanic reaction, and they dissolve completely
in the hydration process to form C-S-H. This pozzolanic reaction causes insufficient
presence of SiO to form the ASR gel. In addition to the improvements in the properties
of mortars, replacing the cement with these mineral additives (WGP and NS) can be
considered a recycling process and contribute to sustainability principles.
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ALKALI SILIKA REAKSIYONUNUN AZALTILMASI iCIN ATIK CAM
TOZU KULLANIMI

OZET

Alkali agrega reaksiyonunun (AAR) en yaygin sekli olan alkali silika reaksiyonu
(ASR), betonu etkileyen dnemli bir dayaniklilik sorunu olarak bilinmektedir. Na* ve
K™ gibi alkali oksitler ile reaktif silis iceren bazi agregalar arasindaki reaksiyon
nedeniyle zararli bir jel olusur. Bu jel suyun da etkisi ile siserek genlesmeye ve i¢
gerilmelerin artmasina neden olur ve bu da daha sonra betonun dayanikliligini ve
mekanik ozelliklerini etkileyen ve harita sekilli olarak adlandirilan ince catlaklara
neden olur. Bununla birlikte, ASR ile ilgili asil endise kaynagi bu catlaklar degil,
gecirimliligin artmas1 ile c¢elik cubuklarin korozyonu gibi diger dayaniklilik
problemlerinin ortaya ¢ikma potansiyelidir.

ASR kaynakli genlesmeleri ilgili standartlarin belirttigi sinirlar dahilinde tutmak i¢in
birgok arastirma yapilmistir. Miimkiinse reaktif olmayan bir agrega ile diisiik alkali
icerigine sahip bir ¢imento kullanmak ve ortamdan nemi uzak tutmak en basta gelen
¢cozim yontemlerinden olmakla birlikte bu durum her zaman kolay veya mimkin
olmayabilir. ASR genlesmelerini azaltmak igin lityum gibi kimyasal katkilar ve ugucu
kiil, silis dumani, metakaolin, yiiksek firin ciirufu gibi ¢ok ¢esitli mineral katki
maddeleri de kullanilabilir. Mineral katkilarin kullanilmasinin arkasindaki temel
neden, hidratasyonun erken asamalarinda amorf silisin salinmasimi kolaylastiran
puzolanik reaksiyon gostermeleridir. Bu reaksiyon, kalsiyum silikat hidrate (C-S-H)
olusturmak i¢in kalsiyum hidroksit (CH) tiiketir. Sonug olarak, agrega kaynakli reaktif
silis, alkaliler ile reaksiyona girerek alkali silis hidrati (zararl jel) olusturmak igin
yeterli kalsiyumdan yoksundur.

Son zamanlarda yapilan bazi galismalarda, beton ve har¢ gibi ¢imento esash
malzemelerde ASR'yi azaltmak i¢in toz haline getirilmis atik camlar da mineral katk1
maddesi olarak kullanilmig ve her ne kadar mekanik Ozelliklerde bazi problemler
gozlenmis olsa da ASR genlesmelerinde umut verici sonuglar elde edilmistir. Bazi
calismalara gore atik cam tozu kullanilarak iiretilen har¢ ve betonlarin erken yas
dayanimlarinda diismeler gozlenmistir. Bununla birlikte, atik camin ASR kaynakli
genlesmeleri nasil azalttigin1 ve mekanik 6zellikler {izerindeki olumsuz etkisini nasil
giderebilecegimizi anlamak i¢in daha fazla arastirma yapilmasina ihtiyag¢ vardir.
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Giliniimiizde ¢evre sorunlart bilim camiasinin en 6nemli sorunlarindan biri olarak
kabul edilmektedir. Atik camlar, Diinya’mizdaki en yaygin kati atiklardan biridir ve
yavag ayrisma hizi nedeniyle énemli bir ¢evre sorunudur. Camin biyolojik olarak
parcalanmas1 miimkiin degildir ve ¢opliiklerde pargalanmasi binlerce yil alabilir.
Uygun sekilde atilmayan atik camlar kirlilik, iklim degisikligi ve habitat tahribat1 gibi
cevresel sorunlara katkida bulunabilir. Bu nedenle atik camlarin ¢imento esash
malzemelerin tiretiminde kullanilmasi ¢evresel sorunlari azaltarak siirdiiriilebilirlige
katki saglayabilir. Glinlimiizde atik camlar agrega olarak veya c¢imento ile ikame
olarak kullanilabilmektedir. Cimento ile ikame edildiginde tane boyutuna bagli olarak
ASR’nin olumsuz etkisini azalttig1 gozlenmistir. Bunun sebepleri lizerine ¢ok cesitli
teoriler One siiriilmesine ragmen bu konuda aragtirmalar devam etmektedir.

Bu calismada ASR'yi azaltmak amaciyla atik cam tozu (ACT) ve nano silikanin (NS)
mineral katki maddesi olarak kullanilmasi onerilmistir. Cimento yerine ikame olarak
%10, %15, %20 ve %25 ACT ile %1, %1.5 ve %2 nano silikanin farkli yiizdelerde
kullanilmasi ile toplam 20 farkli harg karigimi iiretilmistir. Atik cam tozu diger mineral
katki malzemelerine benzer sekilde hidratasyon reaksiyonlarini yavaglatarak ¢imento
esasli malzemelerin erken yas mukavemetini azaltmaktadir. Nano silika ise daha
biiylik ylizey alan1 nedeniyle daha reaktif bir malzemedir ve erken yas dayanimlarini
artirmasi beklenmektedir. Bu iki malzeme birlikte farkli oranlarda kullanilarak ikisinin
optimum bir kombinasyonu bulunmaya ¢alisilmistir.

ACT-NS kombinasyonlarinin har¢ 6zelliklerine etkisini arastirmak amaciyla farkl
testler yapilmistir. Taze harglarin islenebilirligi yayilma testi ile belirlenmis ve hava
miktarlar1 hesaplanmigtir. ASR kaynakli genlesmeleri 6lgmek igin farkli oranlarda
ACT-NS iceren kombinasyonlara hizlandirilmis har¢ ¢cubugu deneyi uygulanmis ve
boy degisimleri Ol¢iilmistir. Mekanik Ozellikleri belirlemek igin 4x4x16 cm
boyutunda Uretilen prizmatik numunelere ise 7 ve 28. giinlerde egilme ve basing
dayanimi testleri uygulandi. Oncelikle prizmatik numunelere egilme dayanimi testi
uygulanarak numuneler iki parcaya boliinmiis ve bu iki parcanin biri lizerinde basing
dayanimu testi yapilirken diger parca daha sonra kilcal su emme deneyi yapilmak lizere
ayrilmistir. Sonuglar, ACT ve NS'nin ASR'yi azaltmada olumlu etkisi oldugunu ve
ayrica harglarin mekanik 6zelliklerindeki azalmanin simirlt kaldigini gosterdi. Elde
edilen sonuglara gore, %20 ACT ve %1,5 NS ile iiretilen har¢ karistminin hem ASR
genlesmelerini azaltmada hem de yeterli dayanimlara ulasmada en uygun karisgim
oldugu sonucuna varilmstir.
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Cam tozu ve ¢imentonun kristal yapis1 arasindaki farkin anlagilmasi amaciyla ¢gimento
ve cam tozu Uzerine X-Ismi Kirinimi (XRD) testleri uygulandi. Ayrica, bazi harg
numuneleri de toz haline getirilerek onlar iizerinde de XRD deneyleri yapildi ve ACT
ve NS nin CH tiiketimi ile CSH jeli ve quartz olusumuna etkileri incelendi. Atik cam
tozunun puzolanik etkisini incelemek ve numunelerdeki ¢atlaklar1 ve farkli
hidratasyon tirtinlerini gérmek amaciyla da Taramali Elektron Mikroskobu (SEM) ve
Termogravemetrik Analiz (TGA) deneyleri yapildi. SEM sonuglarma gore, kullanilan
ACT’nun ASR kaynakli catlaklar1 azaltmada etkili oldugu gozlendi. Ayn1 zamanda,
sonuclar ACT ve NS ile liretilen harclarin daha siki bir igyapiya sahip oldugunu da
gostermistir. XRD ve TGA deneyleri ACT nun puzolanik aktivite gosterdigini ortaya
koymustur. Ince taneli atik cam tozu yiiksek oranda Si** ve Ca*? icermektedir ve
puzolanik reaksiyon sonucunda tamamen ¢6zlinerek C-S-H olusturur. Bu puzolanik
reaksiyon sonucunda ortamdaki SiO2, ASR jeli olusumu i¢in yetersiz kalmaktadir.
Harg 6zelliklerindeki iyilesmelere ilave olarak, ¢cimentonun ACT ve NS gibi mineral
katkilar ile ikame edilmesi geri doniisiim olarak da diisiiniilebilir ve siirdiirtilebilirlik
ilkelerine katkida bulunur.

Sonug olarak bu ¢alismanin, biyobozunur atiklardan biri olmayan camin harg ve beton
gibi ¢imento esasli malzemelerin liretiminde kullanilmasiyla hem cevresel kaynakli
problemleri azaltarak siirdiiriilebilirlige katkida bulunmay1 hem de ASR gibi énemli
bir dayaniklilik sorununa ¢6ziim olmasinit umuyoruz. Bununla birlikte atik cam
tozlarinin ¢imento esasli malzemelerdeki etki mekanizmasini anlamak i¢in daha fazla
sayida galisma yapilmasina ihtiya¢ duyulmaktadir ve bu tezin de bu tarz ¢alismalara
katkida bulunmasini umuyoruz.
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1. INTRODUCTION

Alkali-silica reaction (ASR), the most common form of alkali-aggregate response, is
a significant concern for the durability of concrete structures, particularly in regions
with high levels of reactive aggregates. ASR is a chemical reaction between the alkalis
from cement and reactive forms of silica from aggregates, which can lead to the
formation of a harmful gel. This gel absorbs water and swells, causing interior stress
and cracks in concrete. These cracks cause considerable damage to concrete structures.
ASR is a significant concern for the durability of concrete structures, particularly in
regions that use aggregates with a high content of reactive silica. Reactive silica can
exist in several forms, including opal, chert, flint, and volcanic glass. The higher the
amount of reactive silica in the aggregate, the more susceptible the concrete is to ASR.
Humidity and temperature also affect the expansion of the deleterious gel formed. The
third factor that controls the presence of ASR is cement with high alkali content.

Many studies have been completed to investigate the methods of reducing deleterious
expansion. The most effective additives used to mitigate ASR gel are fly ash,
metakaolin, and ground granulated blast furnace slag (GGBFS), which are known as
supplementary cementitious materials (SCM) (Lindgarda et al., 2012). The primary
concept behind using supplementary cementitious materials (SCM) is their pozzolanic
reaction, which facilitates the release of amorphous silica during the early stages of
hydration. This reaction consumes calcium hydroxide to form C-S-H (calcium silicate
hydrate). As a result, the reactive silica from the aggregate lacks sufficient calcium to

react and form the alkali silicate hydrate (the deleterious gel).

Various materials are used in different studies to test the ability of their pozzolanic
reaction to mitigate ASR. One of these materials is waste glass (Topcu and Canbaz,
2004; Johnston, 1974). Waste glass can have several negative effects on the
environment and human health. Some potential negative effects include air pollution

from the fine particles of waste glass powder, which can become airborne and



contribute to air pollution. Inhaling these particles can cause respiratory problems,
especially for people with asthma or other respiratory conditions. Waste glass powder
can also contaminate water sources if improperly disposed of. When mixed with water,
waste glass powder can release harmful chemicals and heavy metals, harming aquatic
life and human health. Recycling waste glass powder helps decrease these harmful

damages and creates a cleaner environment.

1.1 Aim and Content of the Study

This research focuses on reducing alkali-silica reaction (ASR) in mortars by partially
substituting cement with waste glass in powder form. The waste glass undergoes a
pozzolanic reaction, aiding in ASR mitigation. Previous studies have shown that glass
powder delays hydration (Cai et al., 2019). Nano silica is introduced to the mixtures
to counter this and accelerate the hydration process (Nigam and Verma, 2023).
Incorporating nano silica leads to faster hydration during the early stages (Nigam and
Verma, 2023). The investigation also includes assessing the impact of waste glass
powder (WGP) and nano silica (NS) on mechanical properties, workability, and air
content of the mortars. A capillary water absorption test is conducted on each specimen
to observe the distribution of voids through water absorption via capillary action.
Moreover, X-ray diffraction (XRD) analyses are performed on the mortars after
immersing them in NaOH solution to identify any chemical composition changes
resulting from adding WGP and nano-silica. Scanning electron microscopy (SEM)
images are taken for various WGP and NS contents to observe the microstructure
changes after immersion in NaOH solution.

In summary, this study will be a step towards a purer future and contribute to
sustainability by introducing effective ways of using non-biodegradable wastes in
concrete and mitigating a durability concern such as ASR. However, more studies are
needed to understand the mechanism of waste glass powder in concrete and mortar,

and | hope this study will be part of that investigation.



2. ALKALI AGGREGATE REACTION (AAR)

Alkali aggregate reaction is between alkalis from different sources (mainly Portland
cement) and specific aggregates containing silica, carbonate, and silicate. This
chemical reaction occurs between hydroxyl ions (OH) of alkalis such as sodium and
potassium from hydraulic cement and carbonate from some aggregates in the case of
alkali carbonate reaction (ACR) and reactive silica in the case of alkali-silica reaction

(ASR). These reactions can occur in concrete and mortar (Thomas et al., 2013).

2.1 Different Sources of Alkalis

There are different sources of alkalis contributing to the alkali-aggregate reactions.
These are;

e Portland cement.

e Supplementary cementitious materials (SCM) (e.g., fly ash, slag, silica fume,

natural pozzolans).

e Aggregates.

e Chemical admixtures.

e External sources (e.g., seawater and deicing salts).

e Wash water (if used).
Among these, the primary source of alkali is Portland cement. The total alkali content
is generally limited by 0.6% in Portland Cement to avoid any risks of contributing

deleterious gel.

2.2  Types of Alkali Aggregate Reaction

Two types of AAR are known. These are;
1. Alkali carbonate reaction (ACR)
2. Alkali silica Reaction (ASR)

These reactions occur when OH" ions from alkalis present in Portland cement interact
with varying chemical compositions found in different reactive aggregates (ACR —
ASR). This reaction produces a deleterious gel that can absorb water from
surroundings in the appearance of temperature, leading to expansion and swelling.
This swelling produces internal stresses, which appear as map cracking. A summary

of different types of AAR will be mentioned in the following paragraphs.



221 ACR

It is a reaction between hydroxyl ions of alkalis such as Sodium and Potassium from
hydraulic cement or other sources, and carbonate comes from certain carbonate rocks,
particularly calcitic, dolostone, and dolomitic limestone, present in some aggregates.
As shown by equation (2.1), the primary chemical reaction in rocks is the
decomposition of the dolomite (CaMg(CO3)2), or dedolomitization, to calcite (CaCOs)
and brucite (Mg(OH).) where M represents an alkali element. The reaction is usually
accompanied by dedolomitization and expansion of the affected aggregate particles,
leading to abnormal expansion and cracking of concrete in service (Thomas et al.,
2013).

CaMg(C0O3)2 + 2MOH — Mg(OH)2 + CaCOs + M2COs  (Ozol, 1994) (2.1)

Alkali carbonate reaction (ACR) was first discovered by Swenson as the underlying
cause of concrete deterioration in Canada, coinciding with the initial documentation
of alkali-silica reaction (ASR) in the same country (Swenson, 1957a; Sweson, 1957b).
Following its identification, ACR was subsequently implicated in cases of concrete
structure degradation in the USA, as reported by (Hadley, 1961). Over time, alleged
occurrences of ACR have been reported in various regions, including Virginia, West
Virginia, Kentucky, Missouri, Tennessee, lowa, Illinois, Indiana, and New York, as
well as in England, Bahrain, Iraq, and China (Thomas et al., 2013).

However, unlike ASR, the issues associated with ACR remain confined to a few
isolated locations worldwide. As a result, comparatively limited research has been
conducted on this particular topic.

2.2.2 ASR

Alkali-silica reaction (ASR) is a significant concern for the durability of concrete
structures, particularly in regions with high levels of reactive aggregates, and it is the
most common form of AAR. ASR is a chemical reaction between the alkalis in
concrete and reactive forms of silica, which can form a gel-like substance that can
cause considerable damage to concrete structures.

ASR was initially identified in the USA in the 1930s while looking into the early
deterioration of concrete buildings in California (Figure 2.1). There was no discovered
reason that might be responsible for the deterioration, which seemed to be caused by

internal expansion stress. Stanton started evaluating the cement used in concrete in a



laboratory in 1940. No excessive expansion was observed when different curing
conditions, such as immersion, drying, and high temperatures, were used (Naik, 2008).
Nevertheless, after a year, comparable samples with high-alkali cement and high
humidity experienced excessive expansion (Stanton, 1942). Stanton noted that no
excessive expansion happened when low-alkali cements were utilized. He concluded
that the minerals expand significantly when high-alkali cement is used with particular
minerals found in the aggregates (Stanton, 1942). It was proposed that the maximum
amount of cement alkalis in concrete containing these aggregates should be at most
0.6%.
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Figure 2.1: Thomas Stanton of the California State Division of Highways and a
Bridge Parapet Wall that shows signs of Damage due to an Alkali-Silica Reaction
(Thomas et al., 2013).

2.3 ASR’s Mechanisms

Understanding the mechanisms behind Alkali-Silica Reaction (ASR) is essential for
mitigating the harmful effects on concrete structures. Since ASR was discovered in the
1940s, many theories have started to appear to explain the mechanism by which this

deleterious gel was formed. The following parts will explain some explanations, such



as forming alkali-silica gel, the swelling process, and the role of calcium ions in
forming ASR.

2.3.1 Formation of alkali-silica gel

Powers and Steinour (1955) thoroughly examined the ASR mechanism. Silica phases
vary greatly, from highly disordered amorphous forms like opal and volcanic glass to
densely structured crystals like quartz. Alkali hydroxides can damage the silica
structure, causing sodium or potassium to replace the hydroxyl ions on the surface.
The process continues as the silica structure dissolves and the silica-oxygen linkages
break down (Powers and Steinour, 1955). Chatterji (1989) aligns with the above theory
and introduces the impact of cation size on the absorption rate into silica. Larger

cations like Ca** will not penetrate as quickly as smaller cations like Na*.

Diamond (1989) provided similar explanations but focused on the crucial distinction

between the formation of alkali-silica gel and the swelling process.

2.3.2 Swelling mechanism

Powers and Steinour (1955) explained swelling due to the energy gradient. Because of
a rise in energy states between the pore solution and the alkali-silica gel, swelling
happens when water travels from the cement paste toward the reaction site (Powers
and Steinour, 1955). Osmotic pressure pulls the pore solution into the alkali-silica gel,
where it reacts with the silica structure, dislodging alkalis and binding to the oxygen
exposed to form an enlarged structure. Swelling causes volume expansion and has
enough energy to exert net pressure on the underlying concrete matrix (Powers and
Steinour, 1955). Diamond (1989) emphasizes the role of osmotic pressure and a semi-
permeable membrane. The pore solution is absorbed into the gel due to the different
energy levels of the alkali-silica gel and the pore solution. The swelling brought on by
the absorption puts pressure on the surrounding matrix. Alkali-silica gel cannot
dissolve in pore solution; hence, it works as a semi-permeable membrane to separate
the pore solution from the solution contained within the gel. This enables the formation
of an osmotic pressure gradient and a concentration gradient (Diamond, 1989). Wang
(1991) introduced the concept of a colloidal alkali-silica structure. This structure
exhibits a high affinity for water and is frequently formed by alkali-silica groups.
These groups generate along the surface of materials, leading to swelling at the

reaction site.



Helmuth et al. (1993) mentioned the expansion of alkali-silica gel to silanol group
exposure. Due to hydroxyl ions in the pore solution, the reaction starts with the
degradation of silanol groups along the surface. Protons (H") are then substituted by
alkalis (K*, Na*) in the silanol groups (Helmuth et al., 1993). Following this action,
hydroxyl ions attack the siloxane bonds to generate more silanol sites for alkalis to
form bonds with. Continued exposure to silanol groups causes the expansion of
reactive aggregate's alkali-silica gel as the process draws more pore solution into it.

Rajabipour (2015) links swelling to transforming nano-colloidal silica into a gel.

2.3.3 Role of calcium

The significance of calcium in mitigating excessive swelling is a common thread.
Powers and Steinour (1955) focus on limited calcium transport to the reaction site as
it has a much lower solubility than alkalis. Powers and Steinour (1955) propose a layer
of lime (calcium) alkali-silica to limit calcium transfer. This layer blocks the transfer
of further calcium to the reaction site, preventing an excess of calcium. They claimed
that calcium hydroxide contributes to the formation of alkali-silica gel (Powers and
Steinour, 1955).

Chatterji (1989) concluded that the rate at which silica diffuses out of the mineral
during the reaction is determined by the amount of Ca*™ in the pore solution. He

++>

confirmed the importance of Ca'™’s existence in forming alkali silica gel.
Contradictory, Diamond (1989) emphasizes the need for calcium to prevent harmful
swelling. He claimed that alkali-silica gel can be created without causing dangerous

swelling when there is insufficient Ca™.

Wang and Gillott (1991) discussed calcium-ion exchange: the hydrogen proton (H*),
which is present on the silica surface as silanol (Si-O-H) groups, is first exchanged for
an alkali ion before being released into solution (Si-O-R*). In exchange for calcium,
sodium or potassium may be released from the surface, attacking the siloxane bonds
inside the silica mineral. More silanol bonds are consequently made available to the
pore solution, enabling the process to proceed. Then, the available calcium ions are
used to replace the alkali ions, which had formed bonds with the exposed silanol

groups, freeing the alkalis to continue the reaction.



Helmuth et al. (1993) explained calcium's role in forming calcium-silicate hydrates.
He claimed that the development of ASR depends on calcium, but calcium hydroxide's
solubility is smaller than alkalis. Calcium hydroxide has saturated the pore solution,
although calcium concentrations in alkali-containing fluids are lower. This is because
calcium-silicate hydrates (C-S-H) develop inside the reactive silica, releasing alkalis
to feed the reaction (Helmuth et al., 1993). Alkali-silica gels are transported away from
the reaction site and contain additional calcium products due to exposure to calcium-
rich pore fluid (Helmuth et al., 1993).

Blezynski and Thomas (1998) mapped a high calcium concentration along the reactive
particle's outer border. They discovered a band of high calcium along the reactive
particles outside edge while mapping the alkali-silica gel concentration within reactive
aggregate particles using backscatter electron imaging. However, more silica and less
calcium were found along the reaction rim's leading edge. The research also identified
a layer of potassium-rich silica between this layer and the calcium-rich layer below
and a layer of sodium-rich silica at the aggregate interface. The study supports the need
for Ca™ and alkali in producing alkali-silica gels. Rajabipour et al. (2015)
demonstrated that silica phases can dissolve into solution up until the cement pore
solution is saturated with Si, which contributed to our understanding of the reaction
mechanism. The nucleation and condensation of nano-colloidal silica solution occur
in the cement pore solution when Ca?* (and lesser concentrations of Fe?* and AI**) are
present. This goes on until the creation of larger metal silicate formations, such as
silicate gel or macro-scale precipitates (Rajabipour et al., 2015).

2.4 The Pessimum Ratio

The appearance of ASR depends not only on alkali content and type of aggregate but
also on their ratios in concrete. The specific combination of alkali content and reactive
aggregate type that causes the highest ASR expansion expresses the pessimum ratio
term. This ratio represents an essential barrier at which ASR induces the highest
damage level. Researchers have observed that moving away from the pessimum ratio
in either direction (higher or lower alkali content) can reduce expansion. It was first
discovered by Stanton, who claimed that expansion didn’t necessarily increase with
the increase in reactive aggregate content. Also, at a fixed proportion of reactive

aggregates, the expansion became maximum at a specific particle size, and the



expansion decreased when the particle size increased or decreased from the pessimum
size (Stanton et al., 1942).

Much research has investigated the pessimum ratio for reactive aggregate content and
grain size for different types of reactive aggregates (Binal, 2015). They found that the
maximum expansion level (0.66) happened at 20% replacement of sand for opal
(Figure 2.2). It decreased with an increase in opal content of more than 20% (Binal,
2015). They stated the reason as the amount of amorphous silica content in the reactive
aggregate (Binal, 2015). Figure 2.3 shows the pessimum ratio for grain size. It can be
noticed that the range between 0.15 and 0.3 mm in grain size offers the maximum
expansion level (0.88) for opal as a reactive aggregate (Binal, 2015). A reduction in

expansion level can be noticed for higher and lower grain sizes.
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Figure 2.2: The graph of the pessimum ratio of opal aggregate (Binal, 2015).
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Figure 2.3: The grain size effect of expansion for opal aggregate (Binal, 2015).
2.5 Factors Affecting ASR

Numerous factors have been found to affect ASR, and these factors can be broadly

divided into two categories: aggregate-related factors and cement-related factors.

2.5.1 Aggregate-related factors

Among the aggregate-related factors, the reactive silica content of the aggregate is a
critical factor in the development of ASR (ACI, 2016). Aggregates with a high reactive
silica content are more likely to cause ASR. Other aggregate-related factors that can
affect ASR include the size and shape of the aggregate particles and the moisture
content of the aggregate. Fine aggregates with a high surface area to volume ratio are
more susceptible to ASR than coarse aggregates. Angular and irregularly shaped
aggregates are more reactive than rounded aggregates (Diamond S., 1999). High
moisture content in the aggregate can also accelerate the reaction, and aggregates

stored in damp conditions are more prone to ASR.

2.5.2 Cement-related factors

Cement-related factors that can influence ASR include the cement's alkali content, the

concrete's curing conditions, the type of cement used, and the concrete mix design.
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Alkalis, such as sodium and potassium, can react with the reactive silica in the
aggregate, forming a gel-like substance. Therefore, a high alkali content in the cement
can increase the rate of ASR (Mindess and Young, 1981). The curing conditions of the
concrete can also affect the rate and extent of ASR. Concrete structures can experience
more severe ASR if not adequately cured (Thomas, 2003). The type of cement used
can also affect the development of ASR. Cements with high tricalcium aluminate
(C3A) content tend to produce more alkaline solutions, which can accelerate ASR
(Neville, 2011). On the other hand, cements with low C3A and high slag content are
less susceptible to ASR (Puertas, 2000). Finally, the mix design of the concrete can
also influence ASR. A low water-to-cement ratio and using pozzolanic materials such
as fly ash and slag can reduce the risk of ASR (Dhir et al., 1996).

2.6 Symptoms of Alkali-Silica Reaction

As mentioned before, the three conditions needed to start ASR are:

(1) Reactive silica, which exists in the aggregate.

(2) The concentration of alkalis hydroxides ([Na*, K*, OH) in the concrete.
(3) Appropriate amount of moisture.

These three conditions help in forming ASR which appears as different types of
visual symptoms, such as:

* Cracking

* Expansion causing deformation, relative movement, and displacement.

* Localized crushing of concrete.

 Extrusion of joint (sealant) material.

* Surface pop-outs.

« Surface discoloration and gel exudations (Thomas et al., 2013).

Several variables, including the concrete member's shape or geometry, the surrounding
environment, the presence and placement of reinforcement, and the load or stress fields
(restraint) placed on the material, might affect the ASR-related cracking pattern. Map
cracking, also known as pattern cracking, is a common sign of ASR and appears as
randomly oriented cracks on the surface of concrete parts that are primarily
uncontrolled and free to move in all directions (Figure 2.4). However, a pattern of
cracks displaying a random orientation can also be caused by drying shrinkage,

freezing/thawing cycles, and sulfate attacks (Thomas et al., 2013).
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Figure 2.4: Severe map-cracking and associated gel staining around cracks in a
median (Thomas et al., 2013).

2.7 Mitigating ASR

Mitigating ASR depends on two main methods:
1. Preventing ASR from occurring
2. Using additives to concrete, which divides into two different types:
a) Chemical additives.
b) Mineral additives (supplementary cementitious materials).

The following parts will mention the most popular mitigating and preventing

methods.

2.7.1 Preventing formation of ASR

The factors leading to ASR must be eliminated from concrete and mortar production
to prevent ASR gel formation. So, the prevention methods can be summarized as:

1. Using non-reactive aggregate.

2. Using cement with low alkali content.

3. There is a low amount of moisture in the surroundings.
As must be noted, these methods cannot be applied to different sites. Often,
transporting non-reactive aggregates to construction sites is considered non-
economical and cannot be practical. Also, the alkali content in cement cannot always
be controlled. Obviously, moisture cannot be controlled on construction sites. For
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these reasons, the researchers looked at some other methods that would be more
economical and easier to apply. They found out that, in some cases, we cannot prevent

ASR gel formation; however, we can limit its effect.

2.7.2 Using additives

Adding two different types of additives into concrete and mortar mitigates ASR. The
first type of additive is chemical additives, and the second is mineral additives, also
called supplementary cementitious materials (SCMs). Much research has been
completed to investigate the advantages and disadvantages of each method. The

following chapters will review the effects of chemical and mineral additives on ASR.

2.7.2.1 Chemical additives

According to most studies, out of more than 100 tested chemical compounds, various
lithium salts are the only compounds effective in mitigating ASR. Lithium is an alkali
metal like sodium and potassium. Consequently, it is paradoxical that lithium
compounds are effective ASR suppressants. Although numerous hypotheses have been
made, the specific mechanism by which lithium regulates ASR is unknown (Feng et
al., 2005). Lithium salts will react with reactive silica like sodium and potassium salts,
but the reaction product is an insoluble lithium silicate with little propensity to absorb
water and swell. This is the simplest and most widely accepted explanation. Lithium
silicate envelops the reactive aggregate particles, shielding them from the alkali
hydroxides' attack on the reactive silica underneath (Thomas et al., 2013). The amount
of lithium needed to control the expansion was related to two factors: a) the amount of
alkalis in the pore solution and b) the aggregate type.

In 1951, McCoy and Caldwell found that the amount of lithium needed to control the
expansion is a function of alkalis’ content (Na*+ K*) (McCoy et al., 1951). They
concluded that lithium to sodium and potassium ratio must be greater than 0.74. After
that, all of the following researchers found the same conclusion. The percentage of
(Li/Na+K) depends on various factors such as the form of lithium, the nature of
reactive aggregate, and, perhaps, the method of test used (Feng et al., 2005).

The second factor was the type of aggregate used. The effect of aggregate type on the
quantity of lithium needed to control expansion owing to ASR has been emphasized
by Trembly et al. (2007). Figure 2.5 illustrates the expansion of concrete prisms during

two years with 12 different reactive aggregates, one non-reactive aggregate (NF), and
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various lithium doses (the standard amount is [Li]/[Na+K] = 0.74. 75% to 100% of the
usual dose was sufficient to control expansion (0.040% at two years) for 6 of the 12
aggregates. It was necessary to use 125% to 150% of the usual dose for 3 of the
aggregates, but even at 150% of the regular amount, expansion could not be stopped
for the other three aggregates (Trembly et al., 2007). Islam and Ghafoori (2016) also
got the same results for six types of aggregates. He used AMBT instead of a concrete
prism test and compared the six types of aggregates after 14 days of immersion in the
pore solution. Figure 2.6 shows the results of expansion for the six different aggregates
with six [Li]/[Na+K] ratios. According to the results, the optimum lithium dosages in
suppressing the expansion of control mortar bars below the safe limit of 0.10% at 14
days were: 0.74 for the AG-A, AG-B, and AG-D aggregates, 0.89 for the AG-C and
AG-E aggregates, and 1.04 for the AG-F aggregate, respectively (Islam and Ghafoori,
2016).

0.20

0.15

010

-Year Expansion (%)

~

0.05

0.00
0 25 50 75 100 125 150 -¢=RBC
Dose (% Standard) -0-NF

Figure 2.5: Effect of lithium dose on concrete expansion with different reactive
aggregates (Trembly et al., 2007).
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Figure 2.6: The expansions of the mortar bars made with various lithium dosages at
14 days (Islam and Ghafoori, 2016).

2.7.2.2 Supplementary cementitious materials (SCM)

Many methods have been proposed to reduce concrete ASR damage. The most
effective and successful strategy for reducing the undesirable effects of ASR is to use
supplementary cementitious materials (SCMs) at the proper dose level (Shehata and
Thomas, 2002). In previous efforts to successfully control ASR expansion, fly ash,
silica fume, ground granulated blast-furnace slag (GGBS), and metakaolin are a few
SCMs that have been used in place of Portland cement to some extent (Johnston,
1974). Metakaolin and silica fumes are rarely used due to their high cost. The pore
structure of the cement matrix can be improved by the pozzolanic supplementary
cementitious materials (SCMs) such as FA and SF. As a result, the diffusivity of alkali
ions in concrete is reduced. These SCMs perform a pozzolanic reaction to form C-S-
H with a low Ca/Si ratio and a negatively charged C-S-H. Cations, particularly alkali
ions, are taken up by the negatively charged C-S-H. It is by this mechanism that
pozzolanic SCMs reduce ASR (Thomas, 2011; Monteiro et al., 1997; Aquino et al.,
2001). Large, agglomerated SF, on the other hand, has been implicated in ASR as
reactive aggregates rather than pozzolanic materials (Maas et al., 2007). In Figure 2.7,
we can observe the expansion in concrete after two years, depending on the type and
quantity of supplementary cementitious materials (SCM) employed. These tests were
conducted in a single laboratory using reactive aggregate from a specific source,

namely siliceous limestone from the Spratt quarry in Ontario, Canada. The testing
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largely adhered to ASTM C 1293 standards. Among the SCMs, silica fume and
metakaolin proved to be the most effective in minimizing expansion over the two
years, followed by low-calcium fly ash. On the other hand, slag, high calcium fly ash,
and high-alkali fly ash were less effective and required higher replacement levels to
keep the expansion below 0.040% after two years. In general, the impact of various
SCMs on the expansion of concrete prisms corresponded to their influence on the
alkalinity of the pore solution (Thomas, 2011).

=0—Low-Ca0 fly ash (1)
—#— High-CaQ fly ash (1)
=0—High-Ma20e fly ash (1)
0.15+4 =& Silica Fume (2.3)

-0~ Metakaolin (4)

—&— Slag (5)

Expansion at 2 Years (%)

-8 5% SF + Slag (3)

—+—5%SF + Low-Ca0 Fa (2)

0 10 20 30 40 50 60

SCM Replacement Level (%) - 5%SF + High-Ca0 Fa (2)

Figure 2.7: Effect of SCMs on the two-year expansion of concrete (Thomas, 2011).

2.7.2.2.1 Fly Ash

One of the most popular SCMs is fly ash because it is an economical option among
the other SCMs. The primary mitigation mechanism of using fly ash is because of the
pozzolanic reaction, which results in producing C-S-H. According to ASTM C618
(2022), fly ash with low alkali and low calcium is classified as class F, and the one
with high alkali and high calcium content is classified as class C. It was found from
different studies that the effect of class F fly ash in mitigating ASR is better than class
C fly ash (Shehata and Thomas, 2000; Shehata and Thomas, 2006). As a result, the
studies focused on the chemical composition of fly ash. Table 2.1 shows the difference
between types of fly ash in mitigating ASR with different replacement levels.
Observations indicate that using lower proportions of class F fly ash effectively
reduces the expansion caused by alkali-silica reaction (ASR) in both the accelerated
mortar bar test (AMBT) and concrete prism test (CPT). Per testing standards, the
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allowable expansion limits are 0.04% after two years for CPT and 0.01% after 16
days for AMBT (Saha et al., 2018).
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Table 2.1: A literature review of using type C and type F fly ashes for mitigating ASR (Saha et al., 2018).

Fly ash Test type Cement replacement level (%0) References
type 10 15 20 25 30 35 40 45 50 60
Expansion%o
Class F AMBT - - - - 0.08 - - - - - (Saha and Sarker,
Class C CPT - = - - 0.14 - - 0.06 - 0.03 2016)
(Shehata and Thomas,
2002)
Class F - 0.08 0.04 - - - - - - -
Class F AMBT 0.55 - 0.18 - 0.06 - - - - - (Choi and Choi, 2015)
Class C CPT - - 0.123 - 0.10 - 0.068 - 0.042 - (Shehata and Thomas,
2002)
Class F - 0.083 0.043 0.03 - - - - - -
Class F AMBT - - - - 0.03 - - - - - (Garcia et al., 2007)
Class C AMBT - - - 0.485 - - - - - - (Moser et al., 2010)
ClassC  AMBT - - 0.41 - 0.38 - - - - - (Esteves et al., 2012)
Class F - - 0.38 - 0.33 - - - - -
Class C AMBT - - 0.23 - - 0.11 - - - - (Shon et al., 2004)
Class F - - 0.27 - - 0.10 - - - -
Class F AMBT 0.15 - - - 0.12 - - - 0.07 - (Awal and Hussin,

1997)
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2.7.2.2.2 Silica Fume

Silica fume, a by-product of silicon and ferrosilicon alloy production, has been
extensively studied and proven effective in mitigating alkali-silica reaction (ASR) in
concrete. Numerous research studies have demonstrated the efficacy of silica fume in
mitigating ASR. A study by Shehata and Thomas (2002) investigated the influence of
silica fume on ASR in concrete. The results showed that adding silica fume
significantly reduced the expansion caused by ASR, leading to improved durability
and increased service life of the concrete (Shehata and Thomas, 2002). Silica fume is
considered one of the most effective SCMs as it needs a small amount of replacement
to control the short- and long-term expansion. It works like any other SCM but in a
more effective way. It reduces the number of OH- ions in the pore solution rapidly by
comparing it with other SCMs (in the first 28 days), but OH" ions start to increase
slowly with time beyond three months. This behavior is observed only in pastes
containing silica fume (not observed for other types of SCMs) (Shehata and Thomas,
2002). Studies show that a small amount of silica fume is enough for controlling ASR
(between 3.5 and 7%). It also enhances the durability of concrete by increasing the
density and reducing the permeability of concrete and mortar (Thomas and Blezynski,
2001).
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Figure 2.8: Effect of cement alkalis and concrete expansion containing silica fume
(Oberholster, 1989).
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Figure 2.8 shows the results for different dosages of silica fume in mitigating ASR
expansion. Two series of mixes were cast with cementitious content of 350 and 450
kg/m?®. In each series, they substituted part of the Portland cement with 3.5% and 7.0%
silica fume by mass. As shown in the figure, 3.5% or 7% of silica fume usage delayed
the expansion in all cases. However, only the mixture at the lower cement content with
7% silica fume failed to expand after just over seven years of field exposure. These
results clearly show that the efficacy of silica fume in controlling expansion is affected
by alkali content. 7% silica fume replacement level appears sufficient to provide long-
term prevention of expansion when the “active alkalis” of the mix were just less than
4 kg/m® NazOeq but not at the higher alkali content of 5 kg/m® NazOeq (Oberholster,
1989). The unique properties of silica fume, such as its fine particle size and high
reactivity, contribute to its ability to fill the pore spaces in concrete and chemically
bind with alkalis, thereby reducing the potential for ASR. Furthermore, silica fume
enhances concrete's overall strength and durability, making it an excellent strategy for

mitigating ASR and improving the long-term performance of concrete structures.

2.7.2.2.3 Ground Granulated Blast-Furnace Slag (GGBFS)

Ground granulated blast-furnace slag (GGBFS), a by-product of the iron and steel
industry, has gained significant attention as a supplementary cementitious material for
mitigating alkali-silica reaction (ASR) in concrete.

Khan and Sarker (2019) conducted a study to evaluate the effectiveness of GGBFS in
reducing ASR expansion in concrete. Their findings demonstrated a noteworthy
expansion reduction due to incorporating GGBFS, thereby underscoring its potential
as an ASR mitigation strategy. Figure 2.9 shows AMBT’s result for mortar bars with
GGBFS, fly ash, and a combination of GGBFS and fly ash. The combination of
GGBFS and fly ash replaced 100% of OPC. The results showed a reduction in
expansion at 28 days from 0.6 to 0.35%. The combination of GGBFS and fly ash
showed more effective results. AAM2 mortar bars represent a replacement of cement
with 80% GGBFS and 20% fly ash and showed more mitigation in expansion with
about 0.25%. With the same sequence, increasing fly ash more than GGBFS showed
more effective results in mitigating ASR. As a result, GGBFS showed a mitigation
effect of ASR but was still less effective than fly ash. Similarly, Nausherwan (2020)
studied the influence of GGBFS proportions on ASR mitigation. The study highlighted
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the ability of GGBFS to curtail ASR expansion and enhance overall concrete
performance and durability. Moreover, it elucidated the role of GGBFS in impeding
the availability of alkalis for ASR by forming stable compounds and inhibiting the
reaction.
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Figure 2.9: ASR expansion in mortars with GGBFS and fly ash (Sarker, 2019).

The collective body of research, including these seminal studies, substantiates the
effectiveness of GGBFS in mitigating ASR in concrete. Incorporating GGBFS as a
supplementary cementitious material diminishes the potential for ASR expansion and

enhances concrete structures' strength, durability, and long-term performance.

2.8 Waste glass powder (WGP)

Nowadays, waste glass is one of the most common solid waste materials around the
globe, imposing a substantial environmental problem and thereby needing an urgent
solution. Because of that, many researchers turned to recycling waste powder to reuse
it in other industries. Waste glass can be used as an aggregate and cementitious

replacement in construction.
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2.8.1 Using waste glass as an aggregate

Early attempts at using waste glass in concrete focused on using it as coarse
aggregates. Several challenges faced this usage in terms of constitutional strength and
durability. These early trials were unsuccessful because of ASR due to amorphous
glass powder particles—also, bottle glass limits waste glass particles' size and shape.
Using bottle glass limits the size and shape of WG’s particles, as the maximum size of
the particles cannot be more significant than the thickness of the bottle. Another source
of aggregate is crushed waste bottles. They tend to produce massive, flat, elongated
aggregates that may negatively affect workability and have been linked to decreases
in compressive strength (Johnston, 1974; Topcu, 2004). Another challenge is the
contamination and uniformity of glass waste. Most shattered and mixed-color waste
glass that cannot be recycled results in diversity in the material's chemical
composition. Paper and plastic labels, caps and corks, and sugars left over from the
bottles' original use and contents could all cause contamination (Phillips, 1972). In
addition, seasonal variations in the waste stream should be anticipated. To overcome
these challenges, many chemical and mechanical treatments are done. One of these
treatments was crushing waste glass into powder, which opened a light in its

pozzolanic reaction. As a result, the ASR also decreased.

2.8.2 Using waste glass in powder form

Waste glass powder mitigates the alkali-silica reaction depending on particle size.
WGP can conduct a pozzolanic reaction and dissolve entirely. Figure 2.10 shows the
relationship between the particle size of glass powder and mitigating ASR. The bigger
the glass particle size, the more expansive the gel formed, even for different contents
of glass powder (Liu et al., 2015). The mechanism by which glass powder can mitigate
ASR is still under investigation. Some studies presented theories on how glass powder
mitigates ASR (Idir etal., 2011; Pereira-de-Oliveira, 2012). The effect of glass powder
depends on some physical properties and chemical composition. Physical properties
mainly depend on particle size and particle distribution of the glass powder used. Less
particle size gives more pozzolanic reaction because of a larger surface area.
Regarding chemical composition, glass powder exhibits behavior similar to

supplementary cementitious materials (SCMs) despite their distinct chemical
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compositions. The main chemical element of glass powder is silica (Si), and different

proportions of other elements, such as Na and Ca, with small ratios of Al and K.

Additionally, WGP has a higher level of Ca?*, which is released for pozzolanic
reactions and consumed in hydrated products (Shayan and Aimin, 2006). As a result,
there may not be enough SiO> to produce ASR gel, so the expansion and swelling
resulting from ASR will be mitigated. WGP particles surrounding the reactive
aggregate dissolve when exposed to water, producing a pozzolanic process that creates
C-S-H gel. These small C-S-H gel particles then undergo a second reaction with SiO>
in glass to produce C-S-H gel with a low Ca/Si ratio.

The ASR expansion rate can also be controlled at safe levels when the WGP content
is 10%, 20%, and 30%, with average particle sizes less than 8.2, 16.95, and 144.08
pum, respectively, according to Liu et al. (2015).
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Figure 2.10: ASR expansion of the mortars containing WGPs with different particle
sizes (Liu et al., 2015).

Fanijo et. al. (2021) studied WGP as an SCM and compared it with silica fume and

slag. WGP was examined as a binary and ternary replacement, and AMBT was applied

to investigate ASR mitigation (Fanijo et al., 2021). Figures from 2.11 to 2.14 show the

relationships between expansion in mortar bars and WGP content, silica fume (SF)

content, slag content (S), and ternary mixtures of WGP, SF and S. The particle size for

WGP and SF was 10 um. They examined how glass powder, slag, and silica fume
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affect the ASR expansion in mortar and concrete glass aggregate mixtures. They used
two testing methods to assess their effectiveness: AMBT and miniature concrete prism
test (MCPT). Among the tested materials, only the mixture with 30% glass powder
replacement successfully controlled ASR expansion in both mortar and concrete
samples, meeting specified limits. The research attributes this success to reduced
Calcium Hydroxide (CH) consumption, resulting in minimal alkali discharge from
cementitious materials and the high alkali-binding ability of the glass powder-
containing mixture (Fanijo et al., 2021).
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Figure 2.11: Expansion behavior of mortar bar containing glass powder GP (Fanijo
etal., 2021).
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Figure 2.12: Expansion behavior of mortar bar containing silica fume (Fanijo et al.,
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Figure 2.13: Expansion behavior of mortar bar containing slag (Fanijo et al., 2021).

Figure 2.14 shows the effect of ternary replacement on mitigating ASR. Even ternary
replacement is not as effective as WGP in mitigating ASR. The most effective mixture
was 10% slag and 20% WGP (10S20G) reduced the expansion up to 0.11% at 14 days,
followed by 15S15G, 10SF10G, 15SF15G, 10SF20G, and control.
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Figure 2.14: Mitigation behavior of mortar bar with ternary mixtures (Fanijo et al.,
2021).

Ke et al. (2018) concluded that glass particles smaller than 300 um reduce ASR
expansion effectively. However, a more than 300 um particle size may increase ASR
expansion at 30% of WGP content. The study by Ke et al. (2018) shows that the alkalis
(Na" and K*) level utilized in the ASR pore solution was higher in the control mixture
than in glass powder mixtures. This is because the C-S-H gel of the control mix reacts
rapidly with SiO», resulting in more ASR ring formation. At the same time, the fine
particles of glass powder dissipate a higher percentage of calcium (Ca?*) in both
pozzolanic reaction and hydration products, causing the insufficient presence of
reactive SiO- to form the ASR gel (Ke et al., 2018).

2.8.3 Effect of waste glass powder on mechanical properties of concrete and

mortar

Some studies show that using WGP in cementitious materials such as concrete and
mortar decreases the early age strength (Aliabdo et al., 2016). This decrease is
attributed to the presence of phosphorous (P) and zinc (Zn) as retarders (Stephan, 1999;
Bénard, 2005). We can avoid this retarding in hydration using finer particles of glass
powder (< 41 um), which lead to more surface area and, then, leads to a faster
hydration process (Idir et al., 2011). Figure 2.15 shows the effect of waste glass powder

as a cementitious replacement on compressive strength at early ages (3 and 7 days).

26



As shown in the figure, the compressive strength increased slightly at 5 and 10% of

WGP content and started decreasing with the increase of WGP content.

Similar results were found by Li et al. (2022), as shown in Figure 2.16. The increase
in the WGP content seemed to decrease the compressive strength at 7, 28, and 90 days,

respectively (Li et al., 2022).
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Figure 2.15: Effect of glass powder as cement replacement on compressive strength
of mortars (Aliabdo et al., 2016).
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Figure 2.16: Compressive strength development for different WGP content at 7, 28,
and 90 days (Li et al., 2022).
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Flexural strength seems to follow the same trend as compressive strength. Figure 2.17
shows the development of flexural strength and compressive strength at the same time.
Shoaeia et al. (2020) compared adding GP and alkali-activated slag (AAS) in mortars.
AAS, produced using ground granulated blast furnace slag (GGBFS), gives almost the
same compressive and flexural strength reduction ratio as GP. However, adding 20%
of GP seems to increase flexural and compressive strength, possibly due to a sufficient
C-S-H formation. Also, similar increases were seen in AAS at 30% replacement
(Shoaeia et al., 2020).

Generally, WGP*s pozzolanic reaction increases with time, and the reduction in
strength decreases. Patel et al. (2019) compared the compressive strength of the
mortars with and without WGP at 7 and 28 days. A 9% reduction for WGP with 75
um particle size (WGP75) and a 3% reduction for WGP with 63 pm particle size
(WGP63) were observed when the cement replacement ratio was 5%. However, at a
20% replacement level, the reductions increased to 16% for WGP75 and WGP63
mixes. This higher reduction could be attributed to the filler effect of glass powder
during this period, along with differences in particle size ratios (Patel et al., 2019). The
glass powder-modified mortar exhibited positive outcomes when we looked at the
results of extended curing periods and substitution percentages (7 to 90 days). For
instance, with a 20% substitution, the rate of compressive strength development at 90
days was only 6% lower than that of the control mix for WGP75, and it was nearly
equal to the control mix for WGP63 (Patel et al., 2019). This improvement in strength
suggests that the pozzolanic reaction may occur in later stages, the mortar's pozzolanic
behavior becoming more prominent with time and contributing to forming a denser
microstructure in the mortar. In summary, WGP’s pozzolanic effect becomes more and

more noticeable at later ages (Patel et al., 2019).
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Figure 2.17: Compressive and flexural strength of mortar with WGP at different
ages a) Flexural strength, b) Compressive strength (Shoaeia et al., 2020).

On the other hand, some results showed an increase in compressive and flexural
strength with adding GP, as shown in Figures 2.18 a) and b). This contribution in
compressive and flexural strength was explained by Parghi et al. (2016) with the higher
silica and aluminum dissolution, which led to a better pozzolanic reaction. Also, GP
can work as a filling material in voids available between a cement matrix and fine
aggregates’ interface (Parghi et al., 2016).
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Figure 2.18: Compressive and flexural strength development of recycled glass
powder as a cementitious replacement a) compressive strength, b) flexural strength
(Paraghi and Alam, 2016).

Most research used WGP as a cementitious replacement, proving that GP harms
mechanical properties. As a result, some studies try to add SCMs and nanoparticles to
WGP (Cai et al., 2019; Shoaeia et al., 2020). Although the pozzolanic reaction of WGP
and nano-silica can reduce ASR, several studies also found that alkalinity in the pore
solution did not decrease with time, particularly at early ages (Zheng, 2016; Guo et al.,
2018). Due to the significant alkali release from the reacting glass, the pozzolanic
reaction of WGP enhanced the pore solution's alkali content (ldir et al., 2010). The
findings demonstrated that NS addition can increase the initial pH value of cement
pastes due to the accelerated effect of NS on the dissolution of cement particles

(Shayan and Aimin, 2006). However, there was no significant pH value reduction at a
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later stage due to the relatively lower level of pozzolanic reaction. After 15 hours of
cement hydration, an increase in Ca?* concentration in the pore solution of the C3S
incorporating NS paste started again and gradually got close to that of the pure CsS
paste (Singh et al. 2016).

Idir et al. (2010) suggested that adding WGP mitigates ASR due to the slowed-down
dissolution of silica from reactive aggregates by increasing aluminum concentration in
the pore solution. However, it is still unknown why WGP can reduce ASR. The process
by which NS can improve the strength has not been examined thoroughly.
Incorporating NS up to 4% in concrete does not affect ASR but may benefit early

strength and mechanical properties.

2.8.4 Effect of waste glass powder on workability

Several studies investigated the effect of WGP on the properties of fresh mortar
(Paraghi and Alam, 2016; Fanijo et al., 2021). Paraghi and Alam (2016) concluded
that using WGP in mortar and concrete can reduce the workability of the mixture.
Figure 2.19 shows the relationship of the flowability with the different replacement
levels of recycled glass powder (RGP) in various mixes. Series A expresses adding
only RGP, while series B to D expresses adding RGP to FA, FA + SF, and FA + SF +
styrene butadiene rubber (SBR), respectively. In all series, including series A, adding
RGP reduces the workability of mortar. We can say that the more glass powder there

is, the drier the mixture.
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Figure 2.19: Flow table spread value of recycled glass mortar (Paraghi and Alam,
2016).
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Figure 2.20: Flow percentage of mortar samples at binary replacement (Fanijo et al.,
2021).

Figure 2.20 also presents workability results as a flow percentage of mortar samples
at binary replacement. It shows increases in the flowability of mortars with 10, 20, and
30% WGP replacements. In comparison with other SCMs, WGP presents a more
workable mixture and even more than the control specimen. These results contradict

other studies, such as Paraghi and Alam (2016).

2.9 Effect of nano silica on concrete and mortar

2.9.1 Effect of NS on workability

A lot of studies have investigated the effect of nano silica on workability. Most studies
show that using nano-silica in concrete reduces workability (Kumar et al., 2019;
Ghafari et al., 2014; Nattaj and Nematzadeh, 2017). Due to the high surface area of
the NS particles and the unsaturated bonds in NS, a portion of the mixing water (water
molecules) attracts towards the surface of NS particles and thus produces silanol (Si-
OH) groups (Mukharjee and Barai, 2020). However, some studies have reported
increased workability with adding nano-silica (Elkady et al., 2013). They claimed that
the agglomeration effect is the most significant disadvantage of using nano-silica. This
effect makes nano silica’s particles agglomerate in specific points, resulting in some
free water appearing between particles. That was the reason for the reduced
workability and fluctuating results in some mechanical properties. Various techniques

have been proposed to overcome the agglomeration effect, including using surfactants
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and sonication by Elkady et al. (2013). The fluctuating results in other studies may be

attributed to the particle size and dosage of nano silica used.

Another limitation of using nano-silica in concrete is its potential to increase
brittleness, which can reduce the toughness and ductility of the concrete (Turkmenoglu
etal., 2022). However, nano silica's effect on concrete’s brittleness is still under debate,

and further research is needed to understand this phenomenon fully.

2.9.2 Effect of NS on mechanical properties of concrete and mortar

Using glass powder shows that it reduces the compressive strength of the concrete
because of retarding the hydration resulting from adding more SiO> to the solution
rather than Ca, unlike OPC. Also, adding glass powder produces C-S-H with low
Ca/Si, which is one reason for reducing the compressive strength. To overcome this
reduction, nano-silica can be used together with glass powder.

In recent years, nano-silica use in concrete has gained increasing attention due to its
unique properties and potential benefits for concrete performance. Many studies tested
the effect of using nano silica on the mechanical properties of concrete (Yu et al., 2014,
Mukharjee and Barai, 2014; Chithra et al., 2016). Abhilash et al. (2021) conducted a
comprehensive review of the effect of nano-silica on concrete, highlighting its
potential benefits and limitations. According to their thinking, most studies concluded
that using nano-silica in concrete between 1 and 4% can improve mechanical
properties, especially at an early age (Yu et al., 2014; Chithra et al., 2016). It was
shown that adding nano-silica could significantly improve concrete's compressive
strength, flexural strength, and tensile strength (Nigam and Verma, 2023; Yu et al.,
2014). The reasons for this improvement are its higher pozzolanic activity and large
surface area, which improves the permeability of concrete. NS's pozzolanic reaction is
higher than that of silica fume and the other SCMs. NS reacted with CH crystals to
reduce their size and amount, resulting in a denser Interfacial Transition Zone (ITZ)
microstructure between aggregates and cement paste, resulting in long-term strength
development in concrete and durability (Abhilash et al., 2021). Figure 2.21 shows the
effect of NS’s content on flexural and compressive strength at 3, 7, and 28 days for
ultra-high performance concrete (UHPC). It is noticed that the development of flexural
and compressive strength took the parabolic trend of increasing up to 4%, and it

decreased slightly with more NS content (Yu et al., 2014).
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Figure 2.21: Variation of (a) flexural strength and (b) compressive strength of
UHPC (Yu et al., 2014).
In addition to enhancing mechanical properties, NS can also improve the durability of
concrete. The addition of NS has been shown to increase the resistance of concrete to
chemical attack, freeze-thaw cycles, and carbonation (Zhaol, et al., 2021). The
improved durability is attributed to the reduced porosity and permeability of concrete,
which results from the pozzolanic reaction of nano-silica with the calcium hydroxide

produced during cement hydration (Ke et al., 2018).

2.10 Test Methods to Determine ASR

Many test methods have been proposed to determine ASR using different procedures.
Comparisons between several techniques used for testing ASR can be seen in Table
2.2.
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Table 2.2: Comparison of different methods for assessing ASR for mortars (combination of aggregate and cement) and aggregates.

Test Standard Procedure Duration
Method
Mortar bar ASTM C1260 Used to detect the potential deleterious alkali reactivity of an 14 days
tests aggregate source. The test involves placing specially prepared

mortar bar specimens in a high-alkaline solution bath at a
temperature of 80 °C (176 °F) for 14 days. The length is measured
over time, and the potential reactivity is determined based on the
level of expansion

ASTM C1567 Used to detect the potential for harmful alkali-silica reactions of 16 days
combinations of cementitious materials and aggregate in mortar
bars. The test involves placing specially prepared mortar beam
specimens in a high alkaline solution bath at a temperature of 80
°C (176 °F) for 16 days. The length is measured over time, and the
potential reactivity is determined based on the level of expansion.

ASTM C441 They are used to evaluate the effectiveness of pozzolans or GGBSF N/A
in preventing excessive concrete expansion due to ASR. The test
may be used as a preliminary or screening test to assess the relative
effectiveness of different materials being considered to prevent
excessive expansion due to alkali-silica reactions. It may also be
used to evaluate materials proposed for use on a particular job to
avoid excessive expansion due to alkali-silica reactions by testing
them with the cement or cement used on the job.

ASTM C227 Used to determine the susceptibility of cement-aggregate N/A
combinations to expansive reactions involving hydroxyl ions
associated with the alkalis by measurement of the increase (or
decrease) in the length of mortar bars containing the combination
during storage under prescribed conditions of the test.
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Table 2.2 (Cont.): Comparison of different methods for assessing ASR for mortars (combination of aggregate and cement) and aggregates.

Test Method Standard Procedure Duration
Concrete ASTM C1293  Used to evaluate the potential of an aggregate or combination  1to 2
prism test of an aggregate with pozzolan or slag to expand deleteriously  years

due to any form of ASR. It involves measuring the length
change of concrete specimens due to alkali-silica reaction over

some time.
Petrography =~ ASTM C856 Used to perform petrographic examination of hardened N/A
test concrete samples. The samples examined may be taken from

concrete constructions, concrete products or portions thereof,
or concrete or mortar specimens exposed to natural
environments or simulated service conditions or subjected to
laboratory tests.

ASTM C295 Used to perform petrographic examination of aggregates for N/A
concrete. The guide outlines procedures for the petrographic
examination of samples representative of materials proposed
for use as aggregates in cementitious mixtures or raw
materials for producing such aggregates. I couldn’t find any
information about the duration of this guide.

Chemical ASTM C289 Used to determine the potential reactivity of an aggregate with 24 hours
test alkalis in Portland-cement concrete as indicated by the
amount of reaction during 24 hours at 80°C between 1 N
sodium hydroxide solution and aggregate that has been
crushed and sieved to pass a 300-um sieve and be retained on
a 150-um sieve.
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In this study, ASTM C1576 is used to measure the reactivity of used sand, and the
expansion formation resulted in a control specimen using accelerated mortar bar test
AMBT. The Accelerated Mortar Bar Test (AMBT) is a rapid method used to assess
the reactivity of aggregates, particularly in the context of alkali-silica reaction (ASR).
This test is used in almost all studies investigating ASR as it gives accepted results
relatively quickly. The AMBT provides results within a relatively short testing
duration, making it a practical choice for assessing aggregate reactivity. It allows for
the early identification of potentially deleterious ASR in combinations of cementitious
materials and aggregates, providing a timely warning. Despite its speed, the AMBT’s
reliability is a concern. It may not always accurately predict long-term ASR behavior.
While the AMBT is quick, the Concrete Prism Test (CPT) is considered more accurate
for determining potential aggregate reactivity, but AMBT is still acceptable in

determining the reactivity of aggregates.

In this study, the expansion in the control specimen to the other specimens with WGP
and nano silica was compared to investigate their effect on mitigating ASR gel

formation.
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3. TESTING PROCEDURES

3.1 Introduction

This study used WGP and NS as cementitious replacements to mitigate ASR. The
ratios of glass powder replacement were 10%, 15%, 20%, and 25% of cement weight.
At the same time, the percentages of nano silica were 1%, 1.5%, and 2%. That makes
20 different combinations, as shown in Table 3.1.
A list of performed tests in this study is given below:

e Accelerated mortar bar test. (AMBT) according to ASTM C1576.

e 3-point flexural strength test according to EN 196-1.

e Compressive strength test according to EN 196-1.

e Capillary water absorption test according to ASTM C1585.

e Scanning electronic microscope (SEM).

e Thermogravimetric Analysis (TGA).

Table 3.1: Combinations used in the study.

Control 0%GP 1%NS 0%GP 1.5%NS  0%GP 2%NS
10%GP 0%NS 10%GP 1%NS 10%GP 1.5%NS  10%GP 2%NS
15%GP 0%NS 15%GP 1%NS 15%GP 1.5%NS  15%GP 2%NS
20%GP 0%NS 20%GP 1%NS 20%GP 1.5%NS  20%GP 2%NS
25%GP 0%NS 25%GP 1%NS 25%GP 1.5%NS  25%GP 2%NS

3.2 Materials

3.2.1 Fine aggregate (sand)

The sand used in this study was examined once before in terms of causing expansions
under severe AMBT conditions. It was found that this sand was the resource of reactive
silica. Figure 3.1 shows that the expansion in mortar bar produced using this sand has
an average expansion of 0.35% at 14 days. According to ASTM C 1778, if mortar bars

in this test expand less than 0.10% after 14 days’ immersion, the aggregate is usually
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considered non-reactive. If the mortar bars expand 0.10% to 0.30%, they are classified
as moderately reactive, 0.30% to 0.45% highly reactive, and more than 0.45% highly
reactive. Therefore, the sand used in this study can be considered a highly reactive
aggregate. The specific gravity of the sand was found to be 2.69 g/cm3. The sieve

analysis was applied to this sand to determine the particle size distribution (Figure 3.2).
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Figure 3.1: AMBT of the sand used in this study.
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Figure 3.2: Sieve analysis for the sand used in this study.
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3.2.2 Cement

In all mortar combinations, Ordinary Portland cement (OPC) was used (CEMI 42.5N).
The specific gravity of this cement was measured and found to be 3.14 gm/cm?3. The
chemical compositions of cement were analyzed using X-ray fluorescence (XRF) and
presented in part 3.2.4. To maintain consistent alkali levels across all mortar bars
during the Accelerated Mortar Bar Test (AMBT), it is crucial to employ Ordinary
Portland Cement (OPC) with a low alkali content ratio. This ensures that the primary
source of alkali reacts exclusively with the mortar bars immersed in the NaOH

solution.

3.2.3 Waste glass powder (WGP)

Initially, two types of waste glasses were tested in this study to find the most suitable
waste glass powder. Type 1 was a waste glass with a relatively more significant size
and distinct colors (green, white, etc.). This one was crashed in the Los Angeles
machine in the Building Materials Laboratory and sieved from a 0.1 mm sieve before
use. AMBT, compressive, and flexural strength were applied as trial tests. Because of
impurities found in the first type and, at the same time, the hardness of separating the
glass from other materials in the mix, the trial test conducted with this type showed
contradictory results. As a result, we concentrated on the second WGP, which showed
promising results.

Type 2 was white, with an average particle size of 0.1 mm. The origin of this glass
was E-glass fiber, which is the reason for its purity and homogeneity. According to
literature reviews, a particle size of less than 100 um effectively mitigates ASR
expansion (Ke et al., 2018). For this reason, WGP was sieved through 60 pm and 45
pm sieves before using in the production. The amount retained when wet-sieved on 45
pum was lower than 5%, specified as a maximum ratio in ASTM C 1866/1866M.
Figure 3.3 shows waste glass powder (type 2) after the preparation for mixing. The
specific gravity of WGP was 2.47 g/cm3. The chemical compositions of waste glass
powder were analyzed using X-ray fluorescence (XRF) and presented in part 3.2.4.
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Figure 3.3: Used waste glass powder.

3.2.4 XRF results of cement and waste glass powder

X-ray fluorescence is a non-destructive analytical technique used to determine the
elemental composition of a material. In an XRF test, a sample is irradiated with high-
energy X-rays, which causes the atoms in the model to emit characteristic fluorescent
X-rays. These fluorescent X-rays have energies specific to the elements present in the
sample. By measuring the power and intensity of the emitted X-rays, the XRF
instrument can identify and quantify the elements in the sample. XRF analysis can
determine a wide range of elements, from low atomic number elements (such as carbon
and oxygen) to high atomic number elements (such as uranium and lead). XRF is
capable of analyzing both solid and liquid samples, as well as thin films and coatings
(Wagatsuma, 2021). To know the chemical oxides in our raw materials, two samples
of cement and glass powder were sent to the Geochemistry Research Laboratory to
apply the XRF test. Table 3.2 shows the different oxide ratios in waste glass powder
and cement. As can be seen, more than 50% of waste glass has SiO2 (56%). Total
equivalent alkalis, Na20eq, = (Na20 + 0.658K-0 = 0.08+0.658x0.68 = 0.53%) and the
max. Required Na20eq is (4%) according to (ASTM C 1866/1866 M). As a result, the
used waste glass powder can be classified as GE glass (ASTM C 1866/1866 M).

For cement, almost 1% of total equivalent alkalis is recorded (Na:O + 0.658K,0 =
0.32+0.658x1.1 = 1.04%). The Loss on ignition of cement is 3.07%, which is close to
the ratio mentioned in ASTM C150-07 (3.0%).
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Table 3.2: Chemical composition for glass powder and cement.

SiO2 AlO3 Fe20s MgO CaO Na20
Glass 55.87 16.42 0.63 847 13.15 0.08
powder
Cement 16.83 3.84 3.7 1.06 6451 0.32

Table 3.2 (Cont.): Chemical composition for glass powder and cement.
KO TiO2 P20s SO3 Cr:03 LOI
Glass 0.68 05 0.04 0.01 0.01 3.29
powder
Cement 11 0.25 0.2 473 0.12 3.07

3.25 XRD results of cement and waste glass powder

X-ray diffraction is a scientific technique that can be used to analyse materials' atomic
and molecular structures. The XRD test involves shining X-rays onto a crystalline
material and measuring the resulting diffraction pattern. When X-rays interact with the
atoms in a crystal, they scatter in specific directions due to the arrangement of atoms
within the crystal lattice. By analysing the angles and intensities of the diffracted X-
rays, researchers can determine the positions of atoms within the crystal structure.
The XRD test provides valuable information about the crystal structure, lattice
parameters, crystal symmetry, and the presence of impurities or defects within a
material by comparing the output with the database they have. It can identify the types
of crystalline phases present in a sample, determine the degree of crystallinity, and
reveal changes in the crystal structure due to factors like temperature, pressure, or
chemical reactions (Gilbert, 2016). Figure 3.4 shows the XRD results of cement and
waste glass powder used in this study. We can notice that cement has a crystalline
structure referring to some components such as Alite (Cas(SiO4)O), Hydrotalcite
(MgsAl2(OH)16C03-4H20) and Gypsum (CaS04-2H,0). On the other hand, for
WGP, the used software (Malvern Panalytical ver. 5.2) could not recognize any peak
referred to as any crystalline structure. As a result, the glass powder particles can be
considered amorphous. Also, the physical requirement was achieved.
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Figure 3.4: XRD results for a) cement and b) glass powder.
3.2.6 Nanosilica

A commercial aqueous colloidal nano-silica (Levasil Colloidal Silica, CB8 produced
by AkzoNobel) is used in this study. It is an alkaline, aqueous dispersion of colloidal
silica with approximately 50% solids by weight. The silica dispersion is sodium
stabilized, and the amorphous silica particles carry a negative surface charge. The SiO>
particles are discrete, have a smooth, spherical shape, and are present in a broad
particle size distribution. The physical appearance of the dispersion is a white liquid,
slightly more viscous than water (Nouryon et al.).
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The typical Properties of Levasil CB8 are mentioned in Table 3.3.

Table 3.3: Typical Properties of Levasil CB8.

Silica, wt.% 50
pH 9.5
Viscosity, cP 8
Density 1.4 g/cm?®

3.2.7 Superplasticizer

A water reducer was used to increase the mortars' flowability. MasterGlenium 51 can

be used with ratios between 0.5% and 1.5%, the most significant percentage mentioned

in the technical conditions. Some properties of the MasterGlenium 51 are given in the

company's datasheet (Master Builders Solution), shown in Table 3.4.

Table 3.4: Properties of MasterGlanium 51.

Appearance Brown liquid
Specific gravity at 20°C 1.10 £ 0.03 g/cm?
pH-value 6.0+1

Alkali content (%)
Chloride content (%0):

Corrosion behavior

Air Content
Water reduction

Increase in consistency

Retention of consistency

<5.00 by mass
<0.10 by mass

Contains only components
according to BS EN 934-
1:2008, Annex A.1.
Fulfilled

> 112% of Reference mix
Increase of > 120mm from
initial slump or > 160mm

from initial flow

At 30 min > Reference mix
at initial
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3.3 Mix Design

This study aims to check the effect of WGP and NS as cementitious replacements in
mitigating ASR and their impact on mortars' mechanical properties. Substitution ratios
were taken according to some literature and the trial tests we have done. Most studies
used WGP starting from 10% to 50% of cement weight. NS is used at 1% to 4% of
cement weight (Yu et al., 2014; Chithra et al., 2016). In the trial tests, mortars with
10%, 15%, and 20% of WGP were tested as cement replacement ratios with 1% and
2% of NS replacement, according to AMBT, compressive and flexural strengths. For
water—cement ratio (w/c), the ASTM C1576 and BS EN 196-1 standards suggested
using a w/c ratio of 0.47 and 0.5, respectively.

To maintain a workable flowability, the amount of water reducer was adjusted
according to the results from the trial tests. Also, the adjustment of the water reducer
considered the variation in workability and air content for fresh mortar with the
increase of WGP and NS replacement ratio. The mix design is presented in Tables 3.5

and 3.6 for AMBT and mechanical properties, respectively.

The mix design was considered according to the recommendations mentioned in
ASTM C1576 and BS EN 196-1. Figure 3.5 shows mortars poured in molds and

covered with plastic cover for 24 hours and then unmolded and cured in a water path.

I ’ 4 ( v".. = ks

Figure 3.5: Mortars poured in compressive and strength molds.
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Table 3.5: Mix design for AMBT.

Water Sand OPC GP NS
Sp.gr (g/cm?) 1 269 314 247 14
Control 206.8 990 440 0 0
0GPINS 206.8 990 4356 0 4.4
OGP1.5NS 2068 990 4334 0 6.6
0GP2NS 2068 990 4312 0 88
10GPONS 206.8 990 396 44 0
10GP1INS 206.8 990 3916 44 44
10GP1.5NS 206.8 990 3894 44 6.6
10GP2NS 2068 990 387.2 44 88
15GPONS 2068 990 374 66 O
15GP1INS 206.8 990 3696 66 4.4
15GP1.5NS 206.8 990 3674 66 6.6
15GP2NS 206.8 990 3652 66 8.8
20GPONS 2068 990 352 88 0
20GP1INS 206.8 990 3476 88 44
20GP1.5NS 206.8 990 3454 88 6.6
20GP2NS 206.8 990 3432 88 8.8
25GPONS 2068 990 330 110 O
25GP1INS 206.8 990 325.6 110 44
25GP1.5NS 206.8 990 3234 110 6.6
25GP2NS 206.8 990 3212 110 8.8
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Table 3.5 (Cont.): Mix design for AMBT.

Superplasticizer W/C  W/B Poz/Binder

Sp.gr 1.05

(g/cmd)

Control 1.9 0.47 0.47 0
O0GP1NS 3 0.474  0.47 0.01
0GP1.5NS 3 0477  0.47 0.015
0GP2NS 3 0.480 0.47 0.02
10GPONS 3.4 0.522  0.47 0.1
10GPINS 3.4 0.528 0.47 0.11
10GP1.5NS 3.4 0.531 0.47 0.115
10GP2NS 3.4 0.534 0.47 0.12
15GPONS 3.4 0.553  0.47 0.15
15GP1INS 3.4 0.560  0.47 0.16
15GP1.5NS 3.4 0.563  0.47 0.165
15GP2NS 3.4 0.566  0.47 0.17
20GPONS 3.4 0.588  0.47 0.2
20GP1INS 3.4 0.595 0.47 0.21
20GP1.5NS 3.4 0.599 0.47 0.215
20GP2NS 3.4 0.603  0.47 0.22
25GPONS 3.4 0.627  0.47 0.25
25GP1INS 3.4 0.635  0.47 0.26
25GP1.5NS 3.4 0.639 047 0.265
25GP2NS 3.4 0.644  0.47 0.27
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Table 3.6: Mix design for compressive and flexural strength specimens.

Water Sand OPC GP NS

Sp.gr (g/cm?) 1 2.69 3.14 2.47 1.4
Control 225 1350 450 0 0
0GP1INS 225 1350 445.5 0 4.5
0GP1.5NS 225 1350 443.25 0 6.75
0GP2NS 225 1350 441 0 9
10GPONS 225 1350 405 45 0
10GP1NS 225 1350 400.5 45 4.5

10GP1.5NS 225 1350  398.25 45 6.75

10GP2NS 225 1350 396 45 9
15GPONS 225 1350 382.5 67.5 0
15GP1INS 225 1350 378 67.5 4.5

15GP1.5NS 225 1350 375.75 67.5 6.75

15GP2NS 225 1350 373.5 67.5 9
20GPONS 225 1350 360 90 0
20GP1NS 225 1350 355.5 90 4.5

20GP1.5NS 225 1350  353.25 90 6.75

20GP2NS 225 1350 351 90 9
25GPONS 225 1350 337.5 112.5 0
25GP1NS 225 1350 333 112.5 4.5

25GP1.5NS 225 1350 330.75 1125 6.75
25GP2NS 225 1350 328.5 1125 9
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Table 3.6 (Cont.): Mix design for compressive and flexural strength specimens.

Superplasticizer W/C  W/B Poz/Binder

Sp.gr (g/cm?) 1.05

Control 5 0.5 0.5 0
0GP1INS 5 0.505 0.5 0.01
0GP1.5NS 5 0.508 0.5 0.015
0GP2NS 5 0.510 0.5 0.02
10GPONS 6.75 0.556 0.5 0.1
10GP1NS 6.75 0.562 0.5 0.11
10GP1.5NS 6.75 0.565 0.5 0.115
10GP2NS 6.75 0.568 0.5 0.12
15GPONS 6.75 0.588 0.5 0.15
15GP1NS 6.75 0.595 0.5 0.16
15GP1.5NS 6.75 0.599 0.5 0.165
15GP2NS 6.75 0.602 0.5 0.17
20GPONS 6.525 0.625 0.5 0.2
20GP1NS 6.75 0.633 0.5 0.21
20GP1.5NS 6.75 0.637 0.5 0.215
20GP2NS 6.75 0.641 0.5 0.22
25GPONS 6.75 0.667 0.5 0.25
25GP1NS 6.75 0.676 0.5 0.26
25GP1.5NS 6.75 0.680 0.5 0.265
25GP2NS 6.75 0.685 0.5 0.27
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4. EXPERIMENTAL PROCEDURES

4.1 Fresh Mortar Tests

4.1.1 Workability tests (Flow Table Spread test) FTS

The workability of a mortar is its ability to be easily mixed, placed, and finished, and
workability can be determined according to BS EN 1015-3 (1999). This standard
describes a procedure for measuring the dispersion of fresh mortar on a flat surface to
determine its consistency. Figure 4.1 shows the flow table test done for all mortars.

Figure 4.1: Flowability test.
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Figure 4.2: Flowability test in specimens for a) compressive and flexural mortars
and b) AMBT mortars.

From the trial production, a water reducer must be used to have mortar with ease and
homogeneity with which it can be mixed and placed correctly. MasterGlenium 51 was
used in different amounts, from 1.1% to 1.5% of the cement’s weight. That was
necessary to keep the workability as close as possible to each other for the whole
combination. From the literature and the first trial before our study, nano silica was
noticed to harm workability, and the ratios of water reducers were decided. These
specimens were mixed according to Table 3.5, whose proportions are taken from BS
EN 196-1 standard. Figure 4.2 shows the average diameter of the fresh mortars in the
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flowability test for different combinations. It was noticed that NS decreased the
workability probably because of its tiny particles and large surface area. This result
conforms to studies such as (Nigam and Verma, 2023; Gineyisi et al., 2016).
According to Nigam and Verma, 2023, slump value and compaction factor tests show
a similar graph vs the nano-silica content. The slump value of 0.0% incorporated mix
shows 110 mm, but after 3% incorporation, it shows a value of around 20 mm.
Guneyisi et al. concluded that the slump flow diameters of Self Compacting
Lightweight Concretes were determined in the 680—738mm range. According to the
results, the highest diameter was achieved for treated surface lightweight coarse
aggregates without NS (LWA-WG-NSO0) at a 0.25 w/b ratio. At the same time, the
lowest was obtained for lightweight aggregate without treated surface (LWA-NS5.0)
at 0.25 and 0.50 w/b ratios.

The literature review for WGP as a cementitious replacement mentioned the effect of
WGP in mortars in a fresh state. Some studies claimed that the greater the amount of
WGP in mortars, the less workability we get (Aliabdo et al., 2016; Paraghi and Alam,
2016). In our study, the slump test results showed that the workability did not affected
much with the WGP replacements in a mortar. The superplasticizer used with the same
amount in all mortars contained WGP to determine the effect of WGP on the
workability. According to Figure 4.2(a) and (b), the flow spread table test (FST) results
for mortars prepared for compressive and flexural strength remained unchanged with
an increase in the amount of WGP replacement. This was also observed in the FST

results from AMBT, where WGP showed the same results, as per Figure 4.2(c).

4.1.2 Measurement of Air Content

One of the most essential fresh mortar tests is air content. In this study, the air contents
for fresh mortars were calculated to understand the effect of GP and NS on mortar
density. Air contents were calculated for both mortars produced for AMBT and
flexural-compressive strength tests for 7 and 28 days according to ASTM C185-20.
The apparatus required for this test method are a calibrated vessel, a balance, and a
tamping rod.
The steps of the test are specified below:

1. A calibrated vessel was used for all mortars with volume already calibrated

by filling the vessel with water and measuring the weight.
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2. The specific gravity of water = 1 g / cm®, which mean the weight in grams =
the volume in cm®
3. The calibrated vessel is then filled with mortars in three layers, each being
tamped with 25 blows of the tamping rod.
4. The weight of the calibrated vessel with mortar was measured, and calculations
were made.
5. From the specific gravities for each row material used in the mixing, the
theoretical unit weights were calculated according to (4.1).
6. The air content was calculated according to equation (4.2):
Theoretical air content = mass of the mortar / total volume of mortar (4.2)
Air content = 100*(1- measured unit weight / theoretical unit weight) (4.2).

Figure 4.3 shows the relationship between air content and different combinations of

mortars produced for flexural-compressive strength tests and AMBT. We can

conclude that the amount of WGP did not contribute to the percentage of air content,

but in most of the specimens, NS’s content affects air content in a significant way. The

air content ratio increases with the increase of NS’s content, which is accommodated
with the results of a different study (Senffa et al., 2009).
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Figure 4.3: Air content for a) Compressive and flexural strength mortars, b) AMBT
mortars.

4.2 Accelerated Mortar Bar Test (AMBT)

The accelerated mortar bar test was performed according to ASTM C1567-23. The
used sand is dried and then sieved to obtain the desired particle size distribution. Then,
sand is prepared by recombining the portions retained on the various sieves in the
grading prescribed in Table 4.1.
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Table 4.1: Sieve analysis for accelerated mortar bar test (ASTM C1567-23).

Sieve size (mm)

Passing Retained Mass%
4.75 2.36 10
2.36 1.18 25
1.18 600 25
600 300 25
300 150 15

A mixture of cement, sand, and water was prepared according to specific proportions.
The dry materials for the test mortar were proportioned using 1 part of cement to 2.25
parts of graded aggregate by mass. The quantities of dry materials to be mixed at one
time in the mortar batches for producing three specimens were 440 g of cement and

990 g of sand. A water-to-binder ratio equal to 0.47 by mass was used.

The mortars were then molded into prismatic bars using molds specially designed for
AMBT tests. The bars were typically 25x25x285 mm prisms with a gauge length of
250 mm. The mortar bars were cured in a moist room at 23 + 2°C and at least 95%
relative humidity for 24 hours. After curing, the mortar bars were removed from the
mold and stored in water at 23 + 2°C for 24 hours, and then the initial reading was
taken. Then, they transferred to containers with a capacity of 14 liters. The containers
were filled with NaOH solution to accelerate the forming of ASR gel during the test
duration. The containers were then placed in an oven and stored at 80 + 1°C for 14
days. Comparator readings were taken at 0, 3, 7, and 14 days. The results of the tests
were reported as the percent change in the length of the mortar bars. A change in the
length of 0.1% or greater in mortars is considered a reactive and harmful expansion
for potential ASR, according to ASTM C1778-22.

4.3  Flexural and Compressive Strength Tests

The samples were prepared twice for the same combination: one for 7-day tests and
the other for 28-day tests. Prismatic samples with 40 x 40 x 160 mm dimensions were
organized and kept at molds by covering the surfaces with stretch films. After 24 hours,
the specimens were placed in water for curing until test days at a temperature of 20 +
2°C.
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4.3.1 Flexural strength

3-point flexural strength tests were conducted according to BS EN. The samples were
placed on two supports 100 mm apart from each other. The load was applied at the
center of the sample at a rate of 0.5 = 0.1 MPa/s until the sample fractured and the
maximum load was recorded. The failure force was recorded, and the flexural strength
was calculated according to equation (4.3) (BS EN 196-1). The test results will discuss
the relationship between different combinations and their strength (Chapter 5). Figure
4.4 shows the test setup before and after the failure of specimens in a universal testing
machine.
Flexural strength (Rf)= (3/2* F¢ *L)/b (4.3)

Where:

Rt is the flexural strength in MPa.

b is the side of the square section of the prism in mm.

Fr is the load applied to the middle of the prism at fracture in N.
L is the distance between the supports in mm.

Figure 4.4: Flexural strength test.

4.3.2 Compressive strength

After breaking the samples into two pieces in the flexural strength test, one of each
piece was tested for compressive strength, and the other was kept for the capillary
water absorption test. The sample was placed on a flat surface, centered under the
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compression machine, and a compressive force was applied at a rate of 0.5 + 0.1 MPa/s
until the sample fractured.

The fracture strength was read from the machine’s screen, and the maximum strength
at which the sample fractured was recorded as the compressive strength of the mortar.
The average of the three individual results, each expressed at least to the nearest 0.1
MPa, was calculated and obtained. Figure 4.5 shows the specimen before testing in the

compressive strength machine.

Figure 4.5: Compressive strength test.

4.4  Capillary Water Absorption

The other halves of the prismatic specimens that remained from the flexural and
compressive strength test were used for the capillary water absorption test. The test
was applied to determine the capillary water absorption ability of the specimens and
compare the permeability of different mortars. Calculations were made according to
two standards (ASTM C1585 and BS EN 1015-18). First, specimens were cut from
one face to smooth the surface, and the other four faces were sealed with an
impermeable material (sealing material) to avoid water absorption from all sides
except the one from which it was cut. The specimens were stored on a tray with a

minimum depth of 20 mm and a plan area large enough to contain the specimens to be
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immersed and fitted to maintain a constant water level (BS EN 1015-11). Metal bars
with spaces between them to ensure the minimum water contact with the specimen’s
surface were used to put specimens on it, as shown in Figure 4.6.

The weight was measured in different intervals, as shown in the standards mentioned
before. The results will be introduced in Chapter 5 in graphs showing the relationship

between the square time in seconds and water absorption.

Figure 4.6: Capillary water absorption test.

4.5 Scanning Electronic Microscope (SEM)

A scanning electron microscope (SEM) is a powerful tool used in various fields of
science and engineering to examine materials' surface features at high magnifications.
It directs a beam of electrons onto the sample, which interacts with the atoms in the
material and produces signals detected by the microscope's sensors. The SEM scans a
focused electron beam across the sample's surface, creating extremely high-resolution
and magnification images. The images produced by an SEM can reveal the surface
topography, morphology, composition, and chemical bonding of materials, making it
a valuable tool for characterizing the microstructure of a wide range of materials (Ni,
2013).

Different combinations of mortars were sent to the Membrane Technologies
Application-Research Center (MEM-TEK) at Istanbul Technical University after
immersing the specimens in NaOH solution for 14 days. Seven mortar combinations
are chosen for SEM. These were: Control, (C), 2%NS(2NS), 10%GP+2%NS
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(L0GP2NS), 15%GP + 2% NS (15GP2NS), 20%GP+2% NS (20GP2NS) and 25%
GP+2% NS (25GP2N).
The mortars were crushed to small sizes (1cm * 1 cm). At least four pieces from each
combination were sent. Different zoom levels were used: (100X, 500X, 1000X,
1500X, 2000X, 5000X and 10000X).
The aims of SEM are:

1. Indicating microstructure of mortars with waste glass powder and NS.

2. Checking the effect of WGP and NS on the internal structure of mortars and

the reduction in pores formed.
3. Checking and indicating that C-S-H gel formed due to hydration and

pozzolanic activity.

4.6 X-ray Diffraction (XRD)

X-ray diffraction (XRD), a potential analytical technique, is used in many scientific
fields, including materials science, chemistry, and geology, to study the crystalline
structure of solid materials. XRD examines the angles at which the crystal lattice
disperses the X-rays to create a distinctive diffraction pattern. This is done by directing
a monochromatic X-ray beam onto a sample. Using this pattern as a fingerprint of the
material's atomic configuration, it is possible to identify crystal phases, calculate lattice
parameters, and get information on microstructural characteristics like crystallite size
and strain (Chung, 1974).

For this study, various combinations of mortars with WGP+NS were tested. We picked
two combinations from each WGP content: WGP with no NS and the highest NS
content (2%). This was done to distinguish between the hydration products of each
WGP content with and without NS. As the laboratory told us, we had to choose a
limited number of mortars. The mortars were sent to Prof.Dr. Adnan Tekin Material
Sciences and Production Technologies Application Research Center (ATUM). These
combinations were: Control, (C), 1%NS(INS), 2%NS(2NS), 10%GP+0%NS
(LOGPONS),10%GP+2%NS (10GP2NS),15%GP+ 0% NS (15GPONS), 15%GP + 2%
NS (15GP2NS), 20%GP + 0% NS (20GPONS), 20%GP + 2% NS (20GP2NS), 25%
GP + 0% NS (25GPON), 25% GP + 2% NS (25GP2N).

Table 4.2 shows the chosen combination sent for the XRD test. The specimens were

prepared by crushing them and turning them into powder as the laboratory requested.
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Table 4.2: Combination chosen for XRD test.

Mortars OWGP  10WGP  15WGP 20WGP  25WGP

Picked

ONS OWGP 10WGP 15WGP 20WGP 25WGP
ONS ONS ONS ONS ONS
©

INS OWGP
1NS

2NS OWGP 10WGP 15WGP 20WGP 25WGP
2NS 2NS 2NS 2NS 2NS

The aims of the XRD test in this study are:

1. Follow some hydration products resulting in the mortars, such as CH crystals,
Ettringite, Quartz, and any notable trend from adding WGP and NS.

2. Investigating pozzolanic reaction by following CH peaks’ intensities with
different combinations.

3. Compare these results with different literature and other tests in this study, such

as SEM and thermogravimetric analysis (TGA).

4.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique used to analyze materials' thermal
stability and composition. The method involves subjecting a sample to a controlled
increase in temperature while measuring its weight change as a function of temperature
or time.

During the analysis, the sample is placed in a crucible and heated in a furnace, and its
weight is monitored by a sensitive balance (Thermogravimetric analysis (TGA) -
types). As the temperature increases, the sample undergoes various thermal processes
such as dehydration, decomposition, oxidation, and reduction, which are reflected in
the weight change. Figure 4.7 shows TGA’s equipment used for thermogravimetric

analysis.
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Figure 4.7: TGA-55 equipment used-for-thermogravimetric-analysis-TGA.

The TGA instrument provides a thermogram that plots the weight of the sample as a
function of temperature or time, which can be used to determine various properties of
the sample, such as its thermal stability, composition, purity, and reaction Kinetics.
TGA is widely used in various fields, including material science, chemistry,
pharmaceuticals, and environmental science, to study the properties of polymers,
ceramics, composites, minerals, fuels, and biomaterials. The technique is instrumental
in characterizing the thermal behavior of complex materials, such as those with
multiple components or impurities, and in studying the effects of temperature on the
properties of materials (Thermogravimetric analysis (TGA) — types).
The aim of this test is:

1. Calculating the loss in mass with increasing temperature.

2. Calculating the loss of mass resulting from CH consumption.

3. Comparison between CH consumption of mortars with WGP and mortars

without WGP.
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5. TEST RESULTS

5.1 AMBT Results

ASTM C1567-23 performed the AMBT tests. Comparator readings were taken on the
3, 71 and 14" days. The mortar bar specimens were stored at a constant temperature
of 80°C while submerged in a NaOH solution to facilitate a high-alkaline environment.
This was done to ensure that ambient temperatures did not affect the expansion
readings (ASTM C1567-23).

5.1.1 Effect of Nano Silica
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Figure 5.1: Effect of nano-silica on ASR expansion with 1%, 1.5%, and 2% of OPC
cement replacement level together with control specimen.

Figure 5.1 shows the relationship between ASR expansion and the specimens with
nano silica content. ASR expansion in the control specimen (0% nano-silica) is 0.36%.
On the other hand, specimens with 1%, 1.5%, and 2% nano-silica content have 0.32,
0.31, and 0.32%, respectively. We can notice that using nano-silica caused a reduction
in expansion compared to the control specimen. The expansion decreases by 9% by
adding 1% of nano silica, 14% with 1.5%, and 9% with 2% of nano silica. From these
results, we can say that adding nano silica slightly mitigated ASR expansion. This
reduction is not gradual with the increase in the amount of nano silica used, and it is
not that effective to depend on. The results are accommodated with other research,
such as (Cai et al., 2019).

63



5.1.2 Effect of waste glass powder
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Figure 5.2: Effect of glass powder on ASR expansion with 10%, 15%, 20%, and
25% of OPC cement replacement level.

Figure 5.2 shows the expansion results of mortar bars with different WGP content. The
WGP replacement ratios were 10%, 15%, 20% and 25% of cement. We can conclude
that WGP showed an effective mitigation level, reaching an 86% reduction in
expansion with 25% of WGP. The expansions were 0.2%, 0.19%, 0.10%, and 0.05%
for 10GPONS, 15GPONS, 20GPONS, and 25GPONS, respectively. Only two
replacement levels could reduce the expansion to the safe level mentioned in ASTM
C 1778. These replacement levels were 20% and 25% of WGP. This effectiveness in
mitigating ASR was mentioned in literature reviews (Hadley, 1961; Liu et al., 2015;
Ke et al., 2018).

Ke et al. (2018) presented AMBT results for glass powder as a cementitious
replacement with a particle size range between 53-75 um at 3, 7, 14, 28, and 35 days.
The glass powder replacement levels were 0%, 10%, 20% and 30%. The expansion
decreased at 14 days from 0.085% to 0.025% with 30% of glass powder replacement
level with a reduction percentage of 70.6%.
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5.1.3 Combined effect of nano silica and waste glass powder
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Figure 5.3: Effects of cement replacement with 10% WGP and several amounts of
NS on ASR expansion.
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Figure 5.4: Effect of cement replacement with 15% of WGP and several amounts of
NS on ASR expansion.
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Figure 5.6: Effect of cement replacement with 25% of GP and several amounts of

NS on ASR expansion.

Figures 5.3, 5.4, 5.5, and 5.6 show the effects of replacing cement with 10, 15, 20, and
25% WGP together with 0, 1, 1.5, and 2% NS on ASR expansion up to 14 days
according to ASTM C1576-23. The figures show that adding glass powder mitigated

ASR expansion; increasing the glass powder content decreased ASR expansions. The

66

most effective results are 20% and 25%, decreasing the expansion below 0.1%.



Figure 5.3 shows a 10% replacement of waste glass powder and 1%, 1.5%, and 2%
nano-silica with cement. We can conclude that the increased NS content had a negative
effect on mitigating ASR at 10% replacement of waste glass powder with cement.
Figure 5.4 shows the results of 15% WGP addition. We noticed here different behavior
with gradually increasing nano silica’s content. The effect of nano silica on mitigating
ASR is almost negligible.

Figure 5.5 expresses a 20% replacement ratio with NS in different percentages. We
noticed almost the same reduction ratio for bars with 20% GP replacement with 1%,
1.5%, and 2% NS replacement. The same note at 25% GP replacement in Figure 13.6.
The average expansion value of mortars with 10%, 15%, 20%, and 25% GP
replacement levels with different NS content was 0.24, 0.19, 0.1, and 0.05%,
respectively (shown in Figure 5.7). It is noticeable that, for the same replacement level
of GP, NS’s effect on expansion can be negligible, especially in high-level replacement
of GP (20%, 25%).

Figure 5.8 shows the reduction level of ASR expansion in comparison to control bars.
25% replacement of GP gave the highest reduction level of expansion, reaching 86.1%
in 25GP2NS. The expansion in bars reached the unreactive level with 20% GP
replacement. Probably because of the small effect of NS on mitigating ASR expansion,
as discussed in Figure 5.1, its effect together with GP can’t be noticed in comparison

with the impact of GP in mitigating.
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Figure 5.7: The average of 10%, 15%, 20%, and 25% waste glass powder with (0, 1,
1.5, and 2% Nano silica).

67



(Vo]
o O

HONS

o

m INS

o O

m 1.5NS
W 2NS

= N W B U O N
o O O

Reduction in expansion %
o

o

25GP% 20GP% 15GP% 10GP%
Glass Powder Ratios

Figure 5.8: The reduction in expansion with different combinations of WGP and NS
content.

5.2  Flexural Strength Tests at 7 and 28 Days

5.2.1 Flexural strength at 7 days

The flexural strength was applied to the prismatic specimens according to (BS EN 196-
1). The load was applied in the middle of the specimens from the vertical direction.
The highest load was recorded, and the flexural strength was calculated, as mentioned
in Chapter 4. Figure 5.9 shows the variation of flexural strength at seven days for
different combinations of GP and NS used in the study. The overall flexural strength
ranges from 6.5 to 8.2 MPa. It shows that increasing the WGP replacement level in
mortar has a reduction effect on the flexural strength. At the same time, increasing the
NS ratio helped improve flexural strength compared to specimens without NS. For
example, for mortars with 20% GP content with 0, 1%, 1.5%, and 2% NS, the results
are 7.1 MPa, 7.0 MPa, 7.20 MPa and 7.5 MPa, respectively.
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Figure 5.9: Effect of glass powder and nano silica on the 7-days flexural strength.

5.2.2 Flexural strength at 28 days

Figure 5.10 shows the relationship between flexural strength and different mortars with
various GP and NS replacement levels at 28 days. At this age, the range of flexural
strength is 6.5 MPa to 10 MPa. Adding only GP decreased the flexural strength with
the increase in GP content. The role of using NS after an early age was less effective
compared to the results from 7 days. That proves NS's fast pozzolanic reaction and
seeding effect at an early age, as Hou et al. (2015) and Cai et al. (2019) mention.

These results are accommodated with some literature reviews investigating the effect
of NS on the initial setting time and initial hardening process (Glneyisi et al., 2016;
Nigam and Verma, 2023). Adding NS forms more H,SiO; in the hydration process,

which reacts with more Ca*2 ions, generating more C-S-H (Nigam and Verma, 2023).
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Figure 5.10: Effect of glass powder and nano silica on the flexural strength at 28
days.

5.2.3 Reduction ratios of flexural strength
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Figure 5.11: Reduction ratios for different combinations of flexural strength at seven
days.
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Figure 5.12: Reduction ratios in flexural strength for different combinations at 28
days).

Figures 5.11 and 5.12 show the reduction ratio in flexural strength for all combinations
used in this study compared to control mortar at 7 and 28 days, respectively. For seven
days of tests, we noticed flexural strength reductions for all GP and NS replacement
levels. The highest reduction ratio was 21.2% for 15GP1NS, and there was no
recording of an increase in flexural strength. On the other hand, at 28 days results, a
reduction in flexural strength with GP replacement level was noticed. The highest
decrease was 28.3%, recorded in the 25GPONS specimen. These results are similar to
other studies (Shoaeia et al., 2020).

5.3 Compressive Strength (7 and 28 days)

The compressive strength test was conducted using the compressive machine. Half of
the specimens were broken in flexural strength tests used in the compressive strength
tests. The test was applied over mortars with 40*40 mm. cross-sectional area of the

specimens.

5.3.1 Compressive strength at 7 days

Figure 5.13 shows the variation in compressive strength at 7 days. Compressive
strength values ranged from 57.1 MPa in 2NS mortar to 32.5 MPa in 25GP2NS. As

shown in Figure 5.13, with the increase of GP’s replacement level (without NS), the
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compressive strength reduced from 51.8 MPa in the control mortar to 32.6 MPa in the
25GPONS mortar. The compressive strength in mortars with only NS increased from
51.8 MPa to 57.1 MPa in 2NS mortar. In mortars with combinations between GP and
NS, with increasing NS ratio, the compressive strength increased, especially in 10%
and 15% GP mortars. With 20 and 25% of GP, the enhancement of NS in compressive
strength is not considerable. The results accommodated different studies that
mentioned the effect of NS on compressive strength, especially at early ages (Cai et
al., 2019). This is because of the fast pozzolanic reaction and seeding effect of NS
(Singh, et al., 2016).
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Figure 5.13: Effect of glass powder and nano silica on compressive strength at 7
days.

5.3.2 Compressive strength at 28 days

Figure 5.14 shows the variation in compressive strength at 28 days for different
combinations used in this study. Compressive strength values ranged from 72 MPa for
2NS to 49.8 MPa for 25GPONS. The results show that more GP content results in less
compressive strength, which is predicted to be the case after flexural strength results.
The role of NS in increasing strength is evident, but the enhancement in strength was
less in comparison to early-age results. The increase of compressive strength after 28
days proves again the lower reactivity of GP at early ages, as found in flexural strength.
Another study mentioned the same results (Petal et al., 2019).
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Figure 5.14: Effect of glass powder and nano silica on compressive strength at 28
days.

5.3.3  Reduction ratio of compressive strength

Figures 5.15 and 5.16 show the reduction in compressive strength for 7 and 28 days,
respectively. The highest reduction ratio in 7 days' results was 37.2% for 25GP2NS
mortar and 25% for 28 days' results for mortar with 25GPONS. The effect of using NS
was more apparent at 7 days; the compressive strength increased to 10.20% in mortar
with 2NS in comparison to the control mortar. The increase in compressive strength in
mortar with 2% NS at 28 days was 8.4%.
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Figure 5.16: Reduction ratio in compressive strength for different combinations at
28 days.
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54  Capillary Water Absorption

Capillary water absorption refers to the ability of a porous material to absorb water
into its pores against the force of gravity. This absorption occurs due to the capillary
action of the material's pore structure, which draws water upward through narrow
channels.

Capillary water absorption can significantly impact the durability and performance of
building materials. When moisture is absorbed into a material's pores, it can cause
damage through freeze-thaw cycles, chemical reactions, or simply by increasing the
material's weight and reducing its strength. Additionally, excessive moisture
absorption can lead to mold growth and other forms of degradation.

To prevent capillary water absorption, building materials can be treated with water-
repellent coatings or sealants that block the pores and prevent moisture from entering.
Alternatively, materials can be designed with a more closed-pore structure that limits
the ability of water to enter. Understanding the characteristics of varied materials'
capillary water absorption is essential in building design and maintenance.

According to ASTM C1585 and BS EN 1015-18, the ability of specimens to absorb
water through their capillary pores was measured. The measurement for ASTM C1585
was up to 24 hours, and for BS EN 1015-18, the calculations need to be read at 10 and
90 minutes only. Table 5.1 presents the intervals in which the specimens were weighed
and recorded for both standards.

Table 5.1: Readings’ time for capillary water absorption test.

Time 60s 5min  10min 20 30 60 90 Every hour 24 h
min  min  min min upto6h
Tolerance 2s  10s 2min 2 2 5 5 5 min Two h

min  min min  min

The calculations for BS EN-1015-18 were done in equation (5.1):

C = 0.1*(M2- My) kg/(m2. min®%) (5.1)
M1 and M represent the weight of specimens after 10 min. and 90 min. from the
beginning of the test. The water absorption coefficient equals the straight line slope
linking the representative points of the measurements carried out at 10 min and 90 min
(Considered 0.1) (BS EN-1015-18).
The calculations for ASTM C1585 were done according to equation (5.2):
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I=m:/a*d (5.2)
| = the absorption,
m¢= the change in specimen mass in grams at the time t.
a = the exposed area of the specimen in mm?.
d = the density of the water in g/mm?.
(1) is the absorption calculated by dividing the change in mass by the product of the
test specimen's cross-sectional area and the water's density. For this test, the
temperature dependence of the water density is ignored, and a value of 0.001 g/mm3
is used. The units of I are mm (ASTM C1585-20).
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Figure 5.17: Water absorption quantity according to ASTM C1585-20.
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Figure 5.18: Water absorption according to BS-EN 1015-18.
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Figures 5.17 and 5.18 show the relationship between water absorption according to
ASTM C1585 and BS-EN 1015-18, respectively, and different mortars with different
WGP and NS content. They show that the least amount of water to be absorbed is
noticed in the control specimen. Adding NS with 1% and 1.5% absorbed more water
through the test’s time but, at the same time, started to decrease the ability to absorb
water with the increase of NS’s percentage.

In specimens with WGP content, increasing the percentage of WGP decreases the
amount of water absorbed. Also, WGP with NS reduces water absorption more than
the specimens with the same amount of WGP but with a lower percentage of NS. We
can conclude that waste glass powder can be considered a filling material that reduces
the ability of water to get into the pores, especially in early ages before the reaction
activity of WGP appears effectively. Also, NS has the same effect, and the best
combination of WGP and NS is the highest amount (25GP2NS).

5.5 Thermogravimetric Analysis (TGA)

TGA is often used to study materials' thermal stability, decomposition, oxidation, and

moisture content. In this study, TGA is used to determine the percentage of

consuming Ca(OH)2, which gives us insight into the pozzolanic effect of WGP.

In TGA, the specimens go through 3 separate phases with the increase in temperature,

as mentioned by Jiang et al. (2022):

Phase 1: The weight loss was mainly induced by water evaporation and dehydration

of hydrated silicates when the temperature rose to 100°C-150°C.

Phase 2: The weight loss was mainly induced by the decomposition of Ca(OH). and

the formation of CaO when the temperature rose to 400°C-500°C.

Phase 3: The weight loss was mainly induced by the decomposition of CaCO3z when

the temperature rose to 700°C-800°C.

To evaluate the change in CH content, the section of the TGA curve between 400 °C

and 600°C was used to calculate the CH by Equation (5.3) (Aliabdo et al., 2016):
CH (%) = Wt x (WcH / Wy) (5.3)

Where W represents the total weight loss percentage between 400°C and 600°C, WcH

represents the molecular weight of Ca(OH)2 (-74 g/mol), and Ww represents the

molecular weight of water (-18 g/mol).
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Two different specimens were chosen to be analyzed: a specimen with zero WGP
content (Control) and a specimen with the highest WGP content (25%GP) without
nano silica (25GPONS).

Figure 5.19 shows the relationship between the temperature and the loss in weight in
each specimen. Figure 5.20 represents the rate of weight loss in comparison with
gradual temperature increases. The rate of weight loss in the control specimen (about
0.07%) is larger than the weight loss in the 25GPONS specimen (0.03%) in intervals
between 400-C and 600°C. The loss in weight in this interval is because of CH’s
content, as mentioned earlier. That proves that the amount of CH still found in the

control specimen without hydration is more significant than that in the 25GPONS

specimen.
100

95
£ 90 —c
S
.a0
v 85 = 25GPONS
=

80

75

0 200 400 600 800 1000

Temperature (C)

Figure 5.19: TGA curves for control and 25GPONS specimens.
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Figure 5.21: Ca (OH). content in samples with 25% WGP additions.

To calculate CH content in control and 25GPONS, the total weight loss percentage
between 400°C and 600°C was calculated from Figure 5.19, and then equation 5.3
was used.

The total weight loss percentage between 400°C and 600°C (W) for:

Control = 2.68%

25GPONS = 1.822%

Wen = -74 gm/mol

Ww = -18 gm/mol

Then, we can calculate the CH percentage as follows:
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For Control:

CH % =2.68 * (-74/-18) = 11.02%

For 25GPONS:

CH % =1.822 * (-74/-18) = 7.49%

According to the last calculations, the percentage of consumption in the control
specimen was 11.02% and 7.49% in 25GPONS. The results confirm the pozzolanic
effect of WGP, as mentioned before. Figure 5.21 shows the relationship between CH
content in control and 25GPONS specimens. It shows the reduction in CH content in

the specimen with 25% GP compared to the control specimen.

5.6  Scanning Electronic Microscope (SEM)
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Figure 5.22: Scanning Electronic Microscope (a) SEM for control
specimen (b) SEM for 2NS specimen. (¢) SEM for 10GP2NS specimen. (d)
SEM for 15GP2NS specimen. (e) SEM for 20GP2NS specimen. 22 SEM for

10GP2NS specimen.

Figures from 5.22 (a) to 5.22 (f) show the microstructure of different mortars after
being immersed in NaOH solution for 14 days to accelerate ASR gel formation. These
specimens are controlled, 2NS, 10GP2NS, 15GP2NS, 20GP2NS, and 25GP2NS,
respectively. From these figures, we can notice an improvement in permeability by
adding waste glass powder and nano silica. Also, ASR gel appears in control and 2NS
specimens and starts to disappear by adding waste glass powder, which
accommodated with results from AMBT.

The SEM images in Figures 5.22 (a) to 5.22 (b) present the control specimen and
specimens with varying WGP and NS content at the age of 90 days. In Figure 5.22
(a), the cracks appeared in the control sample as evidence of forming ASR gel. Mortar
with 2% NS presented a denser structure with more C-S-H formation, but the cracks
were still found. Compared to the control specimen, the blended mortar with 10%
WGP + 2% NS shows a little increase in hydration products and a relatively dense
internal structure with the appearance of CH lamellar (Figure 5.22 (c)). When the
WGP content reaches 15%, the internal structure becomes denser, and fewer CH
crystals were found with more C-S-H formation Figure 5.22 (d). Figure 5.22 (e)
shows that the ettringite in the hydration products of mortar with 20% WGP + 2%NS
has transformed from fine to coarse, creating a three-dimensional C—S—H gel, which
contributes to higher strength. Additionally, the number of pores and cracks has
decreased, indicating improved compactness in the cement mortar, and an increase
in WGP content promotes cement hydration. However, in the hydration product of
mortar with 25% WGP (Figure 5.22 (f)), the content of C-S—H gel has increased
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significantly, and the structure exhibits relatively more porosity. The SEM images
affirm that the cement slurry is densest when the WGP content is 25% and 2% NS.
The number of hydration products has significantly increased, with the presence of
three-dimensional C—S—H gel, lamellar CH crystals, and needle-like ettringite. These
hydration products overlap, and there is a substantial reduction in the number of holes
and cracks, resulting in a dense network structure. That proves how effective
WGP+NS in different contents is in mitigating ASR gel formation.

Despite the pozzolanic activity that WGP+NS does, the formation of C-S-H gel
doesn’t necessarily mean high strength in the result. It was discussed in some
literature, such as Zheng (2016). According to Zheng, SCMs produce C-S-H gel with
a low Ca/Si ratio, negatively affecting compressive and flexural strength.

5.7 X-ray Diffraction (XRD)

XRD results for mortars mentioned in chapter 4.8 are mentioned in this chapter. The
main aim is to follow some hydration products such as CH and quartz. Figure 5.23
shows the CH content of different mortars according to the XRD test. The results will
be discussed in 2 stages: first mortars with only waste glass powder and second
mortars with WGP and NS. The main peaks of CH in the XRD spectra were found at
18.00° 26. (d = 4.9092 A), 34.10° 20 (d = 2.6270 A) and 47.12° 26 (d = 1.9268 A)
(Lietal., 2022). The main peaks of quartz were noticed to be at 26.6° 26.
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Figure 5.23: CH's percentage in mortars.
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Figure 5.24: X-ray diffraction for different mortars from 12 to 20° 26.
5.7.1 Mortars with WGP

With a general look at all mortars, we can figure out a descending trend of CH’s
crystal content from control mortars up to 25% GP without NS, which is introduced
in Figure 5.23. CH’s crystal content was 15.3% of mortars in the control specimen,
reduced to 12.1% and 11.1% with 10% GP replacement. The exception of these
results was at 20%GP replacement, which may have been related to a laboratory
mistake; CH’s crystals were 19.5%. Finally, at 25% of GP, CH’s crystal content was
13.3%. The reduction in CH’s crystal content is proof of a pozzolanic activity
enhancement with GP’s content, which accommodated TGA’s results. The same
results were found in another research (Li et al., 2022).

The other deduction from XRD’s results was quartz formation. In the specimens with
only GP, the quartz’s formation increased from 46.9% in the control specimen and
reached its maximum at 20%GP replacement level to be 69.9% of the total
specimen’s structure. Figure 5.25 shows the formation of quartz for different
combinations used in this study. Quartz’s content is presented in Figure 5.25 and

accommodated with results (Li et al., 2022).
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Figure 5.25: Quartz's percentage in mortars.
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Figure 5.26: X-ray diffraction for different mortars from 30 to 35" 26.

5.7.2 Mortars with GP + NS

From Figure 5.23, we can see that, in comparison with control mortar, specimens
with 1% and 2% NS had a reduction in CH’s crystals content gradually from 15.3 to
13.8 and 4.8%, respectively. Also, except in 15GP2NS mortar, NS and GP content in

mortars effectively reduced the CH’s crystals content. CH’s crystal content was

reduced from 15.3% in the control specimen to 5.9% in the specimen with 25GP2NS.

We can conclude that NS helped to increase the pozzolanic reactivity in specimens

containing GP.

86



Figures 5.24 and 5.26 show the results of the XRD test in the intervals between (12-
20) and (30-35) of 20 in degrees, respectively. The results showed a noticeable
reduction in CH’s peaks’ intensities with specimens containing NS, which proves
NS’s role in the pozzolanic reaction.

The effect of NS in increasing the quartz formation as a primary and secondary
cementitious replacement appeared in Figure 5.30. In specimens with 1 and 2% of
NS, the quartz formation increased from 46.9% in the control specimen to 51.1 and
82%, respectively. In specimens with GP and NS, the formation level of quartz
increased in 10GP2NS, 20GP2NS, and 25GP2NS compared to specimens with the

same replacement level of GP only.
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Figure 5.27: X-ray diffraction for different mortars from 17 to 50° 26.

Figure 5.27 shows the different peaks introduced in the XRD test. It is noticed that

the most intense peak was found to be the quartz and, followed by CsS (Alite).
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6. DISCUSSION

The level of ASR expansion was affected by different proportions of glass powder
added. The mechanical properties, such as compressive and flexural strength, are also
affected. In this chapter, I will try to explain the mechanism by which WGP and NS
mitigated ASR and affected compressive and flexural strength using the findings
from TGA, SEM, and XRD tests.

6.1 AMBT Test

Accelerated mortar bar test results show how effective glass powder was in reducing
ASR expansion. 10%, 15%, 20%, and 25% glass powder replacement gave 33%,
47%, 72%, and 86% reduction percent in expansion, respectively. It is more effective
than other studies that used glass powder as a cement replacement (Jani and Hogland,
2014; Zheng, 2016). As mentioned in ASTM C1778-22, the expansion ratio target to
consider these aggregates are not reactive or the ASR will not cause a damage
expansion in concrete is 0.1%. According to our results, 20% and 25% replacements

achieve 0.1% and 0.05% expansion, respectively.

Different studies tried to explain why glass powder mitigates ASR, mainly when
waste glass is used as an aggregate. It is considered to achieve ASR risk. One of these
studies was conducted by Zheng (2016). According to his study, glass powder has a
pozzolanic reaction like SCM when it reacts with portlandite to form C-S-H gel. The
primary responsibility for the pozzolanic reaction was the Si content in glass powder,
which is the main element in glass in terms of chemical composition. The amorphous
nature of silica in the glass helps accelerate the reaction with Ca*? in the solution to
form more C-S-H and reduce free Ca* in the pore solution. Glass powder and CH
react to produce more C-S-H and improve the pozzolanic reactivity of GP (Ke. et al.,
2018) The pozzolanic reaction was confirmed in our study by XRD and TGA results.
According to Zheng (2016), two types of C-S-H are formed: the outer and inner
layers. The inner layer is noticed to be around glass particles directly in SEM images.
The outer layer has a low Ca/Si ratio in the appearance of glass powder, which will
affect the mechanical properties as discussed. The Ca/Si ratio reduction makes the
formed ASR gel have properties close to the C-S-H gel and affects its swelling and

expansion properties.
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According to Zheng, (2016) Al ratios in specimens with glass powder content tend to
increase over time. It is known that Al ratios in glass are limited. So, the increase of
Al in the solution is not from glass. The other two compounds that have high Al ratios
are ettrengite and monosulfate. From the XRD test that Zheng made, the level of
ettringite stays constant; on the other hand, the level of mono sulfate decreases with
time. We can conclude that monosulfate is the primary source of Al in the pore
solution. Al has an essential role in mitigating ASR expansion. Al reduces silica
dissolving by incorporating it into silica surfaces according to the field of geology
and chemistry (Zheng, 2016).

Mortars with WGP showed a remarkably denser structure even after being exposed
to temperature and moisture for 14 days, which helped to prevent the forming of ASR
gel. This denser structure was because of the filling effect of WGP. From our study,
the XRD test showed an increase in forming quartz, which is a well-organized crystal.
The increase in quartz formation is because of the increase in Si content by adding
more WGP. The stable form of quartz prevents excessive amounts of Si from reacting
with alkalis and forming ASR gel.

6.2 Compressive Strength (7-28 days)

Compressive test results show a reduction in compressive strength by the waste glass
powder replacement level at 7 and 28 days. Figure 5.15 showed a reduction in
compressive strength by 10.7%, 15.4%, 19.6%, and 37.1% in mortars with 10%,
15%, 20%, and 25% of GP at 7 days, respectively. As shown in Figure 5.16,
compressive strength decreases by 6.9%, 14.8%, 18%, and 25% in mortars with 10%,
15%, 20%, and 25% of glass powder, respectively (with 0% of nano silica). By
increasing the percentage of nano silica, the reduction percentage in compressive
strength starts to decrease. At 7 days, the reduction in compressive strength was
2.7%, 8%, 21%, and 37.2% for 10GP2NS, 15GP1.5NS, 20GP2NS, and 25GP2NS,
respectively. For 28 days, the reduction percent was 5.5%, 7.3%, 12%, and 17.2% at
28 days for 10GP2NS, 15GP1.5NS, 20GP2NS, and 25GP2NS, respectively. Mortars
with only NS increased the compressive strength by 10.8% at 7 days. At 28 days, the
mortars with NS increased the compressive strength by 8.4% in comparison to the

control mortar. These results confirm the effect of NS at an early age. Also, the
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results confirm the delay of hydration in mortars with GP as the results at 28 days

were much better than 7 days.

We can find some inconsistent results by increasing nano silica’s content. This is
because of some reasons. Colloidal nano-silica has an agglomeration effect,
especially in 2% and more. This phenomenon makes nano silica particles collected
in points rather than dispersed in the whole mortar, creating weak points in the
mortars. This phenomenon was mentioned in some studies (Elkady et al., 2013). the
agglomeration of nano silica was evident during the production process. Some
leftover nano silica was noticed to be collected at the bottom of the bottle while

adding it to the bowl. This is the other reason that affected the results slightly.

According to ASTM C618, the strength index needed to accept any material as a
pozzolanic material was 75% and 85% of the control sample for 7 and 28 days,
respectively. For 7 days, all mortars achieved the strength index requirement except
mortars with 25GPONS, 25GP1NS, 25GP1.5NS, and 25GP2NS.

At 28 days, all mortars achieved the requirements except 25GPONS, 25GP1NS,
25GP1.5NS, and 20GP2NS. The main note in recording these results was the
reduction in compressive strength, although the pozzolanic reaction was noticed by
TGA results and in mitigating ASR expansion, as discussed earlier. That may return
to the leak of Portlandite in the mortars, and the C-S-H gel formed from the mix
between glass powder and Portland cement has a lower Ca/Si ratio, affecting the gel's

stiffness properties.

6.3 Flexural Strength (7-28 days)

The results of flexural strength show a little reduction compared to compressive
strength. The strength is almost the same with increasing of glass powder. Unlike
compressive strength, adding nano silica didn’t affect flexural strength. Some studies
observed these results (Turkmenoglu et al., 2022). This study investigated the
synergistic effect of nano and micro silica and their combination. They found that
nano silica had a negative effect on the brittleness of the concrete. They recorded that
effect by calculating the ratio between flexural strength and compressive strength.

The reduction in ratio means increasing in the brittleness of the concrete. Identical
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results were found in our study. Figures 6.1 and 6.2 show the percentage of flexural

to compressive strength for 7 and 28-day results.
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Figure 6.1: Ratio between flexural and compressive strength (7 days).
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Figure 6.2: Ratio between flexural and compressive strength (28 days).

We can notice that adding nano silica slightly affected the brittleness. At 7 days’
results, this ratio increased with the glass powder replacement ratio. That means glass
powder can increase the flexural strength slightly. So, we can conclude that this type
of glass powder from E glass positively affects ductility. Nano silica has a negative
impact. This effect has nothing to do with the hydration process. It is related to the

physical composition of this type of glass.
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6.4  Water Absorption

The results of water absorption showed how GP and NS affected the durability.
Figure 5.18 showed exciting results; adding 10% glass powder increased the water
absorption ability of mortar in comparison with the control specimen. However,
increasing this percentage showed a reduction in water absorption ability and
improved durability. The same was found with nano silica; adding 1%, 1.5%, and 2%
of nano silica first increased water absorption (at 1% replacement) and started
decreasing with 1.5% and 2% of Nano silica (improving durability). Figure 6.3 shows

a relative change in water absorbency compared to the control specimen.

The observed variations in water absorption with increasing amounts of glass powder
and Nano silica, despite using particles with identical size and porosity, can be
attributed to several influencing factors. The impact of glass powder on water
absorption is multifaceted. It relies on variables such as the proportion of glass

powder, particle size distribution, and the overall composition of the mortar mixture.

The initial addition of 10% glass powder as a cement replacement presented particles
with different water absorption characteristics than the original cement. It is plausible
that the glass powder particles exhibited higher porosity or increased water
absorbency; glass powder started to fill the voids, forming a pathway to transport
water through, thereby contributing to the elevated water absorption observed in the
specimens containing 10% glass powder.

However, as the proportion of glass powder was further increased beyond 10%, the
effects on water absorption altered (at 15%,20%, and 25%). This phenomenon can
be attributed to the filling effect of additional glass powder particles within the mortar
matrix. Consequently, these particles contributed to reduced pore size and increased
compaction, resulting in diminished water absorption. Moreover, higher proportions
of glass powder may have improved particle packing and interfacial bonding, further
reducing water ingress. Also, the pozzolanic effect of glass powder and nano silica
added more C-S-H gel, which caused denser mortar and helped reduce water
absorbency. The same explanation is valid with nano silica and the combination
between them. A similar result was found in another powder type, such as marble.
Priyadarshini et al. (2023) found a sudden reduction in water absorbency at 10% of

marble powder replacement.
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7. CONCLUSIONS

This study investigated the effectiveness of glass powder (GP) and nano silica (NS)

as cementitious replacements in mitigating alkali-silica reaction (ASR) in mortars.

Twenty mortar mixtures were formulated with varying combinations of GP and NS,

and their mechanical properties, ASR mitigation potential, and pozzolanic reactivity

were systematically evaluated. The following key findings and conclusions emerged

from this research:

ASR mitigation with glass powder: Glass powder (GP) demonstrated
significant effectiveness in mitigating ASR-induced expansion. Mortars
incorporating GP at replacement levels of 20% and 25% exhibited a notable
reduction in expansion from 0.36% to 0.1% and 0.05%, respectively.

Nano silica effects: While nano silica (NS) did not exhibit a direct mitigation
effect on ASR gel formation, it accelerated the pozzolanic reaction in the early
ages. This suggests its potential for enhancing early-age strength development
in concrete mixes.

Mechanical properties: Mortars with GP replacements showed lower
pozzolanic reactivity at early ages, as evidenced by the difference between
compressive and flexural strength results at 7 and 28 days. Increasing the GP
replacement level tended to reduce flexural and compressive strength,
particularly evident in the 7-day test results. Conversely, NS incorporation led
to increased compressive and flexural strength at both 7 and 28 days.
Pozzolanic reactivity and microstructure: Thermal gravimetric analysis
(TGA) and X-ray diffraction (XRD) confirmed the pozzolanic reaction of GP,
as indicated by the reduction in calcium hydroxide (CH) content and the
appearance of GP-related compounds. Scanning electron microscopy (SEM)
analysis revealed a reduction in cracks in mortars containing GP and showed
denser structure in mortars with GP replacement, highlighting its potential for
enhancing durability. The pozzolanic activity of GP is the main reason why
GP can mitigate ASR.

Optimal combination: The recommended combination of 20% GP and 1.5%
NS (20GP1.5NS) demonstrated effective ASR mitigation while maintaining
acceptable compressive and flexural strength properties. Further research is

needed to investigate potential agglomeration effects, especially with smaller
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GP particle sizes, and to explore variations in particle sizes in E-fiber glass
powder.
This study utilizes waste materials to contribute to the development of sustainable
and circular solutions in construction. Future research should focus on optimizing the
sourcing, processing, and application of waste materials in construction and

evaluating their long-term performance and environmental impacts.
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Appendix A: The mix design for ASR's test mortars.

Table A.1: Mix design of mortars produced for ASR test.

Sp.gr Control 0GPINS 0GP1.5NS 0GP2NS
(g/cm®)
Material Water 1 206.8 202.4 200.2 198
Sand 2.69 990 990 990 990
OPC 3.14 440 435.6 433.4 431.2
WGP 2.61 0 0 0 0
NS 14 0 4.4 6.6 8.8
Superplasticizer 1.05 1.9 3 3 3
Total TOTAL WEIGHT (gm) 1638.7 1639.8 1639.8 1639.8
TOTAL VOLUME (cm?) 716.8 715.2 713.8 7125
Ratios wiC 0.47 0.465 0.462 0.459
W/B 0.47 0.47 0.47 0.47
Poz/Binder 0 0.01 0.015 0.02
Ns CB 8 in field 0 8.8 13.2 17.6
Table A.2: Continue mix design for ASR's test mortars.
Sp.gr 10GPONS 10GPINS 10GP1.5NS 10GP2NS
(g/cm®)
MATERIALS Water 1 206.8 202.4 200.2 198
Sand 2.69 990 990 990 990
OPC 3.14 396 391.6 389.4 387.2
WGP 261 44 44 44 44
NS 14 0 44 6.6 8.8
Superplasticizer 1.05 34 3.4 3.4 3.4
TOTAL TOTAL 1640.2 1640.2 1640.2 1640.2
WEIGHT (gm)
TOTAL 721.0 718.4 717.1 715.7
VOLUME (cm?)
RATIOS wi/C 0.522 0.517 0.514 0.511
W/B 0.47 0.47 0.47 0.47
Poz/Binder 0.1 0.11 0.115 0.12
Ns CB 8 in field 0 8.8 13.2 17.6
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Table A.3: Continue mix design for ASR's test mortars.

Sp.gr 15GPONS 15GP1NS 15GP1.5NS 15GP2NS
(g/cm®)
MATERIALS Water 1 206.8 202.4 200.2 198
Sand 2.69 990 990 990 990
OPC 3.14 374 369.6 367.4 365.2
WGP 2.61 66 66 66 66
NS 1.4 0 4.4 6.6 8.8
Superplasticizer 1.05 3.4 34 34 34
TOTAL TOTAL WEIGHT 1640.2 1640.2 1640.2 1640.2
(gm)
TOTAL VOLUME 7225 719.8 718.5 717.1
(cm®)
RATIOS wi/C 0.553 0.548 0.545 0.542
w/B 0.47 0.47 0.47 0.47
Poz/Binder 0.15 0.16 0.165 0.17
Ns CB 8 in field 0 8.8 13.2 17.6

Table A.4: Continue Mix design for ASR's test mortars.

Sp.gr 20GPONS 20GPINS 20GP1.5NS 20GP2NS

(g/cm®)
MATERIALS Water 1 206.8 202.4 200.2 198
Sand 2.69 990 990 990 990
OPC 3.14 352 347.6 345.4 3432
WGP 2.61 88 88 88 88
NS 14 0 4.4 6.6 8.8
Superplasticizer 1.05 3.4 3.4 3.4 34
TOTAL TOTAL 1640.2 1640.2 1640.2 1640.2
WEIGHT (gm)
TOTAL 723.9 721.2 719.9 718.6
VOLUME (cm?)
RATIOS wiC 0.588 0.582 0.580 0.577
w/B 0.47 0.47 0.47 0.47
Poz/Binder 0.2 0.21 0.215 0.22
Ns CB 8 in field 0 8.8 13.2 17.6
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Table A.5: Continue Mix design for ASR's test mortars.

Sp.gr  25GPONS  25GPINS 25GP1.5NS  25GP2NS
(g/cm®)
MATERIALS Water 1 206.8 202.4 200.2 198
Sand 2.69 990 990 990 990
OPC 3.14 330 325.6 323.4 321.2
WGP 2.61 110 110 110 110
NS 1.4 0 4.4 6.6 8.8
Superplasticizer 1.05 34 3.4 3.4 34
TOTAL TOTAL 1640.2 1640.2 1640.2 1640.2
WEIGHT (gm)
TOTAL 725.3 722.7 721.3 719.9
VOLUME (cm?®)
RATIOS wiC 0.627 0.622 0.619 0.616
w/B 0.47 0.47 0.47 0.47
Poz/Binder 0.25 0.26 0.265 0.27
Ns CB 8 in field 0 8.8 13.2 17.6
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Appendix B: The mix design table for flexural and compressive strength.

Table B.1: Mix design table for flexural and compressive strength test mortars.

Sp.gr Control 0GP1NS 0GP1.5NS 0GP2NS
(g/em?)
MATERIALS Water 1 225 220.5 218.25 216
Sand 2.69 1350 1350 1350 1350
OPC 3.14 450 4455 443.25 441
GWP 2.61 0 0 0 0
NS 14 0 45 6.75 9
Superplasticizer 1.05 5 5 5 5
TOTAL TOTAL WEIGHT (gr) 2030 2030 2030 2030
TOTAL VOLUME (cmd) 874.93 872.21 870.85 869.50
RATIOS w/C 0.5 0.495 0.492 0.490
w/B 0.5 0.5 0.5 0.5
Poz/Binder 0 0.01 0.015 0.02
Ns CB 8 in field 0 9 135 18
Theoretical unit 2.320 2.327 2.331 2.335
weight
cup weight 362.6 358.3 351.2 364
Measured unit 2.163 2.137 2.095 2172
weight
Air content 6.754 8.146 10.10 6.975
Workability 19.35 20.2 16.1 17.25

Table B.2: Continue Mix design table for Flexural and Compressive strength test’s

mortars.
Sp.gr 10GPONS 10GP1INS 10GP1.5NS 10GP2NS
(g/em®)
MATERIALS Water 1 225 220.5 218.25 216
Sand 2.69 1350 1350 1350 1350
OPC 3.14 405 400.5 398.25 396
GWP 261 45 45 45 45
NS 1.4 0 45 6.75 9
Superplasticizer 1.05 6.75 6.75 6.75 6.75
TOTAL TOTAL WEIGHT 2031.75 2031.75 2031.75 2031.75
(9
TOTAL 879.51 876.79 875.43 874.07
VOLUME (cmd)
RATIOS wi/C 0.556 0.551 0.548 0.545
W/B 0.5 05 05 0.5
Poz/Binder 0.1 0.11 0.115 0.12
Ns CB 8 in field 0 9 135 18
Theoretical unit 2.310 2.317 2.321 2.324
weight
cup weight 360.6 359.4 359.9 363.4
Measured unit 2.152 2.144 2.147 2.168
weight
Air content 7.173 7.460 7.475 6.720
Workability 21.45 231 20.75 21.95
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Table B.3: Continue Mix design table for Flexural and Compressive strength test’s

mortars.
Sp.gr 15GPONS 15GP1INS 15GP1.5NS 15GP2NS
(g/cm®)
MATERIALS Water 1 225 220.5 218.25 216
Sand 2.69 1350 1350 1350 1350
OPC 3.14 3825 378 375.75 3735
GWP 2.61 67.5 67.5 67.5 67.5
NS 14 0 4.5 6.75 9
Superplasticizer 1.05 6.75 6.75 6.75 6.75
TOTAL TOTAL WEIGHT 2031.75 2031.75 2031.75 2031.75
(9n)
TOTAL 880.96 878.25 876.89 875.53
VOLUME (cm?®)
RATIOS wi/C 0.588 0.583 0.581 0.578
w/B 0.5 0.5 0.5 0.5
Poz/Binder 0.15 0.16 0.165 0.17
Ns CB 8 in field 0 9 135 18
Theoretical unit 2.306 2.313 2.317 2.321
weight
cup weight 363.2 362.1 364.7 363.3
Measured unit 2.167 2.161 2.176 2.168
weight
Air content 6.036 6.610 6.085 6.591
Workability 20.5 18.2 18.85 19.25
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Table B.4: Continue mix design table for flexural and compressive strength test’s

mortar.
Sp.gr 20GPONS 20GP1INS 20GP1.5NS 20GP2NS
(g/cm®)
MATERIALS Water 1 225 220.5 218.25 216
Sand 2.69 1350 1350 1350 1350
OPC 3.14 360 355.5 353.25 351
GWP 2.61 90 90 90 90
NS 14 0 4.5 6.75 9
Superplasticizer 1.05 6.525 6.75 6.75 6.75
TOTAL TOTAL 2031.525 2031.75 2031.75 2031.75
WEIGHT (gr)
TOTAL 882.205 879.701 878.341 876.982
VOLUME (cm?®)
RATIOS wi/C 0.625 0.620 0.618 0.615
w/B 0.5 0.5 0.5 0.5
Poz/Binder 0.2 0.21 0.215 0.22
Ns CB 8 in field 0 9 135 18
Theoretical unit 2.303 2.309 2.313 2.316
weight
cup weight 362.7 360.5 360.3 359.3
Measured unit 2.164 2.151 2.150 2.144
weight
Air content 6.023 6.868 7.064 7.465
Workability 20.9 16.75 19.5 19.95
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Table B.5: Continue Mix design table for Flexural and Compressive strength test’s

mortars.
Sp.gr 25GPONS 25GPINS 25GP15NS  25GP2NS
(g/cmd)
MATERIALS Water 1 225 220.5 218.25 216
Sand 2.69 1350 1350 1350 1350
OPC 3.14 337.5 333 330.75 3285
GWP 2.61 1125 1125 1125 1125
NS 1.4 0 4.5 6.75 9
Superplasticizer 1.05 6.75 6.75 6.75 6.75
TOTAL TOTAL 2031.75 2031.75 2031.75 2031.75
WEIGHT (gr)
TOTAL 883.87 881.16 879.80 878.44
VOLUME (cm?)
RATIOS wiC 0.667 0.662 0.660 0.658
W/B 0.5 0.5 0.5 0.5
Poz/Binder 0.25 0.26 0.265 0.27
Ns CB 8 in field 0 9 135 18
Theoretical unit 2.299 2.306 2.309 2.312
weight
cup weight 361.9 366 353.7 354.3
Measured unit 2.159 2.184 2.110 2114
weight
Air content 6.063 5.291 8.615 8.602
Workability 20.2 20 17.45 16.65
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Appendix C: AMBT results for the whole combinations between WGP and NS.
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Figure C.1: ASR results for control paste.
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Figure C.2: ASR results for 1%NS paste.
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Figure C.3: ASR results for 1.5% NS.
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Figure C.4: ASR results for 2% NS.
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Figure C.5: Average ASR results for control, 1%NS, 1.5%NS, and 2%NS mortars.
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Figure C.6: ASR test results for 10%GP 0%NS.
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Figure C.7: ASR test results for 10%GP 1%NS.
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Figure C.8: ASR test results for 10%GP 1.5%NS.
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Figure C.10: Average ASR test results for 10%GP with different NS content.
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Figure C.12: ASR test results for 15%GP 1%NS.
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Figure C.13: ASR test results for 15%GP 1.5%NS.
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Figure C.14: ASR test results for 15%GP 2%NS.
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Figure C.15: Average ASR test results for 15%GP with different NS content.
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Figure C.16: ASR test results for 20%GP 0%NS.
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Figure C.17: ASR test results for 20%GP 1%NS.
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Figure C.18: ASR test results for 20%GP 1.5%NS.
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Figure C.19: ASR test results for 20%GP 2%NS.
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Figure C.20: Average ASR test results for 20%GP with different NS content.
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Figure C.21: ASR test results for 25%GP 0%NS.

124



Expansion

Expansion

0.12

0.1

0.08

0.06

0.04

0.02

0.1

0.08

0.06

0.04

0.02

-0.02

25GP1INS

zero length 3 7
Time (days)

e | imit

e ) 5GP1NS1
e ) 5GP1NS2
e )5GP1INS3

Figure C.22: ASR test results for 25%GP 1%NS.
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Figure C.23: ASR test results for 25%GP 1.5%NS.
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Figure C.24: ASR test results for 25%GP 2%NS.
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Figure C.25: Average ASR test results for 25%GP with different NS content.
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Appendix D: XRD results for cement, glass powder, and mortars with different
combinations of WGP and NS.
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Figure D.1: XRD result for cement (RPC).
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Figure D.2: XRD results for Glass powder (E- Fiber).
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Figure D.3: XRD results for control paste.
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Figure D.4: XRD results for 1%NS paste.
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Figure D.5: XRD test results for 2%NS paste.
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Figure D.6: XRD test results for 10%GP 0%NS paste.
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Figure D.7: XRD test results for 10%GP 2%NS paste.
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Figure D.8: XRD test results for 15%GP 0%NS paste.
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Figure D.9: XRD test results for 15%GP 2%NS paste.
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Figure D.10: XRD test results for 20%GP 0%NS paste.
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Figure D.11: XRD test results for 20%GP 2%NS paste.
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Figure D.12: XRD test results for 25%GP 0%NS paste.
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Figure D.13: XRD test results for 25%GP 2%NS paste.
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