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ABSTRACT

NEW GENERATION GEOPOLYMER BINDERS INCORPORATING
CONSTRUCTION DEMOLITION WASTES

Aml KUL

Master of Science, Department of Civil Engineering
Supervisor: Prof. Dr. Mustafa SAHMARAN
January 2019, 118 pages

As a result of c onsistently e xpanding ur ban p opulation, ¢ ontinuous d evelopment a nd
industrialization of ¢ ountries’ e conomies around the w orld, ¢ onstruction a nd de molition
industry gained prominence, despite the fact that it is also considered to be one of the largest
producers of solid wastes on a global scale. At the root of substantially increased amounts
of construction and demolition waste (CDW) around the world, there, for the most part, stand
the ne w s tructural a pplications, r epair/maintenance, r enovation, de molition w orks a nd
infrastructural development projects. If not controlled appropriately, these wastes, most of
which are going to clean landfills and which are likely to incorporate toxic substances, can
endanger the he alth of individuals and e nvironments s urrounding them. T herefore, itis
crucial t o deal w ith CDW i n pr oper w ays f or e nvironmental, s ocial a nd e conomic
benefits. From the material greenness point of view, geopolymers have been drawing the
attention o f numerous researchers as promising alternatives to Ordinary Portland Cement
(OPC). Geopolymer is a class of aluminosilicate-based binding materials and relies on no
cement. It can be made from industrial by-products such as fly ash and slag activated by an
alkaline solution. G eopolymers are a ppealing due t o engineering pe rformances such as

higher strength and resistance to acid, corrosion, fire/temperature and frost, in addition to



material g reenness. T he ai m o f't his t hesis is t o ev aluate t he u sability o f co nstruction
demolition w astes in g eopolymer pr oduction. R oof t ile, red cl ay brick, hol low br ick,
concrete and glass wastes which are forming a large part of construction demolition wastes
were classified, crushed and grounded right after demolition. These waste materials were
used as aluminosilicate precursors individually for alkali activation without inclusion of any
type of mainstream poz zolanic m aterials. S odium hydr oxide, s odium silicate, pot assium
hydroxide were used individually or combined at different ratios as alkaline activator for
polymerization reactions at different molarity and concentrations. Geopolymer pastes which
are based on construction demolition wastes were tested under uniaxial compressive strength
loading t o determine i mplementability of using C DW as an a luminosilicate s ource for
geopolymers. B esides, g eopolymer p astes were ch aracterized w ith r espect tot heir
morphology, chemical and crystallographic structure using methods of Scanning Electron
Microscopy (SEM), Energy Dispersive X-Ray Analysis (EDX), X-Ray Diffraction (XRD),
X-Ray F luorescence ( XRF) an d T hermogravimetric A nalysis (TGA). Consequently,
usability of the construction demolition wastes as aluminosilicate sources in the geopolymer
production individually or combined at specific ratios has been proven. Results show that it
is pos sible to obt ain the de sirable strength gr ades f rom g eopolymer pa stes by a lkali
activation o f brick-based construction d emolition waste. However, it seems necessary to
place more focus on the improved usability of waste concrete and glass in the production of

geopolymer pastes.

Keywords: Construction D emolition Wastes, G eopolymer B inders, A lkali A ctivation,

Mechanical Properties, Microstructural Properties

1



OZET

INSAAT YIKINTI ATIKLARI iCEREN YENI NESIiL JEOPOLIMER
BAGLAYICILAR

Anil KUL

Yiiksek Lisans, insaat Miihendisligi Béliimii
Tez Danismani: Prof. Dr. Mustafa SAHMARAN
Ocak 2019, 118 sayfa

Tiim Diinya’daki {ilkelerin siirekli artan kentsel niifuslari, gelisen sanayileri ve
ekonomilerinin dogal bir sonucu olarak, insaat ve yikim endiistrisi onem kazanmis olsa da,
halihazirda kiiresel Olcekte ortaya ¢ikan kati atiklarin onemli bir boliimiinden sorumlu
tutulmaktadir. Insaat ve yikinti atiklarinin (IYA) diinya capinda goz ardi edilemeyecek
seviyelere ulagsmasinin temelinde yeni yapisal uygulamalar, kentsel doniigiim,
bakim/onarim, yenileme, yikim uygulamalart ve altyapisal kalkinma projeleri
bulunmaktadir. Uygun bir bicimde kontrol altina alinip bertaraf edilmedikleri takdirde toksik
malzemeler bulundurma ihtimali olan ve temiz topraga karisacak bu atiklar bireylerin
sagligim ve bulunduklar1 ¢evreleri tehlikeye atabilir. Bu baglamda, IY A’nin miimkiin olan
en uy gun yontemlerle ¢evresel, sosyal ve ekonomik kaygilar géz oniinde bulundurularak
kontrol altina alinmasi 6nem arz etmektedir. Cevre dostu malzemelerin gelistirilmesi
baglaminda, jeopolimerler, geleneksel Portland ¢imentolu sistemlere kiyasla son yillarda
farkli arastirmacilarin dikkatini ¢ekmistir. Jeopolimer ¢imentodan tamamen bagimsiz,
aliminosilikat esasli bir baglayict malzeme sinifidir. Ugucu kiil, ciliruf gibi endiistriyel
yan/atik iriinlerin alkali c¢ozeltileri igerisinde aktive edilmelerinin ardindan elde
edilmektedirler. Jeopolimerler ¢evre dostu olmalarina ek olarak, miihendislik 6zelliklerinin
(yliksek dayanim, ve asit, paslanma, yangin/yliksek sicaklik ve don etkisine kars1 yiiksek

direnc) listiin olmalar1 bakimindan da g6z Oniindedirler. Bu tez ¢caligmasinin amaci, insaat
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yikinti  atiklarmin  jeopolimer  {iretiminde  kullanilabilirliklerinin  uygunlugunun
degerlendirilmesidir. insaat yikint1 atiklarinin énemli bir bliimiinii olusturan ¢at1 kiremiti,
harman tugla, delikli tugla, beton atig1 ve cam atig1 yikim, onarim islerinden sonra toplanip
tasniflenmis, kiric1 yardimi ile kirilmis ve bilyali degirmen yardimi ile 6giitiilmiistiir. Bu atik
malzemeler, tek baglarina ve belirli oranlarda karistirilarak yaygin olarak kullanilan herhangi
bir puzolanik malzeme ilavesi olmaksizin alkali aktivasyon sirasinda aliiminosilis esaslh
onciil malzemeler olarak kullanilmistir. Polimerizasyon tepkimelerini gerceklestirebilmek
adina sodyum hidroksit, sodyum silikat ve potasyum hidroksit tek basina veya farkli molarite
ve konsantrasyonlarda oranlarda karistirilarak alkali aktivator olarak kullanilmistir. [Y A’nin
jeopolimer tiretiminde aliiminosilikat kaynagi olarak kullanilabilirliginin tespit edilebilmesi
amaciyla IYA esasli jeopolimer hamurlar eksenel basing yiiklemesi altinda test edilmistir.
Buna ek olarak, jeopolimer hamurlarinin morfolojik, kimyasal ve kristalografik yapilarinin
karakterizasyonu i¢in Taramali Elektron Mikroskobu (SEM), Enerji Dagilimli X-Isin1
Analizi, (EDX), X-Isin1 Kirinim Analizi (XRD), X-Isin1 Floresans Spektrometresi (XRF) ve
Termogravimetrik Analiz (TGA) gerceklestirilmistir. Sonu¢ olarak, cesitli IYA’larm
jeopolimer lretiminde tekil veya belirli oranlarda karistirilarak aliiminosilikat kaynagi
olarak kulllanilabilirligi kanitlanmistir. Sonuglar tamamen atik tugla esasli jeopolimer
hamurlarin arzu edilen dayanim siniflarina ulasabildigini gostermistir. Ancak, atik beton ve
atik tuglanin jeopolymer hamur liretiminde daha etkin kullanilabilirliklerinin belirlenmesi

icin konunun daha detayl1 bir sekilde ele alinmasi gerektigi goriilmiistiir.

Anahtar Kelimeler: Insaat Yikinti Atiklari, Jeopolimer Baglayicilar, Alkali Aktivasyon,
Mekanik Ozellikler, Mikroyapisal Ozellikler
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1. INTRODUCTION

The concrete material used in a wide variety of infrastructural applications is historically
designed in a way that it will have certain characteristics at the beginning of the service
period and complete a predetermined lifetime. However, under the influence of mechanical
and environmental loads, the structures ending up in a shorter time than planned require
demolition or m aintenance/repair ope rations. Asc anbe expected, i n a ddition tot he
demolition and rebuilding of existing structures, a considerable amount of waste material is
produced as a result of maintenance, repair and/or renovation, and these wastes are generally
referred as construction an d d emolition w aste (CDW). Since the 1 980s,as aresultof
construction, d emolition, r enovation a nd maintenance/repair a pplications, s ignificant
amounts of CDW have emerged and a continuous effort has been made to reduce the CDW
involved in clean soil and to eliminate the problems related to CDW. In the open literature,
there are many studies that clearly demonstrate that itis possible to reuse various CDW types
in addition to providing the option of recycling through various innovative technologies. In
the context of this thesis, CDW-based materials such as roof tile waste, red clay brick waste,
hollow brick waste, concrete waste and glass waste were tried to be used in geopolymer
production. These waste materials were used as aluminosilicate precursors individually and
in ¢ ombination f or a lkali a ctivation w ithout t he a ddition of a ny t ype o f m ainstream
pozzolanic materials. Sodium hydroxide, sodium silicate, potassium hydroxide were used
individually o r together a s a lkaline a ctivator for p olymerization reactions at d ifferent
molarity and concentrations. The main purpose of current research was to come up with
innovative ideas t o r ecycle/reuse a significant portion of CDW to resultin completely
recycled, ec o-friendly g eopolymer binder s ystems. B y t his w ay, bot h t he C DW-based
damage on environment and the damage caused by the cement production were tried to be
reduced. M oreover, on a so cietal level, the current research is b elieved to touch ev ery
individual’s lif e b y p roposing id eas f or tru ly s ustainable ¢ onstruction m aterials th at
considerably | ower the e nergy consumption a nd ¢ arbon e missions r elated w ith t he
construction a nd bui lding i ndustries. I ti s be lieved t hat p roper u tilization of C DW in
producing geopolymer binders will multiply the benefits in terms of environmental/health
issues, material cost and wide-spread usage of such materials at reasonable prices to that of

their counterparts.



2. LITERATURE REVIEW

Concrete is the second mostly used material in the world after water (Aitcin, 2000). The
carbon di oxide ge nerated dur ing t he pr oduction of t he cement r equired f or c oncrete
constitutes at least 5 to 8% of the worldwide e mission of carbon dioxide (Scriviner and
Kickpatrick, 2008). Many institutions and organizations around the world are working on
developing and i mplementing a Iternative bi nder s ystems to r educe t he e nvironmental
impacts of cement. Today, the use of cement as a binder in building materials has become
indispensable. Production of alternative binders has become important in recent years, as
cement production is notlikely to be reduced in the near future. However, cement production
has various negative features such as high production cost and environmental unfriendliness.
These reasons, in general, have made the development of new binder systems a necessity. In
recent years, to come up with ideas to result in new generation binding systems, geopolymers
produced by alkali activation of various pozzolanic materials have begun to be a subject of
very serious interest. Detailed information is given in the following sections related to such

binding materials.

2.1. Geopolymer Binder Systems

As aresult of the national and international environmental problems and policies, the cement
industry h as unde rgone a m ajor ¢ hange i n t erms o f ¢ arbon di oxide emissions, e nergy
consumption, sustainability and the use of natural raw materials in recent years. In addition
to this change, studies on the de velopment of alternative b inder s ystems for cement are
continuing rapidly. Systems with geopolymer binders are an important part of alternative
binder s ystems. Geopolymer bi nders ha ve the pot ential to r educe t he e nvironmental
problems mentioned above by providing similar properties of cement-based binder systems.
Geopolymer binders have an important role in alternative binder systems and are obtained
by a ctivating t he a morphous a luminosilicate based p owder m aterials with a lkali-based
solutions. Natural pozzolans (volcanic tuff, volcanic glass, and trass) that exist in nature at
amorphous state, calcined aluminosilicates (metakaolin, calcined clay) and aluminosilicate
materials emerging as industrial wastes (blast furnace slag, fly ash and silica fume) can be
used as powder material in geopolymer binder production. Theoretically, all the materials in
the aluminosilicate class can be activated by alkalis and show binding property. However,
the physical, chemical and mineralogical properties of the powder materials directly affect

the behavior of the geopolymer binder. Knowing the properties of the powder material to be



used in this respectis very i mportant i n t erms of de termining t he p erformance of the

geopolymer binder.

2.2. Historical Development of Geopolymer Binding Systems

The first use of geopolymer binder systems dates back to 1930. In those years, ground slag
powder w as activated w ith potassium hydr oxide s olution to e xamine s etting time of the
mixtures. The reactivity of slag which was activated with sodium and potassium hydroxide
was investigated in 1937. 1n 1940, Purdon c arried out his first laboratory work on the
development of cement-free binder materials formed with slag-sodium hydroxide and slag-
alkali salts (Shietal., 2011). L ater, G lukhovsky ( 1959) r evealed thatitis pos sible to
producing of binder materials using low calcium or calcium-free aluminosilicate (clay) and
alkaline solution. G lukhovsky us ed " soil ¢ ements" for s uch binders and the te rm "s oil
silicates" for concrete obtained from such binders. According to the composition of the initial
materials, these b inders were sep erated to two groups as alkali binder systems (Me2O—
Me203-Si02—H20) and alkaline-earth binder systems (Me20—MeO—Me203—Si02-H20; Me:
alkaline metals such as Na, K). S tudies and d evelopments o n al kaline act ivated b inder
systems have begun to gain momentum after this date. In the 1980s, studies have been made
on alkaline-activated modified cements in Scandinavian countries with binders called "Trief

cements" and "F-cements".

Davidovits developed a new binder in 1981 by alkali activating of the aluminosilicate-based
material obtained from a mixture of burned kaolin, limestone and dolomite. By giving the
name "geopolymer" to the product that has a polymer structure and creating a trademark like
“Pyrament, G eopolycem a nd G eopolymite” f or bi nders, h e ha s pa tented t his pr oduct
(Davidovits, 1994). Such binders were similar to the alkali binder systems discovered by
Glukhovsky. Malek et al. (1986), defined this type of binders as matrix alkaline activated
binding material formed by solidification of some radioactive materials. Roy and Langton
(1989) stated that very old (historical) concretes have some similarities with such materials.
Krivenko (1994a) has determined that silicates, aluminates and aluminosilicates react with
alkalis an d al kali m etal sal ts i n al kaline aq ueous medium if't he al kali co ncentration is
sufficient. S uch i nteractions oc cur with non -calcium clay m inerals and a luminosilicate
glasses of natural or artificial origin. In addition, this interaction takes place in calcium-based
binder s ystems under natural conditions a nd w ater-resistant a lkaline or a lkaline-earth
hydroaluminosilicates are formed which are similar to mica with natural zeolite. From the

late 1980s onwards, conferences were organized on alkali-activated binders. In 1988 and
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1999, D avidovits or ganized t wo international conferences on ge opolymers in France. In
1994 and 1999, Civil Engineering and Architecture Department of the National University
of Kiev organized international conferences about alkaline activate binders and concretes
(Krivenko, 1994b; 1999) .1 n 2002, V an D eventer, an academician of University of
Melbourne, held a conference on geopolymers and in 2005 a workshop about geopolymer

binders was held in France and Australia, respectively.

The first technical committee on the development o f binders with alkali activations was
established by R ILEM. R ILEM T echnical C ommittee o n A lkali Activated M aterials
(TC224-AAM) completed its studies in 2012 and published a detailed report on the materials
activated with alkalis in 2013 (Provis and van Deventer, 2014). As the discrepancies in the
literature on the durability properties of alkaline activated materials continue, RILEM's next
technical committee (247 HBA) has commenced its studies in 2012 and has carried out a

five-year work plan focusing on the “Durability Tests on Alkali Activated Materials”.

In accordance with the above mentioned; amorphous materials with silica and alumina are
theoretically used as powder materials for the production of geopolymer binders. The most
commonly used powder materials for geopolymer binder systems are slag (especially blast
furnace sl ag), f ly ash f rom co al-fired t hermal p lants an d cal cined cl ay ( especially
metakaolin). Apart f rom t hese, na tural poz zolans, bot tom a sh ¢ oming f rom c oal-fired
thermal po wer plants, calcined clays other than metakaolin and double or triple binding
powder material systems with all the materials mentioned above are used and laboratory
studies are carried out on them (Kutti et al., 1982; Pacheco-Torgal et al., 2008; Chindaprasirt
et al., 2007; Hardjito et al., 2004; Kovalchuk et al., 2007; Bondar et al., 2011a; Fernandez-
Jiménez and Palomo, 2003). In addition to these studies, in recent years, studies focusing on
the production of geopolymers from different types of waste materials such as brick dust and

roof tile dust were carried out.

2.3. Geopolymer Mechanism

Geopolymer binders are a member of t he i norganic pol ymer s pecies and have a ¢ hain
structure comprising Al and Siions. The chemical composition of geopolymer binders is
similar to the chemical composition of natural zeolitic materials. However, unlike zeolitic
materials, it has an amorphous structure instead of a crystal structure. (Palomo et al., 1999;
Xu and van Deventer, 2000). The geopolymerization process involves an extremely rapid

chemical reaction of Siand Alminerals ina high alkaline e nvironment. T his a lkaline



activation process, also known as geopolymerization, is obtained by d issolving silica and
aluminous materials with high-alkali activity activators (Gorhan and Kiirklii, 2014). As a
result of this reaction, a polymeric chain and ring structure consisting of Si-O-Al-O bonds

occur as follows. This structure is known to be three-dimensional.

M, [-(S102).-AlO2], . wH20

n..n

Here, "M": indicates an alkali element or cation such as potassium, sodium or calcium. "n
is the degree of polymerization. In relation to the geopolymerization, Glukhovsky (1994)
presented a mechanism in three stages. These are; d estruction—coagulation; c oagulation—
condensation; condensation—crystallization. In the first step, the reaction starts with the OH"
ions in the alkali activator solution breaking down the Si-O-Si bonds (Figure 2.1). The OH"
ions distribute the electronic density around the silicium atoms by weakening the Si-O-Si
bonds and making them more sensitive to breakage. This condition allows the formation of
“silanol” (-Si-OH") and “sialat” (-Si-O) molecules. While Si-O-Na bond formation prevents
the conversion of the siloxane (Si-O-Si) a gain, the alkali cations neutralize the negative

charges.

N s@ = $i-0-Si = — = Si-OH + -O-Si= I\il
OH | =§i.0-Siz+}¥—=Si-O-Na*
Figure 2.1 OH'ions break Si-O-Si bonds (Fernandez-Jiménez et al., 2005)

In the same way, the OH" group affects the Si-O-Al bonds as shown in Figure 2.2. The

dissolved aluminum atoms generally form the AI(OH)* anion compound.

EA@EA]—O—SE—»EAI—OH+-O—SiE I
OH | L Al

""" ' OH- “
1O~ 4 OH
H

Figure 2.2 Interaction of OH™ group Si-O-Al bonds (Fernandez-Jiménez et al., 2005)

In the second step of the geopolymerization mechanism, the silica monomers react with each
other by forming dimers which react with other monomers to form polymers (Figure 2.3).
This step is catalyzed by OH™ ions. The masses resulting from the p olymerization of the
silicitis acid begin to grow in all directions by forming colloids. Aluminates are also used in
the polymerization by replacing isomorphic four-sided silicium. Alkali metals catalyze the
reaction in the first stage o f g eopolymerization, w hile in the second stageitacts asa

structural component.
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(OH), (OH), (OH"),

[(HO),8i-O-Si-(OH),+ OH-] — [(HO)Si-O-Si...OH] *+——
(OH),

Figure 2.3 Reaction of silica monomers (Fernandez-Jiménez et al., 2005)

Finally, in the third stage (condensation-crystallization), the structure of the particles in the
first solid phase helps to precipitate the reaction products. The composition of these products
depends on the mineralogical and chemical composition of the binder powder material used

before the reaction, the alkali activators used and the curing conditions.

The mechanisms involved in the alkaline a ctivation of the pow der material t o un dergo
geopolymerization may be altered, as discussed below, even if they are appropriate to the

steps described above.

Palomo et al. (2005) proposed a model for identifying the alkaline activation of fly ash based
on zeolite synthesis. According to this model, the process consists of two stages: nucleation
and growth. In the nucleation stage, complexion molecules are formed by dissolution and
polymerization of a luminates i n f'ly a sh. T his stage i s e xplained by a pr ocess h ighly
dependent on thermodynamic and kinetic parameters covering the first two stages of the
mechanism proposed by Glukhovsky (1967). At the stage of growth, when the ion molecules
reach to a critical size, the crystal structure also begins to grow. The main component of the
final product resulting from the alkaline activation of the fly ash is said to be an amorphous
aluminosilicate gel matrix with binding properties known as the N-A-S-H gel or zeolite

precursor.

This model was later revised by several researchers (Palomo et al., 2005; Fernandez-Jiménez
et al., 2005; Duxson et al., 2007a; Shi et al., 2011). According to the new model (Figure 2.4),
the formation of the N-A-S-H gel consists of a number of steps described below: When the
powdered aluminosilicate material contacts the alkaline solution, the aluminosilicates are
mainly separated into silica and aluminate monomers. These monomers then interact to form
the dimers. These monomers also react with other monomers to form trimer, tetramer and

similar st ructures. W hen t he so lution b ecomes sat urated, the N -A-S-H ge 1 be gins t o



precipitate. Initially rich in Al, this product is called "Gel 1" and is known as a semi-balanced
intermediate r eaction pr oduct ( Fernandez-Jiménez et al., 2 006). S ince A 1-O bond s are
weaker than Si-O bonds, reactive aluminates dissolve more rapidly. Thus, the formation of
the gel is due to the high Al*® ion concentration in the alkaline medium at the early stage of
the reaction. As the reaction proceeds, more Si-O groups in the aluminosilicate source are
dissolved. Thus, the concentration of silica in the reaction medium and in the N-A-S-H gel
(Gel 2) is increased. T he binding property of the productas aresult of the reaction is
determined by t he f inal ¢ omposition of t he p olymer, t he ga p microstructure a nd t he

distribution of the cavity.

®s ®a @o

Dissolution Phase rich in Al Phase rich in Si Polymerization
Figure 2.4 Recommended model for N-A-S-H gel formation (Fernandez-Jiménez et al., 2005;
Shi et al., 2011)

Geopolymers are combined with aluminum and silica atoms to form tetrahedral structures
with alkalis such as K and Na. Oxygen atoms in the environment are used alternately by
geopolymers. The structure of Al-O-Si forms the basis of geopolymer. Geopolymer reactions
formed by dissolution ofaluminate and silicate hydroxides with alkali salts. Figure 2.5 shows
the formation of highly reactive structures by di ssolving and polymerizing aluminate and
silicates with alkali metals (Khale and Chaudhary, 2007). Davidovits, while de fining the
chemistry of geopolymer, proposed “Polysiliate”, abbreviated form of alumina silicate oxide

(Torgal et al., 2008).
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Figure 2.5 Geopolymer formation model with silicate and aluminates (Khale and Chaudhary,

2007)

2.4. Geopolymer Reaction Products

The main reaction product resulting from the alkaline activation of silica and aluminate-rich

materials is the amorphous alkali aluminosilicate hydrate, also known as N-A-S-H (Pacheco-

Torgal et al., 2015) (Figure 2.6). The silicium and aluminum in this product form a three-

dimensional s keleton, w hich is randomly distributed in the form ofa smooth four-sided

structure (Palomo et al., 2004; Fernandez-Jiménez et al., 2003; Provis and van Deventer,

2009).

N-A-5-H (3

Figure 2.6 Three-dimensional view of the structure of the N-A-S-H gel (Pacheco-Torgal et

al., 2015)



In such systems, as the second reaction product, hydroxysodalite (NasAl3Si3012Cl), “zeolite
P” [ (NaAlO2)7(Si102)9], “ Na-chabazite” (Naz2[Al2S14012]-6(H20) and “z eolite” s tructures
such as “faujasite” (Na2,Ca,Mg)3.5[Al7S117048]-32(H20) are formed (Palomo et al., 1999;
Fernandez-Jiménez et al., 2003, 2006; Duxson et al., 2007b).

Studies by s ome researchers (Palomo et al., 2005; Bakharev, 2005 a; Criado et al., 2005)
showed that the curing temperature and activator type affected the reaction kinetics and the
degree of reaction increased with the increase in cure temperature. In addition, the structure
of aluminosilicate activation products (N-A-S-H gel and zeolite structure) varies with the
curing time and temperature. Long curing times increase the formation of silica-rich products

and contribute positively to the strength of the material.

The only source of silicon in the N-A-S-H gel is not powder aluminosilicate materials. Also
part of the silicium in the main product is silicon dioxide from the activator (water glass)
(Duxson et al., 2007b; Criado et al., 2007). Silicium dioxide in sodium silicate solution, the
solution which is generally used as an alkali activator, is highly soluble and can easily be
incorporated into the structure of the N-A-S-H gel. Depending on the Si02/Na2O ratio of
sodium silicate, the degree of polymerization determines the gel structure that precipitates

at various stages of the N-A-S-H gel formation.

Criado et al. (2007) studied the effect of different activator dosages (0.17, 0.60 and 1.90
Si02/Na2O ratio) on the reaction products resulting from alkaline activation of fly ash. As a
result of the studies, it has been observed that this parameter plays an effective role in the
kinetics, structure, and composition of the resulting product. In addition, it was concluded
that the increase in sodium dioxide in the sodium silicate had no e ffect on the structure of
the final reaction products. It was stated that the increase of Si/Al ratio did not affect the N-
A-S-H gel structure alone. As a result of the study, it was stated that the optimum Si/Al ratio
is 2. I n addition, it was stated in the study that highly pol ymerized silica retards the ash

reaction and zeolite crystallization on the formation kinetics of the N-A-S-H gel.

2.5. Geopolymers Produced by Fly Ash and Blast Furnace Slag

In their study, Sathonsaowaphak et al. (2009) used fly ash obtained from lignite to produce
geopolymer. Sodium silicate and sodium hydroxide solutions were used in the activation.
The effects of fly ash fineness, alkali concentration, sodium silicate/sodium hydroxide ratio
on strength were investigated. The geopolymers obtained from lignite ash have been reported

to have a compressive strength in the range of 20 to 60 MPa.
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In the study of Komljenovi¢ et al. (2010), mechanical and microstructural properties of
Class-F fly ash based geopolymer concrete were investigated. Fly ashes from six different
thermal power plants were investigated. The fly ashes used were sieved from a sieve with
an opening of 43 p m and activated with NaOH+Na2CO3, KOH, Na20.nSiO2 and NaOH
solutions. 4 0x40x160 m m pr ismatic s amples were pr oduced, first cured at 20 °C room
temperature for 1 day and then at 55 °C for 6 days. In terms of activation potential for equal
concentration of di fferenta lkalis olutions,t heyr eachedt hec onclusion of

Na20.nS102>NaOH>NaOH+Na>CO3>KOH. The highest compressive strength was 40 MPa
with sodium silicate. They also determined that the increase of Si02/Na2O ratio of sodium
silicate solution caused the increase of Si/Al ratio of the product resulting from the reactions

and the compressive strength values were directly related to the Si/Al ratio.

Vijai et al. (2010) obtained geopolymer from a fly ash containing high amounts of aluminum
and silica. The density and compressive strength of geopolymer cement were studied. At the
same time, the compressive strength of fly ash based geopolymer cements at different cures
was investigated. Aggregates were used with fly ash, and geopolymer concrete was produced
with sodium silicate and sodium hydroxide as activators and water. The samples were cured
at room temperature and at 60 °C. Samples cured at 60 °C resulted in a higher compressive

strength and 30 MPa compressive strength has been reached.

Criado et al. (2010) investigated the effect of small amounts of sulfate (SO4) on N-A-S-H
gel and zeolites resulting from the activation of Class-F fly ash. They prepared di fferent
solutions having a liquid/solid ratio of 0.4% with sodium oxide and sodium hydroxide with
a sodium oxide ratio of about 20%. They cured the samples in an oven at 85 °C 8 hours and
examined the compressive strength of 7, 28 and 180 days. Sodium sulfate was added 2.5%,
by weigth of fly ash. According to the results, sodium sulfate decreased the reactions and
compressive strength. They observed that when sodium hydroxide (NaOH) was used as the
activator, the effect of sulfate was higher and the presence o f sulfate did not cause the
formation of new compounds. They observed that the presence of sulfate in the pores had a
negative e ffect on t he formation of N-A-S-H gel, delaying the formation of gel and this

situation decreased the pH of the medium by decreasing the reaction density.

Al Bakri et al. (2011), scanned various studies to have a general look at the fly ash based
geopolymer concrete and provided guiding information by complying some of the results on

activation studies. A ccordingly, they stated that the geopolymer c oncretes showed better

10



strength and durability properties compared to Portland cement concretes. They stated that
with increasing temperature, the polymerization took place more rapidly and about 70% of
the compressive strength development of geopolymer concretes was gained in the first 3-4
hours of curing. T hey indicated that w ith the i ncrease of w ater, por osity increases i n
geopolymer concrete as in other concrete types. They stated that with the increase in sodium
hydroxide and sodium silicate amount, the mortar consistency decreased. It was registered
that extra water or superplasticizer could be added to improve workability, but the use of
superplasticizer lowered the compressive strength value, therefore they emphasized that the
addition of water had less negative impact on compressive strength. Compressive strength
was directly related to the curing temperature and curing time so that with 60-90 °C curing
temperature and 24-72 hour curing time, values in the range of 40-50 MPa could be achieved.
It has been reported that fly ash with a grain size of less than 43 um gives better results in
terms o f compressive strength. It has been stated that the higher compressive strength is
obtained w hen so dium si licate is used as the act ivator. As ar esult, it w as s tated th at
geopolymer concretes have more positive results compared to normal concretes in terms of
compressive st rength, resistance ag ainst ad verse en vironmental ef fects, w orkability an d

high-temperature exposure.

Rashad and Zeedan (2011), used 3 different proportions o f sodium silicate (water glass)
which contains solutions by 20%, 30%, and 40% and fly ash as a binder in their study, and
examined t he ch anges 1 n co mpressive s trength o f sam ples at d ifferent | evels o fh igh
temperature. Performances of activated mortars exposed to high temperatures ranging from
200 °C to 1000 °C were compared with traditional Portland cement mixtures. For the study,
Class-F fly ash with a specific gravity of 2.4 and CEM I 42.5N Portland cement were used,
liquid sodium silicate solution with a liquid/solid ratio of 0.35 was chosen as an activator.
Three 100% fly ash-activated mortar samples with a water glass contents of 20%, 30%, and
40% were prepared and cured at 60 °C for 2 days and compared to Portland cement based
mortar samples in terms of compressive strength measurements. Some of the 2 8-day-old
samples were dried in an oven and subjected to thermal shock from 200 °C to 1000 °C in 2
hours. In addition, information about the internal structure of the samples were obtained by
looking at the pH measurements. As a result of the experiments, it was concluded that the
alkali-activated fly ash mortars can resist higher temperatures than the mortars produced by
traditional Portland cement. As the activator concentration increased, it was stated that the

first d ay a nd u Itimate s trength a lso in creased. However, re lative s trength a fter th e fire
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exposure d ecreased al thought he co mpressive st rength i ncreased ast he al kaline
concentration increased. A lkali activated samples subjected to thermal shock effect have
given be tterr esultst hant hose produced witht raditional P ortland ¢ ementa t all
concentrations. In addition, it was observed that the thermal shock resistance decreased as
the activator concentration increased. The pH of the intrinsic structure decreased after the
thermal shocking of Portland cement based samples but sligthly decreased after 600 °C in
the samples activated with fly ash. It is stated that the pH value increases as the activator
concentration increases and this situation helps prevent reinforcement corrosion by forming

a passive layer on the reinforcement.

Olivia a nd Nikraz ( 2012) i nvestigated t he op timization of mechanical a nd dur ability
properties of geopolymer concrete with fly ash by using Taguchi method. Nine types of the
mixtures w ere s elected for t he d etermination of t he ag gregate content, fly ash /alkaline
solution ratio, sodium hydroxide/sodium silicate ratio, and curing conditions. At the end of
28 days w ith t he ge opolymer ¢ oncrete, t hey ha ve r eached up t o0 55 M Pa c ompressive
strength. They have used Class-F fly ash, three types of aggregates as materials, and sodium
hydroxide and s odium silicate c ombination as a ctivators. T hey us ed T aguchi method to
select the most suitable mixture in order to reach maximum strength levels of geopolymer
based concrete and applied steam curing to geopolymeric concrete. Increases in compressive
strength levels have been observed in the mixtures and the highest and lowest compressive
strength v alues w ere r ecorded as 5 4.89 M Paand 29.71 MPaattheendof 28 days,
respectively. T hey found t he t ensile s trength t o be 8 -12% hi gher a nd t he modulus of
elasticity to be 14.9-28.8% l ower than t he c ontrol s amples. I n ge neral, t he m echanical
properties o f g eopolymeric concretes w ere better than ¢ onventional Portland ¢ ement
concretes and they also indicated that geopolymeric concretes were more resistant to wetting

and drying cycles in seawater.

Ryu et al. (2013) investigated the mechanical properties of alkali activated fly ash concrete.
They used sodium hydroxide and sodium silicate as an activator in the activation of Class-F
fly ash. The samples were cured at 60 °C for 24 hours before curing at 23+2 °C for 24 hours.
Compressive s trength tests w ere p erformed on 50x50x50 m m cubic samples and it was
observed t hat hi gh s odium hydr oxide ¢ oncentration i ncreased t he ¢ ompressive s trength
results at an early age. They also found that chemical alterations of the alkali activators in
high molarity were effective on the strength and that the optimum activator solution was the

solution with 9 molars.
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Ariffin et al. (2013) investigated the durability properties of fly ash and palm oil ash based
geopolymers by exposing the concretes to 2% sulfuric acid for 18 months. In order to make
a c omparison, they pr oduced ¢ ontrol samples w ith P ortland ¢ ement. I n this s tudy,
compressive strength, mass change, and microstructural disturbances were evaluated. They
used the fly ash and palm oil ash obtained in Malaysia to have a grain size below 45 microns.
They u sed so dium h ydroxide an d so dium si licate as act ivators. T hey al so ad ded a

superplasticizer additive to promote the workability. They produced 100x100x100 mm cubic
samples and kept them at 28 °C room temperature for 28 days. Control samples obtained by
Portland cement were cured in water for 28 days. As a result, the mass loss of Portland
cement samples exposed to sulfuric acid at the end of 18 months was 20%, while the mass
loss of geopolymer concrete with ashes was 8%. The loss of compressive strength was 35%

in geopolymer concrete, while this rate was recorded as 68% in control sample.

Oh et al. (2014), activated two different types of Class-F fly ash which were obtained from
the a thermal power plant in Korea with NaOH. The solution/fly ash ratio was selected as
0.6 and samples were cured at 60 °C. X-ray diffraction (XRD) analysis, compressive strength
tests, p article size distribution an alysis, X -ray fluorescence (XRF) analysis, magic-angle
spinning nuclear magnetic resonance (MAS NMR) tests were p erformed on t he samples
activated with alkalis. The Si/Al and Ca/Si ratios of the first group samples (F A1) were
selected as 3 and 0.1, respectively while the Si/Al and Ca/Si ratios of the second group
samples (FA2) were selected as 2.6 and 0.4, respectively. The 24-hour average compressive
strength of the FA1 group was 1.3 MPa and the results for the FA2 group were obtained as
6.6 MPa. The 28-day average compressive strength of FA1 group was 8.7 M Pa, while the
same results for the FA2 group were 41.6 M Pa. In the second group, the increase in the
activation level was shown by increasing the compressive strength as a result of decreasing
the grain size. It was stated that the high first day strength of FA2 group was caused by high
CaO ratio.

Zhu et al. (2014) focused on the changes in porosity depending on the mass liquid/solid ratio
used in geopolymer concrete and the determination of the changes in chloride permeability
depending on this situation, and the effect of alkali activation on the durability of the final
products in the case of substitution of fly ash and slag at changing rates of up to 40%. The
geopolymer concrete mixtures were cured at 20 °C temperature and 95% humidity for 1 day,
in a closed environment at 65 °C temperature for 2 days and at 20 °C temperature and 95%

humidity f or 14 da ys. Control sp ecimens p repared w ith ¢ ement w ere cured at2 0 ° C
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temperature and 95% humidity for 1 day, then were cured in water at 50 °C for 14 days. For
the ¢ ompressive s trength t ests, 20 x20x20 m m ¢ ube s pecimens a nd f or th e ¢ hloride
penetration @20x80 mm cylinder samples were prepared and also water absorption tests and
SEM analyses were performed. In order to determine the proper ratio for w orkability of
mortars, the liquid/solid ratio was chosen 0.6%, by mass. For the investigation of chloride
permeability, t he | iquid/solid ratio w as ¢ hosen be tween 0.7 -0.8% b y mass, a ndt he
liquid/solid ratio was chosen 0.7, by nass for the mortars which are with 20-40% substitution
of fly ash with slag. As a result of experiments, the chloride permeability of mortars with
alkali activated fly ash have been observed to be higher than traditional P ortland cement
based mortars. The reduction of the liquid/solid r atio from 0.8 t 0 0.6 r educed c hloride
permeability by 40-60%. It was stated that the change of fly ash slag substitution at a constant
liquid/solid ratio (0.7) did not change porosity much but decreased the tortuosity by reducing
the d iameter o f p ores. Specifically, it w as indicated t hat it w as a feature to t ake i nto
consideration for durability since it will cause chloride permeability to the reinforcement in
concrete made with the alkali activated fly ash based samples. They also suggested the use
of superplasticizers to reduce the amount of water to reduce porosity and the addition of an
effective amount of slag to improve the pore properties. It was stated that if the fly ash is
coarse, the amount of activator increases and porosity is adversely affected, which may lead
to the corrosion by ¢ ausing movement of the chloride ions towards the reinforcement. In
cases where blast furnace slag is replaced with fly ash, it was stated that a high amount of

calcium source was provided for the system.

Jun and Oh (2014) produced geopolymer concrete mixtures by using 6 different Class-F fly
ashes originating from Korea and compared the mechanical and microstructural properties.
XRF analyses on fly ashes, compressive strength tests, XRD and SEM/EDX analyses on
geopolymeric concrete samples were performed. Sodium hydroxide was used as the alkali
activator f or t he p roduction of s amples. A fter ¢ uring of ge opolymer m ortars a t r oom
temperature for 5 minutes, they were kept at temperature of 60 °C for 24 hours and then at
an e nvironment o 23 £2 ° C a nd 99% hum idity unt il the i mplementation of uni axial
compressive strength tests on 7 and 28 days. 28-day-old samples were used for XRD and
SEM/EDX analyses. As a result, they obtained 9.93 MPa as the highest compressive strength
from samples produced with fly ash having the lowest percentage of SiO2+Al203+Fe20s.

Although there were differences in the compressive strength results, it was observed that
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there were few differences in the microstructures of the alkali activated samples and it was

stated that there were gaps due to non-activated alkali particles.

Sarker et al. (2014) carried out studies on fire resistance and cracking/spalling properties of
Class-F fly ash based geopolymeric concrete. In the study, the amount of fly ash passing
through 45-micron sieve was determined as 25% and sodium hydroxide and sodium silicate
were used as the alkali activators. Steam curing was applied to geopolymeric concretes at 60
°C and 80 °C. They exposed traditional Portland cement and geopolymer based concrete to
high t emperatures a bove 1000 ° C. T he c ompressive s trength of ge opolymeric ¢ oncrete
mixtures w as found t o be be tween 39 -58 M Pa. A fter e xposure t o high t emperatures,
geopolymeric concretes with fly ash, compared to Portland cement based control concretes,
were found to be less damaged. I n addition, at the temperature of 8 00-1000 °C, while
traditional Portland cement based concretes showed severe spalling, geopolymeric concrete
was not s welled. I n g eneral, ge opolymeric ¢ oncretes ha ve m aintained t heir s trength
compared to the control samples. It was stated that the increases in microstructural damage
with increased temperature was due to the damage caused by the expansion of aggregates

and geopolymeric paste with different levels.

Gorhan and Kiirklii (2014) produced geopolymeric concrete mixtures by using Class-F fly
ash from Kiitahya S eyitomer T hermal P ower Plant and by making c hanges i n ¢ uring
temperatures and times. In their study, they investigated the relation between different time
periods and curing temperatures with alkaline concentration. Therefore, they used 3M, 6M
and 9M sodium hydroxide and sodium silicate solutions. As different curing temperatures,
65 and 85 °C were chosen. A fter 7 days of curing time, physical properties such as unit
weigth, apparent density, porosity and water absorption and mechanical properties such as
bending and c ompressive s trength were e valuated. As a result of the experiments, they
concluded that when curing time and activator concentration increased, porosity decreased.
They observed the highest compressive strength in geopolymeric concrete samples produced
with 6M sodium hydroxide and reached to a maximum of 22 MPa compressive strength after
24 hours at curing temperature of 85 °C. It was stated that the increase in curing temperature
generally increased the c ompressive s trength but d id not affect t he p hysical p roperties

significantly.

In their study, Ma and Ye (2015) investigated the autogenous and drying shrinkage behaviors
of Class-F fly ash based geopolymer pastes prepared by d ifferent proportions of sodium
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silicate solution and cured at 40 °C for 7 days. In addition, the paste samples which were
produced by CEM 1 42.5 cement having a water/binding material ratio of 0.4 and cured for
7 days, were used for control purposes. In the study, three mixtures with water/fly ash ratio
of 0.35 were prepared by changing the SiO2 and Na20O molar values of geopolymer mixtures.
As the molar values of SiO2 and Na2O increased from 1 to 1.5, an increase in compressive
strength v alues w as o bserved. At high SiO2 and N a20 ratios, a utogenous a nd dr ying
shrinkage values increased. Autogenous shrinkage occurred between 1-3 days in the alkaline
activated samples and no crack formation was observed due to autogenous shrinkage at early
ages. Cement-based and alkali-activated pastes reacted differently in terms of autogenous
shrinkage. In terms of 180-day drying shrinkage, the results of alkali activated samples with
Si02 and N a20 molar values of 1.0-1.5 and 1.0-1.0, respectively, were lower than paste
samples produced with cement. Alkali activated specimens with molar values of 1.5-1.5 had
close drying shrinkage results. As the SiO2 and Na2O ratio of the alkaline activated samples
increased, t he dr ying shrinkage increased, but t he lossesi nt he weigths w ere not
proportional. The values of the capillary pressure formed in different pores of the samples
activated by alkalis were shown as the reason of the formation of different weigth loss/drying

shrinkage rates.

Kumar et al. (2015) ex amined t he ef fects o f d ifferent p article size distributions onthe
properties of mortar samples activated with fly ash. The fly ash with a maximum particle
size 0f40.37, 23.64, 10.33 and 2.98 um was collected by electrostatic method, activated with
6M NaOH and cured at 60 °C. In all physical tests, the liquid/solid ratio was used as 0.35.
Samples were first cured at 60 °C for 24 hours, then stored at 27+2 °C for 3, 7, 14 and 28
days and subjected to compressive strength tests. Isothermal conduction calorimetry (ICC),
XRD, SEM, EDX and foruier infrared transformation spectroscopy (FTIR) tests were used
to evaluate geopolymerization and microstructural properties. As a result, it was stated that,
fly ashes in different grain sizes had a different chemical and mineralogical structure, with
the increase in fineness the ratio of Si02/A1203 have increased and, there was a specific
relevance between formation of geopolymer reaction and the ratio of silica. It was concluded
that more reaction products were obtained in the fly fine ash (10.33 and 2.98 pm) and higher
early strength development was noted. Compressive strength, geopolymerization reactions
and microstructure were directly related to the SiO2/Al203 ratio. Electron microscope images
showed that the best grain distribution occurred in the samples incorporated fine-grained ash

and non-reacted particles remained in the samples incorporated coarse-grained ash.
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Atig et al. (2015) have activated Class-F fly-ash by NaOH and formed an alkaline medium
providing high pH. They investigated the effect of heat curing temperature, curing time and
Na concentration on compressive and flexural strength of mortar samples. The sand/binder
ratio in the mixtures was selected as 3 and the water/binder ratio was selected as 1/3. The Na
concentration was kept between 4% and 20% while the curing temperature was maintained
at levels ranging from 45 °C to 105 °C. As the duration of thermal curing 24, 48 and 72
hours were chosen. In order to investigate the effect of each parameter, three 40x40x160 mm
samples were produced and cured, then were kept in ambient temperature and their flexural
and compressive strength were determined. For Na ratio of 14%, temperature of 115 °C and
curing time of 24 hours, flexural strength of 15 MPa and compressive strength of 120 MPa
were achieved. As the alkali activator concentration and heat curing temperature increased
in ge opolymer mortar mixtures, the flexural and c ompressive s trengths increased to the
optimum levels, but the excess Na ratio and curing temperatures d ecreased the s trength
results. [t has been thus stated that t he i ncrease i n cu ring t ime i ncreases f lexural an d
compressive strength up to a certain point. For strength development, 72 hours of curing was
enough at low temperatures while 24 hours of curing was enough at high temperatures. When
the Na concentration was lowered below 8%, the strength development was not observed

even at high-temperature levels.

Kaya (2016) have used Class-F fly ash obtained from the Tungbilek Thermal Power Plant
and Class-C fly ash obtained from the Kangal Thermal Power Plant to produce geopolymeric
mortars in the presence of sodium hydroxide (NaOH) and sodium silicate (nSiO2.Na2O).
Compressive strength tests were carried out on the samples which were kept in the ambient
medium for 28 days after subjected to thermal curing. Durability tests were carried out on
the specimen group which gave the highest compressive strength. The highest compressive
strength was found to be 50.64 M Pa in the presence of Class-F fly ash. In the presence of
Class-C fly ash, the highest compressive strength that could be obtained was 13.88 MPa.

In his doctoral thesis, Goriir (2015) activated Sug6zii Class-F fly ash using sodium hydroxide
(NaOH). B y p reparing th e mortars i n di fferent s odium ratios, t he optimum mixing
parameters for strength tests were determined as 14% Na concentration rate and 115 °C
curing temperature 1 evels. W ith t hese p arameters, t he m aximum co mpressive st rength
reached to 118.8 MPa level. He also stated that the samples did not gain any strength under

a temperature of 55 °C.
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Castel and Foster (2015) carried out pull-out tests to determine reinforcement adherence of
geopolymer concrete obtained under different curing conditions. Using the mixture of NaOH
and Na2SiOs as activator, they activated the source materials composed of Class-F fly ash
and slag mixture and applied two different curing methods on the samples. The samples in
the first group were cured in the oven at 80 °C for 1 day, in a water bath at 80 °C for 1 day
and then at room temperature until 28 days while the samples in the second group were cured
at 80 °C for 1 day, in a water bath at 80 °C for 6 days and then at room temperature until 28
days. T he w ater/binder r atio of t he mixtures w as 0 .35, N aOH molarity w as 1 2M,
NaxSi03/NaOH ratio was 2.5. They stated that the mechanical properties of geopolymers are
increasing d epending on the curing conditions. The s amples w hich w ere cured at high
temperature for 2 da ys ga ve s imilar a dhesion strength re sults w ith t raditional P ortland
cement samples, while the samples which were cured at high temperature for 7 days reached

the highest values.

Hamidi et al. (2016) i nvestigated the ef fect o f N aOH co ncentration o n t he m echanical
performance and internal structure of geopolymers. For this purpose, they activated the fly
ash with NaOH c oncentrations h aving N a r aging from 4%t o0 18 %. C uring t ime a nd
temperature w ere ¢ hosen a s 24 hour s and 60 ° C, respectively. In or der to e valuate t he
structure of geopolymers, to examine the internal structure, and to evaluate the mechanical
properties F TIR, SEM a nd flexural st rength t ests w ere p erformed, r espectively. T hey
determined the Si-O-Si and AI-O-Si bonds at low frequencies with FTIR and the presence
of water molecules at high frequencies. In addition, they observed the formation of sodium
carbonate. They also showed that the flexural strength results showed a steady increase at
NaOH concentrations of 4, 6, 8, 10 and 12%, but started to decrease at 14, 16, and 18%
levels. They stated that the optimum Na concentration was 12% for the 24-hour curing time

and 60 °C thermal curing temperature.

Okoye et al. (2016) investigated the durability characteristics of fly ash based geopolymer
concretes in the case of fly ash and silica fume substitutions. For this purpose, a group of
cement based control samples, a group of 10% silica fume-substituted samples, a group of
20% silica fume-substituted samples and 100% fly ash based geopolymer concrete were
produced. T he ge opolymer samples were prepared using NaOH and Na2Si03 mixture as
alkali activator and cured at 100 °C for 72 hours. The water/binder ratio of the mixtures was
0.20, the molar ratio of NaOH was 14M, the alkali/fly ash ratio was determined as 0.40 and

the superplasticizer was used for achieving a proper workability. After exposing all samples
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to 2% s ulfuric acid s olution a nd 5% s odium c hloride solution, ¢ hanges in phys ical
appearance, weigth loss and compressive strength results were examined. As a result of the
sulfuric acid exposure of the sample group in which fly ash was replaced with silica fume
by 20%, no a cid erosion and deterioration were observed in the concrete. Although each
sample lost weigth, the minimum loss was observed in samples produced with 20% silica
fume substitution and the maximum loss was observed in control samples. The maximum
loss in terms of compressive strength was observed in the control samples, the minimum
strength loss was observed in fly ash based geopolymer concrete produced with 20% silica
fume substitution. Although the loss of strength was higher in 100% fly ash based samples,
it was less than the control samples. The maximum loss in terms of compressive strength
was observed from the control samples, the minimum loss was observed in fly ash based
geopolymer concrete produced with 20% silica fume substitution. In the control samples,
the loss of compressive strength increased due to time and the increase was the highest in
this group. The lowest strength loss was again observed in geopolymer samples produced
with 20% silica fume s ubstitution. Consequently, it w as re ported that 20% silica fume
substitution had a positive effect on the long-term durability properties and suggestion has

been made to try different silica fume substitution ratios.

Assi et al. (2016), has investigated the relation between the mechanical properties of fly ash
based geopolymer concrete and the parameters such as the type of alkali activation solution,
curing c onditions and fly a sh s ource in their study. The microstructure, density, w ater
absorption and void ratio of geopolymer mortars were investigated. Sodium hydroxide, silica
fume and water in the first activator mixture; sodium hydroxide, sodium silicate and water
in the second activator mixture were used. The first mixture was kept for two days under
ambient conditions then heated at a temperature of 75 °C for two days. The second mixture
group was kept under ambient conditions for one day then subjected to thermal curing at a
temperature of 75 °C for two days. The compressive strength tests were carried out after 7
days. Early-age compressive strength of the mixture obtained by silica fume reached to 105.1
MPa. The silica fume mixture gave higher results than the mixture obtained with sodium
silicate. In ad dition, it was stated that the co mpressive strength o fthe of mixtures with

different fly ashes was affected atthe same rate, as the microstructure and grain size changed.

Noushini and Castel (2016) investigated the various transportation properties of geopolymer
concretes obtained under various curing conditions depending on the pore structure. For this,

a total of 12 different curing conditions were chosed at 60, 75,90 °C and 8, 12, 18 and 24
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hours of thermal curing periods. Cement based control samples were kept in water at 23 °C
for 28 days and geopolymer samples were kept at room temperature for 28 days after thermal
curing. A mixture of sodium silicate and sodium hydroxide was used as the alkali activator.
The c ompressive strength, e lasticity m odulus, ul trasonic s ound w ave propagation s peed,
water absorption, permeable void volume, void size distribution and electrical resistance
measurements w ere p erformed o n the p roduced sam ples. I t h as b een st ated that t he
compressive strength ranged between 27.4-62.3 MPa and the modulus of elasticity ranged
between 13. 5-25.9 G Pa w hen t hermal ¢ uring temperature was 75 °C and c uring t ime
exceeded 24 hour s. T he ¢ ompressive s trength va lues of t he ge opolymers ¢ ured unde r
ambient ¢ onditions w ere in sufficient. It was st ated thatt here was anincreaseinthe
permeable pores of samples cured below 75 °C and less than 18 hours. Optimum permeable
pore formation occurred at 75-90 °C and after 18-24 hours of curing. High capillary water
absorption was observed in the samples cured under 60 °C, and the values decreased with
increasing heat curing time and temperature. Electrical resistance increased with increased
humidity. The electrical conductivity of the control group samples was higher. While the
humidity rate was below 40%, the rate of increase in electrical conductivity decreased. The
compressive s trength of ge opolymer c oncretes decreased from 60 MPa to 40 M Pa and
electrical resistance d ecreased by 50%. A ccording to these results, it was stated that the
quality of ge opolymers, similar to conventional P ortland ¢ ementitious concretes, canbe

considered in terms of compressive strength results.

Leong et al. (2016) activated fly ash by mixing alkali hydroxides (NaOH, KOH or Ca(OH)2)
and sodium silicate and investigated the changes in compressive strength results. Samples
were p repared with various Na2SiO3/NaOH (KOH or Ca(OH)2) and alkali a ctivator/ash
ratios by selecting fly ash/sand ratio as 1/2. All samples were covered with a plastic cover to
avoid the loss of pore water and subjected to thermal curing for 24 hours at 60 °C. High
Na2Si03/NaOH (KOH) ratio did not provide high compressive strength, the most suitable
strength was obtained when the alkali activator/ash ratio was 0.4, and the use of NaOH or
KOH as an alkali activator with a Na2Si03/NaOH ratio of 2 and Na2S103/KOH ratio of 1. It
was stated that high oxide molar values did not give high compressive s trength results.
Ca0O/Al20s3, Si02/A1203, CaO/SiO2 oxides had similar results with NaOH and KOH type
activators. When the Ca(OH)2 alkali activator was used, it was observed that the compressive
strength values were significantly lower than those obtained with NaOH and KOH. It was

observed that samples produced with Ca(OH)2 hardened quickly than NaOH and KOH based
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geopolymers. W hen Na2Si0O3/NaOH ratio was 0.5 and 1, KOH based ge opolymers had
higher compressive strength results but when Na2Si103/NaOH ratio was greater than 1.5,

NaOH-based geopolymers were found to have higher compressive strength.

Helmy (2016) evaluated the compressive strength values by applying intermittent curing in
the presence of Class-F fly ash. As an alkali activator, NaOH and Na2SiO3 were used in
different ratios. In the intermittent curing method, the samples were cured 6 hours at 70 °C,
then kept under ambient conditions for 18 hours. This 24-hour process was considered as a
cycle and the samples were cured in four cycles. It was indicated that there was an increase
in compressive strength results at each step of the intermittent curing cycle. It was stated that
the increase in compressive strength was directly proportional to the high specific gravity of
sodium silicate, the molar ratio of NaOH used, the ratio of alkali/fly ash and the ratio of

H20/NaxO.
2.6. Geopolymers Produced by Construction Demolition Wastes

2.6.1. Use of Construction Demolition Wastes in Cement Based Materials

CDW production has increased significantly as a result of the ever-growing c onstruction
sector. This increase in the production of CDW has caused to a significant increase in the
construction management related problems. This situation has also made concerns about the
disposal of CDW more and more dominant. T herefore, in or der t o promote s ustainable
development, increasing the use of CDW as alternative raw materials appears to be an issue
to be emphasized (Rodrigues et al., 2013). There are many studies in the literature evaluating
the usability of CDW as alternative aggregates. These studies have mostly focused on the
substitution of CDW as co arse ag gregates in s ustainable ¢ oncretes w hich c an show the
desired properties in terms of durability and mechanical performance. However, although
the results obtained are numerous and varied, in some cases there are discrepancies between
them. T hese discrepancies are g enerally associated w ith the differences in th e in terface
transition zo ne ( ITZ) ch aracteristics b etween t he coarse aggregates a nd ne w binders.
According to Pereira-de-Oliveira et al. (2014), the hydrated cement paste on the CDW is
adhered t o t he surface of the aggregates. T his hydr ated p ortion h as s everal unkn own
properties and c onsequently a ffects the intended ultimate performance of the concrete in
both fresh and hardened form. T herefore, in order to ove rcome such problems, a large
number of researchers have begun to investigate the use of recycled fine aggregates from

CDW. For instance, Khatib (2004) carried out research on the feasibility of using fine CDW
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aggregate instead of natural fine aggregate with ratios ranging from 0% to 100% in concrete.
The results showed that using of 25% and 100% fine CDW aggregates instead of the natural
fine ag gregates a re the causes ofl oses inc ompressive strength by 15% a nd 30% ,
respectively. I n a ddition, Fanetal. (2015; 2016) s tudied t he e ffects u sing fine C DW
aggregates instead of natural aggregates which were obtained by different crushing methods,
on t he pr operties of concrete and de termined t hat important concrete pr operties ( i.e.
mechanical properties) were significantly associated with the amount of CDW aggregates.
In the literature, it is also stated that it is beneficial to use mineral additives in concrete
mixtures w hich are produced with recycled fine a ggregates. F or instance, Sim and Park
(2011) e valuated the c ompressive strength of samples prepared by s ubstituting d ifferent
amounts of fly ash with recycled fine aggregates. They stated that the increase in the amount
of recycled fine a ggregates ¢ ontinuously increases t he s trength of t he pr oduced mortar
samples until the end of the 28 days total curing time. Khoshkenari et al. (2014) stated that
they observed decreases in the compressive strength results in their work where CDW-based
fine aggregates were used together with silica fume; however, the addition of silica fume
with t he r eduction of w ater-to-cement ra tio re sulted i n si gnificant i ncreasesi nt he

compressive strength of the CDW-based concretes compared to the control group.

Regardless of the size, the properties of recycled aggregates used in concrete were tried to
be developed and different recycling applications were investigated in various studies. Song
and Ryou (2014) proposed a washing process which could improve the physical properties
of the final product to obtain appropriate fine recycled aggregates. Koshiro and Ichise (2014)
introduced a new method of recycling by using a thermal grinder system to produce higher
quality fine recycled aggregates. Florea and Brouwers (2013) used three different crushing-
sieving techniques to obtain CDW-based aggregates with different properties such as various
particle size distribution, d ensity, heat treatment reaction and mineralogical composition.
They concluded that the crushing-sieving method used had a significant effect on the quality
of the final aggregates and that an optimized crushing method could lead to obtain better
properties from the recycled fine aggregates. The process consists of the following steps in
sequence: after a single crushing process, the mashing of the raw material is applied then
fine aggregates are obtained by sieving the CDW-based materials. Fan et al. (2016; 2017)
observed that the fine CDW-based aggregates obtained by repeated crushing show better
results than those made by sieving after the first crushing process, but that the first recycling

method resulted in higher energy consumption.

22



2.6.2. Use of Construction Demolition Wastes in Geopolymer Mortars

In recent years, the use of CDW in geopolymerization methods has emerged as a subject of
interest to researchers worldwide. The fact that CDW has high silica and alumina content
similar to various industrial by -products makes it possible to reuse these materials in the
construction sector. Recently, in the literature, CDWs such as silt, brick, concrete, ceramic
products; sludge from water treatment plants, marine sediments have been used successfully
in sustainable geopolymer based products but their performance has been different. Figure
2.7 shows the position of each CDW and mineral additive in the triangular chart for chemical
compounds. D ata for mineral a dmixtures w ere obtained from the a verage values of the
chemical compositions presented in Table 2.1. Data for various CDW materials such as
concrete, red clay brick waste (RCBW) and tile waste were reported by Ahmari et al. (2012),
Rakhimova and Rakhimov (2015), Zaharaki et al. (2016). This chapter mainly focuses on
the mechanical properties of CDW-based geopolymers.

Table 2.1 Chemical c ompositions of va rious m ineral a dditives us ed f or ge opolymer

production

% Class-F fly ash  Metakaolin GGBS Silica fume Palm oil fuel ash

SiO2  38-65 43-53 26-36 88-96 46-54

ALOs; 25-50 40-52 5-17 0.1-1.2 1.9-3.1
Fe:0; 2-13 0.4-2.6 0.6-1.9 0.3-1.6 1.1-2.4
MgO 0.3-1.8 0.03-0.4 4-9.5 0.4-1.8 4.0-4.5
CaO 0.7-8 0.02-0.1 34-54 0.2-1.8 8.0-8.5
KO0 0.1-3 0.2-1.3 0.05-09 0.2-1.2 4.0-6.5
NaO 0.05-0.9 0.15-0.25 0.03-0.5 0.1-1.2 0.1-1.3
LOI  0.03-7.7 0.5-2.4 0.02-2.05 0.4-3.5 18-22

In the previous sections, it is stated that the performances of geopolymer based binders and
concretes vary depending on the factors such as chemical properties of the source materials,
molarity, ratio o f a lkaline a ctivators, ¢ uring ¢ onditions. T able 2 .2 d etails th e re search
activities carried out since 2009, emphasizing the feasibility of using CDW in geopolymer

technology, considering the important factors in geopolymerization technology.
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Figure 2.7 The position of CDW and mineral additives on the triangular chemical compound
chart (CW: Concrete waste, RCBW: Red clay brick waste, F AF: F-class fly ash GGBS:
Ground granulated blast furnace slag SF: Silica Fume, MK: Metakaolin) (Saha et al., 2017;
Adak et al., 2014; Ahmari et al., 2012; Zaharaki et al., 2016)
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Table 2.2 Research activities since 2009 on the feasibility of using CDW in geopolymer technology
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2.6.3. Mechanical Properties of Construction Demolition Waste Based Geopolymers

2.6.3.1. Effect of SiO2/Al,O; Ratio

The Si O2/Al203 molar ratio (or S i/Al mass ratio) is one o fthe most im portant factors
affecting the properties of geopolymers. Several studies have been conducted to investigate
the effect of Si02/Al203 ratio on geopolymers. For instance, Cheng and Chiu (2003) reported
that maximum compressive strength is obtained when the SiO2/Al203 ratio in the range of
3.16-3.46. Stevenson and S agoe-Crentsil (2005) and Silvaetal. (2014) stated thatthe
optimum range of SiO2/Al203 for geopolymers was 3.4-3.8. However, differences in general
molar ratios may be observed due to the chemical composition of the source materials and
alkali activators. Figures 2.8 and 2.9 show the relationship between the SiO2/Al203 ratio and
compressive strength values of 7 and 28 days, respectively (Ahmari et al., 2012; Zaharaki et
al., 2016; Komnitsas et al., 2015; Vasquez et al., 2016; Robayo-Salazar et al., 2017).

90
® Ahmari et al.
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Figure 2.8 The relationship between molar ratio of SiO2/Al203 compressive strength (7

days) (CW 70: Concrete waste based geopolymer cured at 70 °C, FA: Fly Ash) (Ahmari et
al., 2012; Zaharaki et al., 2016; Komnitsas et al., 2015; Vasquez et al., 2016)
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Figure 2.9 The relationship between molar ratio of SiO2/Al203 compressive strength (28
days) (Vasquez et al., 2016; Robayo-Salazar et al., 2017)

According t o t he r eported da ta, t he c ompressive s trength atthe end of 7da ysinthe
geopolymers based on CDW varies depending on the different molar ratios of SiO2/Al20s3.
As showninFigure 2.8, Ahmarietal. (2012) reported that the increase in SiO2/AL203
increased the compressive strength to a certain point (6.76 MPa) and then decreased. The
same situation was reported by Zaharaki et al. (2016) and Vasquez et al. (2016). Zaharaki et
al. worked on blended CDW (brick, concrete and tile wastes), Vasquez et al. worked on
concrete waste (CW) and in these two studies, samples were cured at ambient conditions.
These r esults sh ow t hat, r egardless o f't he so urce m aterial, t he range o fan o ptimum
Si02/Al203 (or Si/Al mass ratio) is present, w here the final product reaches the highest
compressive strength value. However, Vasquez et al. (2016) stated that the curing condition
may affect the observed tendency and may reverse the relation between SiO2/Al203 molar
ratio and compressive strength. In addition, as noted in Figure 2.9, R obayo-Salazar et al.
(2017) described a similar model for SiO2/Al203 ratio and compressive strength relation in
conditions of ambient temperature and high temperatures. According to the results presented
in the literature and in Figures 2.8 and 2.9, the CDW-based ge opolymers produced from
concrete waste have a lower compressive strength in all Si02/Al203 ratios compared to other
CDW-based geopolymers derived from materials such as b ricks and ceramics. In Figure
2.10, Komnitsas et al. (2015) and Robayo-Salazar et al. (2017) the SEM micrographs of

geopolymers produced by concrete waste (CW) and waste bricks were shown. As seen in
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the micrographs, geopolymers in the CW-based paste phase have a h eterogeneous matrix,
including unreacted CW particles. The main reason for the partial reaction of CW based
geopolymers is the low amount of Si and Al in the concrete waste which is the main element

in the geopolymerization process.

Brick-based

Concrete-based

<

B0um ' Electron Image 1 (b) 30pm Electron Image 1

Figure 2.10 Scanning E lectron Microscope ( SEM) micrographs of CDW-based
geopolymers: (a) images of CDW-based geopolymers by Robayo-Salazar et al. (2017) and
(b) images of CDW-based geopolymers by Komnitsas et al. (2015)

2.6.3.2. Effect of NaOH Concentration
Although many studies in the literature have been used various combinations of different
activators such as sodium hydroxide, sodium silicate, potassium hydroxide and potassium
silicate, sodium hydroxide is currently the most prominent alkaline activator in geopolymer
technology. O ther a ctivators such a s s odium s ilicate or potassium si licate a re m ore
commonly used in commercial forms, while the NaOH solution can be used in a variety of
molarities due to its low cost. Several studies have been conducted to investigate the effect

of different molarities of sodium hydroxide on the properties of geopolymers.
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Figure 2.11 The relationship between NaOH molarity and compressive strength (7 days)

(RT: Room temperature, CW 60: Concrete waste based geopolymer cured at 60 °C) (Lampris
et al., 2009, 2013; Reig et al., 2013a; Komnitsas et al., 2015)
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Figure 2.12 The r elationship b etween N aOH molarity an d co mpressive st rength (28
days)(RCBW: Red clay brick waste, SBSCW: 50% Brick + 50% Concrete waste) (Allahverdi

and Najafi Kani, 2009; Robayo-Salazar et al., 2017; Robayo et al., 2016)
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Figures 2.1 1 and 2.12 s how t he r elationship be tween di fferent N aOH molarities a nd
compressive strengths at the end of 7 and 28 days, respectively, and the data of the graphs
were obtained from the following studies (Lampris et al., 2009; Allahverdi and Najafi Kani,
2009; Reig et al., 2013a ; Komnitsas et al., 2015; Robayo-Salazar et al., 2017; Robayo et al.,
2016). For example, Lampris et al. (2009) investigated the effects of 4 to 10 different NaOH
molarities in different curing conditions to activate the silt obtained from CDW washing
plants. As can be seen from Figure 2.11, the high curing temperature (60 °C) for 8 to 10M
accelerates the geopolymerization process and ensures high strength after 7 days. In addition,
as it can be seen from the curve of Figure 2.11, Lampris et al. (2009) in their study, they
obtained the results of optimum compressive strength from the samples in which 9M sodium
concentration had been used. Reig et al. (2013b) showed that for the activation of red clay
brick waste (RCBW), the optimum NaOH molarity was 5M and the curing temperature was
65 °C. Reig et al. (2013a) in another study reported that at 65 °C curing temperature, the
most appropriate NaOH solution concentration for alkaline activation of both porcelain tile
material and RCBW was 7M. Komnitsas et al. (2015) examined the effect of different NaOH
concentrations on CDW-based geopolymers at different curing temperatures. As a result of
the studies, it was determined that different NaOH molarities had no effect on activation at
2 different cure temperatures (60 and 80 °C). In addition, the brick and tile were showing
the highest compressive strength from different construction and demolition wastes after 7
days at a temperature of 80 °C, with the 10M for the tile and 8M for the brick with optimum
NaOH c oncentration. A ccording to Figure 2.1 2, from the results presented by R obayo-
Salazar et al. (2017) and Robayo et al. (2016), it can be observed that the optimum NaOH
concentrations are determined as 6, 8 and 10M. Allahverdi and Najafi Kani (2009) stated
that the highest compressive strength can be achieved by increasing the NaOH molarity to
8M at both curing temperatures of 60 °C and 80 °C when CDW-based brick and concrete
waste were used together. Figure 2.13, shows the micrographs of SEM of geopolymers based
on CDW of produced by Reig et al. (2013a). Micrographs summarizing the microstructure
of brick and porcelain based geopolymers with two different NaOH molarity (7M and 9M)
coinciding with t he d atain F igure 2.11 ¢ learly de monstrated that the higher N aOH
concentration (9M) provides denser and more homogenous matrices under the same curing
conditions for both materials. On the other hand, the bricks-based geopolymer showed lower
compressive strength at a concentration of 9M NaOH compared to 7M. In this case, it can
be st ated thatan ex cessive am ount o fso dium hydroxide m ay ad versely af fect t he

microstructure o f the matrix and the mechanical p roperties of geopolymers (Reig et al .,
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2013a; Kourti et al., 2010). In this direction, it has been stated that technically, based on the
reactivity and binding properties of the particles, a sp ecific NaOH molar threshold can be
defined f oreach C DW material. T hisr ecommendationi sco nsistent w itht he

recommendation of Kourti et al. (2010).
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Figure 2.13 Scanning Electron M icroscope (SEM) micrographs of C DW-based
geopolymers with di fferent NaOH concentrations: (a) Brick-based ge opolymer, left: 7M,
right: 9M, (b) Porcelain-based geopolymer, left:7M, right: 9M (Reig et al., 2013a)

2.6.3.3. Effect of R,O/SiO Ratio
The R20/Si02 molar ratio (R, represents Na* and/or K*) is considered to be one of the factors
affecting the geopolymerization process, which is calculated based on chemical activators
such as sodium hydroxide, sodium silicate and potassium hydroxide. This ratio represents
the amount of s oluble sodium and silicate in alkali activators. T he r elationship be tween
R20/Si102 ratio and compressive strength is shown in Figure 2.14 in the context of the data
obtained from a 1imited nu mber of s tudies on t he e ffect of R20/SiO2 on C DW-based

geopolymers.
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Figure 2.14 The relationship between R20/SiO2 and compressive strength (R: Na* and/or
K, CW: Concrete waste, RCBW 25 + 6.2: SiO2/A120s: Red clay brick waste cured at 25 °C
with a molar ratio of 6.2) (Ahmari et al., 2012; Sun et al., 2013; Robayo et al., 2016)

The data were compiled from the single study of Robayo etal. (2016) in the literature
considering the effect of R20/SiO2 on the compressive strength ofred clay brick waste
(RCBW) based geopolymers. Other data were compiled from studies of Ahmari et al. (2012)
and Sun et al. (2013). As shown in Figure 2.14, all trend lines represent the most appropriate
point R20/SiO2 for maximum s trength. D epending ont he ¢ omposition of C DW, t he
optimum point may vary. According to Ahmari et al. (2012), the main solvent elements that
perform the activation of Si and Al in the system are Na" and/or K*. However, due to the
effect o f o ther factors that cu t g eopolymeric n etworks su ch as ca Icium ( Ca®"), lo wer
strengths were obtained in the highest Na* content. On the other hand, Robayo et al. (2016)
stated that the amount of sodium silicates caused differences in compressive strength and,
Pacheco-Torgal et al. (2008), as previously stated, have argued that the amount of soluble
silica in the alkali activator provides better conditions for higher compressive strengths due
to geopolymerization. However, they stated that the properties of the activators led to the
presence of optimum points (Robayo et al., 2016). Further research is needed to provide a
better understanding of the e ffects of R20/S102, A1203/R20 and liquid/solid ratios in the

geopolymerization process of CDW.
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2.6.3.4. Effect of Other Properties
Although it is expected that the activation properties of the source materials will change the
properties of the final geopolymer product, a limited number of studies have been performed
to evaluate the effect of amorphous phases on geopolymer binders and mortars. Rakhimova
and R akhimov (2014) proposed a new approach in order to classify CDW inits use for
alkaline active slag cement. Within the scope of this approach, three different groups have
been de fined: 1-chemically activated am orphous p hases, 2 -physically activated materials
classified according to their crystalline phases, 3-physically active and reactive materials
containing the previous categories. In another study by R akhimova and Rakhimov (2015),
the effects of the amorphous phase content of four different red clay brick wastes (RCBW)
on the RCBW and ground granulated blast furnace slag (GBFS) based geopolymer binders
were evaluated. Figures 2.15-a and b show the relation between amorphous contents and
compressive strengths of geopolymer binders which are activated separately with NaOH and

sodium silicate at the end of 28 days.
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Figure 2.15 The effect of amorphous content on the compressive strength of RCBW-GGBS
based geopolymers (28 days) (a) Activated by sodium hydroxide, (b) Activated by sodium
silicate (40B60S: 40% RCBW + 60% GGBS) (Rakhimova and Rakhimov, 2015)

According to this figure, it can be seen obviously that the increase of the amorphous phase
in R CBW content c auses an 1 ncrease i n co mpressive s trength o f g eopolymer b inders
containing RCBW. However, due to the lack of adequate studies in this subject, further

research is needed to make further explanations and discussions.

2.6.3.5. High Temperature Resistance
The effect of high temperature on CDW-based geopolymers (thermal stability) is one of the
parameters, not comprehensively evaluated by researchers. There are very few studies that
refer to the mechanical properties of high temperature exposed CDW-based geopolymers.
Figure 2.16 s hows t he stability of different C DW-based ge opolymers e xposed t o hi gh
temperature. D ata w ere obtained from studies w hich were conducted by Z aharakietal.
(2016) and Komnitsas et al. (2015). In these studies, geopolymer binders were subjected to
high temperatures of 400 °C to 800 °C. As can be seen from Figure 2.16, the compressive
strength of all CDW-based geopolymers decreases with increasing temperature. According
to Zaharaki et al. (2016), CDW-based geopolymers, when exposed to high temperatures that
affect the porosity of the matrix and consequently reduce the mechanical properties, have

caused problems such as mass loss and volumetric shrinkage as well as the appearance of
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visible m icrocracks o nt heir su rfaces. I n addition,t he partiald ecomposition of
aluminosilicate networks when exposed to high temperatures of CDW-based geopolymers,

previously discussed by Zaharaki et al. (2016), Chuah et al. (2015) and Ren et al. (2016).
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Figure 2.16 High temperature resistanceof CDW-based geopolymer binders (25S-30T-30B-
15C: 25% Slag+30% Tile+30% Brick+15% Concrete) (Komnitsas et al., 2015; Zaharaki et al.,
2016)
2.6.3.6. Rheology and Durability

In literature, very few studies were conducted about the rheological properties and durability
parameters of the CDW-based geopolymers. (Zawrah et al., 2016; Khater et al., 2016). In
the s tudy c onducted by Z awrah et al. (2016) about t he e ffect of G BFS on br ick-based
geopolymers, t he w ater a bsorption r ate f rom the p arameters r elated to d urability w as
evaluated as the main parameter. Figure 2.17 shows water absorption rates of brick-based
geopolymers c ontaining di fferent a mounts of G BFS and bricks. A's is e vident from the
figure, the increase in the level of substitution of GBFS leads to a reduction in the water
absorption rates of the geopolymer binders. GBFS has led to the formation of new phases
(calcium-silicate-hydrate) with aluminosilicate networks in geopolymeric matrices which
have a significant effect on the hardened properties of geopolymer binders (Zawrah et al.,

2016).
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Figure 2.17 The water absorption results for different replacement levels of GGBS in brick-
based geopolymer binders (80B20G: 80% Brick+20% GGBS) (Zawrah et al., 2016)

In addition, the water absorption rates of ceramic-based geopolymers with the substitution
of different levels of brick are shown in Figure 2.18. The results show that water absorption
is gradually decreasing until 90 days of curing time (Khater et al., 2016). However, ceramic-
based geopolymers appear to have a threshold value for brick substitution. As can be seen
from Figure 2.18, water absorption was reduced in mixtures with only 20% brick substitution
compared to non-brick ceramic-based mixtures. The water absorption rate increased when
the brick amount that substituted was above 40%. This can be explained by t he need for
higher water and the resultant zeolite formation in the geopolymer matrix. Further studies
are needed to provide a detailed explanation and assessment for other durability parameters

such as chloride permeability, electrical resistance, freeze-thaw, and alkali-silica reaction.
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Figure 2.18 The water absorption results for different replacement levels of brick in ceramic

-based geopolymer mortars (60C40B: 60% Ceramic+40% Brick) (Khater et al., 2016)

Rheological properties (shear stress, yield stress, viscosity etc.) of geopolymers based on
CDW, have not been studied extensively. Only two studies conducted by Allahverdi and
Najafi Kani (2009) and Rakhimova and Rakhimov (2015) made evaluations about the setting
time of geopolymer products. In the context of the data obtained from these studies, Figure
2.19 shows the relation between the c oncentration of Na2O and final setting time of the
geopolymers (brick and concrete waste). As can be seen from Figure 2.19, all geopolymer
binders have been set longer with a lower Na2O concentration (6%). The setting time of the
geopolymer binders is comparable to that of the normal cemented binders. In addition, the
researchers reported that, due to the high thixotropic properties of the fresh binders, there
was initially a false setting issue at all geopolymeric binders. Therefore, they concluded that
the increase in Na2O concentration for the constant Na2O/SiOz value accelerated the process
of geopolymerization; however, this may reduce the final setting time. In another study by
Rakhimova and Rakhimov (2015), the effect of ground powder (waste brick and GBFS) with
specific surface area and two different activators (sodium silicate and sodium carbonate) on
the initial and final setting time of the geopolymer binders were investigated. The results
showed that with the increase in the specific surface areas of the source materials (from 300
to 900 m?/kg) both the initial and final setting times of the geopolymer decreased. However,

sodium carbonate was able to increase the setting time (both initial and final) compared to
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sodium silicate with a constant specific surface area (Rakhimova and Rakhimov, 2015). As
a result, more studies are needed to make detailed evaluations and discussions on the setting

time and rheological characteristics.
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Figure 2.19 The relationship between Na>O concentration and final setting time in CDW-
based ge opolymer binders (50BSOCW: 50% Brick+50% C oncrete W aste) (Allahverdi and
Najafi Kani 2017)

2.6.3.7. Current Challenges R egarding to Industrial A pplications of
Construction and Demolition Wastes

Over the last two decades, action plans for climate change in the world have greatly increased
the de mand f or mineral a dditives in t he c ement a nd ¢ oncrete i ndustry. F or e xample,
Bouzoubaa and F ournier (2005) have collected data from mineral a dditives used in the
Canadian market and have clearly stated that mineral additives producers are unable to meet
market demand and therefore Canada imports high amounts of mineral additives (especially
silica fume) from the US and Norway. Today, due to insufficient action plans designed to
reduce carbon dioxide emissions into the atmosphere, it can be clearly stated that mineral
additives are being consumed more effectively. In this context, in order to reduce the market
demand, investigation of the using of various CDW-based waste materials individually or in
combination with d ifferent m ineral ad mixtures i s an issue t hatn eedst o b e ¢ arefully

considered. However, t here are se rious ch allenges t o t he effectiveuse o f CDW inthe
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geopolymer industry in particular. As it can be deduced from the literature review detailed
above, i t h as be en ob served t hat, a Ilthough s everal s tudies ha ve be en ¢ arried out on
geopolymerization of CDW-based materials, very limited progress has been made in terms
of industrial a pplications. T he main reason for inadequate development of the i ndustry-
oriented advances is the complexity of the geopolymerization processes and the complicated
activation o f C DW w hich h as v arious ch emical co nstituents. T herefore, i n d ifferent
applications, a number of arrangements are r equired for p arameters such as SiO2/Al1203
ratios, activator types, concentrations, curing conditions. According to the literature studies
summarized above, it can be stated that t he properties of C DW-based ge opolymers are
greatly influenced by the changes in the chemical composition of the source materials and
this situation made more complicated the process of making a specific mixture design. It is
also t hougth that future r esearch and de velopment s tudies s hould focus on a cceptable
threshold levels, rather than focusing on achieving the best possible mixture designs that are
not likely to be obtained simultaneously all over the world. In addition, the current activation
methods, such as alkali chemical activators and high-temperature curing should be improved
and the number of well-trained personnel in the field needs to be increased in order to raise
awareness in t he production of such products and t he desire for i ndustrial a pplications.
Therefore, emphasis s hould be pl aced ont he s implification of pr oduction pr ocesses
depending on the availability and functionality of the source materials, activators, and curing

conditions.
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3. MATERIALS AND TESTING METHODS USED IN
EXPERIMENTAL STUDIES

In the first phase of the study, the optimum temperature and alkali activator utilization rates
in t he pr oduction of pa ste mixtures were d etermined an d it w as ai med t o o btain t he
appropriate compressive strength values which were important for reaching the targets in the
following s tages. Within this context, pa rametrical optimum de sign s tudies ha ve been
performed by using aluminosilicate based source materials which were obtained entirely
from CDW (powders of waste concrete, brick, tile and glass) and different alkaline activators
(sodium hydroxide, potassium hydroxide, sodium silicate and sodium meta silicate). The
experiments/tests carried out for the purposes of current thesis were grouped under a general
title by taking into account the solutions obtained by mixing of the alkaline activators and
the solutions prepared with the use o f different alkali activators alone. For each type of
solution, th e a luminosilicate based source w aste m aterials were u sed e ither al one or in
combination with ¢ ertain pr oportions. 50 m m c ubic samples w ere p roduced w ith t he

designed mixtures and the compressive strength assessments were made.

Chemical compositions of the raw materials used for alkaline activation, crystallographic
structures, particle size distributions and chemical compositions of activators (silica module
etc.) and molarity values affect the mechanical properties and durability performance of the
binders produced by alkali activation. To determine the suitability of the milled materials for
use in the production of geopolymer as raw material and then to estimate the rate at which
they will b e us ed w ith w hich a ctivators a nd t heir m olarity va lues, as well a s gr inded
construction and decay for comparison with XRF analyzes were performed to determine the
chemical composition and crystallographic structure of CDW-based mineral additives. In
addition, g rain s ize d istribution a nalysis w as performed w ith equipment ha ving br and

Mastersizer 2000.

3.1. Construction Demolition Wastes as a Source of Aluminosilicate

The waste materials to be used in the study were obtained from the buildings which were
demolished due to the urban transformation within the province of Ankara. These materials
are divided into five different gr oups: hol low brick, red clay brick, rooftile, glass and

concrete waste (Figure 3.1).
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Concrete waste
Figure 3.1 Samples of various construction and demolition wastes
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Figure 3.2 Jaw crusher (a, b) and ball mill (c, d)

The materials were each milled in a jaw crusher at a size of about 0.5 cm (Figure 3.2) and
milled at a time in the ball mill (Figure 3.2) until reaching cement fineness approximately.
Particularly for concrete waste, milling and sieving processes were carried out at different
breaker openings in order to obtain more unhydrated products. However, it was found that
the strength results for milled concrete wastes were similar after they were broken at different
openings. Therefore, in order to make the milling process more efficient, the concrete waste
was milled together with the aggregate without any different treatment. The crushed and

ground forms of the CDW-based materials are shown in Figure 3.3.
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Crushed hollow brick Ground hollow brick

Crushed red clay brick Ground red clay brick

- ——

Crushed roof'tile Ground roof tile
- i

Crushed glass waste Ground glass waste
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Crushed concrete waste Ground concrete waste

Figure 3.3 Crushed and ground forms of construction demolition waste

3.1.1. Chemical Compositions of Construction Demolition Wastes

The chemical content o f CDW and fly ash for reference are shown in Table 3.1 When
examined in terms of SiO2 amounts, brick wastes are similar to fly ash and the closest values
can be obtained from hollow bricks. It is estimated that lost on ignition around 16% of the
concrete waste is caused by carbonated parts in concrete. A1203 amounts indicate that the
brick waste resembles fly ash, the closest value is the red clay brick. In terms of CaO content,
as expected, the concrete waste has a high amount of CaO. Na20O content of glass waste is
around 13% and it requires the use of reactive silica-free aggregates in case of geopolymer
binder production. The positions of CDW-based materials and fly ash used in the study are
shown in Si02-A1203-CaO triple diagram in Figure 3.4.

Table 3.1 Chemical composition of construction and demolition wastes and fly ash

Chemical Hollow Red clay Roof tile Glass Concrete Fly ash
Composition, % brick brick waste waste
...Lossoflgnition 1.9 z18 211 020 . LR A7) -
e Q2 OLOL 5330 9402 7342 4310 | 60.07 ...
S ALQs .1727 2050 1508 127 760 . 2135 .
e k€23 670 ... [P 83 ....018 363 .74l
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Mn,03 0.11 0.13 0.16 0.01 0.09 0.08
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Although it was thought that glass waste would not provide sufficient performance when
used alone as a raw material due to its low A1203 content, the SiO2 content was largely
amorphous, indicating a good source of SiO2 and performance. According to the chemical
contents of the CDW-based materials, it was concluded that materials could be used alone

or in double/triple combinations.

X Hollow Brick

+ Red Clay Brick

A Roof Tile

X Glass Waste

U Concrete Waste

O Fly Ash
40
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Figure 3.4 Positions of wastes used in the study on SiO2-Al203-CaO triple diagram

3.1.2. Crystallographic Structures and SEM Micrographs of Construction Demolition
Wastes

Figure 3.5 shows the X-ray diffraction (XRD) phase diagrams of the waste materials and the
fly a sh in Figure 3.6. I n these d iagrams, Q, A,M andH represent qua rtz, a lbite,
montmorillonite and hematite respectively. Glass waste and roof tile are the most amorphous
materials. It can be seen that the waste material which possesses the densest crystalline phase
is the waste concrete w hich contains el ements such a s different hydr ation pr oducts and
unhydrated c ementitious particles. Additionally, montmorillonite pha se e xists i n h ollow

brick and red clay brick and hematite exists in red clay brick.

51



20000 — Q
18000
16000
14000
w i
£ 12000 -
=3
(@] 4
O
10000
8000 Qe |8
- Q
A
6000 - s 8
' A a @ Q
4000 H M M| A Q ‘Q: A a a Q Concrete Waste
i M i 3 A H Q Hollow Brick
- Q
2000 2.2 Q Q Q Red Clay Brick
| S iy
0 ! I ! I = | ! I ' I ! I ! | !
0 10 20 30 40 50 60 70
20

Figure 3.5 XRD phase diagrams of concrete waste, red clay brick, hollow brick, roof tile

and glass waste (Q=Quartz, A=Albite, M=Montmorillonite, H=Hematite)
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Figure 3.6 XRD phase diagram of fly ash

It is clearly seen from the XRD phase diagrams that among different waste materials, the
crystallographic structures of red clay brick and hollow brick wastes are closest to that of fly
ash. The SEM micrographs of various CDW-based materials taken at different magnification

levels after milling are shown in detail in Figure 3.7 below.
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Concrete waste
Figure 3.7 SEM micrographs of various construction and demolition waste

3.1.3. Particle Size Distributions of Construction Demolition Wastes

According to the apparent surface weighed average grain size and volume weighed average
grain size shown in Table 3.2, the red clay brick has the smallest average grain size among
different CDW-based materials which was milled for an equal period of time. This value,
which is smaller than the average grain size of fly ash, suggests the possibility that it may
cause difficulties regarding with the workability of mixtures incorporating red clay brick
waste. In addition, it is important to state that red clay brick waste has become finer than
other w aste m aterials during th e s ame milling time which shows thatitcanreachthe

appropriate thickness in less time with less energy.
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Table 3.2 Average grain size of CDW and fly ash

Surface

. weighted Volume weighted
Material average size average size D0,1) D(,5) D(0,9)
D[32] (um)  D[4,3] (um)
Hollow brick 4.7 82 1.8 27.5 246.7
Red clay brick 2.9 16.4 1.2 7.6 46.9
Roof tile 3.9 44.4 1.5 18.3 94.6
Glass waste 16.9 111.9 7.5 81.3 263.6
Concrete waste 4.3 51.2 1.7 24.2 142.1

As can be seen from Figure 3.8, the roof tile, red clay brick, hollow brick, and waste concrete

show very close particle size distributions to that of fly ash, while the waste concrete and

especially the hollow brick show a more continuous distribution than fly ash. This situation

therefore implies that the use of waste hollow bricks and concrete will make things easier

for the production of geopolymer paste.
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Figure 3.8 Particle size distribution of CDW and fly ash
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3.2. Alkali Activators

Within the scope of the study, as a result of comprehensive literature review and preliminary
investigations, sodium hydroxide (NaOH), sodium silicate (Na2Si03/Na207Si3), potassium
hydroxide (KOH), solid sodium meta-silicate and were selected to be utilized as alkaline
activators. As a result of experimental studies, NaOH, which is also known as caustic soda,
provided better results and became more prominent among other activators because of cost
and easier production. In the form of white flakes or beads, NaOH, dissolves in water by
releasing heat and can be affected by moisture. NaOH shows similar properties to KOH.
NaxSinOn, which was used as another activator, is a type of alkaline activator which is also
known as water glass and dissolves in water. The sodium metasilicate is available in solid
form but the liquid forms are also referred to as sodium silicate or water glass.The most

common use is the ceramic industry.

3.2.1. Sodium Hydroxide (NaOH)

Sodium hyd roxide, a Iso know n a s ¢ austic s oda, i s pr oduced by e lectrolysis of s odium
chloride water in a membrane or diaphragm electrolytic cell. Largest caustic soda users are
paper industry and manufacturers which are in need of an alkaline based material. Sodium
hydroxide is generally exists in three forms. These are beads, straws and liquid forms. The
chemical composition of these forms is the same (Occidental Chemical Corporation, 2000).
The OH" ions present in the sodium hydroxide solution not only catalyze the hy drolytic
reactions at va rious s tages of a lkali activation. S odium hydroxide also pr omotes t he
dissolution and c ondensation reactions of Siand Al minerals in the powder material by
raising the pH of the medium to the r equired va lues ( Duxson etal., 2005). In studies
investigating the effect of sodium hydroxide concentration on the alkaline activation of fly
ash based geopolymer binders, it was concluded that the optimum concentration of sodium
hydroxide was 8M (Duxson et al., 2005; 2007 a; F erndndez-Jiménez and P alomo, 2005).
Lower sodium hydroxide concentrations adversely affect the mechanical properties of the
resulting binder. This is because the ion concentration resulting from alkaline activation is
not high enough to hydrolyse the appropriate amount of silicon and aluminum contained in
the powder materials. Palomo et al. (2004) analyzed the resulting matrices when Class-F fly
ash w as a ctivated w ith hydroxyl s olutions at d ifferent ¢ oncentrations (from 8t o 18M).
Findings r evealed t he i ntense e ffect of concentration on microstructure. If t he alkaline
activator c oncentration is hi gh, the matrix be comes more intense and c ontributes to the

formation of material which has a glassy structure.

56



it
|:|:b.um,§:;' l:‘ a‘
AT M e 14
EODIUL H i

Bescarioss gyl { Mgl i

Figure 3.9 Sodium Hydroxide

Table 3.3 Analysis results of sodium hydroxide

Sodium hydroxide (NaOH)

Analyzes Specifications Unit Results
Appearance White flake White flake
" Sodium hydroxide Min, 98 ¢ % 9827
" Sodium carbonate  Max, 040 ¢ % 035
" Sodium chloride  Max,0.10 ¢ % 0020
T Iron(Fe)  Max, 15 ppm 1317

3.2.2. Sodium Silicate

Sodium silicate s olutions which are also called as " water glass", c an be pr oduced by
dissolving the alkali silicate pellets in hot water or by hydrothermally dissolving a reactive
source of silica such as silica sand in the related alkali hydroxide solution (PQ Europe, 2004).
Sodium silicate is used as a r aw material or additive in sectors such as detergents, soap,
ceramics, textiles, timber, paper and automotive. Their use as an alkaline activator for the
development of geopolymeric binders is also quite common. Sodium silicates with different
modulus (SiO2/Naz0 ratio) can be used in the production of geopolymeric binders. Sodium
silicate is the second mostly used material after sodium hydroxide for the alkaline activation
of aluminosilicate based materials. The presence of soluble silica influences the workability
of the mixture, the time of setting and the development of mechanical properties. It also

changes the microstructure and composition of the inorganic product formed.
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In the activation of aluminosilicates with sodium silicate, soluble silica causes the formation
of a m icrostructure s imilar to th e glassy structure (less p orous, r egular a nd d enser).
Furthermore, the highly soluble silica content of the aluminosilicate based powder material
and activator solution results in an increase in the silicium content of these binders (Palomo
et al., 2004). Similarly, in systems with a high silica content, the formation of zeolite-like
products (minority products) is reported to be slower (Fernandez-Jiménez and Palomo, 2005;
Criadoetal., 2007, 200 8). However, having a very hi gh c oncentration of silica of the
activator solution reduces the pH of the binder and reduces the degree of reaction of the
powder m aterial w ith the a ctivator s olution b y i ncreasing t he vi scosity of t he s olution

(Duxson et al., 2005).

In geopolymer binders obtained with sodium silicate solution, the presence of monomeric
and dimeric (i.e. small amount of polymerized structure exist) silica shortens the time needed
for the gel to begin precipitation. Furthermore, the increase in the amount of dimeric silica
accelerates the precipitation of more gels, but the gel formed under these conditions has a
lower stability. Finally, the presence of cyclic trimers initially leads to the formation of more
stable gels, but they later delay the progression of reactions. As a result of the researches, it
was stated that the optimum value of silicate modulus (Ms: SiO2/Na20) for the activation of
aluminosilicates with alkalis is between 1 and 1.5 (Duxson et al., 2005; Criado et al., 2008;

van Deventer et al., 2007).

Na2Si03, which was used in experimental studies, is the product of "Koruma Klor Alkali
Sanayi ve Ticaret A.S." and it was supplied with 5 It cans in liquid form (Figure 3.10). Table

3.4 shows the results of the chemical analyses of sodium silicate.

— H‘_E-

Figure 3.10 Liquid sodium silicate
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Table 3.4 Analysis results of sodium silicate

Sodium Silicate (Na2SiO3)

Analyzes Specifications Unit Results

Appearance No-color Clear - No-color
“Sodium Oxide, Na,0 120-13.5 % ] 1314
T siliea, Si02 235270 % 2575
T Bome 209C)  Max.43 9B 4300
T Moedule T Min 2o 202
" Density 20°C) 139-142° gem® 140

3.2.3. Potassium Hydroxide

Potassium hydroxide, an alkaline base, has a wide range of uses. It is used in the production
of s oap i n industry, t he e lectrolyte i n b atteries a nd in fertilizer pr oduction. P otassium
hydroxide is often used in agriculture to make alkalic for balance the pH of acidic soils. It is
also used in medicine, industrial chemistry. Potassium hydroxide is used in the construction

of recycled papers, liquid soap making, and many other cleaning products.

— =

Figure 3.11 Potassium hydroxide

Table 3.5 Analysis results of potassium hydroxide

Potassium Hydroxide (KOH)

Analyzes Specifications Unit Results
Appearance White flake White flake
T Density 2044212 giem® 212
T Solubility Soluble T 1120 /L
" “Molecular Weigth  55.30-56.71  g/mol . 56.11
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3.2.4. pH Values of Alkali Activator Solutions

The pH values of the activators in different water/binder, Na%, K%, and Ms ratios were

measured with the help of pH meter (Figure 3.11) and indicated in the following tables
(Table 3.5-3.8).

Figure 3.12 Measuring pH values of various alkali activator solutions

Table 3.6 pH values of NaOH solutions

6% 8% 10% 12% 15% 18%
Water/Binder Ratio
pH

0.30 11.83 12.45 12.77 13.14 13.48 14.65
T 035 T T 2092 T 13.07 1335 13.65 1428 14.48
U040 T T T 132 133 1396 1400 1433 1462
U045 T3, 1343 13.90 1432 1448 1470
Y | -7 T Yo T SR 1381 1410 1434 1455 1475

Table 3.7 pH values of Na2Si03 solutions

6% 8% 10% 12% 15% 18%
Water/Binder Ratio
pH

0.30 12.23 12.3 12.33 12.36 12.38 12.35
T 035 1217 1222 1224 1226 1229 1231
T 0.40 1204 1218 1220 1221 1224 1225
T 045 12,08 1212 1215 1206 1222 1224
T 050 12,04 12,08 1211 1212 1216 1218
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Table 3.8 pH values of Na>07Si3 solutions

6% 8% 10% 12% 15% 18%
Water/Binder Ratio
pH

0.30 13.23 13.30 13.33 13.38 13.48 13.51
T 035 1320 1323 1328 1333 1346 1341
T 0.40 1311 1320 1323 1324 1337 1338
T 045  13.00 1314 13.19 1322 1336 1334
T 050  13.01 1302 1317 1319 1336 1330

Table 3.9 pH values of KOH solutions

6% 8% 10% 12% 15% 18%
Water/Binder Ratio
pH
0.30 15.22 15.4 15.60 15.78 15.95 -

T 035 1513 1532 1555 1575  15.79  15.88
T 040 1512 1522 1533 1534 1555 1569
T 0.45 1506 1515 1520 1524 1539 1550
T 050 1499 1505 1516 1519 1532 1541
3.2.5. Water

In the production of samples of different mixtures, tap water from the city network was used.

The utilized water was compliant with TS EN 1008 standard to be used as mixing water.

3.3. Compressive Strength Test

Compressive strength testing was performed with a 150-ton-capacity h ydraulic ¢ oncrete
press. The compressive strength of the paste samples was tested on cubic samples measuring
50 mm in accordance with ASTM C109 (2016) standard. During testing, the loading rate

was set at 0.9 kN/s for paste samples.

3.4. Internal Structure Analysis with Scanning Electron Microscope (SEM)

Samples w ere p repared f rom g eopolymer p aste m ixtures to p erform internal s tructure
analysis with scanning el ectron microscopy (SEM). The samples were examined by FEI
QUANTA 250 FEG model (environmental) scanning electron microscope e quipped with
EDX system for semi-quantitative element analysis. 3-7 kV acceleration voltage, spot size

3 and appropriate pressure values were studied.
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3.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed with TA Instruments SDT Q600 testing
device. In the experiments, powdered geopolymer paste samples were used. The experiments
were carried out at temperatures between 25 °C and 1000 °C and with an increased rate of

10 °C per minute.

3.6. X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was performed on the powdered geopolymer paste samples
by Philips X'Pert Pro X-ray diffraction device. In the experiments, 5° < 260 < 80° scan range,
0.033° 20 step length, 30.48 second scanning step time and Kal wavelength copper (A =
1.5406 A) were used.

3.7. Strength Activity Index

The degree of reaction with calcium hydroxide from cement hydration and binding capacity
that pozzolanic materials can have in the presence of water are defined as pozzolanic activity.
Pozzolanic materials m ust h ave su fficient f ineness, am orphous st ructure an d sufficient
amount of silica, alumina and iron oxide in order to show sufficient activity. Although the
strength index is a preferred method for determining the usability of pozzolans in cement
substitution, t he s trength a ctivity index va lues ha ve be en ¢ xamined t o € valuate t he

effectiveness of CDW to be used for various purposes within the scope of the current thesis.

Pozzolanic activity depends mainly on the characteristics of the pozzolan and the quality and
quantity of the active p hases c ontained t herein. Due to the he terogeneous nature of the
pozzolans and the complex nature ofthe hydration reactions, a model has not been developed
currently e xplain the p 0zzolanic activity. Additionally, the pozzolanic activity may vary
depending o n t he a mount of s laked 1 ime bonde d t o t he po zzolan, the specific s urface,
chemical and mineralogical properties, the amount of SiO2, the source of the pozzolan and
the curing conditions. The ASTM C618 (1998) standard specifies that the strength activity
index for both Class-F and Class-C fly ashes should be at least 75% for 7 and 28 days. Tests
for the determination of pozzolanic activity index was carried out according to the ASTM
C618 standard as follows: First, a control mortar was prepared using 500 g of Portland
cement, 1375 g of sand and 242 m1 of water. Then 400 g of Portland cement + 100 g of
pozzolanic material was mixed with sufficient water so as to ensure the same consistency
level like the control mixture. 5 cm cubic samples were prepared from these two mortars.

After 7 and 28 days, compressive strength measurements were performed.
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According to TS EN 450-1: 2015, compressive strength tests were carried out on standard
mortar specimens prepared with reference cement (75%, by weigth) and pozzolan (25%, by
weight). Pozzolanic activity was expressed by calculating a value called "Strength Activity

Index". This value calculated as given below:

Strength Activity Index = (A/B) x 100,

where, A expresses the average compressive strength of mortar samples with a certain type
of pozzolan and B expresses the average compressive strength of control mortar samples.
Strength activity indices of the CDW-based materials and fly ash which was used for the
comparison were determined according to TS EN 450-1 standard with completely Portland
cement-based reference mixture and the results were given in Table 3.9.

Table 3.10 Strength activity index of CDW and fly ash
Compressive Strength (MPa) Activity Index (%)

Material

7 days 28 days 90days 7days 28days 90 days

Portland cement

39.3 48.3 55.7 - - -
(CEM I 42.5R)
T Hollow brick . 307 - 403 - 471 781 834 84.6
""Red clay brick 319 . 411 473 8l2 1 85.1 849
T Roof tile 294 387 - 456 748 80.1 819
T Glass waste . 271 350 - 26 690 725 76.5
“"Concrete waste 289 371 . 425 735 768 763
T Flyash . 295 401 515 751 83.0 ¢ 925
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4. EXPERIMENTAL STUDIES

Alkali activator solutions were prepared by using different alkalis at the desired molarity and
sodium c oncentrations i n or der to pr epare the a lkaline a ctivated m ortars ( Figure 4.1) .
Alkaline activator solutions prepared with NaOH release excessive heat as a result of the
reactions between NaOH and water, thus, before casting of samples which were activated
by s olutions ¢ ontaining N aOH, pr epared s olutions w ere k ept i n gl ass bot tles at room

temperature until the heat of the solution reaches to room temperature.

Figure 4.1 Process of cooling the solutions of various alkaline activators in glass bottles

In the case of sodium hydroxide and sodium silicate combination first, sodium hydroxide
was p laced in glass b ottles, t hen t he so dium si licate and the mixing w ater w ere ad ded
sequentially, and the whole liquid mixture was mixed thoroughly to dissolve the sodium
hydroxide. While p reparing the m ixtures, firstly, with a ¢ onsideration o f th e ¢ hemical
compositions which showed good performances in accordance with the literature, different
CDWs that were used single or red clay in certain ratios were placed in the mortar mixer and
the dry c ontent was s tirred for 6 0 sec onds. Then, w hen t he alkaline solution at ro om
temperature was poured into the CDW powder, the mixer was operated at a low speed (140
rpm) for 90 seconds. In the second stage, the mixer was operated for 90 seconds and mixing
process was completed at a medium speed of 210 rpm. Then, the material was mixed at high
speed (285 rpm) for 30 s econds. A fter this step, the mixture was allowed to rest for 15
seconds. At the final stage, the material was mixed at high speed for 60 seconds, and the
completion of mixing, the paste was poured and compressed into the molds in two stages.

50-mm cubic samples were prepared for use in compressive strength tests. A fter surface
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leveling of the samples, they were put into the oven and then cured. As a result of these
processes, when the mixing time was increased, the alkali activator was determined to be
more effective on all kinds CDW-based materials with different particle size and thus the
mixing time was increased to 10 minutes with reference to TS EN 196-1 standard. Hence, it
was observed that the compressive strength of geopolymer paste mixtures increased with

mixing time.

While i dentifying t he a ppropriate a ctivator, the s amples w ere he at-treated a t ro om
temperature for 24 hours at different temperatures and kept in room temperature for 24 hours.
Afterwards, the effect of curing time at different temperatures was investigated and it was
observed that the optimum curing period was between 48-72 hours. A fter determining the
appropriate activator type, the samples were kept in the oven at different temperatures for
48-72 hours and then kept at room temperature (Figure 4.2). Various experimental studies

were performed before decision making of the above-mentioned steps.

ey ..,L -

. ;1_ E

i

Figure 4.2 Geopolymer paste samples of various CDW

Within the scope of the experimental program, a number of studies were conducted in order
to reach high strength classes. In this context, the water/binder ratio and the Na% ratio were
changed for the mixtures prepared with sodium hydroxide and potassium hydroxide and for
the mixtures prepared with sodium s ilicate, t he w ater/binder ratio and M s (SiO2/Na20)
values were changed. According to the compressive strength results of these mixtures, the
optimum mixing ratios were determined. M olarity and N a% ratios were also changed in

these mixing ratios. During the trial tests, samples were cured at temperatures of 50, 65, 75,
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85,95, 105, 115, 125 € and different curing times based on these temperatures were chosen

in accordance with the literature review.

4.1. Determination of Experimental Mixtures

A number of test mixtures were prepared to obtain the alkali activated pastes at the beginning

of the experiments. The main objectives in the preparation of test mixtures were:

Investigation of the effects o f the alkali ac tivators w hich were used alone or in
combination on the fresh and hardened properties of geopolymer mixtures,
Investigation of t he opt imum mixture de sign of C DW-based a lkali a ctivated
geopolymers,

Determination of the effect of water/binder ratio,

Determination o f th e o ptimum a ctivator ¢ oncentrations a nd th e a ctivator m ixing
ratios based on different CDW types,

Specification of t he m ixing t ime, suitable alkali activator a ddition time o fthe
prepared alkali activator mixtures and observation of the effects on the mechanical
properties of alkali activated samples,

Investigation of the effects of alkali activator/binder and water/binder ratios on the
geopolymers and the relationships between these ratios,

Determination of the temperature ranges required for alkali activation reactions to

take place.

In experimental testing, various mixtures were produced taking sodium concentration (Na%)

by the weigth and the silicate module Ms=S102/Na2O ratio into consideration. Test studies

were made considering t he co nditions su ch as t he co nsistency o f't he p roduced p astes,

workability, hardening as a result of the thermal curing time, ease of demolding, effect of

waiting p eriod a fter the a ctivator p reparation. An e xample r egarding with t he sample

encodings and their contents are described in Table 4.1.
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Table 4.1 Examples on the coding of the test mixtures

Sodium/Potassium hydroxide
For the HB15-75-24 coded sample;

= HB: Hollow brick,

Sodium silicate ve Sodium hydroxide
For the RCB10MO0.2-105-48 coded sample;

» RCB: Red clay brick,

= 10: 10% Na content by weight, = 15: 15% Na or K content by weight,

= MO0.2: Silicate module is 0.2, = 75: Curing temperature in °C,

= 105: Curing temperature in °C, = 24: Curing time in hour,

= 48: Curing time in hour,

Different CDW-based materials were encoded as follow: Concrete waste as (CW), red clay
brick as (RCB), hollow brick as (HB), roof'tile as (RT) and glass waste as (GW). For the
blends which incorporated different CDWs in combination, coding was done by adding the
mass usage percentages of each material in front of the material codes. For example, the
sample which was encoded as "75SHB25RT10M0.3-100-24" contains following properties:
75% hol low br ick and 25% ro of'tile w ere u sed a s a luminosilicate s ource, sodium
concentration was %10, silicate modulus was 0.3, and curing conditions were 100 °C for 24

hours.

4.1.1. Experimental Studies Using S odium M eta S ilicate ( Na;SiO3) a nd So dium
Hydroxide (NaOH)

In the experimental studies in which sodium metasilicate (Na2Si0O3) and sodium hydroxide
(NaOH) were chosen as alkaline activators, the solutions which have four different silicate
modules (Ms: 0.75, 1.00, 1.25, 1.50)and three different percentages of sodium concentration
(4%, 6%, 8%) were prepared by dissolving the sodium hydroxide and solid phase of sodium
metasilicate with the help ofa hand mixer in certain proportions of water content. As a source
of aluminosilicate, w aste concrete powder, waste brick powder (roof tile, red clay brick,
hollow brick) and w aste gl ass powder w ere us ed singly to d etermine the ability of the
materials to react in the presence of solution. In this part of the study, the water/binder ratio
was chosen as 0.5 although desired compressive strength could not be obtained at the end of
7 da ys f rom t he sam ples w hich were cu red at | aboratory en vironment. T he samples
incorporated with the waste concrete powder as a so urce of aluminosilicate were able to
break e ven by a pplying manual force w ithout being s ubjected t o c ompressive s trength
testing. The samples incorporated with the waste brick dusts (hollow brick, red clay brick,
roof tile) were still soft even after 7 days. Based on these findings, it was understood that

there is the necessity of presence of high-temperature curing for making alkali activation
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reactions possible. Therefore, the mixtures were produced without changing the amount of
alkali solution, binder and the water/binder ratio and cured at 75 °C for 24 hours, then cured
in the laboratory environment for 6 days. However, as a result of the uniaxial compressive
strength tests, the d esired co mpressive strength levels could not be obtained and similar

behaviors with previous castings were observed.

4.1.2. Experimental Studies Using Sodium Silicate (Na207Si3) and Sodium Hydroxide
(NaOH)

Based on't he da ta obt ained f rom t he experimental st udies using s odium metasilicate
(Na2Si03) and sodium hydroxide (NaOH) as an alkaline activator, the solutions obtained by
dissolving the chemicals in certain proportions of water with the help of the hand mixer may
not fully provide the required activator chemistry. Therefore, solutions were prepared with
the liquid phase of ready-made silicate solution as considered in the literature previously. In
this ¢ ontext, a ctivator s olutions w ere p repared w ith th e c ommercially av ailable so dium
silicate solution (Na207S13) and the sodium hydroxide in solid phase, by stirring with a glass
rod in a certain amount of water. In the studies where sodium silicate solution was used as
alkaline activator and the waste concrete powder was used as binder, two different silicate
modules (0.2 and 0.3) and three different percentages of sodium concentration (9%, 12%,
15%) were decided. Solutions were used for the purpose of determining the effect of silicate
module a nd s odium pe rcentage of t he s olutionont he compressive s trength results.
Compressive strength test results of the samples obtained from these castings which were
with water/binder ratio of 0.35, thermal curing temperature of 100 °C and curing time of 24

hours are detailed in Table 4.2.

Table 4.2 The compressive strength results of geopolymer pastes containing concrete waste

activated by Na20O7Si3 and NaOH in different Na concentrations and Ms ratios

E Activator E E E E Curing ECuringECompressive
Sample Name i Tvoe i Ms iNa% i W/BiTemperaturei Time i Strength
LA B ! 1 (0 i(our)! (MPa)
CWIMO0.2-100-24 : : 19 1 : : : 0.0
------------------------------- |Waterglass| pmm————y 1 1 e ———
....... CWI2MO.2-100-24 & (Na,0ssip) § 0-2 4 12 1035+ 1004 24 4 @ 42
CW15M0.2-100-24 T A E ' ' 1 54
------------------------------- ) EEELE TECECE TR EEEE T e L P LT EECEEE LT
CWIMO.3-100-24 i Sodium 1 1 9 ' ' 0.0
------------------------------- ] Lol Fe====q ] ] [CEECEYDLELEET
CW12M0.3-100-24 1 hydroxide 1+ o3 1 12 10351 100 ' 24 ' 38
------------------------------- I I F=====q I I Fmmmmmmem—a-
CW15M0.3-100-24 1 (NaOH) 3 =99 ' ' ' 59

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)
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In these castings which were with water/binder ratio of 0.35, desired consistencies were not
achieved, thus, the same castings were repeated by increasing the ratio of water/binder to
0.40. A lthough the desired consistency w as o btained w ith water/binder ratio of 0.4, t he
samples w ere easily broken by h and f orce without be ing s ubjected t o t he u niaxial
compressive test. Castings utilizing waste concrete powder were repeated using waste brick
powder at the sam e si licate m odule, so dium p ercentage, water/binder ratio and c uring
conditions. Because the chemical contents of the roof tile, red clay brick and hollow brick
were very similar, only roof tiles were used as waste brick dust in the casting and the obtained

compressive strength results from the samples were given in Table 4.3.

Table 4.3 The c ompressive strength r esults o f ge opolymer pa stes ¢ ontaining r oof't ile

activated by Na2O7Si3 and NaOH at different Na concentrations and Ms ratios

E Activator E E E E Curing ECuringECompressive
Sample Name ! Tvpe ! Ms !Na% ! W/B ! Temperature! Time ! Strength
poPe b b b e iheuni  (MPa)
RTIMO.2-100-24 ' ' 19 ! ' ' 1153
------------------------------ 1 Water glass 1 prm===y 1 1 [,
RT12M0.2-100-24 H (Na,0-Sis) 1021 12 1035} 100 V24 30.8
------------------------------ 1 1 pe====q 1 1 pe==mmmm—m———-
RT15M0.2-100-24 ! + i HE d d ! 20.9
------------------------------ ) Fr===spm==mefmmmmepemmmememeeeeepemmeme e m———————————
RTIMO0.3-100-24 1 Sodium ! 19 1 H ! H 134
------------------------------ | L Fmm--- 1 1 pommmmmm——————
RT12M0.3-100-24 i hydroxide v o3 1 12 1035: 100 ! 24 ! 199
------------------------------ | 1 Fm====q 1 1 pommmmmm——————
RT15M0.3-100-24 ! (NaOH) ! 115! ! ! ! 20.3

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

Based on the data obtained, it was determined that the increase in the sodium concentration
of s olution ha d pos itive e ffects on's trength. H owever, i nc ases wheret he sodium
concentration was higher than 12%, as the sodium concentration increased, the diffusion rate
of sodium ions in the s olution be came more di fficult and the r eactions were di srupted.
Therefore, sodium concentration of 12% was determined as the optimum value and in this
direction, s olutions w ere prepared at the ratio o fsilicate modulus (Ms: 0.2) with which
higher compressive s trengths w ere obt ained, a nd ne w pa ste pha ses w ere p roduced by
selecting the water/binder ratio as 0.35 with all binder types. The obtained paste phases were
subjected to thermal curing at 100 °C. Strength results are given in Table 4.4.
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Table 4.4 The compressive strength results of geopolymer pastes containing roof tile, red
clay brick, hollow brick and gl ass w aste, a ctivated by N a207Si3 and NaOH at 12% Na

concentration and 0.2 Ms ratio

E E E E E Curing E Curing E Compressive
' Activator ! ' ' ' ' '
Sample Name ! T ' Ms ! Na% ! W/B | Temperature ! Time ! Strength
: ype | ; ; ; : :
' ' ! ! ! cO) 1 (hour) (MPa)
RT12M0.2-100-24 1 Water glass 1 i i i i i 298
------------------------- I (NaxO7813) | I I I I e
RCB12M0.2-100-24 n ' ' ' ' ' ' 335
......................... i . 1 021 12 ]035] 100 | 24 fecccccccceee-
HBI12M0.2-100-24 + Sodium & 4 ; ; ; P 193
......................... | hydroxide | i i i i bonemmmm———————
GWI2MO0.2-100-24 | (NaOH) ! : : : : i 258

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

In order to investigate the effect of the silicate module on the compressive strength, four
different silicate modules were prepared for the same material types and mixing ratios and
the ca stings w ere r epeated co nsidering t he results o btained from the c astings w here the
silicate module was 0.2 and the sodium concentration was 12%. As the silicate ratio of the
solutions increased during casting, the consistency of the paste phase densified, regardless
of the type of material used as the binder, and the problem of early setting was experienced
during pouring of fresh mixtures into the mold. As can be seen from the results shown in
Table 4.5, the increase in the silicate module (Si02/Na20O) of solution, in other words, the
increase in the amount of SiOz to be contained by the solution, has a positive effect on the
strength gain up to a certain point. However it was determined that the compressive strength

decreases unexpectedly, when the silicate module exceeds 0.2.
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Table 4.5 Geopolymer pastes containing roof tile, red clay brick, hollow brick and glass

waste, activated by Na2O7S1i3 and NaOH at Na concentration of 12% and different Ms ratios

GW12M0.2-100-24

(NaOH) ! !
(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

E Activator E E E Curing E Curing ESilicate Modulus (Ms)
Sample Name I T | Na% | W/B | Temperature | Time peocecopeccemqpemceqranan-
: e | : : : : : : :

P E b o oun (01102103504

RT12M0.2-100-24 1 Water glass 1 i i i 118.8129.8120.2116.3
----------------------- 4 (Na;078i3) | I I I i Sl SLECL LELEl
RCB12M0.2-100-24 ! + ' ' ' ' 196 13351253119.2
....................... 1 . | 12 j035] 100 | 24 peceedocccdomaadonn-
HB12M0.2-100-24  Sodium i T ; 117501931 1241119
....................... 4 hydroxide | i i i I N N N

118.41258120.6118.5

4.1.3. Experimental Studies Using Sodium Silicate (Na>SiO3) and Sodium Hydroxide
(NaOH)

For a comparison of the results obtained from the studies in which the sodium metasilicate
and glass water (Na2O7Si3) were used as the alkali activators with sodium hydroxide in the
previous stages, and to obtain all the required data for silicate source activator selection,
another source of commercially available sodium silicate (Na2SiO3) with silicate modulus
of 2.02 was used in certain castings. In these castings, solutions were prepared using sodium
hydroxide and w ater in c ertain pr oportions by s electing t he s ilicate module as above-
mentioned and the previously tested values (Ms: 0.5). In order to overcome the problem of
early setting and excessively dense consistency, the water/binder ratio was increased. Two
series of castings were carried out in this direction. In the first series, solutions having a
silicate modulus of 0.5 and three different sodium concentrations (8%, 10%, 12%) were
selected and the water/binder ratio was determined to be 0.4. 75% hollow brick, 10% roof
tile and 15% waste concrete were chosen as the binder. Compressive strength test results of

samples cured at 105 °C for 24, 48 and 72 hours were shown in Table 4.6.
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Table 4.6 The compressive strength results of geopolymer pastes containing hollow brick,
roof tile and concrete waste activated by Na2SiO3 and NaOH at water/binder ratio of 0.4 and

Ms ratio of 0.5 with various Na concentrations

E Ac tivatori E E E Curing E Curing ECompressive
Sample Name i Tvpe iMsi Na% i W/Bi Temp. | Time i Strength
L i ! Q) i (hour) | (MPa)
75SHBIORT15CW8MO0.5-105-24 1 P18 : P24 12.9
1 1 | —— | 1 [ T
75SHBIORT15SCW8MO0.5-105-24 1 P18 : P48 i 13.0
1 1 | —— | 1 [ T
75SHBIORTISCW8MO0.5-105-24 | qogium | 1§ 8 : 72 13.2
---------------------------------- o i Fomm———— i frmmsmeee e —————
75HB10RTISCW10MO.5-105-48 + Silicate 1 19 | ! P48 4 116
---------------------------------- 4 (NasSiO3) | p-mm---4 i SRR NE .
7SHBIORTISCWI0MO.5-105-48 &+ + 105: 10 1043 105 i 48 & 112
""""""""""""""""""" - Sodium ] frmm————— ] | pbiikbk el
75HB10RT15CW10M0.5-105-48 & o110 i : 148 11.3
.................................. 4 hydroxide §  p..o_._d : Y
75HB10RT15CW12M0.5-105-72 i+ (NaOH) & & 12 i : P72 7.4
---------------------------------- - i Fe===== i b
75HB10RT15CW12M0.5-105-72 & P12 : P72 0.0
---------------------------------- 4 R S i R N
75HB10RT15CW12M0.5-105-72 1 R A : P72 0.0

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

Due to the continuation of the placement problem of geopolymer pastes, in the 2™ series
(Table 4.7) the w ater/binder r atio was increased to 0.5 by ke eping t he s ilicate m odule
constant. A s the binder, 75% hollow brick, 10% roof tile and 15% w aste concrete were
selected and the samples were cured at 105 °C for 24,48 and 72 hour s. Increasing the
water/binder ratio to 0.5 d ecreased the thickness of the paste and helped ove rcome the
problems related with the mold placement. Sodium concentrations of 6%, 8%, 10% were
selected for these castings. As shown in the following c ompressive s trength results, the
samples w ith 8% and 10% s odium c oncentration achieved sufficient w orkability a nd
compressive st rength, h owever; t hese p ositive effects were not obt ained when sodium

silicate and sodium hydroxide were used together.
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Table 4.7 The compressive strength results of geopolymer pastes containing hollow brick,

roof tile and concrete waste activated by Na2SiO3 and NaOH at water/binder ratio of 0.5 and

Ms ratio of 0.5 with various Na concentrations

: Activatori : ' i Curing ! Curing ! Compressive
Sample Name i Tvpe i Ms iNa% i W/Bi Temp i Time i Strength
P YR : i (°C) ! (hour) ; (MPa)
75HBIORTI5CW6MO.5-105-24 6 24 0.0
7SHBIORTISCW6MO.5-105-24 | ' 6 ' EEYER Y
1 1 | — ] 1 [} T
7SHBIORTISCW6MO0.5-105-24 Sodium | | 6 | . Y 8.0
75HBIORTISCWSMO0.5-105-48 } Silicate : 1 g ! ' P48 0.0
1 (NaSiOs) - ——H | E E
7SHBIORTISCWSMO.5-105-48 & "1 gct 8 8 gs 4 105 | 48 1 109
7SHBIORT1SCWSMO.5-105-48 1 Sodium i ¥ 7c™7 ; Va1 97
.................................. { hydroxide | I i bommmmeee e ————
75HBI10RT15CW10MO0.5-105-72 E (NaOH) E E 10 E E E 72 E 0
TSHBTORTTSCWi0M0 310572 ST Fn 1 218
---------------------------------- i i [ LEEEEE | i (CEEEEETEL TEEELEEEEEEE D
TSHBIORTISCWI0MO.5-105-72 | AT i Lo 221

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

In addition, with different ratios on the basis of the binder material (1% casting; 70% red clay

brick, 15 % roof tile, 10% waste concrete pow der and 5 % waste gl ass powder), silicate

module of 0.2 and water/binder ratio of 0.4, two casting were carried out with s odium

concentration of 8% and subjected to thermal curing at 105 °C for 24, 48 and 72 hours but

no compressive strength results were recorded.

Another series produced by this sodium silicate solution was produced for the determination

of the changes in strength as a result of the gradual substitution of the glass powder instead

of waste concrete powder. For these series, two different sodium concentrations of 8% and

12%, silicate module of 0.3 and water/binder ratio of 0.35 were selected and subjected to

105 °C for 24, 48,72 hours. The obtained compressive strength test results were as indicated

in Table 4.8.
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Table 4.8 The compressive strength results of geopolymer pastes containing glass waste and
concrete waste activated by Na2Si03 and NaOH at Ms ratio of 0.3 and Na concentrations of

8% and 12%

E Activator E E E E Curing E Curing E Compressive
Sample Name E Tvpe E Ms ENa% E W/BE Temp. E Time E Strength
Pt E b b eo Phn ! P
100CW8MO.3-105-24 ' ' ' ' ' P24 ! 41
--------------------------------- i i i i i R S —
100CW8MO0.3-105-48 : : : : : To48 1 42
--------------------------------- i i i i i RS S ——
100CW8MO0.3-105-72 : : : : : Vo2 4.1
--------------------------------- i P i i R S —
75CW25GW8MO0.3-105-24 & ; ; ; ; P24 18.0
--------------------------------- i i i i i prmm=mmespessse————————
75CW25GW8MO0.3-105-48 1 ; ; ; ; P48 23.5
--------------------------------- i i i i i prmmmmmespesse—————————
75CW25GW8MO0.3-105-72 : : : : HE 23.5
--------------------------------- i i i 8 i i R S —
50CW50GW8MO0.3-105-24 & ; ; ; ; P24 20.2
--------------------------------- i i i i i e L Ll
50CW50GW8MO0.3-105-48 & ; ; ; ; P48 28.1
--------------------------------- i i i i i po====s==spesssss=—ee—==-
50CW50GW8MO0.3-105-72 i ; ; ; ; P72 25.7
--------------------------------- i i i i i [ el Ll
25CW75GW8MO0.3-105-24 & . : : : : P24 21.6
................................. i Sodium } i I i R IS
25CW75GW8MO0.3-105-48  + Silicate 1 : : ] To48 1} 17.2
--------------------------------- b Nasion | i i i VRS S —
25CW75GW8MO0.3-105-72  + (Na:Si03) 1 ' ' ' P72 15.9
i + i 03 F— 0351 105 | ;

....... [00CWIaMO.3-10524 4 Sodium § & & i . L
100CW12MO0.3-105-48 1 hydroxide : : ; P48 4.8
--------------------------------- i i i i i ===~ g == ===
100CW12M0.3-105-72 : (NaOH) : : : : P72 0.0
--------------------------------- i i i i i prmmmmmespesse—————————
75CW25GW12M0.3-105-24 ; ; ; ; P24 18.1
--------------------------------- i i i i i prmm=mmespessee—————————
75CW25GW12M0.3-105-48 ; ; ; ; P48 0.0
--------------------------------- i i i i i prmm=mmespessse—————————
75CW25GW12M0.3-105-72 & : : : : H 0.0
--------------------------------- i i P12 i i R S —
50CW50GW12M0.3-105-24 ; ; ; ; P24 26.9
--------------------------------- i i i i i po====s==spessssss=see—e=-
50CW50GW12M0.3-105-48 ; ; ; ; P48 25.6
--------------------------------- i i i i i po====s==spesssssssee—e=-
50CW50GW12M0.3-105-72 ; ; ; ; P72 18.1
--------------------------------- i i i i i [ L Ll
25CW75GW12M0.3-105-24 & ; ; ; ; P24 24.1
--------------------------------- i i i i i po====s==spesssss—see—e=-
25CW75GW12M0.3-105-48 & ; ; ; ; P48 i 36.6
--------------------------------- i i i i i [ el Ll
25CW75GW12M0.3-105-72 i ; ; ; ; P72 20.8

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

4.1.4. Experimental Studies Using Sodium Silicate (Na>0O7Si3)

In previous studies included in the current thesis, solutions containing sodium hydroxide and
different types of sodium silicate were prepared after dissolved in certain amounts of water.
At this stage of the experimental studies using sodium silicate as a solution, the effects of
different silicate modules and sodium concentrations obtained by the changes in the molarity

of the solution were investigated. In this context, a constant silicate module (Ms: 0.3) was
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used to determine the effects of different sodium concentrations (12%, 15%, 18%) on the
compressive strengths of pastes. Water/binder ratio was chosen as 0.35 and two series of
casting were performed. Due to difficulties related with the dense consistency and placement
into the molds, the water/binder ratio was increased to 0.4. Then, one of these series cured
at 100 °C for 24 hours and the other one cured at the same temperature for 48 hours. As can
be seen from the compressive strength results given in Table 4.9, the increaments in sodium
concentration promoted the compressive strength proportionally. The increase in thermal
curing time did n ot show remarkable ef fects on sam ples, ex cept for those with s odium

concentration of 12%.

Table 4.9 The c ompressive strength r esults o f ge opolymer pa stes ¢ ontaining ro of tile

activated by Na2O7Si3 at Ms ratio of 0.3 with various Na concentrations

E Activator : : : : Curing : Curing : Compressive
Sample Name E Tvoe E Ms E Na% E W/B E Temp. E Time E Strength
h, AV E P 1 (O i (heun i (MPa)
RT12M0.3-100-24 ! : : 0 : : 124 0.0
RT12M0.3-100-48 4 ; ; ; ; ST I
--------------------------- i i p======d i pe======spes==-m=——eaa--
RT15M0.3-100-24 ' Water glass : ' ! 124 11.3
--------------------------- j NHLEESS v 63 1 15 F 040 100 peecemmempeeeess=oneman-
RT15M0.3-100-48 1 (NayOSis) ! ' : : 148 1 10.9
RTI8MO.3-100-24 4 ; 1 y 1 ; Y A T
RTI8MO.3-100-48  § ; ; ; ; VA 160
(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder) :

To determine the effects of increased sodium concentrations on the compressive strength
development five different s odium ¢ oncentrations of 12%, 15%, 18%, 20% , 22% w ith
silicate module of 0.3 and water/binder ratio of 0.4 were tried. Samples were cured at 100
°C as in the case of previous castings and curing time was selected as 24 hours. As shown
in Table 4.10, the increaments in the sodium sodium concentrations at a constant silicate
module tended to increase the compressive strength of samples prepared by using glass water

only.
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Table 4.10 The c ompressive strength r esults of ge opolymer pa stes ¢ ontaining r oof t ile

activated by Na2O7S13 at Ms ratio of 0.3 with various Na concentrations

Curing ! Curing ! Compressive
Activator g1 g1 P

Sample Name E Tvoe E Ms E Na% E W/B E Temp. E Time E Strength
PP E E i C) i (hour) i  (MPa)
RT12M0.3-100-24 : P2 : : : 0.0
RT15M0.3-100-24 !Wt | ; T ; ; T
RTISMO.3-100-24 1 L 2Cre@s & o3 M 877 04 1 100 ' 24 1 i67
--------------------------- i (NayO;Siz) 1 Fo=====n i i [ EEEEEEPE LR
RT20M0.3-100-24 & ; AT ; ; AT
--------------------------------- .—
RT22M0.3-10024 & ; T ; ; P 197

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

Based on these results, a similar series was prepared using waste glass powder as the binder.
Considering the p ositive effects of increased sodium c oncentrations on strength, for this
series, silicate m odulus was sel ected as 0.3, w ater/binder ratio as 0.4 and t he s odium
concentrations as 18%, 20%, 22%. This series, like others, was subjected to thermal curing
for 24 hour sat 100 °C. Asa result, it was o bserved that t he increaments in s odium
concentrations decreased the strength of samples of this series which utilized waste glass

powder as the main binder (Table 4.11).

Table 4.11 The compressive strength results of geopolymer pastes containing glass waste

activated by Nax07Si3 at Ms ratio of 0.3 with various Na concentrations

Curing ' Curing ' Compressive

! Activator | ; ; ; ' '
Sample Name ' chvaeor ' Ms ! Na% ! W/B ! Temp. ! Time ! Strength
P e E E i (°C) | (hour)i (MPa)
GWISM0.3-100-24 1} P18 b 114
--------------------------- i 1 i [ EECEELE i i [ EECEECEECEEEEE
GW20M03.100.24 4 waterglass w750 04 1 100 ' 24 1 100
........................... i (NaO;Si3) beemead i i T
GW22M03-100-24 | ; 22 ; ; ; 0.0

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)
In another series in which the waste glass powder was used as a binder together with the roof

tile, t he si licate m odule w as sel ected as 0 .3, w ater/binder r atio as 0 .4 an d s odium
concentrations as 18%, 20%, 22%. The samples of the mixtures were subjected to thermal

curing at 100 °C for 24 hours. The results obtained from this series are given in Table 4.12.
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Table 4.12 The compressive strength results of geopolymer pastes containing roof tile and

glass waste activated by Na2O7Si3 at Ms ratio of 0.3 with various Na concentrations

Curing ! Curing ! Compressive
Activator g1 £ P

Sample Name E Tvpe E Ms E Na% E W/B E Temp. E Time E Strength
P e E E P C) | (hour) | (MPa)
SORTS0GW 18M0.3-100-24 } o1 b 144
--------------------------- i ter ol i Fm===== i i Fmmmm=mmmm———-
SORTS0GW20M0.3.100.24 1 vaterglass 4o w50 04 ¢ 100 & 24 ' 139
........................... i (NaO;S13) | beemead i i T
SORTS0GW22MO0.3-100-24 } : P : : 137

(Ms: Silicate Modulus, Na%: Sodium Concentration, W/B: Water/Binder)

4.1.5. Experimental Studies Using Potassium Hydroxide (KOH)

In the studies using potassium hydroxide as the alkaline activator, aluminosilicate sources
were allowed to react by mixing each one of waste materials singly at different molarities.
For this purpose, various paste phases were obtained by us ing alkaline activator solutions
prepared in four different molar concentrations (5M, 7M, 9M, 11M) with waste concrete
powder, waste brick powder (roof tile, red clay brick, hollow brick) and waste glass powder.
The water/binder ratio for the prepared paste phases was 0.4, and the compressive strength

test results of samples after cured for 24 hours at 90 °C were presented in Table 4.13.

When the compressive strength results were evaluated, it was seen that the increase in molar
concentrations of potassium hydroxide s olution had negative effects on the compressive
strength results. In order to investigate the effect of fineness of the binder materials on the
degree of reaction and hence on the compressive strength results, samples were produced by
using onl y roof'tile inthe p resence o f potassium hydr oxide s olution pr epared at SM
concentration. Results showed that increased fineness of the binder has positive effects on

the compressive strength development thanks to increased surface area.
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Table 4.13 The compressive strength results of geopolymer pastes containing various CDW

activated by KOH with various molar concentrations

' Activator ' ' ' Curin ! Curing ! Compressive
Sample Name ' Tvpe ' M ! WB ! Tem (ogc) ' Time ! Strength
P : PP (mour) | ()
CW5-90-24 H 5o H H H 0.0
----------------------- -1 pmmm——— i i (CELLEEECEEEEEEEE
CW7-90-24 ! V7o ! ! ' 0.0
----------------------- -1 pmm=——— i i (EELLEEEEEEEEEEEE
CW9-90-24 H 9 1 H H H 0.0
----------------------- -1 pmmm——— i i (CELLEEECEEEEEEEE
CW11-90-24 H voIr o H H H 0.0
i ey i i [

RT5-90-24 ! s o ! ! ! 7.4
----------------------- -1 pmmm——— i i (EELLEEELDEEEEEEE
RT7-90-24 H 7o H H H 6.6
----------------------- -1 pmm=——— i i (CELLEEEEELEEEEEE
RT9-90-24 H 9 1 H H H 54
----------------------- 1 F======q i i p========—==aaa-
RT11-90-24 ! L D H ' H 4.2

1 — ] ] F
RCB5-90-24 H s H H H 8.1
"""""""""""" 1 Potassium  F==7r==d I I A il
RCB7-90-24 H . 7o H H H 9.0
“““-1{6-13-5-9-6-2-5 ----- 1 hydroxide r---9---1 0.4 1 90 1 24 r-------7-§ -------
----------------------- i (KOH)  feeocend ; : - —
RCB11-90-24 1 oIr o 3 H H 5.0
i ey i i [

HB5-90-24 ! s 4 ! . ! 8.5
----------------------- 1 F====-= i i pm==========aaoa-
HB7-90-24 ! o7 ! I ! 6.8
----------------------- -1 [ELEILEL i i (CELLEETEPCEEEEEE
HB9-90-24 d [ O 4 0 d H 7.7
----------------------- -1 pmm=——— i i (CELLEEELLEEEEEEE
HB11-90-24 H LI D ! ! ! 6.1

1 | —| 1 1 F

AC5-90-24 0 R ' ' ' 21.2
----------------------- -1 ELLLLEE i i (CELLEEEPETEEEEEE

GW7-90-24 ] 7 4 d h d 19.1
----------------------- -1 [ELLILEE i i (CCLLEEEELLEEEEE

GW9-90-24 ! P9 ! I ! 16.9
----------------------- 1 —obLLl i i p========--ao-a-

GW11-90-24 ! L O B ! ! ! 10.6

(M: Molarity, Na%: Sodium Concentration, W/B: Water/Binder)

4.1.6. Experimental Studies Using Sodium Hydroxide (NaOH)

In the experimental studies in which sodium hydroxide was used as an alkaline activator,
different CDW-based materials were activated singly with solutions having different sodium
percentages. Within this context, various paste phases were developed using waste concrete
powder and waste brick dusts (roof tile, red clay brick, hollow brick) as alumunosilicate
source together w ith alkaline a ctivator s olutions pr epared w ith four different s odium
concentrations 6%, 8%, 10% and 12%. The water/binder ratio for the prepared paste samples
was 0.5 and the samples were cured for 7 days at 70 °C before the implementation of uniaxial
compressive strength tests. Compressive strength tests carried out on samples showed that
none of the samples were with considerable results. Therefore, at the second stage, in line
with the studies in the literature, curing temperature of the samples was increased to 100 °C
considering the possibility that the curing temperature of 70 °C was not sufficient for the
activation of the aluminosilicate source materials. In addition, the sodium percentage of the

solution was increased to 10%, 12%, 15% to investigate whether the increases in sodium
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percentage of the activator solution would have positive effects on strength development or

not. The results obtained after 24 hours of thermal curing at 100 °C are listed in Table 4.14.

Table 4.14 The co mpressive st rength results o f g eopolymer p astes co ntaining d ifferent

CDW activated by NaOH with various sodium concentrations

E Activator : : : Curing : Curing : Compressive
Sample Name E Tvpe E Na% E W/B E Temp. E Time E Strength
PP E P (°C) | (hour) |  (MPa)
CW10-100-24 : P10 ! : : : 0.0
------------------------- 1 Fmmmm=mmman] i i (EEEE TP ER
CW12-10024 % P ; ; ; 0.0
------------------------- 1 Fmm=m=mman] i i (EEEE T P ER
CW15-100-24 ¥ T ; ; ; 0.0
1 - ] ] |
RT10-100-24 ' ' 10 ' ' ' ' 13.4
------------------------- 1 Fmm=m=mman] i i (EEEEE PP e ER
RT12-100-24 : P ; ; FTT5
------------------------- 1 Fmm=m=mman] i i (EEEEE P EEELEER
RT15-100-24 : T ; ; ; 9.1
1 _ ] ] e
RCB10-10024  +  Sodium | 10 ; ; ; 8.5
----------------------------------- .—
RCBI2-10024 1 hydroxide + 12 % 04 1 100 ' 24 % 129
----------------------------------- .—
RCB15-100-24 + (NaOH) 1 715777 ; ; P 102
1 - ] ] e
HB10-100-24 : 10 1 ; ; ; 7.0
------------------------- 1 — i i ——
HB12-100-24 : P12 i ; ; P 115
----------------------------------- .—
HB15-100-24 & Fs ; ; ; 7.1
1 _ ] ] e
GW10-10024 ¢ 10 ! ; ; 308
----------------------------------- .—
GW12.100-24 1 N R ; ; P 43.0
----------------------------------- .—
GW15-100-24 1 T ; ; I 416

(Na%: Sodium Concentration, W/B: Water/Binder)

When the obtained compressive strength results were evaluated, it was monitored that the
increaments in the sodium percentages of the sodium hydroxide solution had a positive effect
on t he c ompressive s trength results up t o a c oncentration 1evel of 12%. Increasing the
thermal curing temperature from 70 °C to 100 °C resulted in increaments in compressive
strength. It has been also observed that the increased curing temperatures did not have any

effect on compressive strength developments of pastes cast only with waste concrete powder.

To confirm the positive effects of increased curing temperatures, to determine the effects of
curing period and to ev aluate the effects o fincreased sodium pe rcentages in activator
solutions on the compressive strength, paste samples were produced only by using hollow
bricks at water/binder ratio of 0.35, with sodium percentages of 12%, 15%, 18%, curing
periods of 24 and 48 hours and curing temperatures of 100 and 110 °C. As a result of the
compressive strength testing of proposed samples results of which were shown in Table 4.15,
it was d etermined that the increaments in the sodium percentage of solution negatively
affected the strength attainment and that increased curing time and temperature positively

contributed to the strength.
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Table 4.15 The compressive strength results of geopolymer pastes containing hollow brick

activated by NaOH with various sodium concentrations

; Activator ; ; ; Curing ; Curing ; Compressive
Sample Name i Tvpe i Na% i W/B i Temp. i Time i Strength
; e ; t C) | (hour) |  (MPa)
HB12-100-24 ' ' ' ' P24 7.2
---------------------------- 1 1 1 1 100 pe==mmmeeegpeeeeeeeee——————
HB12-100-48 i H T : H i 48 i 26.5
{ I I [ } }

HB12-110-24 i H : H i 24 i 27.0
---------------------------- 1 I I I 110 p======eeegeeeeeeeeeaaa---
HB12-110-48 i H : : i 48 H 28.1

{ — [ } }

HB15-100-24 H H H H 100 H 24 H 6.4
---------------------------- 1 i 1 1 1 Frmmmmmm e ———————
HB15-100-48 }  Sodium ' ' o481 11.2
HB15-110-24 : hydroxide ; 15 ; 04 : : 24 : 16.0
-------------- mmmmmmmmmeeeeq  (NGOH) i I 110  pemecmcccedmcce——am———--
HB15-110-48 H H H H H 48 H 22.5

1 - r T T
HB18-100-24 H H H H H 24 H 2.9
---------------------------- 1 1 1 1 100 pe=s===sccepesceccsceeaaaa-
HB18-100-48 ! ! 18 ! ! ! 48 ! 94
1 1 1 L, t t
HB18-110-24 i H : : i 24 H 10.3
---------------------------- 1 I I I 110 p======-eegeeeeeeeeeeaa---
HB18-110-48 i H H : i 48 H 15.6
(Na%: Sodium Concentration, W/B: Water/Binder) :

In continuation of studies using sodium hydroxide as the alkaline activator, based on the data
obtained from the previous studies, three different sodium percentages (10, 12, 15%) were
selected and solutions with a water/binder ratio of 0.35 were prepared. The curing periods
for the samples were selected as 24, 48 and 72 hours and samples were subjected to seven
different curing temperatures (50, 65, 75, 85, 95, 105, 115 °C). In addition, the curing time
was updated to be 24,48, 72,96, 120 hour s since the targeted co mpressive s trength
increments were not noted f or sa mples cured at 50,65 and 75 °C . T he r esults from

compressive strength tests were shown in Tables 4.16, 4.17 and 4.18..
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Table 4.16 The effect of curing temperature, curing time and sodium concentration on the compressive strength of samples with roof tile

Sodium Concentration (%)

geort
£ EZ 10 12 15
5 == Curing Temperature (°C) Curing Temperature (°C) Curing Temperature (°C)
50 65 75 85 95 105 115 125 |50 65 75 85 95 105 115 125 |50 65 75 85 95 105 115 125
..... 24 190 43 _62 102 18.1 29.6 355 287190 36 _ 8. __26__20.6 303 423 32510 42 53 _74_ 203 215 314 258
..... A8 .10 .63 145 229 23.7 234 311 23810 57 87 30 __247 318 326 27510 47_066 172 _23.7 216 298 276
..... 72 .19 .62 153 282 239 235 4ll 28600 74 97 305 _23.6 31.3 357 30510 5.1_ 77 _21.6 21.2 182 305 289
120 0 74 264 - - - - - 0 93 336 - - - - - 0 6.1 153 - - - - -

Table 4.17 The effect of curing temperature, curing time and sodium concentration on the compressive strength of samples with red clay brick

Sodium Concentration (%)

%” 2 g 10 12 15
5 = =) Curing Temperature (°C) Curing Temperature (°C) Curing Temperature (°C)
50 65 75 85 95 105 115 125 |50 65 75 85 95 105 115 125 |50 65 75 8 95 105 115 125
..... 24 p0 42 o4 7 174 306 198 23510 43 47 67 _80 216 348 136100 44 o1 37 065 _26 273 201
..... A8 p 062 112 225 418 234 224 19910 23 _63 131 121 195 333 183100 53 206 _72 108 273 _42.5 234
..... 2 \0_7.1 124 353 402 235 21.6 21110 66 71 142 339 450 3335 171100 5.7 68 2.7 16.0 390 380 270
120 0 83 18.6 - - - - - 0 9.6 21.2 - - - - - 00 63 16.1 - - - - -

Table 4.18 The effect of curing temperature, curing time and sodium concentration on the compressive strength of samples with hollow brick

Sodium Concentration (%)

%” 2 g 10 12 15
5 = = Curing Temperature (°C) Curing Temperature (°C) Curing Temperature (°C)
50 65 75 85 95 105 115 125 |50 65 75 85 95 105 115 125 |50 65 75 8 95 105 115 125
..... 24 [0 42_41 78 261 186 198 43700 "S3_66 51 _94 126 457 4580 72 86 42 86 122 389 267
..... 48 10 43" 153 266 279 197 224 383 [0 41— 76 104 227209 400 _37.1 [0 90 88 62 301 325 334 253
..... 72 0 51 _17.1 308 257 195 216 355 [0 6.1 81 309 184 186 37.7 393 [0 95 112 108 185 282 333 249
120 0 57 249 - - - - - 0 85 10.6 - - - - - 0 98 168 - - - - -




At the stage where the waste concrete powder was activated using alkali activator solutions
prepared with sodium hydroxide, no strength gain could be observed in the previous trials
performed at three different sodium concentrations and at two different water/binder ratios
(0.4 and 0. 5), thus, the w ater/binder r atiow asr educed t 0 0.35 to obt ain s trength
development. The specimens were subjected to thermal curing for 24, 48 and 72 hours in
this repeated tests by increasing the heat curing temperature to 105 °C. As can be seen from
compressive strength results presented in Table 4.19, the required strength levels could not

be reached.

Table 4.19 The compressive strength results of geopolymer pastes containing waste concrete

powder activated by NaOH with various sodium concentrations

; Activator : : : Curing : Curing Compressive
Sample Name E Tvpe E Na% E W/B E Temp. E Time Stren [t)h (MPa)

P E i (°C) | (hour) &
CWS8-105-24 : : : : Y 5.8
CWS-105-48 : Poog : R 7.3
CW8-105-72 : ; ; ; ) 57

1 r—— ] I
CW10-105-24 ' Sodium b : ; " 24 73
CW10-105-48 ! hydroxide ! 10 % 035 % 105 ! 48 6.9
CW10-105-72 %+ (NaOH) 1 ; ; ) 72

1 | e | ] I
CW12-105-24 : ; : ; " 24 54
CW12-105-48 & P ; T 8.0
CW12-105-72 % ; ; ; ) 9.8

(Na%: Sodium Concentration, W/B: Water/Binder)

Since it was not possible to reach the desired results with the alkaline activation of waste
concrete powder, waste concrete powder was used in combination with waste glass powder
which had high amounts of SiOz in the following tests. As aluminosilicate source, waste
concrete powder (75%, by weigth) and waste glass powder (25%, by weigth) were used and
four different sodium concentrations (8, 10, 12, 15%) and water/binder ratio of 0.35 were
selected for further testing. The samples produced were subjected to thermal curing at 105
°C for 24, 48 and 72 hours and the results of compressive strength tests were presented in

Table 4.20.
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Table 4.20 The compressive strength of ge opolymer pastes c ontaining mixture of waste

concrete and waste glass powder activated by NaOH at different sodium concentrations

E Activator E E E Curing E Curing E Compressive
Sample Name E Tvoe E Na% E W/B E Temp. E Time E Stren It)h (MPa)

P E b C) i (hour) |
50CW50GWS-105-24 ¥ : : : 124 23.1
S0CWS50GWS-105-48 & Poog ; VT 19.9
50CW50GWS-105-72 & ; ; ; T 192

1 | —— | ] F T
50CW50GW10-105-24 ¢+ ; : ; 24 31.0
50CW50GW10-105-48 4 AT ; TR Y

--------------------------- 1 Sodium 1 1 1 e ——————

50CW50GW10-105-72 4 mo ; ; P 248

1 hydroxide =———— 035 1 105 T
S0CW50GW12-105-24 ¢+ ; : ; 24 31.0

--------------------------- i (NaOH) i i [SEEPTEEEE EEEEEEIT LT EEEE

50CWS0GW12-105-48 & b ; VT 239
50CW50GW12-105-72 & ; ; ; T 235

1 | —— | ] F T
S0CW50GW15-105-24 ¢+ ; : ; 24 23.1
S0CWS50GW15-105-48 4 P15 ; VATV T4
50CWS0GW15-105-72 & ; ; ; T 4.4

(Na%: Sodium Concentration, W/B: Water/Binder)

It was decided to blend the various C DW-based m aterials obtained from a de molished
building at certain proportions by using selective demolition method and to activate these
blended materials with the solutions which were prepared by using sodium hydroxide as an
alkaline activator. Along these lines, the binder mixture containing 70% red clay brick, 15%
roof tile, 10% waste concrete powder and 5% waste glass powder was first activated with
solutions having sodium concentration of 12% which resulted in the best performance in
previous tests. For this casting where two different heat curing temperatures were selected,
the water/binder ratio was chosen to be 0.35 and the samples were subjected to thermal
curing for 24,48 a nd 72 hours. Ascanbe seen fromthe compressive s trength results
indicated in Table 4.21, values increased with the extension of the thermal curing time.

Table 4.21 The compressive strength of geopolymer pastes containing mixture of red clay

brick, roof tile, waste concrete and waste glass activated by NaOH and cured at different

temperatures
' . ' ' : Curing ECuringE Compressive
Sample Name E Ac]tlva‘:or E Na% E W/B E Temp. E Time E Strength
PP E } (°C) i(hour)! (MPa)
70RCB15RT10CW5GW12-105-24 * : : : 124 13.9
JORCBISRTIOCWSGW12-105-48 § ; ; P05 148 %317
---------------------------------- 4 Sodium 1 1 1 [ lbiotalalal sl bl lelalbe bl
JORCBISRTIOCWSGWI2105-72 3 o™ &+ b P 248
70RCBISRTI0CWSGW12-115-24 + Y roxice 4 P P 24 1 194
---------------------------------- 4+ (NaOH) i i i L it SLLCDCLEEE RS
70RCBISRTI0CWSGW12-115-48 | ; ; Po115 148 1 275
JORCBISRTIOCWSGW12-115-72 + ; ; ; F T T T %67

(Na%: Sodium Concentration, W/B: Water/Binder)
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For castings in which hi gher amounts of hollow brick were used in the binder mixture,
solutions w ith a w ater/binder r atio of 0.35 w ere pr epared with three d ifferent sodium
concentrations. S amples were cured at 105 °C  for 24, 48, 72 hour s. D epending on the
compressive strength results presented in Table 4.22, the castings were repeated with sodium
hydroxide solutions which had concentrations of 8%, 10%, 12% since compressive strength
results decreased when sodium concentration was selected as 15%. As shown in Table 4.23,
it was observed that the early-age strength development at curing temperature of 115 °C was
high although 3-day strength obtained at 105 °C was higher than the strength of the samples
cured at 115 °C.

Table 4.22 The compressive strength of geopolymer pastes containing mixture of hollow

brick, roof tile and waste concrete activated by NaOH and cured at 105 °C

EActivatorE : : Curing : Curing : Compressive
Sample Name E Tvpe E Na% E W/B E Temp. E Time E Stren I:h (MPa)
P E P C) | (hour) 18
75HBIORT15CW10-105-24 ! : : : T4 20.7
------------------------------ I 1 I I o bbb L)
75HBI0RT15CW10-105-48 ! o0 ! ! 148 1 40.2
------------------------------ I I I 1 bbbt Lt L L L b L L)
75HB10RT15CW10-105-72 ! ! ! ! o7 41.4
1 A 1 I t
75HB10RT15CW12-105-24 } Sodium ° ! ! o241 20.7
------------------------------ 1 I I I L e e b L L L)
75HBIORT15CW12-105-48 ! hydroxide! 12 ! 035 & 105 '} 48 1} 53.7
------------------------------ I I I I bbb e L T b L LD
75HB10RT15CW12-105-72 * (NaOH) 1 L : V72 59.8
1 A 1 5 t
75HBI0RT15CW15-105-24 ! ! ! ! o241 8.9
------------------------------ 1 1 1 1 pemsmsmmmmefpeeeem e ———————
75HBIORT15CW15-105-48 ! o5 ! 148 1 22.4
------------------------------ I I I I bbbt Lt Ll Lt b L LD
75HBI10RT15CW15-105-72 ! ! ! ! o7 28.1

(Na%: Sodium Concentration, W/B: Water/Binder)

Table 4.23 The compressive strength of geopolymer pastes containing mixture of hollow

brick, roof tile and waste concrete activated by NaOH and cured at 115 °C

EActivatorE E E Curing E Curing E Compressive
Sample Name E Tvpe E Na% E W/B E Temp. E Time E Stren It’h (MPa)
PP E b (C) i (hour) |8
75HB1ORTI15CWS-115-24 ¥ : : : DY 39.6
------------------------------ 1 1 1 [ttt TELTTEELILILLLLLL
75HB10RT15CWS8-115-48 ! 18 ! 148 1 42.6
------------------------------ 1 1 1 il L L L b L LE LR LD
75HB10RT15CWS8-115-72 ! ! ! ! 172 35.9
1 | e | 1 r T
75HB10RT15CW10-115-24 ! Sodium ! ! 124 8 38.5
------------------------------ 1 1 1 [ttt DELTTEEIILILLLLLL
75HBI0RT15CW10-115-48 ! hydroxide! 10 ! 035 ' 115 ' 48 ! 43.6
------------------------------ 1 1 1 1 [ttt LELLLEELLITLLLLLL
75HB10RT15CW10-115-72 * (NaOH) 1 ! ! 172 40.2
| | 1 ., t
75HB10RT15CW12-115-24 1 ! ! ! 124t 38.2
------------------------------ 1 1 1 1 Fm====mmofommmmmmm—maena e
75HB10RT15CW12-115-48 ¥ [ ! o488 % 46.2
------------------------------ 1 1 1 1 [ ettt DELILEELILLLELLLL
75HB10RT15CW12-115-72 ! ! ! ! o2 48.7

(Na%: Sodium Concentration, W/B: Water/Binder)
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As a result of the pos itive out comes obt ained by m ixing of C DW-based m aterials as
aluminosilicate source, the amount of waste concrete powder was increased in the mixtures
of binding m aterial ¢ onsidering t hat the amount of c oncrete w aste in a c ertain bui lding
demolished by s elective demolition method is around 80-90%. In the formerly performed
tests, activator solutions prepared with sodium concentration of 12% and castings that were
made at different binder percentages with a water/binder ratio of 0.35 gave the best results.
Therefore, a series of CDW-based binders at different percentages were blended, reproduced
and subjected to 24, 48, 72 hours of heat curing at 105 °C for further compressive strength

testing. Obtained compressive strength results were shown in Table 4.24.

Table 4.24 The compressive strength of geopolymer pastes containing mixture of hollow

brick, roof tile and waste concrete activated by selected certain mixture parameters

EActivatorE E E Curing E Curing E Compressive
Sample Name t o, Na% i W/B | Temp. | Time | - ‘:h MPa)
PPt E i ©C) | (hour) |78
6SHBIORT20CW5GW12-105-24 } 24 | 18.0
---------------------------------- - i i i (EEEEEELEL TILIIIIILITILLLLL
65HBI10RT20CWSGW12-105-48 1} ; ; ; P48 42.0
---------------------------------- - . i i i ECEEEELEL TELIIIIIIITILLLLL
65HB10RT20CW5GW12-105-72 + Sodium 1 . L Vo2 55.2
E hydroxide i 12 i 0.35 i 105 E E
_ SOHBIORT2SCWSGWI2-10524 1 (NaOH) | ; ; A T
60HB10RT25CW5GW12-105-48 1} ; ; ; P48 433
---------------------------------- - i i i (EEETEELEL TELILTIILIIILLLLL
60HB10RT25CW5GW12-105-72 1} ; ; ; P2 57.0

(Na%: Sodium Concentration, W/B: Water/Binder)
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5. RESULTS AND DISCUSSION

As aresult of the data obtained from experimental studies, significant compressive strength
results were obtained from samples using sodium hydroxide and different types of sodium
silicates as alkaline activators. However, compressive strength results which were obtained
from the samples utilizing sodium hydroxide as the only alkali activator could not be reached
when different types of alkali activators were used in combination. Also, the samples which
were activated with glass water alone did not achieve the same p erformance o f samples
which were activated only with sodium hydroxide as the alkali activator. The reason for the
observed situation was that the amount of s odium required for the tetrahedral s tructure
formed by alkali and aluminum atoms of geopolymers such as potassium and sodium could
not be achieved. In addition, the high pH value of sodium hydroxide is believed to be the

main reason for the high activation performance obtained.

For the tests which used potassium hydroxide as the only alkaline activator, the desired
compressive st rength v alues could n otb e reached an d therefore, further studies were
continued by focusing mainly on the utilization of sodium hydroxide as the alkaline activator

in the mixtures.

As a result of the use of sodium hydroxide as the only alkaline activator,for all different
types of CDW-based materials, best results (i.e. highest compressive strength results) were
acquired. M oreover, t his w as va lid f or ge opolymer mixtures i ncorporating m ixtures of
different types of CDW-based al uminosilicate sources. Among other mixture p arameters
tried t hroughout t he experimental studies, hi ghest compressive st rength results w ere
recorded for samples activated by sodium hydroxide solution having sodium concentration
of 12%, water/binder ratio of 0.35 and heat cured at 105 °C. Moreover, increased curing

periods further enhanced the results.

Consequently, it can be clearly stated that different types of CDW-based materials can safely
be used as aluminosilicate s ources in t he pr oduction of ge opolymers individually or in
combination with specific ratios. Although it was possible to obtain the desired strength
grades by means of alkaline activation of samples with brick-based construction demolition
waste, it is also necessary to focus on and improve the utilization of waste glass and waste
concrete in geopolymer production. The results of these achievements during the thesis study

are discussed in more detail in the following sections.
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5.1. Mineralogical & microstructural characterization

Based on the results obtained from extensively performed XRD, XRF and TGA analyzes on
selected geopolymer samples to interpret the effects of factors such as curing temperature,
curing time, sodium concentration and binding material type on the microstructural changes
of sam ples were i nvestigated. In or dert o compare ge opolymerization ¢ apabilities of
different CDW-based materials, geopolymers from hollow bricks, red clay bricks, roof tiles
and glass waste were prepared with alkali solutions having sodium concentration of 12%
and samples were subjected to heat curing at 115 °C for 24 and 72 hours for determining the
effects of curing time for t he s ame s amples. [ n or der t o assess the ef fects of s odium
concentration, samples were chosen in which the hollow brick was used as the binder and
had sodium concentrations of 10%, 12%, 15% and cured at 115 °C for 24 and 72 hour s.
Specimens selected to determine the effects of curing temperature on ge opolymerization
reactions were geopolymer paste samples based on hollow bricks which were prepared with
sodium concentration of 12% and cured at 75 °C, 105 °C, 115 °C, 125 °C, respectively.
Moreover, t he e ffects o f ¢ uring t emperature a nd ¢ uring t ime on red cl ay brick-based
geopolymer samples which were activated with alkaline activator solution having sodium
concentration of 12% and cured at 105 °C and 115 °C for 24 hour s and 72 hour s were
investigated. Furthermore, in order to observe the formation of geopolymeric structure at
low curing temperatures, another paste sample which utilized red clay brick as the binder

and was cured for 24 and 72 hours at a curing temperature of 85 °C was chosen.

5.1.1. XRD Analysis

Diffraction p atterns o 2 4 hour-cured hollow br ick-based ge opolymers ha ving s odium
concentration of 12%c anbe s eeni nF igure 5.1 . T he f igure indicates that m ain
geopoymerization product was albite. As Provis and van Deventer (2009) mentioned, albite
(NASe) is an aluminosilicate product of sodium activated feldspar containing clay. It seems
that th e a mount of qua rtz m inerals r educed a fter g eopolymerization. Increased curing
temperature in itiated the formation o f can crinite w hich is a secondary p hase o f N aOH-
activated fly ash according to Provis and Bernal (2014) and anorthite which is a mineral of
plagioclase. Albite is another type of plagioclase, however amount of albite was more than

anorthite. This was probably due to low calcium content of brick wastes.
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Figure 5.1 XRD comparison of ho llow brick powder and alkali a ctivated hol low brick

binders for different curing temperatures

Evalution of hollow brick-based geopolymers at the same curing temperature (115 °C) for
24 hours which were activated with alkaline activator s olutions having different s odium
concentrations indicatedt hat ani ncrease of sodium c oncentration s upportedt he
polymerization r eactions. A s s hown in F igure 5.2, at increased sodium c oncentrations

decreased amounts of quartz minerals are the evidence of polymerization that took place.
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Figure 5.2 XRD comparison of hollow brick for different sodium concentrations (cured at

115 °C)
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In Figure 5.3, XRD patterns for hollow brick-based geopolymers which were activated with
alkali activator having sodium concentration of 10% and cured for 24 and 72 hours at 85 °C
were shown. Although the albite phase decreased at 72 hours of curing compared to 24 hours,
the compressive strength increased from 7.8 MPa to 30.8 M Pa. This is the evidence of the
formation of other geopolymer products. Comparison based on quartz minerals indicated the
same trends, however, decreasing of quartz amount was not as high as samples cured at 115
°C. This situation was another evidence for the enhanced polymerization reactions due to

the effect of curing time.
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Figure 5.3 XRD comparison of hollow brick for different sodium concentrations (cured at

85 °C)

Compressive strength results of different types of geopolymers based on di fferent CDW-
based binders were shown in Figure 5.4 a nd XRD results were given in Figure 5.5 for
different CDW-based geopolymer products that were cured at 115 °C for 24 hours. Glass
waste-based geopolymer samples had lower compressive strength results compared to other
CDW-based geopolymers and as shown in Figure 5.5, XRD analysis of glass waste-based
geopolymers showed an amorphous structure and this did not change with the increased
curing time. Depending on the increaments in curing time, the quartz phases of all brick-
based materials reduced and this was associated with the development of pol ymerization
reactions. For roof tile-based sample, diopside phase formed after 72 hours of curing, but for
hollow brick-based sample, existing diopside phase decreased and albite phase formed in the
matrix. For both samples, losses in compressive strength were observed. In red clay brick-

based sam ples, anorthite p hase i ncreased in amount, a lbite and qua rtz pha ses remain
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approximately the same and compressive strength result did not show any significant change.

Additionally, the SEM micrographs has represented in Figure 5.6.
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Figure 5.6 SEM micrographs of various CDW-based geopolymer pastes

5.1.2. TGA & DTA Analysis

TGA/DTA plots can be seen in Figure 5.7. According to Kucharczyk et al. (2018), mass
changes are mainly due to dehydration and dehydroxilation below 550 °C, and decarbonation
above 550 °C. Free water is removed firstly then bound water in C-S-H or C-A-S-H is lost
up to 550 °C. It can be seen from Figure 5.7a that glass waste has the highest amount of lost
free water among others. Considering the same grinding effort for all wastes, it is expected
that glass waste remained coarser than others and had highest free water content for the same
w/b ratio. Weight loss above 300 °C is mainly due to loss of chemically bound water. Loss
of chemically bound water were 3.5%, 3.7%, 3.6% and 5.5% for hollow brick, roof tile, red
clay brick and glass waste, respectively. However the amount of chemically bound water of
glass waste was higher than others, also its chemically bound water was the highest. Water
firsta ctsa sa m edium for d issolution, p articipates in g eopolymerization re actions
(Hajimohammadi et al., 2018) and after the ge opolymerization, it is released back to the
system (Provis and van Deventer, 2009). Main reaction product of geopolymerization is N-
A-S-(H) which contains not structurally bound water and reaction product of alkali activated
high-calcium systems is C-A-S-H which has a structure similar to C-S-He. Therefore, the
presence o f chemically bound water indicates the formation of C-S-H similar structures.
Additionally, as it can be seen from Figure 3.8 and Figure 5.7a, fineness of wastes and
amount of released free water are inversely proportional. Another point is that increased
Si/Al ratio raises the water loss according to Figure 5.7a in step with Duxson et al. (2007¢)
results and it is attributed that low Si/Al geopolymers have water that is more tightly bound
within gel (Duxson et al., 2007c¢).
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In Figure 5.7b, hollow brick-based samples cured for 72 hours had less free water content

than hollow brick-based samples cured for 24 hours. It is attributed that hollow brick-based

samples cured for 24 hours have not completed geopolymerization yet as it can be seen from

compressive strength results of hollow brick-based samples cured at 85 °C for 24 and 72

hours were 7.8 and 30.8 MPa, respectively. However, red clay brick-based samples which

were cured for 24 and 72 hours at 115 °C had approximately the same TGA graphs. Reason

for this similarity is due to almost-complete geopolymerization reaction of red clay brick

after 24 hours. This situation can be seen from compressive strength results of red clay brick

specimens ¢ ured f or 2 4 hour s and 72 hour s w hich were 34.8 M Paand 33.5 M Pa,

respectively.
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Figure 5.7 TGA/DTA plots of alkali-activated wastes
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TGA/DTA plots of glass waste-based samples cured for 24 hours at 115°C with different
molarities can be seen in Figure 5.8. According to Tashima et al. (2012), NaOH-activated
systems h ave a N a co ncentration g radient b etween p artially r eacted p recursor p article
surfaces and matrix, different from KOH-activated systems. Weight losses of glass waste-
based pastes in Figure 5.8 have a trend to result in higher weight loss as Na concentration

increases which is in agreement with Tashima et al. (2012).
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Figure 5.8 TGA/ DTA plots of specimens w hich al kali-activated with different s odium

concentration

TGA/DTA plots of the other geopolymer specimens, which not represented in this section,

are given in the appendix.

5.2. Influence of NaOH Content on Compressive Strength

One o ft he b est w ays t o i nvestigate t he effect o f al kaline act ivator so lutions on the
geopolymerization r eactions of p aste samples is to p erform co mpressive s trength t ests.
Therefore, c ompressive strength results o f g eopolymer sam ples p roduced with different
sodium concentrations using hollow brick as the binder and was cured at a temperature of
115 °Cwere given in Figure 5.9. The increase in the sodium content increases the dissolution
rate of the silica and alumina components required for geopolymerization and accelerates
the reactions that produce the polymer (Singh et al., 2016). In other words, increasing the

alkaline concentration increases the dissolution rate of silica and alumina and increases the
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formation o f N-A-S-H gel which gives s trength property to ge opolymer ( Ahmari et al.,
2012). However, an increase in the concentration of sodium in the alkaline solution gives a
limit to the formation of polymers due to low mobility of the alkali ions and diffusion of
them f rom t he solution ( Alonso a nd P alomo, 2001) . I f the i ncrease i nt he s odium
concentration of the activator in the bricks group is not exceeded the threshold, the positive
effects on the strength can be clearly seen. In case of exceeding 12% sodium content, which
is determined as a threshold according to the data obtained from the tests performed, the
viscosity of the geopolymer paste increases, the mixing and casting processes become more
difficult pr eventing the appropriate compaction of the ge opolymer pastes. Na™ ions are
charged as charge balancers in molecular structure formation (Ken, 2015). Hydroxide ions
in e xcess o fth e ] imit with th e in crease in N a20 c ontent ¢ ause r apid pr ecipitation of
aluminosilicate gels (Tashima, 2013). Moreover, the increase in sodium concentration above
the 1imit v alues m akes t he r eaction p rocess faster and impairs the ho mogeneity of t he
reaction products in the matrix (Provis, 2009). Due to the fact that the brick group materials
are similar in terms of chemical content and the same processes were applied while obtaining
the waste brick powders, these binders have shown the same characteristics, the different
results o f c ompressive strength tests could be related w ith p article si ze o f' b inders, the
crystallographic structure and the variation of surface loads. For the samples in which the
glass waste was used as a si licate source, the compressive strength ex hibited a b ehavior
proportional to the sodium concentration. Although the high amorphous SiO2 content of the
bricks group (Table 3.1) supports the geopolymerization process, the low alumina (Al203)

content limits the final strength achieved.
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The compressive strength results of roof tile based samples are given in Figure 5.10. As a
result of t he 24 -hour curing, itis cl ear t hat sample co mpressive st rength r esults ar e
proportional to the increase in sodium concentration, but strength losses occurred when the
threshold for s odium c oncentration is e xceeded. A Ithough the samples tend to exhibit a
strength ¢ hange p roportional to t he in crease in ¢ uring te mperature, w hen th e lim it
temperature and sodium concentration are exceeded, rapidly occurring reactions disrupt the
strength increase. At 48 and 72 hours, the situation was unchanged and the samples reached
the limit strengths at different optimum temperatures and loss of strength was observed at

the points where the temperature had a negative effect on the matrix.
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Figure 5.10 Effect of sodium concentration on roof tile waste

When the sodium concentration in the blend brick-based samples increased from 10% to
12%, an increase in compressive strength was observed, but when the sodium concentration
exceeded 12%, loss in strength was observed (Figure 5.11). In addition, for these samples
the curing time has a positive effect on compressive strength, for sodium concentration of
10%, compressive strength increased after 48 hours, at the end of 72 hours the compressive
strength which was already obtained with a curing time of 48 hours was maintained. This
can be explained by the stabilization of the polymerization reactions taking place. When the
sodium c oncentration was 12% , t he de crease i n t he m obility of t he a lkali i ons due to
increased viscosity concentration slowed down the speed of the process and the rate of ions
diffusing to polymer formation (Alonso, 2001). This indicated the need for higher curing
temperature or longer curing times to achieve high compressive strengths in samples with a
sodium concentration of 12%. In the samples with a sodium concentration of 15%, at the
end of the 24 and 72 hours curing period, lower strength values were obtained compared to

the 12% concentration but at the end of 48 hours, high strength values were obtained.
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Figure 5.11 Effect of sodium concentration on red clay brick waste

The curing temperature had a significant effect on the hollow brick samples which were
cured for 24 hours and had a sodium concentration of 10% (Figure 5.12). The same results
were obtained for samples with sodium concentrations of 12% and 15%, and the sodium
concentration of 12% remained as a threshold for compressive strength. In cases where the
curing time was increased, the strength variation was similar, ex cept for samples with a
concentration of s odium c oncentration of 15% which were cured for 48 hour s. In these
samples, h igh co mpressive strengths w ere obt ained a ta t emperature of 95 °C fora
concentration of 15%, when 115 °C was exceeded, the loss of strength was observed for the
samples. T hese s trength v alues o btained as ar esult o f1 onger cu ring t ime at 1 ower
temperatures in comparison with samples which had sodium concentration of 12% can be
associated with variables such as the particle structure of the material, the water absorption

capacity that needed for the continuity of polymerization reaction.
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Figure 5.12 Effect of sodium concentration on hollow brick waste

As seen in Figure 5.13 for the samples in which glass waste was used as binder material
exhibited approximately the same behavior at all concentrations, although the samples with
sodium concentration of 10% which were cured for 24 and 48 hours showed different results.
Samples with concentration of 10% reached maximum strength values at 72 hours at lower
temperatures, samples with concentration of 12% showed similar behaviors. Samples with
concentration of 15% reached their maximum compressive strength values at shorter curing
periods. For 24 a nd 48 hour s of curing, t he c ompressive strength v alues i ncreased i n
proportion to the sodium concentration. This situation became different for the curing time
of 72 hour s and the compressive s trength results de creased i nversely with the sodium
concentration. Achieving the highest compressive strength after 72 hours of curing at sodium
concentration of 10% indicates that glass waste may perform better with long curing times
and temperatures at 1 ow sodium concentrations. A Ithough glass waste is a v ery suitable
material for the production of geopolymer due to its amorphous structure and high SiO2
content, | ow A 1203 content ¢ onstitutes an o bstacle t ot he pr oper propagation of t he

polymerization process.
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Figure 5.13 Effect of sodium concentration on glass waste

5.3. Influence of Curing Temperature and Curing Time on Compressive Strength

The compressive strength results of the samples with a sodium concentration of 10% were
indicated in Figure 5.14 to evaluate the effects of the curing temperature. For roof tile-based
samples, no signs of compressive strength development up to 65 °C have been observed.
After 65 °C curing temperature, compressive strength started to develop and followed a trend
proportional t o increased | evels o f temperature as in current s tudies in th e li terature.
Geopolymers ga in s trength w ith t hermal ¢ uring a nd t his s ituation is mainly due to the
conversion of 2D polymer bonds in the polymerization process into 3D polymer bonds as a
result of increasing temperature (Nagral, 2014). In addition, polymerization reactions which
are very slow at low temperatures are accelerated by increasing temperature (Rowles and
O'Connor, 2003). It can therefore be stated that the inability to obtain strength at low curing
temperatures is due to the slow progress of polymerization reactions and the lack of strong
bonding. Thus iti soka yt om entiont hat thet emperature ac tsa sacat alystf or
geopolymerization reactions. This relationship between the temperature and compressive
strength values of the roof tile-based samples was corrupted after 115 °C for 24-hour-cured
samples and the strength losses were observed. The compressive strength values between
85-115 °C showed a slow increase for the samples cured for 48 hours and decreased after

115 °C. Although the increase in compressive strength up to 85 °C for samples which were
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cured 72 hour s have been replaced by a loss of strength up to 105 °C, samples reached
maximum compressive strength value at 115 °C as in other curing times and decreased after

115 °C.

The first evidence of compressive strength was obtained at 65 °C, which could be considered
as the lower limit of required curing temperature for all three different curing times. Strength
gain continued to increase until an optimum curing temperature and began to decrease at a
temperature that could be considered as the upper limit of curing temperature. The presence
of a threshold for the curing temperature i n ge opolymer s amples c an be related to the
evaporation of the required water to maintain the polymerization reactions and the disruption

of reactions due to lack of sufficient water (Al Bakri, 2011).

Different variations related with the effect of curing time on roof tile-based samples were
observed. Up to 75 °C, at ambient temperature and 50 °C any compressive strength evidence
could not be observed for three different curing periods. The compressive strength values
for 65 °C curing temperature showed an increase of 44% and 53% after 48 and 72 hours
compared to 24 hours curing time, respectively. The compressive strength values for 75°C
curing temperature showed an increase of 142% and 158% after 48 and 72 hours compared
to the 24 h ours, respectively. F or 85°C curing temperature, the increase in c ompressive
strength was 130% for 48 hours and 180% for 72 hours. The samples which were cured at
95°C showed a low rate of increase of compressive strength. Moreover for 48 and 72 hours,
significant changes for compressive strength results were notobserved. For 105°C and above
curing temperatures, changes in strength results were inconsiderable. The homogeneous and
proper propagation ofthe reactions in the matrix can be mentioned as the results ofthe slower
propagation o f p olymerization r eactions a t th e lo wer ¢ uring te mperature (R owles a nd
O’Connor, 2003), dissolution of Si02 and A1203 components and the prevention of rapid
evaporation of the pore water which prepared the required medium for the actualization of
alkaline a ctivation r eactions. F or h igh t emperatures, due tot he r apid pr ogress of t he
geopolymerization process, it can be mentioned that the formation of a heterogeneous and
porous structure in the matrix causes the decreament of strength when the threshold of curing

temperature is exceeded, even in cases of prolonged curing.

For red clay brick-based samples, maximum compressive strength value obtained at 105°C
for 24 hours and at 95°C for 48 and 72 hours. For geopolymer production, it is possible to

reach the d esired st rengths at h igher t emperatures w ith short term cu ring o r 1 ower
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temperatures w ith pr olonged ¢ uring. H owever, e xcessing of t hresholds f or ¢ uring
temperature causes the loss of strength due to non-homogenous matrix system and formation
of thermal shrinkage cracks. Evaluation of curing time and compressive strength relationship
shows t hat red clay brick-based samples e xhibited s imilar b ehaviors as ro of til e-based
samples until 75°C At 85°C, compared to 24-hour c uring, c ompressive s trength results
increased by 132% and 264% for 48 and 72 ho urs, respectively. At 95°C, increments of
compressive strength were noted as 140% for 48 hours and 131% for 72 hours. 42 MPa was
obtained after 48 hours at 95 °C curing temperature and 35 MPa was obtained after 72 hours
at 85 °C. Evaluation of compressive strength results indicated that it is possible to reach the
desired compressive strength values at lower temperatures by increasing the curing time.
Differences in particle size and Si102/Al203 ratios may be related to the higher ul timate

strength of red clay brick-based samples among all other CDW-based samples.

Compressive s trength results of hollow brick-based samples which were included in the
brick group showed different characteristics despite the similar chemical contents with roof
tile and red clay brick. Compressive strength values of red clay brick-based samples which
were cured at 95 °C for 24 and 48 hours and at 85°C for 72 hours, showed an increase until
these curing temperatures. Exceeding these curing temperatures led to a decrease in strength.
Additionally, hollow brick-based samples obtained their maximum strength at 125 °C curing
temperature d ifferent from th e ro of tile and red clay brick-based samples. T his can be
attributed to the fact that hollow brick-based samples contain high amounts of amorphous
Si02 compared to other brick-based wastes and show more polymerization reactions at lower

temperatures than other waste materials.

Examination of t he c uringt ime vs. strength relationship of t he hol low br ick-based
geopolymers indicates that samples do not exhibit high strengths up to 95 °C at the end of
24-hour curing time. Maximum compressive strength value was 43.7 MPa for these samples
and was obtained at 125°C curing temperature after 24 hours. For the curing temperature of
125 °C, compressive strength values which have decreased with small differences at the end
of 48 and 72 hours showed that the desired strength values can be reached in shorter times

through the optimization of temperature and curing time.

Compressive strength values of the waste glass-based samples increased with high rates at
95 °C for 24 hours, and 75 °C for 48 hours and 72 hours. For 24 hours of curing, maximum

strength value obtained at 115 °C and strength values decreased at the higher temperature
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levels. For 48 hours of curing, strength values of samples reached their maximum value and
for hi gher t emperatures they r emained approximately s table. E valuation of 72 hou rs of
curing temperature showed that the samples reached maximum strength at 75 °C than until
105 °Cwhich was considered as threshold of curing temperature, exhibited a stable behavior.
Evaluation of 72 hours of curing temperature showed that the samples reached maximum
strength at 75 °C. Until 105 °C which was considered as a threshold of curing temperature,
samples exhibited a stable behavior and at above 105 °C, decreaments in strength values
were o bserved. [t isa known fact t hatt he A 1 co ntent ac celerates t he k inetics o f't he
polymerization reaction (Kovalchuk, 2007), the amount of Al2O3 in the waste glass powder-
based samples is considerably lower than other waste materials. For this reason, glass waste-
based samples r eached maximum st rength v aluesattheendo f7 2 h ours of curing.
Examination of the strength results o f glass w aste-based s amples sh ows that for curing
temperatures of 75 °C and 85 °C, the compressive strength values increased with high ratios.
At 75 °C, strength values increased by 112% and 342% for 48 and 72 hours, respectively.
At 85 °C, compressive strength increased by 112% for 48 hours and 272% for 72 hours. At
higher temperatures, strength results approximately remained stable. It has been determined
that the samples based on glass waste which have been cured at a temperature of 75-85 °C

can reach to the final strength.
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Figure 5.14 Effect of curing time on samples with 10% sodium concentration

The compressive strengths results of the samples with a sodium concentration of 12% were
indicated in Figure 5.15. For roof tile-based samples had no signs of compressive strength

attainment up to 50 °C. For samples which were cured for 24 hours, strength results increased

Curing Temperature (°C)
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until 115 ° C and reached to maximum values at 115 °C . This v alue of 42.3 M Pa was
determined as t he maximum compressive strength value reached after all different curing
times and temperatures. 115 °C curing temperature for 24 hours can be accepted as the
optimum curing conditions for roof tile-based samples. At 85 °C, an increase in compressive
strength by 213% and 218% were determined for 48 and 72 hours, respectively. For the other
curing temperatures, t he sam ples h ave n ot shown s ignificant ¢ hanges, i n ge neral, ha ve

reached the limit strength values for every curing temperature for 24-hour curing time.

Assessment of the effect of curing time on red clay brick-based samples shows that 115 °C
for 24 and 48 hours and 105 °C for 72 hours are the thresholds for curing temperatures. At
temperatures up to 115 °C, an increase in the strength values with the prolongation of the
curing time w as d etermined. T his ca se ¢ an be e xplained byt he slow pr ogress of

polymerization reactions at low temperatures. For higher temperatures, non-homogeneity of
matrix due to different propagation rate of reactions at different parts of the matrix and, the
triggering of reactions when the unreacted particles are exposed to the temperature at which

the reaction can proceed can be the reasons for this behavior.

Hollow brick-based samples showed lower strength results up to 105 °C for 24 hour curing
time. At 115 °C, samples reached a compressive strength of 45.7 MPa with an increase of
262% and maintained this value at 125 °C. For the curing time of 48 hours, the temperature
at which the samples obtained desired levels of strength decreased down to 95 °C, strength

values showed a high increase at 85 °C for 72 hour curing time.

At the end of 72 hours, strength results of samples reached close to the maximum level at a
temperature of 75 °C, and this situation is the evidence that the optimum strength is reached

at low curing temperatures with prolongation of cure.

110



Compressive Strength (MPa)

Compressive Strength (MPa)

50
] 24 Hours
45 - A =
40 + '.'
35 :
30 :
25 - Fo,
.;."’ N X
20 - M ¥ R
4 ; v
15 ‘,-' ! :
] i E __--4
10 4 ) _:"" ‘4_,-' ) L - =
i : i -v" et ; Roof Brick
5 P Tt b i ) Red Clay Brick
] ! : - -4&-- Hollow Brick
--w-— Glass Waste
0 T T T T T T T T T
65°C 75°C 85°C 95°C 105°C 115°C 125°C
Curing Temperature (°C)
50
| 48 Hours
45
40 = & ‘A ..-"'
I“ ---‘.‘
35 < S W
30 A ;
: . A
254 i : :" ’.", LN
& N - N,
‘--_ v ~
H LN 2 s ~
201 1 3
“l r.’ v
15 T 'l?l _I-I
S
H l' .’
104 R o i
1 ATy Roof Brick
5 z-:;‘=""""f—‘—' Red Clay Brick
] - -4- - Hollow Brick
--w-— Glass Waste
0 T T T T T T T T T
65°C 75°C 85°C 95°C 105°C 115°C 125°C

Curing Temperature (°C)

111



50

| 72 Hours
45 -
40 . - H ) - v 3 H ) H VV-_—_,‘
5 | o=
o n i - : ; . i ) 1
s 35
= . l:
g2 L T i
@ 254 ’- .:—.:—::.-Yr ....\\\.. goitiss s ossnsose sl e
QL ’ 4 : % Ve Buy
= 1 ! £ : * 7 ~.
2 20 : Los o : N NP | ‘ Nl
) I 'r ‘A,--- \v
& T ‘ A ‘
i 7 i ¢ i
E 15 i o
o 1 £ A
" [
10 ey Lo p - : o B
J Lo - 4 ; ‘ ‘ Roof Brick
5 L S , T . , Red Clay Brick
| . - -4A- - Hollow Brick
0 --w-— Glass Waste
T T T

T T T T T T T T T T
65°C 75°C 85°C 95°C 105°C 115°C 125°C
Curing Temperature (°C)

Figure 5.15 Effect of curing time on samples with 12% sodium concentration

The compressive strength results of samples with sodium concentration of 15% were given
in Figure 5.16. Compressive strength results of roof brick-based samples showed an increase
for curing conditions of 24 hours at 115 °C. The same trend observed for the curing time of
48 and 72 hours. However, the strength values of roof brick-based geopolymers did not show
an increase due to prolongation of curing at 105 °C and above temperatures. Therefore, the
strength va lues e ither c onserved or s howed reduced 1 evels o f strength. The increase in
sodium c oncentration influenced the reaction process and caused remaining of unreacted
particles a nd voi ds i n t he m atrix. T herefore, s trength losses a nd di scontinuities ha ve

occurred.

Red clay brick-based samples showed almost the same characteristics as the samples with a
sodium concentration of 12%. Increments in strength up to 115 °C for 24 and 48 hours of
curing and up to 105 °C for 72 hours of curing were observed. Exceeding of these thresholds
for ¢ uring t emperatures c aused s trength 1 osses. S imilarly, hol low br ick-based samples
showed the same be havior for their limit temperatures. G lass w aste-based samples al so
showed similar properties with samples having a sodium concentration of 12% in terms of

changes in compressive strength. For the 24-hour-cured samples, 26.5 M Pa at 105 °C and
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30.6 MPa at 115 °C were obtained. This is due to the fact that the sodium concentration of
12%is nota | imit for g lass w aste-based geopolymers, u nlike o ther waste m aterials.

However, the increase in curing time resulted in strength losses for the glass waste samples.
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6. CONCLUSION

In the context of this study, the utilization of construction demolition wastes as the binders
was evaluated. The aluminosilicate precursors such as roof tile, red clay brick, hollow brick,
concrete and glass wastes which are forming a large part of construction demolition wastes
were used as raw materials. These waste materials were used as aluminosilicate precursors
individually for alkali activation without inclusion of any type of mainstream pozzolanic
materials. Sodium hydroxide, sodium silicate, potassium hydroxide were used individually
or combined at different ratios as alkaline activator for polymerization reactions at different
molarity and concentrations. As a result of the data obtained from e xperimental s tudies,
significant compressive st rength r esults w ere o btained f rom sa mples u sing so dium
hydroxide. Thus, the study focused on using sodium hydroxide as an alkali activator due to

better performance on polymerization compared to other activators.

Evaluation of us ability of t he C DWs i nt he pr oduction of ge opolymer bi nders a nd
polymerization p erformance o f each raw material shows that it is possible to obtain the
desirable s trength g rades f rom ge opolymer pa stes by alkali a ctivation of br ick-based
construction de molition w aste. H owever, it seems ne cessary to place more focus on t he

improved usability of waste concrete and glass in the production of geopolymer pastes.

As canbe seenw itht he c omparison of ¢ ompressive s trength results of ge opolymer
specimens which produced with rooftile, red clay brick, hollow brick, concrete and glass
wastes, hollow brick-based geopolymer specimens showed best performance among all raw
materials. Due to the fact that the brick group materials are similar in terms of chemical
content and the same processes were applied while obtaining the waste brick powders, these
binders have shown the same characteristics, the different results of compressive strength
tests could be related with particle size of binders, the crystallographic structure and the
variation of surface loads. Additionally, the lower compressive strength results of red clay
brick-based geopolymers could be related with the finer particle size of material, compared
to the other CDWs. Red clay brick was insufficient in terms of workability due to its finer
particle size. For the glass waste-based geopolymers, the high amorphous SiO2 content of
the raw material supports the geopolymerization process, however, the low alumina (Al203)

content limits the final strength achieved.

In terms of influence of sodium concentration on the geopolymerization process, brick-based

geopolymers followed a trend. If the increase in the sodium concentration of the activator in
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the bricks group is not exceeded the threshold, the positive effects on the strength can be
clearly seen. In case of exceeding 12% sodium content, which is determined as a threshold
according to the data obtained from the tests performed, the viscosity of the geopolymer
paste increases, t he mixing and c asting pr ocesses be come m ore di fficult p reventing t he
appropriate compaction of the geopolymer pastes. However, this is different for waste glass
based sam ples. Although glass wasteis a v ery suitable m aterial for the p roduction o f
geopolymer due toits amorphous structure a nd hi gh S102 content, | ow A 1203 content

constitutes an obstacle to the proper propagation of the polymerization process.

In t erms of t he influence of s odium c oncentration on t he ge opolymerization pr ocess,
variations w ere obs erved. As mentioned previous, the temperature acts as a ¢ atalyst for
geopolymerization reactions. The general trend is that development in compressive strength
up to the thresholds values of curing temperatures and decrease in compressive strength
when t he threshold v alue 1s ex ceeded. The first evidence of co mpressive s trength w as
obtained at 65 °C for all type of CDWs, which could be considered as the lower limit of
required curing temperature for all three different curing times. Strength gain continued to
increase until an optimum curing temperature and began to decrease at a temperature that
could be considered as the upper limit o f c uring te mperature. The t hresholds of curing
temperature varying for all CDWs, according to sodium concentration, curing duration, and
characteristics of CDW. For instance, the optimum curing temperatures are found as 105,
115 °C for brick group waste and glass waste geopolymers. However, for hollow brick-based
geopolymers strength development continued up to 125 °C for 24 hours curing duration. For
48 hours curing, specimens almost reached their maximum strength values. For 72 hours,

exceeding of 115 °C caused the decreasing of strength.

Different variations related with the effect of curing time on roof tile-based samples, which
produced w ith 10 % s odium ¢ oncentration, were obs erved. Upto 75 °C, atam bient
temperature and 50 °C any compressive strength evidence could not be observed for three
different curing periods. Up to 105 °C, development on compressive strength was observed
for all curing times. For 105 °C and above curing temperatures, changes in strength results
were i nconsiderable. For hi ght emperatures,due t o ther apid progressof t he
geopolymerization process, it can be mentioned that the formation of a heterogeneous and
porous structure in the matrix causes the decreament of strength when the threshold of curing

temperature is exceeded, even in cases of prolonged curing.
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Evaluation of curing time and compressive strength relationship shows that red clay brick-
based samples, which produced with 10% sodium concentration, exhibited similar behaviors
as roof'til e-based sam ples until 75 °C. For red c lay brick-based sa mples, m aximum
compressive strength value obtained at 105 °C for 24 hours and at 95 °C for 48 and 72 hours.
This can b et he e vidence t hat, i ti s pos sible obt ained h igh s trength values at hi gher

temperatures with short term curing or lower temperatures with at least 72 hours curing.

Compressive strength results of hollow brick-based samples with 10% sodium concentration
which were included in the brick group showed different characteristics despite the similar
chemical contents with roof tile and red clay brick. Up to 95 °C for 24 and 48 hours and at
85 °C for 72 hours, compressive strength results showed an increase. Exceeding these curing
temperatures led to a decrease in strength. This can be related to the fact that higher amounts
of amorphous S102 content of hollow brick-based samples compared to other brick-based
wastes and show more p olymerization reactions at lower temperatures than other waste
materials. Maximum compressive strength value was 43.7 MPa for these samples and was
obtained at 125°C curing temperature after 24 hours. For the curing temperature of 125 °C,
compressive strength values which have decreased with small differences at the end of 48
and 72 hours showed that the desired strength values can be reached in shorter times through

the optimization of temperature and curing time.

Compressive strength values of the waste glass-based samples which produced with 10%
sodium concentration increased with high rates at 95 °C for 24 hours, and 75 °C for 48 hours
and 72 hour s. For 24 h ours of curing, maximum s trength value obtained at 115 °C and
strength values decreased at the higher temperature levels. For 48 hours of curing, strength
values of samples reached their maximum value and for higher temperatures they remained
approximately stable. Evaluation of 72 hours of curing temperature showed that the samples
reached maximum strength at 75 °C. Until 105 °C which was considered as a threshold of
curing temperature, samples exhibited a stable behavior and at above 105 °C, decreaments
in strength values were observed. This can be raleted to the lower amount of Al2O3 in the

waste glass powder-based sample.

Fort he C DW-based ge opolymers w hich p roduced w ith 12% and 15% sodium
concentration, influence of curing time exhibit almost the same results for all CDW-based
specimens cured for 24 hours. For all type of CDWs, strength developmentup to 115 °C

curing temperature was observed. However, for 48 and 72 hours, discontinuities has begun
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due to influenced reaction process because of increased sodium concentration. The increase
in sodium concentration influenced the reaction process and caused remaining of unreacted
particles and voids in the matrix. Therefore, strength losses and discontinuities for CDW-
based ge opolymers ha ve oc curred. Additionally, for glass w aste-based ge opolymers the
sodium concentration of 12% is not a limit for glass waste-based geopolymers, unlike other
waste materials because of strength development for 15% sodium concentration. However,

the increase in curing time resulted in strength losses for the glass waste samples.

As a result of the use of sodium hydroxide as the only alkaline activator,for all different
types of CDW-based materials, best results (i.e. highest compressive strength results) were
acquired. M oreover, t his w as va lid f or ge opolymer mixtures i ncorporating m ixtures of
different types of C DW-based aluminosilicate sources. Among other mixture p arameters
tried t hroughout t he experimental studies, h ighest co mpressive strength r esults were
recorded for samples activated by sodium hydroxide solution having sodium concentration
of 12%, water/binder ratio of 0.35 and heat cured at 105 °C. Moreover, increased curing

periods further enhanced the results.

Consequently, it can be clearly stated that different types of CDW-based materials can safely
be used as aluminosilicate s ources in the pr oduction of ge opolymers individually or in
combination with specific ratios. Although it was possible to obtain the desired strength
grades by means of alkaline activation of samples with brick-based construction demolition
waste, it is also necessary to focus on and improve the utilization of waste glass and waste

concrete in geopolymer production.

118



REFERENCES

Adak, D.; Sarkar, M.; Mandal, S., Effect of nano-silica on strength and durability of fly ash
based geopolymer mortar, Construction and Building Materials, 70 (2014) 453—459.

Ahmari, S. et al., Production of geopolymeric binder from blended waste concrete powder
and fly ash, Construction and Building Materials, 35 (2012) 718-729.

Aitcin, P.C., Cements of yesterday and today Concrete of tomorrow, Cement and Concrete
Research, 30 (2000) 1349—-1359.

Allahverdi, A .; Kani, E. Najafi, C onstruction Wastes as R aw Materials for G eopolymer
Binders, International Journ al of Civil Engineering, 7 (2009) 154—160.

Al Bakri A.M.M.A. et al., Review on fly ash-based geopolymer concrete without portland
cement, Journal of Engineering and Technology Research, 3-1 (2011) 1-4.

Al Bakri A.M.M.A. et al., The E ffect of Curing T emperature on P hysical and Chemical
Properties o f Geopolymers, 2011 International C onference on P hysics Science and
Technology (ICPST), Hong Kong, China, (2011), 286-291.

Alonso, S.; Palomo, A., Alkaline activation of metakaolin and calcium hydroxide mixtures:
influence of temperature, activator concentration and solids ratio, Materials Letters, 47
(2001) 55-62.

Ariffin, M .A.M. eta l., S ulfuric a cid r esistance o fb lended ash g eopolymer co ncrete,
Construction and Building Materials, 43 (2013) 80-86.

Assi, L.N. et al., Investigation of early compressive strength of fly ash-based geopolymer
concrete, Construction and Building Materials, 112 (2016) 807-815.

Aydmn, S. Alkalilerle Aktive Edilmis Yiiksek Firin Ciirufu Baglayicili Lifli Kompozit
Gelistirilmesi, Doktora Tezi, Dokuz Eyliil Universitesi, izmir, 2010.

Bakharev, T., G eopolymeric m aterials p repared u sing Class F f ly ash an d e levated
temperature curing, Cement and Concrete Research, 35 (2005a) 1224-1232.

Bondar, D. et al., Effect of type, form, and dosage of activators on strength of alkali-activated
natural pozzolans, Cement and Concrete Composites, 33-2 (2011a) 251-260.

Castel, A.; Foster, S.J., Bond strength between blended slag and Class F fly ash geopolymer
concrete with steel reinforcement, Cement and Concrete Research, 72 (2015) 48-53.

Cheng, T.W.; Chiu, J.P., Fire-resistant ge opolymer produced by gr anulated blast furnace
slag, Minerals Engineering, 16 (2003) 205-210.

Chindaprasirt, P.; Chareerat, T.; Sirivivatnanon, V., Workability and strength of coarse high
calcium fly ash geopolymer, Cement and Concrete Composites, 29-3 (2007) 224-229.

Chuah, S. et al., The properties of fly ash based geopolymer mortars made with dune sand,
Materials & Design, 92 (2015) 571-578.

119



Criado, M.; Palomo, A.; Fernandez-Jiménez, A., Alkali activation of fly ashes. Part I. Effect
of curing conditions on the carbonation of reaction products, Fuel, 84 (2005) 2048-
2054.

Criado, M. et al., An XRD study of the effect of Si02/Na2O ratio on the alkali activation of
fly ash, Cement and Concrete Research, 37 (2007) 671-679.

Criado, M. et al., Effect of the Si02/Na2O ratio on the alkali activation of fly ash. Part II:
29Si MAS-NMR Survey, Microporous and Mesoporous Materials, 109 (2008) 525-
534.

Criado, M.; Jiménez, A. F.; Palomo, A., Effect of sodium sulfate on the alkali activation of
fly ash, Cement and Concrete Composites, 32 (2010) 589-594.

Davidovits, J., Geopolymeric reaction in archaeological cements and in modern bl ended
cements, Géopolymere’88 International Conference, SaintQuentin, France, 1988, 93-
105.

Davidovits, J., Properties of geopolymer cements, 1st International Conference on Alkaline
Cements and Concretes, Krivenko, P.V. (Eds.), Kiev, Ukraine, 1994, 131-149.

Davidovits, J ., C hemistry of ge opolymeric s ystems, terminology, G éopolymere’99
International Conference, Saint-Quentin, France, 1999, 9-22.

Davidovits, J ., Geopolymer C hemistry and A pplications, 4 th e d., I nstitut G éopolymére,
Saint-Quentin, France, 2015.

Duxson, P . e ta 1., Understanding t he r elationship be tween ge opolymer ¢ omposition,
microstructure and mechanical properties, Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 269 (2005) 47-58.

Duxson, P. et al., The effect of alkali and Si/Al ratio on the development of mechanical
properties of metakaolin ba sed ge opolymers, C olloidsa ndS urfaces A
Physicochemical and Engineering Aspects, 292 (2007a) 8-20.

Duxson, P. et al., Geopolymer technology: the current state of the art, Journal of Materials
Science, 42 (2007b) 2917-2933.

Duxson, P. et al., Physical evolution of Na-geopolymer derived from metakaolin up to 1000
°C, Journal of Materials Science, 42 (2007¢) 3044-3054.

Fan, C.C.etal, T he Effects o f Different F ine R ecycled C oncrete Aggregates on t he
Properties of Mortar, Materials (Basel), 8 (2015) 2658-2672.

Fan, C.C. et al., Properties of concrete incorporating fine recycled aggregates from crushed
concrete wastes, Construction and Building Materials, 112 (2016) 708-715.

Fernandez-Jiménez, A . et al, S tructure of c alcium s ilicate hydrates formed in a lkaline-
activated slag: Influence of the type ofalkaline activator, Journal o fthe A merican
Ceramic Society, 86-8 (2003) 1389-1394.

120



Fernandez-Jiménez, A.; Palomo, A., Composition and microstructure of alkali activated fly
ash binder: Effect of the activator, Cement and Concrete Research, 35-10 (2005) 1984-
1992.

Fernandez-Jiménez, A. et al., The role played by the reactive alumina content in the alkaline
activation of fly ashes, Microporous and Mesoporous Materials, 91 (2006) 111-119.

Florea, M.V.A.; Brouwers, H.J.H., Properties of various size fractions of crushed concrete
related to process conditions and re-use, Cement and Concrete Research, 52 (2013)
11-21.

Glukhovsky, V.D., Soil silicates, Gostroiizdat Publish, Kiev, USSR, 1959.

Glukhovsky, V .D., S o0il S ilicate Articlesa nd S tructure ( Gruntosilikatnye vyr oby I
konstruktsii), Budivelnyk Publisher, Kiev, USSR, 1967.

Glukhovsky, V.D., Ancient, modern and future concretes, 1st International Conference on
Alkaline Cements and Concretes, Krivenko, P.V. (Eds.), Kiev, Ukraine, 1994, 1-9.

Gorhan, G.; Kiirklii, G. The influence of the NaOH solution on the properties of the fly ash-
based g eopolymer mortar cu red a t d ifferent temperatures, C omposites P art B :
Engineering, 58 (2014) 371-377.

Gortir, E .B. Alkali ile Aktiflestirilmis Geopolimer Betonun Dayanim ve Durabilite
Ozelliklerinin Arastirilmasi, Doktora T ezi, Erciyes U niversitesi F en B ilimleri
Enstitiisii Insaat Miihendisligi, Kayseri, 2015.

Hamidi, R. M.; Man, Z .; Azizli, K. A., Conventration of N aOH a nd t he e ffect ont he
properties of fly ash based geopolymer, Procedia Engineering, 148 (2016) 189-193.

Hajimohammadi, A. et al., Glass waste versus sand as aggregates: The characteristics of the
evolving geopolymer binders, Journal of Cleaner Production 193 (2018) 593-603

Hardjito, D. et al., On the development of fly ash-based geopolymer concrete, ACI Materials
Journal, 101 (2004) 467-472.

Helmy, A.LI, Intermittent curing of fly ash geopolymer mortar, Construction and Building
Materials, 110 (2016) 54-64.

Jun, Y.; Oh, J. E., Mechanical and microstructural dissimilarities in alkali-activation for six
Class Korean fly ashes, Construction and Building Materials, 52 (2014) 396-403.

Kani, E . N ajafi; Allahverdi, A ., Effects of curing time a nd t emperature on s trength
development of inorganic po lymeric binder ba sed on n atural poz zolan, J ournal of
Materials Science, 44 (2009) 3088-3097.

Kaya, M., Farkli Tiir Ucucu Kiil Kullanilarak Uretilen Alkali Aktive Edilmis Harglarin
Mekanik ve Durabilite Ozelliklerinin Incelenmesi, Doktora Tezi, Sakarya Universitesi
Fen Bilimleri Enstitiisii insaat Miihendisligi Anabilim Dali, Sakarya, 2016.

Ken, P.W. etal., An overview on t he i nfluence of various factors on t he properties of
geopolymer concrete derived from industrial by-products, Construction and Building
Materials, 77 (2015) 370-395.

121



Khale D. ; Chaudhary R ., Mechanism o f geopolymerization and f actors i nfluencing i ts
development: a review, Materials Science, 42-3 (2007) 729- 746.

Khater, H.M., Effect of Calcium on Geopolymerization of Aluminosilicate Wastes, Journal
of Materials in Civil Engineering, 24 (2012) 92—-101.

Khater, H.M.; El Nagar, A.M.; Ezzat, M.,Optimization of Alkali Activated Grog/Ceramic
Wastes Geopolymer Bricks, International Journal of Innovative Science Engineering
and Technology, 5 (2016) 37-46.

Khatib, J.M., Properties of c oncrete i ncorporating fine r ecycled a ggregate, C ement and
Concrete Research, 35 (2004) 763—769.

Khoshkenari, A .G. etal., Therole of 0 -2mm fine r ecycled ¢ oncrete a ggregate on t he
compressive and splitting tensile strengths of recycled concrete aggregate concrete,
Materials & Design, 64 (2014) 345-354.

Komljenovi¢, M.; Bascarevi'c, Z.; Bradi'c, V., Mechanical and microstructural properties
of alkali-activated fly ash geopolymers, Journal of Hazardous Materials, 181 (2010)
35-42.

Komnitsas, K. etal., Effect of synthesis parameters on t he qua lity o f ¢ onstruction a nd
demolition wastes (CDW) geopolymers, Advanced Powder Technology, 26 (2015a)
368-376.

Komnitsas, K.; Zaharaki, D.; Leonidaki, K ., Co-utilization o f marine s ediments a nd
construction/demolition Wastes f or t he s ynthesis of ge opolymers, i n: P roc. 14t h
International Conference on Environmental Science and Technology, Rhodes, Greece,
2015b, 3-5.

Koshiro, Y.; Ichise, K., Application of entire concrete waste reuse model to produce recycled
aggregate class H, Construction and Building Materials, 67 (2014) 308-314.

Kourti, I. et al., Production of geopolymers using glass produced from DC plasma treatment
of air pollution control (APC) residues, Journal of Hazardous Materials, 176 (2010)
704-709.

Kovalchuk, G ., F ernandez-Jiménez, A ., P alomo, A ., A lkali-activated fly ash : ef fect o f
thermal c uring ¢ onditions on m echanical and microstructural d evelopment Part I 1,
Fuel, 86 (2007) 315-322.

Krivenko, P.V., Influence of physico-chemical aspects of early history of a sl ag alkaline
cement stone on stability of its properties”, 1st International Conference on Reinforced
Concrete Materials in Hot Climates, United Arab Emirates University, Dubai, United
Arab Emirates, 1994a.

Krivenko, P.V., Alkaline cements, 1st International Conference on A lkaline Cements and
Concretes, Krivenko, P.V. (Eds.), Kiev, Ukraine, 1994b, 11-130.

Krivenko, P.V., Alkaline cements and concretes: Problems of durability, 2nd International
Conference on Alkaline Cements and Concretes, Krivenki, P.V. (Eds.), Kiev, Ukraine,
1999, 3-43.

122



Kumar, S.; Kristaly, F.; Mucsi, G., Geopolymerisation behaviour of size fractioned fly ash,
Advanced Powder Technology, 26 (2015) 24-30.

Kucharczyk, S., The effect of CaO/SiO2 molar ratio of CaO-Al203-Si02 glasses on their
structure a nd re activity in alkali a ctivated system, S pectrochimica A cta P art A :
Molecular and Biomolecular Spectroscopy 194 (2018) 163171

Kutti, T .; Malinowski, R .; Srebrenik, M ., I nvestigation of mechanical pr operties a nd
structure of alkali activated blast furnace slag mortars, Silices Industriels, 6 (1982)
149-158.

Lampris, C .; L upo, R .; C heeseman, C .R., G eopolymerisation of s ilt ge nerated f rom
construction and de molition w aste washing pl ants, W aste M anagement, 29 (2009)
368-373.

Leong, H. Y. etal., The effect of different N a2O and K20 ratios of alkali activator on
compressive st rength o ff ly ash based-geopolymer, C onstruction a nd B uilding
Materials, 106 (2016) 500-511.

Ma, Y.; Ye, G., The shrinkage of alkali activated fly ash, Cement and Concrete Research,
68 (2015) 75-82.

Malek, R.I.A. et al., Slag cement low level radioactive waste forms at Savannah River Plant,
Ceramic Bulletin, 65 (1986) 1578-1583.

Nagral, M.R. et al., Effect Of Curing Temperature And Curing Hours On The Properties Of

Geo-Polymer Concrete, International Journal of Computational Engineering Research
(IJCER), 4, (2014), 2250-3005.

Noushini, A.; Castel, A., The effect of heat-curing on transport properties of lowcalcium fly
ash-based geopolymer concrete, Construction and Building Materials, 112 (2016) 464-
477.

Occidental Chemical Corporation, Caustic Soda Handbook, 2000.

Oh, J.E.; Jun, Y .; Jeong, Y ., Characterization of ge opolymers from c ompositionally and
physically different class F fly ashes, Cement and Concrete Composites, 50 (2014)
16-26

Okoye, F.N.; Prakash S.; Singh, N.B., Durability of fly ash based geopolymer concrete in
the presence of silica fume, Journal of CleanerProduction, 149 (2016) 1062-1067.

Olivia, M .; Nikraz, H., Properties of fly a shgeopolymer c oncrete de signed by T aguchi
method, Materials and Design, 36 (2012) 191-198.

Pacheco-Torgal, F.; Castro-Gomes, J.; Jalali, S., Alkali-activated binders: A review Part 1.
Historical b ackground, terminology, r eaction mechanisms a nd hyd ration pr oducts,
Construction and Building Materials, 22 (2008a) 1305-1314.

Pacheco-Torgal, F.; Castro-Gomes, J.; Jalali, S.; Alkali-activated binders: A review. Part 2.
About materials and binders manufacture, Construction and Building Materials, 22-7
(2008b) 1315-1322.

123



Pacheco-Torgal, F .; Labrincha, J. A.; Leonelli, C.; Palomo, A ., C hindaprasirt P. (Eds.),
Handbook of A Ilkali-Activated Cements, Mo rtars an d C oncretes, W oodhead
Publishing, Cambridge, UK, 2015.

Palomo, A .; Grutzeck, M.W.; Blanco, M.T., Alkali-activated fly ashes, A cement for the
future, Cement and Concrete Research, 29-8 (1999) 1323-1329.

Palomo, A.; Alonso, S.; Fernandez-Jiménez, A.; Sobrados, 1.; Sanz, J.; Alkaline activation
of fly ashes: a NMR study of the reaction products, Journal of American Ceramics
Society, 87 (2004) 1141-1145.

Palomo, A.; Fernandez-Jiménez, A.; Kovalchuck, G.; Some key factors affecting the alkali
activation of fly ash, In: 2nd International Symposium of Non-Traditional Cement and
Concrete, Brno, Czech Republic, 2005.

Pereira-de-Oliveira, L.A. et al., Permeability properties of s elf-compacting concrete with
coarse recycled aggregates, Construction and Building Materials, 51 (2014) 113-120.

Provis, J.L.; van Deventer, J.S.J. (Eds.), Alkali-Activated Materials: State-of-the-Art Report,
RILEM TC 224-AAM. Springer/RILEM, 2014.

Provis, J.L. et al., Correlating mechanical and thermal properties of sodium silicate-fly ash
geopolymers, Colloids and Surfaces a-Physicochemical and Engineering Aspects, 336
(2009) 57-63.

Provis, J .; Bernal, S .A., Geopolymers a nd R elated A lkali-Activated Mat erials, Annual
Review of Materials Research, 44 (2014) 299-327.

Rakhimova, N.R.; Rakhimov, R.Z., A review on alkali-activated slag cements incorporated
with s upplementary materials, J ournal of S ustainable C ement-Based Materials, 3
(2014) 57-67.

Rakhimova, N.R.; Rakhimov, R.Z., Alkali-activated cements and mortars based on blast
furnace slag and red clay brick waste, Materials & Design, 85 (2015) 324-331.

Rashad, A.M.; Zeedan, R.S. The effect of activator concentration on the residual strength of
alkali-activated fly ash pastes subjected to thermal load, Construction and Building
Materials, 25 (2011) 3098-3107.

Reig, L . etal ., A lkaline A ctivation o f C eramic Waste Mat erials, Waste an d Biomass
Valorization, 4 (2013a) 729-736.

Reig, L. etal ., P roperties and m icrostructure of a lkali-activated r ed cl ay b rick w aste,
Construction and Building Materials, 43 (2013b) 98—-106.

Robayo, R .A. et al., Alternative cements based on al kali-activated red clay brick waste,
Construction and Building Materials, 128 (2016) 163—169.

Robayo-Salazar, R.A.; Rivera, J.F.; Mejia D e Gutiérrez, R., Alkali-activated bui Iding
materials made with recycled construction and demolition wastes, Construction and
Building Materials, 149 (2017) 130-138.

124



Rodrigues, F. et al., Physical-chemical and mineralogical characterization of fine aggregates
from ¢ onstruction and de molition w aste recycling p lants, J ournal of C leaner
Production, 52 (2013) 438—445.

Rovnanik, P ., Effect of c¢ uring t emperature o nt he de velopment of hard s tructure of
metakaolin-based geopolymer, Construction and Building Materials, 24 (2010) 1176—
1183.

Rovnanik, P.; Eeznik, B.; Rovnanikova, P., Blended alkali-activated fly ash/brick powder
materials, Procedia Engineering, 151 (2016) 108—-113.

Roy, D.M.; Langton, C.A., Characterization of cement-based ancient building materials for
a repository in tuff, LA-11527-MS, Los Alamos National Lab., Los Alamos, NM, 1-
100, 1989.

Rowles, M . and O ’Connor, B ., Chemical O ptimization o fthe C ompressive S trength o f
Aluminosilicate G eopolymers S ynthesisb y S odium S ilicate Activationo f
Metakaolinit, Journal of Materials Chemistry, 13 (2003) 1161-1165.

Ryu, G .S. etal.,, The mechanical properties o f {1y a shbased ge opolymer c oncrete w ith
alkaline activators, Construction and Building Materials, 47 (2013) 409—418.

Saha, S.; Rajasekaran, C., Enhancement of the properties of fly ash based geopolymer paste
by incorporating g round gr anulated bl ast furnace s lag, C onstruction and B uilding
Materials, 146 (2017) 615-620.

Sarker, P.K.; Kelly, S.; Yao, Z., Effect of fire exposure on cracking, spalling and residual
strength of fly ash geopolymer concrete, Materials and Design, 63 (2014) 584-592.

Sathonsaowaphak A .; Chindaprasirt P.; Pimraksa K., Workability and strength of lignite
bottom ash geopolymer mortar, Journal of Hazardous Materials, 168 (2009) 44-50.

Shi, C.; Fernandez-Jiménez, A.; Palomo, A., New cements for the 21st century: the pursuit
of an alternative to Portland cement, Cement and Concrete Research, 41 (2011) 750-
763.

Silva, R.V.; De Brito, J.; Dhir, R.K., Properties and composition of recycled aggregates from
construction and demolition waste suitable for concrete production, Construction and
Building Materials, 65 (2014) 201-217.

Sim, J.; Park, C., Compressive st rength an d r esistance t o ch loride ion p enetration an d
carbonation of recycled aggregate concrete with varying amount of fly ash and fine
recycled aggregate, Waste Management,. 31 (2011) 2352-2360.

Singh, S.etal., Durability of Bricks C oated w ith R ed m ud B ased G eopolymer P aste,
International Conference on Advances in Materials and Manufacturing Applications
(IConAMMA), Bangalore, India, 2016

Song, 1.H.; Ryou, J.S., Hybrid t echniques f or qua lity improvement of r ecycled f ine
aggregate, Construction and Building Materials, 72 (2014) 56—64.

125



Sun, Z. etal., S ynthesis and thermal be havior o f ge opolymer-type m aterial from w aste
ceramic, Construction and Building Materials, 49 (2013) 281-287.

Tashima, M .M. et al., Alkali activation of vitreous calcium aluminosilicate derived from
glass fiber waste, Journal of Sustainable Cement-Based Materials 1 (2012) 83-93.

Tashima, M.M. et al., Alkali activated materials based on fluid catalytic cracking catalyst
residue (F CC): Influence of S102/Na20O and H20/FCC ratio on mechanical strength
and microstructure, Fuel, 108 (2013) 833-839.

Van Deventer, J.S. et al., Research, production and utilization, International Conference on
Alkali Activated Materials, Prague, 2007.

Vasquez, A. et al., Geopolymer based on concrete demolition waste, Advanced P owder
Technology, 27 (2016) 1173-1179.

Vijai K.; Kumutha R.; Vishnuram B.G., Effect of types of curing on strength of geopolymer
concrete, International Journal of the Physical Sciences, 5 (2010) 1419-1423.

Xu, H. ; Van D eventer,J .S.J., The ge opolymerisation of a lumino-silicate m inerals,
International Journal of Mineral Processing, 59 (2000) 247-266.

Yang, Z.X. et al., The effect of SiO2 on the performance of inorganic sludge-based structural
concretes, Journal of Ceramic Processing Research., 10 (2009) 266-268.

Zaharaki, D .; Galetakis, M .; K omnitsas, K ., V alorization of ¢ onstruction and de molition
(C&D) and in dustrial wastes through a lkali a ctivation, C onstruction and B uilding
Materials, 121 (2016) 686—693.

Zawrah, M. et al., Recycling and utilization assessment of waste fired clay bricks (Grog)
with gr anulated bl ast-furnace s lag f or ge opolymer pr oduction, P rocess S afety and
Environmental Protection, 1 (2016) 237-251.

Zhu, H. et al., Durability of alkali-activated fly ash concrete: Chloride penetration in pastes
and mortars, Construction and Building Materials, 65 (2014) 51-59.

126



APPENDIX

—— 1B TGA
—— 1B DTG
100 T T T T T T T
- 0.00
95
;\3 - -0.05
@ 90 4 | i
Qo / O
-l ] =
= \/ --0.10 O
2 85
(]
=
by, | - -0.15
75 T T T T T T T T T '020
200 400 600 800 1000
Temperature (°C)
——— 1A Thermogram (TGA)
—— 1A DTG
100 T I I T T T I
- 0.00
95
g\?\ - -0.05
um) 90 o
9 =
= L 010 &
2 85
(]
; 65°C
80 --0.15
75 I T I T I : I : -0.20
200 400 600 800 1000

Temperature (°C)

Figure A.1 TGA, DTG results of roof tile based specimens (12% Na Conc. 115 °C, 1A-24 h. cured,
1B-72 h. cured)
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Figure A.2 TGA, DTG results of red clay brick based specimens (12% Na Conc. 115 °C, 2A-24
h. cured, 2B-72 h. cured )
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Figure A.3 TGA, DTG results of hollow brick based specimen (12% Na Conc. 115 °C, 3A-24 h.
cured, 3B-72 h. cured)
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Figure A.4 TGA, DTG results of glass waste based specimens (12% Na Conc. 115 °C, 4A-24 h.
cured, 4B-72 h. cured)
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Figure A.5 TGA, DTG results of red clay brick based specimen (12% Na Conc. 105 °C, 5A-24
h. cured, 5B-72 h. cured )
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Figure A.6 TGA, DTG results of hollow brick based specimen (12% Na Conc., 6.1A-at 75 °C,
6.2A-at 105 °C)
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Figure A.7 TGA, DTG results of hollow brick based specimen (12% Na Conc., 6.3A-at 115 °C,

6.4A-at 125 °C)
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Figure A.8 TGA, DTG results of hollow brick based specimen (10% Na Conc. 85 °C, 7A-24 h.
cured, 7B-72 h. cured)
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Figure A.9 TGA, DTG results of hollow brick based specimen (10% Na Conc. 115 °C, 8A-24 h.

cured, 8B-72 h. cured)
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Figure A.10 TGA, DTG results of hollow brick based specimen (15% Na Conc. 115 °C, 9A-24
h. cured, 9B-72 h. cured )
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