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All around the world, sustainability of degrading infrastructures is a growing concern.
Conventional concrete which is the main building block of these infrastructures consists of
Portland cement as the main binding phase. Globally, there is an increasing trend in the
cement consumption and as the emerging countries continue developing, the trend is
expected to continue increasing. However, production of Portland cement is significantly
energy-inefficient, carbon-intensive and accounts for 5 to 8% of total human-driven CO2
emissions. Prolonged sustainability therefore necessitates the design and production of
construction materials that are eco-friendly in nature. For true infrastructural sustainability,
hence, a paradigm shift is necessary in terms of both greenness of conventional concrete

material and improved infrastructural durability for the sake of less frequent repairs.

Construction and demolition applications have become one of the leading sectors in the
world with the increased number of repetitive repair/renovation/maintenance of buildings,
roads, bridges and other structures. However, each year, significant amounts of solid waste
are generated as a result of the abovementioned applications requiring to be tackled properly.
There are multiple adverse effects of construction and demolition waste (CDW) which
include (i) waste landfilling of very large clean lands, (ii) causing hazardous pollution which

jeopardize the surroundings and (iii) wasting of natural resources. Although “zero CDW”



seems unpractical since the waste generation is unavoidable, effective solutions to minimize
the amount of CDW generated must be sought for the sake of environmental, social and

economic benefits.

To counteract the negative effects of Portland cement production and favour increased
materials’ greenness, “geopolymers” are being researched widely nowadays. Geopolymer is
a cement-free binding material obtained by the alkali-activation of certain aluminosilicate
source materials. The source materials are generally obtained from industrial by-products
including fly ash, slag, etc. Moreover, along with the significantly superior materials’
greenness, geopolymers are being repeatedly reported to have high strength and enhanced
durability performance (especially in terms of acid, corrosion, fire and frost resistance),
although large-scale production and applications of geopolymer concretes are very restricted
since the performance properties of ultimate geopolymeric materials are largely dependent
on the selected aluminosilicate source material, availability of which is highly dependent on

the geography.

The current research aims at developing “green” geopolymeric concrete whose constituents
are entirely obtained from CDW for truly sustainable infrastructural development. For the
purposes of the research, firstly, geopolymeric binding phases were developed using the inert
portion of CDW which is largely composed of waste concrete, wall/roof members including
different types of bricks/tiles and waste glass. Secondly, CDW-based aggregates with
different sizes were incorporated into the geopolymeric binders to obtain “green” mortar and
concrete mixtures. After evaluating the mechanical and micro-mechanical properties of
geopolymer concretes, the focus was placed on the assessment of a set of durability
properties. Successful outcomes and wide knowledge transfer of the current research are
believed to make benefits in the lives of individuals by not only lowering the cost-inefficient
and environment-unfriendly repairs of infrastructures but also completely recycling the
CDW which is troubling all countries around the world with easy-to-implement, low-cost
and energy-efficient techniques.

Keywords: Geopolymer Concretes, Alkali Activated Materials, Construction and
Demolition Wastes, Mechanical Properties, Micro-Mechanical Properties, Durability of

Geopolymer Concretes
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Tim diinyada, bozulmaya ugrayan altyapilarin siirdiiriilebilirligi giderek artan bir endise
kaynagidir. Bu altyapilarin yapi tasi olan geleneksel beton, ana baglayici faz olarak Portland
¢imentosundan olusmaktadir. Kiiresel olarak, ¢imento tiiketiminde artis egiliminin
olmasinin yaninda, gelismekte olan iilkeler gelismeye devam ettik¢e, trendin artmaya devam
etmesi beklenmektedir. Bununla birlikte, Portland ¢imentosunun {iretimi, insan kaynakl
COz emisyonlarinin %5-8'ini olusturur ve 6nemli dl¢ilide verimsiz enerji kullanimi ile yogun
karbon salinimindan sorumludur. Bu nedenle uzun siireli siirdiiriilebilirlik, dogada cevre
dostu yapt malzemelerinin tasarimini ve tretimini gerektirmektedir. Dogru altyap:
stirdiiriilebilirligi kapsaminda daha az siklikta yapilacak onarimlar i¢in hem cevre dostu
geleneksel betonlar hem de gelismis altyapi dayanikliligi agisindan koklii bir degisim

gereklidir.

Insaat ve yikint1 uygulamalari, binalarin, yollarin, kdpriilerin ve diger yapilarin tekrar eden
onarim/yenileme/bakimlarimin artmasiyla diinyanin 6nde gelen sektorlerinden biri haline
gelmistir. Bununla birlikte, her yil yukarida belirtilen ve uygun bir sekilde ele alinmasi
gereken uygulamalar sonucunda 6nemli miktarlarda kat: atik ortaya ¢ikmaktadir. Insaat ve
yikint1 atiginm (IYA) (i) ¢ok biiyiik temiz arazilerde depolanmast, (ii) gevreye tehlikesi olan

hava kirlilige neden olmasi ve (iii) dogal kaynaklarin bosa harcanmasi gibi birgok olumsuz



etkisi vardir. Her ne kadar atik {iretimi kaginilmaz oldugu i¢in “sifir [YA” kavrami pratik
olmasa da cevresel, sosyal ve ekonomik faydalardan otiirii I'YA miktarin1 en aza indirecek

etkili ¢oziimler aranmas1 gerekmektedir.

Portland ¢imentoSu firetiminin olumsuz etkilerini minimize etmek ve c¢evre dostu
malzemeleri desteklemek i¢in, glinlimiizde “jeopolimerler” yaygin olarak arastirilmaktadir.
Jeopolimer, aliiminosilikat kaynakli malzemelerin alkali aktivasyonu ile elde edilen ¢imento
icermeyen bir baglayici malzemedir. Ugucu kiil, ciiruf gibi bu tiir aliiminosilikat kaynakl
malzemeler genellikle endiistriyel yan tiriinlerden elde edilir. Bunun yani sira, 6nemli dl¢iide
cevre dostu olmasina ve yiiksek mukavemet ile gelismis dayaniklilik performanslarinin
(6zellikle asit, korozyon, yangin ve dona dayaniklilik agisindan) defalarca belirtilmesine
karsin, jeopolimer malzemelerin nihai performans oOzellikleri 6nemli o6lgiide segilen
aliiminosilikat kaynagi malzemeye bagli oldugundan, biiyiik 6l¢ekli jeopolimer betonlarin

tiretimi ve uygulamalari ¢cok kisithdir.

Bu arastirma, tam olarak siirdiiriilebilir altyap1 gelisimi icin bilesenleri tamamen Y A'dan
elde edilen “cevre dostu” jeopolimer beton gelistirmeyi amacglamaktadir. Arastirmanin
amaglart dogrultusunda, ilk olarak, biiyiik dl¢lide beton atigindan, farkh tipte tugla/fayans
atig1 iceren duvar/gati elemanlarindan ve cam atigindan olusan IYA'nin kullanilmasiyla
jeopolimer baglayici fazlar gelistirilmistir. Ardindan, "¢evre dostu" harg ve beton karisimlari
elde etmek icin farkli boyutlarda IYA bazli agregalar jeopolimer baglayicilara dahil
edilmistir. Uretilen jeopolimer betonlarin mekanik ve mikro-mekanik &zellikleri
degerlendirildikten sonra, bir takim dayaniklilik &zelliklerinin degerlendirilmesine
odaklanilmistir. Mevcut aragtirmanin basarili sonuglarinin ve genis bilgi aktariminin, sadece
altyapilarin maliyetlerini ve cevreye zararli onarimlarimi diistirmekle kalmayip, aym
zamanda tiim iilkelerin sikintis1 olan IYA'y1 uygulamasi kolay, diisiik maliyetli ve enerji
tasarruflu teknikler ile tamamen geri doniistiirerek bireylerin yasamlarina fayda sagladigina

inanilmaktadir.

Anahtar Kelimeler: Jeopolimer Betonlar, Alkali Aktif Malzemeler, Insaat Yikint1 Atiklari,
Mekanik Ozellikler, Mikro-Mekanik Ozellikler, Jeopolimer Betonlarin Dayaniklilig:
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1. INTRODUCTION

1.1. General

Portland cement is the most energy-intensive, costly and environmentally-unfriendly
ingredient of conventional concrete. The energy required to produce one kilogram of clinker
is 850 kcal. To produce a tonne of clinker, 1.7 tonnes of rock is needed (Pacheco-Torgal and
Jalali, 2010). Producing one tonne of cement is responsible of the emission of 0.94 tonnes
of CO2 — 0.55 tonnes from calcination of raw clinker materials and 0.39 tonnes from fuel
emissions (Gartner, 2004) The cement industry is responsible for 5-8% of the total
anthropogenic CO: in the atmosphere (Scrivener and Kirkpatrick, 2008), and the cost of
cement represents more than 45% of the overall cost of conventional concrete (Pacheco-
Torgal and Jalali, 2010). Despite its drawbacks, the place of conventional concrete did not
change over the years and the material is still the most commonly used construction material
and is the second mostly consumed material in the world following water (Woodward and
Duffy, 2011). It is therefore appropriate to state that, for the time being, no construction

activity can be imagined without concrete.

On the other hand, considering the ever-increasing population and the economy and industry
of developing countries, construction and demolition management has become one of the
most important factor by generating the greatest amount of waste. At the root of significantly
increased amounts of CDW around the globe, there mostly stand the structural and
infrastructural projects, renovation, repair/maintenance and demolition work. In cases where
these waste materials are not controlled, it is inevitable that there will be irreversible effects
on the natural habitat due to the filling of clean landfills and the accumulation of toxic
substances. Consequently, the management of CDW in an appropriate manner for the sake
of environmental, economic and social benefits is of great importance. This is not only
important in terms of reducing the CDW amount for clean landfills but also to remarkably
reduce the amount of cement-based material that is, otherwise, going to be used to

build/renovate/repair/maintain new and/or existing infrastructures.

Among major CDW components, concrete and masonry units (different types of bricks/tiles)

are of greater importance given the fact that these account for more than 50% of total waste



generated (Patel et al., 2016). To illustrate the situation, yearly concrete production of EU
member countries is nearly 50 million tons while the same values were reported to be 60 and
10-12 million tons for the USA and Japan, respectively (Arslan et al., 2012). On the other
hand, other units such as metals, wood-based materials, pipes, conduits etc. can more easily
be reused and/or recycled. Moreover, concrete and masonry units should be considered as
one because, during demolition, it is almost impossible to separate the individual pieces from

each other, making reuse and/or recycling of these materials more difficult.

The current practice of waste concrete reuse and recycling is predominantly limited to the
basic crushing process which creates coarse aggregates together with concrete fines. Usage
of final recycled coarse aggregates from the concrete crushing process is limited to low-
specification applications and mostly allocated to the landfilling of road base courses and
non-structural filling (Hack and Bryan, 2006). Furthermore, recycled coarse concrete
aggregates are generally of low quality. This is originated due to cement paste and/or mortar
particles remaining on the recycled aggregate surface. Recycled aggregates have higher
crushability, abrasion loss, water absorption and amount of dusty particles in comparison to
natural aggregates which cause concrete mixtures incorporating these recycled aggregates
to have lower strength, durability and shrinkage properties. This, therefore, results in limited
rates of recycled aggregate utilization in the production of fresh structural concrete. In
addition to the inferior performance, fine aggregates generated as a result of waste concrete

crushing generally buried to clean landfills as well.

However, for the sake of prolonged sustainability, complete recycling of waste concrete is
highly desirable which is very challenging even for the researchers working in the related
area. It is therefore with the current research to focus on recycling of inert portion of CDW

(concrete, masonry, window glass etc.) to manufacture “green” concrete.

The principal aim of this thesis is to develop globally applicable solutions to counteract the
undeniable negative effects of CDW on environment, economy, society and to gain
maximum possible favour from CDW by the development of “green” construction materials,
and hence to promote and popularize the notion of reusing and/or recycling in the

construction industry.



The successful outcomes of this research are highly likely to contribute to deceleration of
the pace of global warming which is of the main challenges facing humanity nowadays. To
achieve the overall goal of the research, the specific objectives listed below are identified:

e Development and performance characterization of novel and environmentally-
friendly geopolymeric binders produced completely out of the inert portion of CDW
including waste concrete, wall/roof elements and waste glass (whose reuse is
restricted to low-tech technologies such as direct crushing) by considerably less
energy-intensive, more economical and easily applicable techniques of alkali-
activation to be actively used in the production of “green” concrete materials.

e Development and detailed durability/mechanical property characterization of
“green” concrete materials incorporated with novel geopolymeric binders (from the
first specific objective) and fine/coarse waste aggregates acquired completely from
CDW to maximize the amount of reused/recycled CDW material and in favour of
contributing prolonged sustainability and enhanced materials’ greenness without

compromising the expected properties from ultimate materials.

1.2. Research Objectives and Scope

In the current thesis study, a major objective is to completely recycle the inert portion of
CDW (i.e. concrete waste, masonry and glass cullets). The first stage of this objective is to
manufacture binding agent that is capable of holding the recycled aggregate particles
together, similar to ordinary Portland cement. To entirely recycle the inert portion of CDW
herein, an emerging methodology called “geopolymerization” was utilized. In the material
and methodology section, the physical and chemical properties of all materials used in the
study were examined. In addition, the methodology of all processes within the scope of the

study is presented in detail.

As the first step of the study, concrete waste (CW) obtained in the powdery form after the
crushing and grinding of waste concrete and masonry units was used singly as the
aluminosilicate source for geopolymeric binder production. If the expected performance is
not obtained, CW will be combined with powdered waste bricks/tiles/glass cullets which
will be acquired after the selective demolition of infrastructures. At this stage, the types of
alkali activators (sodium hydroxide and sodium silicate), molar concentrations of activators

(10M, 15M and 19M), different curing conditions (lab. environment, dry and moist curing)



and curing temperatures (ambient temperature, 75 °C, 100 °C and 125 °C) was primarily
focused. In the second step to produce geopolymeric binders, the abovementioned approach
was taken one step further by optimizing the ingredients with another CDW participant, glass
waste (GW). GW’s high amorphous silica and alkali contents make it an excellent material
source and activator for the production of cement-free geopolymeric binder. Eventually, to
further improve the usability of completely CDW-based geopolymeric binders, concrete
waste and glass waste was combined with waste roof/wall elements to design mixtures with
completely including CDW-based materials. Afterward, the development of CDW-based
geopolymeric binders, compressive strength test results were considered for the performance

assessment of geopolymeric binders.

In the following step of the study, different geopolymeric binders produced with sufficient
mechanical properties were incorporated with recycled coarse and fine aggregates. As part
of the development of CDW-based mortar and concrete mixtures, the study focused entirely
on ambient curing. In this scope, sodium hydroxide, sodium silicate and calcium hydroxide
were used as alkaline activators in ternary in various proportions and 20% blast furnace slag
was combined with CDW-based materials to evaluate the performance of several mixture
designs in terms of compressive strength. In the development of CDW-based geopolymer
mortar, the recycled fine aggregate / binder ratio was chosen as 0.35 and the water / binder
ratio was kept constant as 0.35. In the ongoing phase, CDW-based geopolymer concrete
mixtures were developed by adding coarse recycled aggregate to the mixtures that provide
the best performance out of 30 designed geopolymer mortar mixtures. Finally, 7 CDW based
geopolymer concrete mixtures were designed and their compressive strength, flexural
strength, Scanning Electron Microscope (SEM), Energy Dispersive X-Ray (EDX) X-ray

Diffraction (XRD) analysis were examined.

At the final stage of the study, the mixtures with the best performance in terms of mechanical
and micro-mechanical properties were subjected to durability tests such as resistance to
sulfate, sorptivity, rapid chloride permeability test (RCPT) and resistance of wetting-drying
cycles to examine their durability performance. Eventually, all the data acquired within the

scope of the study are summarized in the conclusion section.



2. LITERATURE REVIEW

2.1. Portland Cement and Conventional Concrete

Portland cement is the mostly used building material worldwide, as its easy, accessible and
economical, suitable properties for all construction applications. It is generally used when
cement and/or concrete is not exposed to specific exposures such as sulfate attack from soil
or water, or to an unfavorable temperature increase due to hydration. Usage areas are
reinforced concrete buildings, bridges, railway structures, tanks, reservoirs, culverts, sewers,

in short, all building systems.

The first work was carried out by Isaac Johnson in 1844 to produce Portland cement using
high heat treatments. Within this procedure, Johnson went to heat treatment until the
materials used in cement production partially melt. This method not only shortened the
calcination time, but also enabled cement production with more reliable setting times and
strength properties. In the following years, cement production continued with an easier
method by the pulverizing the solid clinker produced with the mentioned process using jaw
crushers. (Klemm, 1989). Limiting the use of clay and lime in Portland cement production
with a certain ratio was discovered in the following years and volumetric rates were used
until this discovery. In 1887, Le Chatelier researched cement chemistry within the scope of
his studies and proposed upper and lower limits for the amount of lime to be used in quality
of cement production (Klemm, 1989). Production of modern Portland cement and traditional
concrete applications based on Portland cement has began to become widespread in 1880.
In the following process, the use of steel reinforcement with high tensile strength and
concrete with high compressive strength together in reinforced concrete systems has become

widespread.

Although Portland cement has high mechanical properties, it is an insufficient material from
the point of durability. In the years when Portland cement was still considered to be a young
building material, the serious damages seen in the rail tunnels made in France are an
important example in terms of these weak durability properties. When the damages are
examined, it is seen that there are sulphate attacks originating from groundwater. In order to

overcome this problem, sulfur-resistant high aluminate cement was produced by melting
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bauxite (aluminum hydroxide) and lime together. It was used quite widely in that period
through these properties of the product. However, in the following period, the use of high
aluminated cement remained at a limited level due to the damages when exposed to high
humidity and temperature effects (Neville, 1975).

For more than a century, cement, aggregate and water are the main part of the concrete used
in construction. The characteristic of concrete in this mixture depends mainly usage of the
water. Sufficient water must be included in the system to ensure cement hydration takes
place and acquire sufficient workability for placement in fresh concrete. This condition often
requires more water to be used and an increase in water has a direct impact on the
characteristics of concrete. Since the 1980s, there have been two important developments
regarding the manufacture of high strength concrete with many additives. The first was to
improve the mix design by optimizing the gradation of the grains used in the concrete mix
with the addition of extremely fine nanoscale microsilica particles that fill the gaps between
the larger cement particles. With this approach, increases in compressive strength
performances have been achieved by ensuring that the matrices of the mixes are more
compact and dense. The second development was to minimize water demands by the
addition of organic components into the mixture, which would improve the fresh concrete
mixtures' fluidity. The compressive strength has risen to the rate of 80-120 MPa from 20-40
MPa as a result of using these additives. This led to substantial improvements in urban
architecture and construction practices. In the following process, studies were carried out on

optimizing these two developments and obtaining more effective combinations.

2.1.1. The Environmental Impact of Portland Cement and Conventional Concrete

Increasing social awareness about the threats caused by global warming raised more concern
about the impact of anthropogenic carbon dioxide (COz) emissions on the global climate.
Considering the results of cement production, water management and air pollution are the
most urgent areas of action. At the Copenhagen Climate Summit, a common idea was
expressed that 2020 and 2050 were critical turning points for climate change and it was
decided to speed up action plans. The current atmospheric CO2 level approaches 380 ppm
according to the data obtained from recent studies. Even if parameters directly affecting CO2

emissions such as high commercial volume, technological and social changes are not taken



into account, CO2 concentration is estimated to increase above 800 ppm at the end of the
century (Feely et al. 2004, Sabine et al. 2004).

In addition to CO2 emissions, the cement industry is responsible for its emission in other
dangerous compounds such as carbon monoxide (CO), nitrogen oxides (NOx), sulfur dioxide
(SO2) and heavy metals (Lei et al., 2011, Wang, 2013). Many of the substances that cause
air pollution by releasing during cement manufacturing arise with high temperatures in the
rotary kiln and it is necessary to control its emissions to prevent environmental pollution.
Because of the growing volume of cement in the global market and the negative
environmental effects it causes, the necessity for control over cement production has become
inevitable. Attempts at all stages of service life to estimate and reduce environmental impacts
caused by products manufactured globally like cement are increasingly becoming more and
more relevant. Within the scope of these evaluations, environmental awareness should be

increased by making realistic inferences about the damages of cement.

Considering the damages of cement, it is an undoubted fact that alternative binders that are
not as aggressive as the cement to the environment should replace cement. However,
information that can be obtained on why cement remains such a successful building material

can assist in the design of strategies for producing alternative materials in the future.

2.2. Geopolymers as Alternative Binders

The term geopolymer was first introduced by Joseph Davidovits in the 1970s to describe the
type of material formed with reactions between aluminosilicate powder and alkali solution
(Davidovits 1982a). They were first developed as the fire-resistant alternative to heat-curing
polymers after conflagrations in European countries. It has been used as a protective resin
layer for carbon fiber composites at high temperatures and as a protective material in many
different areas such as providing thermal protection to wooden structures. In the future, much
research has centered on the usability of this kind of materials as building materials as a
result of the reliable and high-performance properties of geopolymers produced by fly ash
activation (Wastiels et al., 1993).

The first study for the development of constructive materials with alkali-activation of
different materials from cement was carried out by Purdon in 1940, and in his studies, he
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activated the types of metallurgical slag. In the future, the main difference to be made
regarding the alkali activation of slags and the geopolymer products obtained is the
formation of a one-dimensional calcium silica hydrate based gel structure in which the Al-
Si and Mg-Ca exchanges can take place (Duxson et al. 2007b).

The term geopolymer is defined in the literature in quite different forms such as alkali ash
materials, inorganic polymers, hydroceramics, inorganic polymer glasses, mineral polymers,
soil cement, alkali-bonded ceramics. Geopolymers have been identified as a subset of alkali-
activated materials, which includes materials that can be constituted through the activation
of metallurgical slags by alkali, silicate, sulfate or carbonate and gives a product that can be
defined as calcium silicate hydrate (Shi et al., 2006). It can be shown as a defining feature
of geopolymers that the binding phase of the geopolymer contains an alkali aluminosilicate
gel bonded with aluminum and silicon in the frame of a three-dimensional tetrahedral gel
(MacKenzie, 2003; Rees et al., 2007). Davidovits stated the 'sialate’ terminology to define
aluminosilicate structures, and within the scope of this terminology, Si-O-Si was named as
a siloxo bond and Si-O-Al as a sialate bond (Davidovits, 1982a). Thanks to this terminology,
it has become possible to define the geopolymer compositions according to Si/Al ratios.
These ratios are defined as bond polysialate when 1.0, polysialate-siloxo when 2.0 and
polysialate-disiloxo when 3.0. Although this nomenclature system enables a certain
classification, it is inadequate because it only expresses the Si/Al ratios as an integer and

defines a three-dimensional network structure as one-dimensional.

Geopolymers are a complicated class of material. The main way to synthesize geopolymers
Is to combine an alkaline activator with an aluminosilicate material (especially metakaolin,
fly ash or calcined kaolinite-clay). The result of this combination is an irregular alkaline
aluminosilicate gel known as the geopolymer gel binder. This phase also contains the void
structure incorporating unreacted solid precursors embedded in the matrix and water. Unlike
the CSH gel produced in cementitious systems, water does not form an integral component
of the geopolymer binder, and practically this has both the pros and cons. The basic structural
framework of the geopolymer gel consists of a highly bonded 3-dimensional aluminate and
silicate tetrahedral network formed by the alkaline metal cations from the activator solution
and negative charge from AI** ions in four-fold coordination localized in one or more of the

bridging oxygen in each aluminate tetrahedron. In some cases, this similarity is so high that



the nanocrystalline formation in the geopolymeric gel can be seen, especially in the high
water content, high temperature and low Si/Al ratio (Provis et al., 2005). However, even if
none of these factors exist and the geopolymer does not show a structural order at a length
scale exceeding 1 nm, strong structural motifs can be detected that show a good correlation

with those observed in zeolites at an atomic length scale (Bell et al., 2008).

2.2.1. Alkali Activators of Geopolymers

2.2.1.1. Alkali Hydroxides

Sodium and/or potassium can be considered as the most widely used alkaline hydroxide as
the alkali activator. Lithium, rubidium and cesium hydroxides have been limited in use due
to their costs, shortage and the relatively low solubility of LiOH in water (Monnin and
Dubois, 2005). In comparison, both sodium and potassium hydroxide can be dissolved in
water at even higher molarity such as 20 mol/kg (Kurt and Bittner, 2006). Sodium hydroxide
is produced mainly by the chlorine alkali process. This has significant environmental impacts
for using as an alkaline activator, both with regards to greenhouse emissions and emissions
of components used in this production process. Potassium hydroxide is produced by the
electrolysis of KCI solutions. In terms of the production process, besides the obvious
corrosive properties of concentrated hydroxide solutions, the most important features to
consider are the viscosities and heat that are released by dissolving alkalies hydroxide
particles throughout the solution phase. Alkaline hydroxide solutions viscosity is quite low
compared to alkaline silicate solutions used to the same purpose, which can be an advantage
for alkaline hydroxide solutions.

Efflorescence is a common problem in the binders produced with alkaline hydroxide
solutions where excess alkaline reacts with ambient CO2 when an extremely high
concentration of hydroxide solution is used. This phenomenon leads to visual esthetic issues,
but it doesn't always detrimental to the structural integrity of the product. In hydroxide

activated binders, efflorescence are typically more prevalent in Na than K.

2.2.1.2. Alkali Silicates

Similar to alkali hydroxides, sodium and potassium silicates are also known as the most

commonly used activators in alkaline activation. High costs and limited amounts of rubidium

and cesium silicate constitute an impediment to the use of such silicates. Alkali silicates are
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typically formed with carbonate salts and calcine silica, afterward dissolved in water. This
process of production is responsible for energy consumption and emissions of COs.
However, since almost any alkaline-activated binders have relatively low activator mass
levels, the CO2 emission rate due to carbonate calcination in the alkaline silicate
manufacturing process remains considerably lower than the Portland cement production CO2

emissions.

Vail classified most of the silicate compositions formed in different regions of the NazO-
Si02-H20 trilateral system and used materials prone to crystallization, partially crystalline
mixtures, high viscous solutions and/or hydrated sodium metasilicates (Vail, 1952).
Transportation and storage of these solutions must be done carefully and the storage for long
period of silicate solutions (laboratory experiments or larger-scale manufacturing) before to
use can have unforeseen and/or negative impacts. Since the precipitation of hydrated
potassium silicate phases can maintain a wider range of stable and homogeneous aqueous
solution stability compared to sodium, these issues usually do not occur in potassium silicate

solutions.

Silica chemistry has more complex features for all phases than any element except carbon,
and the explanations on their properties remain relatively weak. Silica polymerizes into a
number of small species in concentrated alkaline solutions (Provis et al., 2005; Knight et al.,
2007), and the careful application of the 29Si NMR obtained by Nuclear Magnetic
Resonance (NMR) (Engelhardt et al., 1974; Cho et al., 2006) spectroscopy only and can be
resolved by mass spectroscopy analysis (Pelster et al., 2006; Petry et al., 2009). Although
infrared spectroscopy analyzes have also been carried out to identify silica chemistry, the
information obtained on the spectral properties is sometimes incompatible with the results
of NMR experiments (Halasz et al., 2007, 2010). The most important consequence of the
distribution of silicate types in terms of geopolymerization reactions is the variability in the

instability between silicate types and different types.

During the activation process, the majority of the silicate types used for alkaline activation
are deprotonated (White et al., 2011). Considering the distribution of existing species and
their relative pKa value, many silicate-based activator solutions are buffered at a pH of about

11-13.5 by the silicate deprotonation balance (Phair and van Deventer, 2002; Nordstrom et
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al., 2011). Considering the similar pH value, availability of alkalinity is much higher
comparing with the hydroxide-solutions. The pH value of the hydroxide based solutions is
relatively high before the alkali-activation process, but the optimum amount of silica
dissolves from the precursor into the system will rapidly bring the pH to this level as the

reactions take place (Provis and van Deventer, 2013).

Potassium silicate solutions have significantly less viscosity comparing to similarly
composed sodium silicates. This feature may present problems when casting and placing
alkali activated concrete that is still freshly which activated with sodium silicate. Studies on
silicates also show that sodium silicate solutions' viscosity decreased significantly with
elevating temperature (Yang et al., 2008). The enthalpy of a high concentration of activator
solution prepared using solid sodium metasilicate decreases due to the fact that the dissolved
species cannot reach full hydration at very high concentrations.

2.2.2. Geopolymer Binders

2.2.2.1. Metakaolin

The simplest and most understandable chemistry among the geopolymer systems is the
geopolymers obtained by the activation of metakaolin with alkali hydroxide/silicate.
Initially, the term geopolymer was used for these materials but this term soon began to
involve fly ash and other aluminosilicate sources, and it has gradually expanded in scope
(Davidovits, 1982, 1991, 2008). The alkali activation of metakaolin at elevated temperatures
to form various zeolites is a type of reaction known before the determination of the term
geopolymerization (Barrer and Mainwaring, 1972a, 1972b). Research related alkali
activation of metakaolin has been increased, and the importance of this system, which is a
model for some complex geopolymerization systems, has become much prominent in

identifying these new systems.

Various methods of experimental and modeling have been studied in the last 20 years for
metakaolin geopolymerization. Observing geopolymerization directly on site is quite
difficult due to the effect of different elements. However, the process can be summarized in
this way:

e Alkaline attacks on the metakaolin structure contribute to the dissolve and release

into the solution of silicate and aluminate forms. During this dissolution, 5- and
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6- coordinate Al passes to 4- coordinate phase (Duxson et al., 2005c). In the
metakaolin structure, the first oscillation of Al occurs faster than Si since the Al
layers form an additional cross-joint compared to the Si layers (Weng and Sagoe-
Crentsil, 2007).

e The interaction of pieces dissolved from the precursor and silicate sources
provided by the activator solution form aluminosilicate oligomers.

e The dissolution continues until the concentration of dissolved aluminum is
sufficient as much as to stabilize the silicate solution. Factors such as mechanical
degradation and additional surfaces that can cause nucleation may also influence
this stage. Since the dissolution will continue in the gel formation process,
dissolution kinetics can be affected by the gel coating of the particles. Leaching
tests, therefore, fail to provide full details on kinetic dissolution. One of the key
reasons for this is the continued precipitation of dissolved particles.

e Geopolymeric gel expands to the point where the solidification of the reacting
paste. Factors such as mixture design, any additives and curing condition directly
affect the gel formation process and setting time of the mixture. The reaction
process continues after the end of the setting period, as seen by the growth of X-

ray observable zeolitic crystals and ongoing compressive strength development.

2.2.2.2. Granulated Blast Furnace Slag

According to some literature studies, slag of different source yields cementitious hydration
products by alkaline activation. Slag is formed in different types: blast furnace, phosphor,
steel slag. Granulated blast furnace slag (GBFS) is one of the most preferable precursor in
alkali-activated material class. Slag is formed by combining 'clay' acid gangs in coke sulfur

ash and iron ore with magnesium and lime (Fernandez-Jimenez, 2000; Shi et al., 2006).

Acidic (Al203 and SiO2) and Basic (MgO and CaO) components are formed by high-
temperature fusion (1600 °C) and subsequently cooling to ambient temperature from 1400
°C. When the liquid slag is suddenly cooled to below 800 °C, the solidified material, which
does not have time to form crystals, gains a glassy structure and it has a wide range of use

in alkali activation with these properties (Provis and van Deventer, 2009).
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Slag's composition primarily depends on the type and production process of steel. When
examined mineralogically, besides the glassy phase consisting of a depolymerized calcium
silicate network, GBFS is normally defined as a mixture with a weak crystal structure in a
range from akermanite (2CaO. MgO.2Si0>) to gehlenite (2Ca0.Al203.Si0z2). Afterward, the
crystal phase can be considered practically inert, while the slag contains the hydraulically
active component. However, some researchers argue that the reactivity of slag can increase
with the presence of a small amount of crystals, considering the amorphous structure

formation in the early stages of crystallization (Smolcyk, 1980).

Blast furnace slag can exhibit potential hydraulic characteristics. In other words, its products
can be similar to Portland cement's, when finely grounded and combined with water even
with very long reaction times. The hydraulic binding properties of the slag develop very
slowly compared to Portland cement. However, the slag hydrates rapidly and forms adhesive
cement products when activated by various methods and activating agents. Alkali
compounds are also regarded as activating agents which increase the hydraulic slag binding

property more effectively (Wang et al., 1995).

Also, the slag reactivity highly depends on the grain size. Slag react very slowly if has a
grain size above 20 microns and slag with grain size below 2 microns reacts completely

when mixed with alkali activators for 24 hours (Wang et al., 2005).

For being an alternative to cement, primarily requirements for the slag are listed as follows
(Fernandez-Jimenez, 2000; Sih et al., 2006; Provis and van Deventer, 2009):
e Granulation and 85-95% glassy phase must be required.
e It should have a greatly amorphous shape.
e It should have MgO + CaO / SiO2 > 1 composition. Due to the lime content controls
the degree of activation, basic slag has great hydraulic potential. However, acidic
slag can be activated with alkali.

e It should be grinded until the surface area is 400-600 m?/kg.

CASH gel formed by activation of GBFS shows a very similar feature with the gel formed

by of cement hydration with lower C/S ratio (generally using as 1.0) (Wang and Scrivener,
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1995). Hydrotalcite (Mg6AI2CO3 (OH) 16.4HO) is the other product, which can usually be
precipitated with phases of type C4AH13, C4AcH11- and C8A2cH24.

Alkalis play an important role in specifying gel properties due to higher alkali molarity in
alkali-activated materials, which in some cases may be as much as 5-6 mol/kg (but generally
about 1-2 mol/kg binder) (Shi et al., 2006). However, at very high pH values, still, there is
not a consensus to determines the interactions between the precursor components and the
species in the pore solution. Conceptually, this interaction is most likely due to the
Ca/(Si+Al) and Si/Al ratios in the gel, but more studies are necessary to resolve both the

equilibrium and kinetic effects on this kind of system.

In the activation of GBFS, alkali incorporation into the CASH gel begins in early periods of
reaction. The alkaline consumption of these early formed products is generally be supposed
to much more than the gels produced by traditional Portland cement systems. However,
researchers also stated that alkali consumption and increment of Si/Ca ratio are inversely
proportional. This may provide a slow reaction of ongoing Ca-supply (Hong and Glasser,
1999).

Blast furnace slag particles can cause to alkali-release from the alkaline-rich gels. This
process can have important consequences for the long-term structure of the binders; In the
presence of aluminum, structures such as tobermorite-like have been stable for centuries, as
evidenced by the examination of old Roman structures (Jackson et al., 2013). Microstructural
examination of 8-30 years old concrete containing alkali active slag, (Ilyin, 1994; Xu et al.,
2008; Bernal, 2014), has indicated increases in mechanical properties with high stability and
any reaction by the harmful chemical that will cause CASH gel instability was not observed.

2.2.2.3. Fly Ash

During the combustion stage, fly ash consists of residue of sand, coal and organic materials
at the chimney of the furnace. These compounds rapidly cooled in the air to obtain micronize
and usually glassy spherical particles. At the same time, the existing crystal particles have
heterogeneity at both intraparticle and interparticle phases (Hemmings and Berry 1988,
Hower et al. 1999, Nugteren 2007). So that, the properties of ashes are not only highly

dependent on impurities in materials before combustion but also combustion and cooling
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process. The low calcium-containing fly ashes are the most commonly used for
geopolymerization. For instance, F class fly ashes may be said in standard ASTM C618.
Studies published on high Ca (Class C) fly ashes are generally less due to a quick setting in

'standard’ geopolymer design systems.

The chemical composition of fly ash and the structure of fly ash based alkali-activated
products differ significantly. In this context, some additional approaches can be indicated
by comparing the fly ash composition and strength values as presented in Figure 2.1.
According to Figure 2.1, the strength values can be achieved according to the different
percentages of oxide components. Since the values are acquired from different research
groups created by various sources in literature, exact strength data can not be compared
directly, as the samples are very different in terms of their formulation and curing process.
Nevertheless, it does provide some useful information to categorize "high", "medium™ or

"low" strength.
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Figure 2.1. Representative three-fold diagram of fly ash composition (Provis ve van
Deventer, 2009)

As can be clearly seen in Figure 2.1, fly ashes with low network modifying content cause
the formation of low performance products. Strength usually increases with depending
network modifying content. C Class fly ash is seen to the far right of the black dot, gives
high strength products with alkali activation (Keyte et al. 2005). Additionally, Figure 2.1
indicates the composition of representative GGBFS containing high calcium and less
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aluminum compared to fly ash. In Figure 2.1, there is an important overlap between the 'high'
and 'medium’ classes. This shows that there could be additional significant factors that affect
strength as expected, not described in Figure 2.1, particularly crystallinity, particle size, and
other features.

The fact that the network modifier content is an indication of the potential benefit of fly ash
in activation draws attention to the usage of high calcium fly ash. Class C fly ash in the
scientific literature has not been evaluated at the same level as Class F, except for a few
academic publications (Roy et al., 1996, Perera et al., 2004, Xu et al., 2004, Keyte et al.,
2005, Chindaprasirt et al., 2007). Roy et al. (1996) and Lukey et al. (2006) have
demonstrated that in addition to the fact that Class C fly ash is usable in geopolymers, it is

also highly preferable when the mixture rheology is sufficiently controlled.

In short the process and structure of the geopolymerization mechanism would depend on the
chosen fly ash type and the same mechanism will not occur for all fly ashes. Therefore, the
analysis should be aimed at understanding the structure and details of the different phases
that occur throughout the geopolymerization mechanism. Experiences and information such
as phase availability and accessibility during geopolymerization would then allow the

required mechanical examination to all different fly ashes.

2.2.3. Structure and Matrix Properties of Geopolymer Binders

2.2.3.1. High-Calcium Geopolymer Binders
Structural development of blast furnace slag-based geopolymers is quite complex reaction

processes with four steps, and this reaction proceeds in the following steps.

. Dissolution of precursor’s components

. Nucleation and formation of solid phases

. Interactions of phases and forming mechanical structures

. Formation of products in consequence of ongoing reactions through dynamic

chemical balance (Fernandez-Jimenez et al., 1998; Bernal et al., 2011)

According to studies for evaluating the reaction products obtained from alkaline activation
of high Ca-source materials, the main product is CASH type, which has a very similar type
to that of CSH (1) amorphous tobermorite gel and additionally includes aluminum in its
bonds (Zhou et al. 1993, Wang et al. 1995; Myer, et al., 2013).
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The composition of the CASH product produced by the GBFS activation is highly relating
to the type of activator. For instance, in sodium hydroxide based geopolymers, the Ca/Si
ratio of the matrix is greater compared to sodium silicate based geopolymers and a more
homogeneous matrix is formed (Escalante-Garcia et al., 2003; Fernandez-Jimenez, 2003).

In studies of Ben Haha et al., on the alkali activation of GBFS, some of the Ca*? ions in the
structure of the CASH gel formed in both sodium silicate and hydroxide activated slag can
be replaced with Na* ions and as a result, a C-(N)-ASH type gel is reported (Ben Haha et al.,
2011).

It is important to analyze the chemistry of the structure of reaction products of GBFS and
water without any alkali activators. Even if the blast furnace slag has a very coarse-grained
structure and 20 years have passed since the hydration reactions took place, it can react 22%
if sufficient reactive component is present. This structure, which continues to harden when
sufficient time is provided, also forms a highly alumina-substituted C-S-H phase (Taylor et
al., 2010).

Reaction between GBGF and water would provide hardened binder forming after a long
period of time. Alkali activator’s key role then is to improve the efficiency of the reactions
in question by maintaining a sufficient pH condition within a suitable timeframe. The most
common activators for alkali activation and raise atmospheric pH values to higher levels
than other kinds of activators are alkali silicates and hydroxides. There are also free
hydroxides for activation attributable to calcium-containing reactions from the dissolution
of slags. Carbonates and sulfates provide moderately alkaline conditions compared to other

activators.

Once an assessment was carried out in the first 24 to 48 hours of the reaction kinetics of
alkaline silicate, carbonate, or hydroxide activated GBFS based binders, it was determined
that the heat flow curves were quite similar to Portland cement as a result of isothermal

calorimetric tests (Fernandez- Jimenez et al., 1997, 1998; Bernal et al., 2011).

The characteristic feature of the alkali activator used is the most important parameter that
affects the GBFS activation product both mechanical and durability properties (Wang et al.,
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1994). Activator solutions can generally be considered as alkali silicate salts R20 - rSiO2
(Here R is Na+, K+ or etc. ), strong acid salts (Na2S04, CaSO4 - 2H20), weak salts (R2S,
R2CO3, RF) and alkaline hydroxides (ROH, Ca(OH)2). The most widely used for activating
GBFS among them are sodium-based hydroxides, silicates, carbonates and sulfates.

In the activator, efficiency directly depends on ambient pH level and also the pH level
controls the effectiveness of the dissolution rate of the precursors used for alkaline activation
and the resulting condensation reactions (Fernandez-Jimenez & Puertas, 2003; Shi, 2003;
Shi & Day, 1996). The impact of pH about alkaline activation of GBFS is directly related to
activator. At high pH conditions, silica and alumina solubility increases while calcium
solubility decreases. Although NaOH based alkaline solutions have higher pH comparing to
sodium silicate based ones with the same molarity and products activated with silicate
generally exhibit higher performances than products activated with NaOH (Wang et al.,
1994; Duran Atis et al., 2009; Ben Haha et al., 2011). This situation is a result of the addition
of silicate types to the system in order to reaction with Ca-sources obtained from blast
furnace slag, but it also provides the formation of dense CASH reaction products and
dissolves more Ca from the solution phase (Fernandez-Jimenez et al., 2003). For this reason,
during the selection of the most suitable alkali activator, the dissolution capability of the Ca-
sources in the pore water pH and interactions of cations provided by activators must be

considered.

The development of the mechanical properties of the silicate activated GBFS depends on the
modulus (SiO2/Na20 molar ratio) of the activator solution and the nature of the blast furnace
slag used. In activation of GBFS, the reaction kinetics were less affected by activator
concentration and water/binder ratio when activated with NaOH and Na.COs compared to
NazSiOs (Shi ve Day, 1996).

The selection of precursors, activator chemistry and optimization for binders obtained from
alkaline activation is essential for the literature, but a single assessment of the precursors in
most studies in this area restricts their applicability to others. Yet the impact of heterogeneity
in the chemical components of blast furnace slag among precursor sources is not yet fully
understood. Calcium-rich materials are the most used for alkali activation materials all

around the world, with the effect of calcium is increasingly understood in beneficial effects
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on strength-related properties, but as mentioned above, the properties of these systems

originating from the precursor material are still subject that needs to be investigated.

2.2.3.2. Low-Calcium Geopolymer Binders

The first studies of development of low-calcium or calcium-free geopolymer binders are
included in the literature as the studies carried out by Davidovits (Davidovits, 2008).
However, although the advancements of concrete manufacture increased the tendency to Ca-
rich sources in a short time, it has been replaced by studies based on high-temperature
applications and the use of clay-based alkali-activated pastes for other ceramic-like
scenarios. Academic investigations on alkali activation of the aluminosilicate sources to
obtain a binding material began in the early 1990s (Palomo et al., 1992; Palomo and Glasser,
1992), and the first examples of the formation of the high-pressure and durable product by
alkali activation of fly ash were declared by Wastiels et al., (1993, 1994). In the field of fly
ash activation, which provides better mechanical property than other clayey sources, interest
in the production has increased again and there have been many developments continued in
industry and academia. In low calcium alkali-activated systems, the basic binder structure is
a highly amorphous and cross-linked alumino silicate gel. In several studies, Glukhovsky,
who uses zeolites to establish similarity of alkaline active binders and old roman cement,
has documented comparison of the structure of aluminosilicate gel and zeolite (Glukhovsky,
1994).

Alkali hydroxides are usually prepared in the liquid solution and combined with the
aluminosilicate source, due to the high heat dissipation caused by dissolution of alkali
hydroxides in water; If the high level of heat release occurs in the binder where the reactions
continue during the geopolymerization phase, it may cause important problems due to the
formation of thermal tensions (Provis, 2009). In the production of alkaline activated
materials, only the water addition method is possible by calcining aluminosilicate sources
with alkalies (Kolousek et al., 2007, Feng et al. 2012), but this process is yet two-part (adding
alkali solution to the solid mixture) could not be developed on a large scale system.

Crystalline phase formation is primarily dependent on Na as an alkaline source in this kind
of system. Studies on KOH-activated aluminosilicate binders are limited, in addition, the
tendency to crystallize is lower than Na-containing hydroxide activators (Duxson et al.,
2007). Crystallites in sodium hydroxide activated metakaolin (where total Si / Al is nearly
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1.0) are mostly feldspathoids within hydro-hydroxy sodalite system (usually zeolite NaA
and/or low silica faujasite). However, other zeolitic products are seen as temporary or later
stages of reaction when the metakaolin reacts with the same activators and for greater
liquid/binder amounts (Provis et al., 2009; Rowles et al., 2003; Zhang et al. 2009).

Thanks to their low calcium content, some possible effects have been discovered for some
raw materials. With hydroxide based activators, calcium can be rapidly released into the
solution, reaching over-saturation compared to calcium hydroxide and therefore this phase
can precipitate into nanosized particles (Provis et al., 2009). This is not seen in silicate-
activated systems. Because higher Si level initially found in solution will cause to formation
of complex C-S products rather than achieving supersaturation compared to a hydroxide

phase.

The binder gel structure of low Ca content aluminosilicate raw material formed by silicate
activation is quite similar to the binder gel structure formed by hydroxide activation of the
same raw material (by applying NMR, FTIR and other spectroscopic techniques). The main
differences observed in the atomic length scale of the gel products are caused by the Si/Al
ratios of the products. Considering many academic literature studies, it is concluded that
silicate activation of fly ash and metakaolin shows an extensive mix of design and curing

conditions and acceptable strength development compared to hydroxide activation.

Silicate activation of binders with low calcium content was more effective when using
dissolved silicates. In the literature, solid silicate was evaluated in binders based on fly ash
but fairly slow growth in strength was observed (Yang et al., 2008). In the case of the changes
in silica modules between 1.0 and 2.0 depending on the binding raw material, the use of
silicate solution instead of hydroxide solution causes an increase in compressive strength
and less porous structure (Lloyd et al., 2009). Optimum compressive strength results were
observed in cases where the Na/Al ratio was around 1.0, depending on the Si/Al ratio in the
binder pulp (Rowles et al., 2003). The effect of the alkaline ion is quite a similar with
hydroxide activation, but it was concluded that the alkalis which providing the best
performance in alkali activation of fly ash depend on the composition are Na and K mixtures,
but the chemical composition and grain size of the fly ash also affect this situation (van
Jaarsveld and et al., 1999).
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Considered the complication of gel formation produced by silicate activation of low calcium
precursors in the past years, several approaches have been developed for the analysis of the
gel binder. For example, important information about the setting and consistency processes
is obtained using calorimetry and rheology tests, but some features are still arguable (Palomo
et al., 2005). Moreover, some techniques used in binding systems with alkali activation
material go far beyond the laboratory analytical techniques often used in traditional cement
studies. X-rays and neutron applications were applied to silica-activated metakaolin binders
before applying to Portland cement systems (Skinner et al., 2010). The first neutron pair
distribution function study that characterizes a reaction process was also performed by
examining of metakaolin based alkali-activated systems. In this context, X-ray fluorescence
microscopy (Provis et al., 2009), X-ray nanotomography (Provis et al., 2011), and
synchrotron infrared microscopy (Hajimohammadi et al., 2011) have been applied to alkali-
activated binders before traditional cement systems (Hajimohammadi et al., 2011).

2.3. Use of Construction and Demolition Wastes in Geopolymer Production

Construction industry consumes natural resources day by day and creates significant
amounts of construction wastes. Construction and demolition wastes make up largest volume
of volume among all solid wastes. In America, nearly 100 million tons of demolition wastes
are generated annually from construction industry and cover approximately 29% of the total
solid waste (Mills et al., 1999). In England, construction wastes make up more than 50% of
waste storage volume and 70 million tons are added to it every year (Sealey et al., 2001).
Between 1993 and 2004, annual construction demolition waste production in Hong Kong
doubled, and it has been reported to reach about 20 million tons (Poon, 2007). That amount
of construction waste from around the world has reached serious environmentally and
economically levels and has shown the importance of local initiatives for its management,

recycling and reuse.

The increase in construction waste has brought out severe problems locally and globally.
Therefore, construction demolition waste management has become one of the most
significant environmental problems. Construction waste management is aimed at reducing
negative environmental consequences and minimize existing wastes. Since construction
waste is seen as a serious environmental problem all around the world, a set of regulations

have been introduced regarding this matter. Construction waste management has been
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counted as part of government policies and specifications have been prepared on these
issues. In addition, the European Union states have numerous studies and papers on

construction waste management and recycling.

Considering the economic activities, the construction sector in Turkey is a very important
position. Recently, the role of the construction industry has gained significantly with new
housing and infrastructure investments throughout the country. Furthermore, the demolition,
maintenance, reconstruction and strengthening of severely risky buildings proceeded
intensively due to high earthquake risks. Considering Turkey's existing building stock, a
large part of the housing stock needs to be recycled urgently via devastation, reinforcement
and renovation activities due to earthquake risk (Turkey Building Materials Sector Outlook
Report, 2011). All these activities would also increase construction waste and make it more
necessary to effectively handle waste flows in the process of turning it into sustainable

building stock.

Although not yet widely commercialized, among the "green" binders, alkali-activated
binders are interested in research. The only sample case on the commercialization of a binder
with alkaline activation comes from Australia under the brand E-Crete (van Deventer et al.,
2010). Various industrial wastes and by-products have been frequently evaluated under the
name of the alkali activation mechanism until today. On the other hand, there are very few
studies about the evaluation of construction demolition waste, which can be substantial

resource for the manufacture of green binders.

Recently, geopolymerization technology, which has been successfully used for industrial by-
products and wastes is considered an important option for recycling of inorganic compounds
inherent in construction wreckage wastes. Puertas et al. (2006) worked on alkaline activation
of ceramic wastes that containing NaOH and NazSiOs in the molarity of 6 M and stated a 13
MPa compressive strength result at 8th day, and they associate that consequence to the semi-
crystalline structure of such precursors. Allahverdi and Hani (2009) used brick waste from
construction and demolition and sodium hydroxide alkaline solution containing 8% Na2O
and obtained 40 MPa compressive strength in 28 days after cure. Additionally, Allahverdi
and Hani (2013) activated the concrete and brick waste mixture by using the Naz2SiOs in

order to provide 1.4 silica module of the mixture and 8% of the binder amount of Na2O and
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reached compressive strengths of 50 MPa. Sun et al. (2013) obtained a 71.1 MPa
performance applying a 60 ° C for 28 days cure with ceramic waste activated by NaOH and
KOH. Similarly, Reig et al. (2013) used brick wastes as a precursor and activated by 7M
NaOH and achieved 30 MPa result after 7 days of 65 ° C cure. Lampris et al. (2009) studied
construction wastes obtained at recycling facilities and after alkali activation, they obtained
18.7 MPa result after 7 days ambient curing; and they observed that the geopolymer
compressive strength increased 112% and 63%, respectively, with 24-hours curing at 105
°C with the adding 20% metakaolin that a source of alumina. Komnitsas et al. (2015)
examined the geopolymerization potential of brick, tile and concrete wastes as different
building wastes and reported results of the alkali activation of brick and tile wastes up to
49.5 and 57.8 MPa respectively; In addition, they found that the performance of concrete
wastes remained at 13 MPa by applying 90 °C for 7 days curing and using with 14 moles of
NaOH. Khater (2013) examined the silica fume addition to concrete waste and metakaolin
mixtures and stated that there were significant increases in the ages over 90 days the
specimen cured at ambient condition. Ahmari et al. (2012) activated 50% concrete waste and
50% fly ash mixture with Na2SiOz and NaOH (10M NaOH, SS/ N = 2) and reached a 35 of
MPa compressive strength. Salazar et al. (2017) activated 100% red clay brick using Na2SiO3
and NaOH as an activator and reached 54.38 MPa after curing at room conditions. Moreover,
they reported 25.57 MPa result when activating 100% concrete waste as a precursor.
Komnitsas and Zaharaki (2015) stated that industrial and construction demolition wastes are
suitable for geopolymerization and can be obtained compressive strengths nearly 76 MPa by
proper use of alkali. In addition, they obtained 76, 54 and 51 MPa of compressive strengths
by making a mixture of 50% blast furnace slag- 20% brick- 20% tile- 10% concrete, 90%
tile- 10% fly ash and 90% tile- 10% red mud, respectively. According to these results, using
the construction demolition wastes in geopolymerization technology is of considerable
interest now, especially in countries with having issues in waste management. Especially
thanks to this technology, the environmental impact of these residues can be reduced by

utilizing waste.

The alkaline activation of construction demolition wastes (waste brick and concrete) with
the correct proportion of alkaline activators can be enabled to manufacture geopolymer
binders with satisfactory properties. One of the important problems is the efflorescence in

construction and demolition based products. Previous studies showed that the formation of
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efflorescence is a result of secondary reaction when unreacted sodium hydroxide leaks onto
the surface and reacts with COz in medium to form sodium carbonate (Allahverdi et al.,
2009; Najafi et al., 2012). Efflorescence is sometimes a problem in construction demolition
waste-based alkali-activated binders, but this problem can be eliminated by adding
aluminum-rich additives or applying hydrothermally curing (Najafi et al., 2012). In addition,
applying a 45 °C or higher degree of curing process have a greatly positive impact on

efflorescence.

2.4. Construction and Demolition Waste Based Recycled Concrete Aggregate

The use of CDW as aggregates in the manufacture of concrete has been a major concern of
researchers. The effective use of CDW as an aggregate has the potential to lowering the
natural aggregate usage, minimize the energy usage used to manufacture the natural
aggregates, minimize harm to nature caused by mines, and to prevent environmental damage
and economic damages directly. Recycling of CDW is potentially the most significant aspect
that can pave the way for sustainable construction systems by increasing the life cycle of

building materials on both binder and aggregate basis.

Since the aggregates obtained from CDW constitute at least 75% of the concrete mix, they
play a significant role in the formation of the characteristics of the new material to be
produced. The CDW aggregates are classified into 2 categories according to BS 8500 (2002)
norm. Aggregates made of crushed concrete if 95% and higher, are classified as recycled
concrete aggregates and aggregates from 100% masonry as recycled aggregates, in

accordance with the standard mentioned above.

2.4.1. Preparation of Recycled Aggregate

Although research concerning the use of CDW as an aggregate is not new, recycling plants
are currently working in several countries for the processing of CDW. The procedure
required to make the CDW usable as an aggregate mainly involves the production of small
parts by crushing the waste concrete elements, separating the aggregates of different sizes
from sieves into certain sizes. The separation of foreign materials such as plastic, metal,
wood, etc., which may have harmful effects, from the crushed CDW is one of the important
steps within the scope of this procedure. Concerning the processing of recycling aggregates,
even the concrete produced in the laboratory can be used, and it is also a key role in deciding
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the characteristics of the new concrete to be manufactured (Fonseca et al. 2011). The quality

and composition of origin concrete in the processing of recycled aggregates is significantly

determining aspects of the properties of the aggregates produced (Nagataki et al., 2004).
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Figure 2.2. Composition of recycling aggregate (Frankin Associates, 1998; Reixach et al.,
2000; Pereira, 2002; Costa and Ursella, 2003)

2.4.2. Composition of Recycled Aggregate

CDW aggregates are classified into two as natural aggregates with mortar adhering and

natural aggregates with mortar adhering that contain impurities such as plastic, brick, tile,

bituminous materials. A graph of the material distribution included in the recycling



aggregate is given in Figure 2.2. In general CDW aggregate is obtained from concrete blocks
containing 30% cement paste and 70% aggregates (Poon et al., 20044, b). A study has been
performed to examine the distribution of the CDW aggregate composition for certain grain
sizes produced from the rubble obtained from real destruction in Spain (Table 2.1).
Especially for 0-40 mm grain size, the ratio of concrete and stone is 72% and 20%,
respectively, for 10-25 mm, these rates are 53% and 37% respectively, for 4-12 mm, these

rates are 51% and 42%, respectively.

Table 2.1. CDW compositions for different grain sizes (Gonzalez-Fonteboa ve Martinez-

Abella, 2008)
(%) 0-40 mm 10-25mm  4-12 mm
Concrete 72 53 51
Stone 20 37 42
Asphalt 6
Betuminous 7 S
Masonary 2 3 2

CDW aggregates may have varying compositions in various grain sizes and materials that
influence the pureness of the aggregate in the presence of materials of different origins (Sani
et al. 2005). Factors such as source material type, conditions and composition in the
recycling aggregate are accepted as the most important parameters controlling the concrete
quality producing with using recycling aggregate. The distribution of different types of
pollution sources for the sand and gravel size in the aggregate composition are given in Table
2.2.

Table 2.2. CDW compositions for different grain sizes (Sani et al., 2005)

(%) Sand (0-5 mm)  Aggregate (5-15 mm)
Masonary 32 25
Inert 30 29
Concrete 35 45
Bitumen 2 0,5
Glass, plastic, wood 1 0,5
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The amount of mortar adhered around the aggregates is one of the most important criteria
for determining the properties of the recycling aggregate. Factors such as the crushing
procedure, the number of crushing are the preliminary parameters that determine the amount
of the adhered mortar. Although the repetition of the crushes is made for removing the
adhered mortar from the aggregate as much as possible, it is an important issue to optimize
the relationship between the quality and production cost of the recycling aggregate due to its
increased costs. In addition, the type of crusher device is another important factor in the
separation of the mortar adhered to the aggregate.

Some researchers stated that the amount of adhered mortar of aggregate obtained from CDW
Is 33-55% for 4-8 mm grain size and 23-44% for 8-16 mm grain size (De Juan and Gutiérrez,
2009). Additionally, with the range of grain size of aggregate decreasing, the amount of
adhered mortar is increasing, and moreover, recycling aggregates from the origin concrete
with poor compressive strength contain less adherent mortar than the aggregates obtained

from high compressive strength concretes (Etxeberria et al., 2007a).

In the literature, there are four different approaches for assessing the amount of adhered
mortar. First method is a procedure of keeping the recycling aggregate in dilute hydrochloric
acid and dissolving cement pulp without detriment to aggregate (Nagataki et al., 2000).
Nevertheless, this is not a feasible method for the recycling of several CDWs based
aggregates, such as limestone, that are highly sensitive to acid and can be dissolved in the
presence of acid. The second process uses colored cement to prepare samples containing
CDW recycling aggregates, and then the thin mortar can be determined by analyzing the thin
segments taken from the samples (Ravindrarajah and Tam, 1985). The third method consists
of the procedure of keeping the aggregate in water, then heating it until the adhered mortar
parts are completely separated (De Juan and Gutiérrez 2009). The last step involves exposing
the aggregate for a few days into a sodium-sulfate solution with applying the freeze-thaw
cycle which performs more rapidly than other processes. In addition, methods such as heat
curing, thermal-mechanical curing, acid soaking, chemical-mechanical curing are among the

recommended methods for cleaning aggregate from adhered mortar.
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2.4.3. Properties of Recycled Aggregate

2.4.3.1. Water Absorption Capacity

Recycling aggregate studies indicate that water absorption capacity is the most obvious
difference between the standard and recycled aggregates. Adhered mortar contents of
recycling aggregate are highly related with the high water absorption capacity of it. Another
common conclusion is that concretes including recycling aggregates have poorer
compressive strength values by comparison of control mixtures. Also flexural strength
shows the same results within the limited data. There is a limited study showing that the
effect of strength properties of the original concrete, which will be used as a recycling
aggregate source, on the strength properties of new concrete. However, it is also a known
fact that in the case of breaking the concert, the weakest zone is cement paste, which adhered
to the aggregate. With using the recycling fine aggregate, no major difference in compressive
strength was found, but losses with regards to workability were found compared with control

samples.

The water absorption quantity of recycling aggregate is a reason for the porous structure of
the adhered cement. It is generally below 1% for normal aggregates, may increase up to 30
times in some cases for the recycled aggregate. Although the water absorption is highly
related to adhered cement, presence of materials with high water absorption capacity such
as roof tiles and bricks is also one of the important parameters determining this property.
Vieira et al. (2011) stated that the absorption rate reached 80% only 5 minutes in the water,
and then the absorption rate slowed down and reached 84% in a 30-minute period.
Considering this behavior of the recycling aggregate, the water absorption capacity can be
used as an auxiliary parameter in determining the additional water to meet the extra
absorption percentage during the mixture.

Recycling aggregates from concretes with low water/binder ratio have lower water
absorption capacity as they reflect the low porosity and high mechanical strength properties
of origin concrete (Hansen & Narud, 1983). The grain size of the recycling aggregate highly
important in determining the water absorption capacity. The main reason for the recycled
fine aggregate to have a greater capacity of absorption compared to the coarse recycled

aggregate is having higher amount of adhered mortar within it (Santos et al., 2002b).
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Ferreiraetal. (2011), indicated another approach to maintain w/b ratio, within this approach,
expected to be the absorption water amount by the recycled aggregate during the mixture
directly added to the mixture for the meet actual water/binder ratio. This extra water
equivalent is referred to as the effective absorption of water. Santos et al. (2002b) determined

the water absorption percentages as 1.7% and 1.82% for two different mixtures.

Malhotra (1976) carried out several studies to determine the characteristics of CDW
aggregates such as water absorption capacities, strengths and relative densities. As a result
of these studies, the major distinction between natural aggregates and CDW aggregates is
capacity of water absorption. This has been associated with the increased porosity of cement
paste. He also stated that although the CDW aggregates have low density compared to
normal aggregates, this difference in density is not as pronounced as in their water absorption
rates. In the analyzes carried out by Malhotra to examine the morphological properties of
recycled aggregates, it was seen that they have more rounded and smooth surface texture

compared to the limestone aggregate used as a reference.

The high water absorption capacity shown by CDW aggregates has been associated with 2-
4 u wide cracks between the aggregate and hydrated cement paste. On examination of
concrete samples produced with these aggregates, it was found that there were small
variations in the composition of the samples, as in the aggregate densities. Malhotra also
stated that examination of low, medium and high strength samples showed a lower strength
of mixtures having recycled aggregates. Additionally, Malhotra examined the workability of
mixtures using natural fine sand and recycled coarse aggregate in different water/binder
ratios and stated that mixtures using only natural aggregate had almost even workability. He
stated that the need for water greatly rises in the mixtures used to recycle fine aggregates,
particularly when the grain size is less than 150 u, and the reason for this is the hydrated

parts that make up the majority of the grains under 150 p.

Frondistou-Yannas (1977) examined the effects aggregates both natural and recycled on
workability in mixtures it prepared in certain w/c ratios, and he confirmed that the effects of
using only coarse aggregate as a recycled aggregate on the workability comparing to
completely natural aggregate can be neglected. Also, they found that mixtures having
recycled aggregates had a lower modulus of elasticity.
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The studies carried out in the literature on the water absorption capacity of recycled

aggregates were given in Table 2.3.
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Table 2.3. Studies related to the water absorption capacity of CDW-based recycled aggregate

Water absorption (%)

Source Type Size (mm) CDW Natural
aggregate aggregate
Topcu ve Guncan, (1995) Construction site Coarse 8-31,5 7

Gonzalez-Fonteboa and Clean waste Coarse 4-12 4,82

Martinez-Abella (2008) 10-25 4,59

Courard et al. (2010) Bituminous pavements Fine and 2-20 (%86,5 10-20 4,58

Coarse mm)

Poon et al. (2007) Unwashed demolition waste Coarse 10 4,3
(max. diameter)

20 3,5
(max. diamater)

Rao et al. (2011) CDW from culvert Coarse - 3,1
Corinaldesi et al. (2002) Rubble from recycling plant Fine 0-5 10
Corinaldesi and Moriconi Precast concrete Fine 0-5 8,8

(2009a) Rubble from recycling plant 7.1

Crushed red brick 16,2

Miranda and Selmo (2006) Ceramic Wall Fine 4,8 11,5
(max. diamater)

Mortar (laboratory) 0,55 1,0
(max. diamater)

4,8 2,0

Concrete (laboratory)

(max. diamater)
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Poon and Chan (2007)

Eguchi et al. (2007)

Tangchirapat et al. (2008)

Li et al (2009)
Corinaldesi and Moriconi
(2009b)

Katz (2003)

Tam et al. (2007)

Concrete (Recycled)
Brick (Recycled)

Tiles (Recycled)
CDW (Laboratory)

CDW (Power plant)
CDW (Laboratory)

Old concrete pavement

Rubble from recycling plant

CDW (Laboratory)

Recycling Plant

Coarse

Coarse

Fine
Coarse
Coarse
Coarse

Fine

Coarse

Medium

Fine

Coarse

0-5
20

(max. diameter)

0-4,5
4,5-25
5-31,5

15 (max)
5 (max)
>9,5

2,36-9,5

<2,36

20
10

10,3

30,9

16,9
5,69-7,92

6,22-7,66
11,91
5,61
8,7
8
10
1 day: 3,2
2 day: 3,4
28 day: 3,3
1day: 9,7
2 day: 8,1
28 day: 8,0
1day: 11,2
2 day: 11,4
28 day: 12,7
1,65
2,63

0,77
0,57
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Fonseca et al. (2011), Amorim
et al. (2011)
Evangelista and de Brito
(2007, 2010)

Gomes and de Brito (2009)

Ferreira et al. (2011)
Santos et al. (2002a)

Concrete (Laboratory)

Concrete (Laboratory)

Concrete (Laboratory)
Brick and mortar mixture from old wall
CDW (mobile plant)
CDW (stadium)
Concrete (Laboratory, 56 MPa)
Concrete (Laboratory, 45 MPa)

Coarse

Fine

Coarse
Coarse
Coarse
Coarse
Coarse

Coarse

4-25.4

<4

<254
<254
4-254
4-254
19 (max)
19 (max)

6,1

13,1

8,49
16,34
58
6,0
4,9
55

15

0,8

2,29

1,2

0,8
1,14




2.4.3.2. Porosity

Most of the attributes of CDW-based recycling aggregate are essentially related with
presence of pores with a higher rate than the natural aggregate. Poon et al. (2004a) subjected
the aggregates obtained from different sources to the mercury intrusion porosimeter (MIP)
test to determine the porosity of the aggregate. According to the results obtained porosity
values are 1.6%, 7.86% and 16.81% for natural aggregate, high-strength concrete based
recycled aggregate and normal concrete based recycled aggregate, respectively. The high
porosity property of them has been associated with the residual cement paste. The pore sizes
of the normal aggregate vary between 0.01-1 mm, while the pore sizes of the high
performance concrete aggregate are less than 0.1 mm. The reasons of low pore sizes of the
high-performance concrete aggregate are the improvement of cement paste microstructure
and interface transition area due to presence of the pozzolanic binders contained in concrete
(Poon et al., 2004a).

2.4.3.3. Density

In the design of concrete mixtures and other properties of the product, density is the most
significant aspect. The density values of recycled aggregates obtained from the studies
carried in the literature are shown in Table 4. For the aforementioned reasons the density of
recycled aggregates obtained from CDW is quite low compared to the density of natural
aggregates. Therefore, the CDW aggregate has different density values depends on the
source, size and residual mortar phase. In addition, CDW aggregates with having a small

amount of residual mortar have a greater density.

Santos et al. (2002a) stated that the recycling aggregates obtained from samples with
different compressive strengths are similar in terms of density and other parameters. The
compressive strength results of the two different concretes used as the aggregate source were
determined as 56 MPa and 45 MPa after 28-day cure, and the mortar contents as 36.3% and

49.4%, respectively.

The unit volume weight of the CDW aggregate is not much compared to the normal
aggregate and generally has a unit volume weight within 1.100-1.450 kg/m?, except for some
exceptional cases. Ferreira et al. (2011) determined void content of natural and CDW

aggregates as 48.8% and 50.4%, respectively. General information about the literature
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studies on the density of CDW aggregates obtained from different types of sources were

given in Table 2.4.
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Table 2.4. Studies related to the density of CDW-based recycled aggregate

Density kg/m®
Source Type Size (mm) CDW aggregate Natural
aggregate

Watanabe et al. (2007) - Coarse 2,520

Sand 2,470

Topcu and Guncan, (1995) Construction site Coarse 8-31,5 2,450

Gonzalez-Fonteboa and Clean CDW Coarse 4-12 2,350
Martinez-Abella (2008)

Coarse 10-25 2,370

Courard et al. (2010) Bituminous pavements - 2-20 2,634

Poon et al. (2007) Unwashed demolition waste Coarse 10 (max. diameter) 2,490

Coarse 20 (max. diameter) 2,570

Rao et al. (2011) CDW from culvert Coarse - 2,470

Corinaldesi et al. (2002) Rubble from recycling plant Coarse - 2,150

Corinaldesi and Moriconi Precast concrete Coarse 0-5 2,290

(2009a)
Miranda and Selmo (2006) Rubble from recycling plant Fine 4.8 2,680
(max. diameter)
Crushed red brick 0,55 2,600
(max. diameter)
Ceramic Wall 4.8 2,670

(max. diameter)




LE

Poon and Chan (20044, b)

Poon and Chan (2007)

Eguchi et al. (2007)

Tangchirapat et al. (2008)

Courard et al. (2010)

Topcu (1997)

Gomez-Soberon

Fonseca et al. (2011), Amorim
etal. (2011)

CDW (Normal concrete)
CDW (High performance concrete)
Concrete (CDW)

Tiles (CDW)
Brick (CDW)

CDW (Laboratory)

CDW (Power plant)
CDW (Laboratory)

Bituminous pavements

C16 Concrete (Laboratory)

Concrete (Laboratory after 150 days

curing)

Concrete (Laboratory, 39.6 MPa)

Coarse
Coarse

Fine

Coarse

Fine
Coarse
Fine and
Coarse
Coarse

Coarse

Fine

Coarse

20

(max. diameter)

0-4,5
4,5-25
2-20 mm (%86,5
10-20mm)

10-20

5-12
0-5
4-25,4

2,409
2,390
2,310

2,199
2,042
2,220-2,280

2,221-2,231
2,310
2,450
2,634

2,450
2,280

2,260
2,170
2,310
(Oven dry)
2,450
(SSD)

2,550
(Over dry)
2,580
(SSD)




8¢

Evangelista and de Brito

(2007, 2010)

Gomes and de Brito (2009)

Gomes and de Brito (2009)

Ferreira et al. (2011)

Concrete (Laboratory, 29.6 MPa)

Concrete (Laboratory, C30)

Brick and tiles mixture from old wall

CDW (Recycling plant)

Fine

Coarse

Coarse

Fine

<4

<254

<254

4-25.4

1,913
(Oven dry)
2,165
(SSD)
2,448
(Oven dry)
2,526
(SSD)
2,160
(Oven dry)
2,301
(SSD)
2,300
(Oven dry)
2,440
(SSD)

2,544
(Oven dry)
2,564
(SSD)
2,550
(Oven dry)
2,573
(SSD)

2,600
(Oven dry)
2,640
(Oven dry)
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Santos et al. (2002a)

Concrete wastet (stadium)

Concrete (Laboratory, 56 MPa)

Concrete (Laboratory, 45 MPa)

Coarse 4-25,4 2,460

(SSD)

Coarse 19 (max.) 2,364
(Oven dry)

2,480

(SSD)

Coarse 19 (max.) 2,329
(Oven dry)

2,458

(SSD)

2,660

2,620
(Oven dry)
2,657
(SSD)




2.4.3.4. Durability

In the studies carried out in the literature, for the evaluations made in terms of durability,
examinations on the freeze-thaw resistance were carried out. According to the stated results,
if the recycled concrete is pure and uncontaminated, it is observed that the freeze-thaw
resistance is not adversely affected. Even in cases where the aggregate is porous and
sensitive to frost, improvements in freeze-thaw resistance can be seen as a result of sealing
pores by cement paste. In addition, it is stated that drying shrinkage is high for concrete
mixtures using recycling aggregate. In the studies carried out on the effects of sulphate
contamination (mostly originated from gypsum plaster) of recycled aggregate on the final
product, it is stated that recycling may cause problems due to the demolition without material
classification of the structures. It is stated that the soluble sulphate amount of the aggregate
can be 1% provided that it is used with conventional cement if the origin concrete is found

in conditions where it can remain wet for a long time.

Gluzhge (1946) reported that crushed concrete aggregats have a lower specific weight
comparing with normal aggregates, and concrete samples produced using crushed concrete
aggregates have lower performance than concretes produced using normal aggregates.
However, bending strengths of concretes containing crushed concrete aggregates for

compressive strength grades were higher than that of normal aggregate samples.

Newman (1946), in his studies, examined the effects of soluble sulfates on crushed-brick
aggregate. As a result, he stated that the presence of SOs did not cause any harmful effects
up to 1% by weight.

Gaede (1952) added fine ground gypsum or magnesium sulfate to the gravel-sand aggregate
system and determined a critical range for SO3 to determine the effects of the state of the
aggregate contamination on concrete. When this range is exceeded, the compressive strength
decreases rapidly, and if the addition of gypsum is increased, it remains stable. For this
reason, he stated that the amount of 1% SOs, which is accepted as the limit value, should be
reduced to 0.5%.

Graf (1973) added certain amounts of gypsum to the CDW in a controlled manner to
investigate the contamination effect of the gypsum plaster on CDW. As a result of his
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studies, he stated that the maximum tolerable level for SOz in gypsum form is 1% by weight
and that the powdered gypsum causes larger volumetric expansion in a shorter time
compared to gypsum material has a particle size of 1-7 mm. Additionally, he reported that
gypsum tends to concentrate in fine-grained material.

The study of the compressive strength with the same workability of concrete using recycling
aggregates was carried out by Buck (1973, 1976). In his studies, he lowered the w/c ratio for
the two mixtures with the usage of fly ash substitution and water-reducing additives, while
keeping this ratio constant for others. According to the results obtained, mixtures containing
recycled aggregates have lower compressive strength than to the control mixture. The use of
water reducing admixture and high cement rate is also suggested to be effective in
manufacturing high compressive strength concrete. In his analysis, Buck found that the
slump values of these mixtures were greater than the control samples and had more cement
content. He claimed that recycled aggregate mixtures tend to be wet even though they have
a harder structure than control samples. However, the differences found in terms of slump,
void content, and cement content have been reduced to very low levels by using natural sand
together with recycled coarse aggregate in these systems. It is also stated that similar
workability can be achieved at lower water/cement rates thanks to the use of water reducing
additives. In his study (1973), Buck researched the freeze-thaw performance of concrete
produced from recycled aggregates and he stated that freeze-thaw performance of these
mixtures was very similar to control mixtures after the 300 freeze-thaw cycles were applied
to the mixtures. Moreover, he stated that mixtures, where siliceous schist containing
concretes are used as recycling aggregates, have better freeze-thaw resistance compared to
concrete containing normal siliceous schist. This is due to old mortar covering the siliceous
schist seals the pores, preventing water from reaching the parts of the schist sensitive to
freezing. In addition, Buck determined the 28-day linear thermal expansion coefficient of
concrete mixes produced with recycled aggregate and observed the lengthening of the cubic
samples it prepared at 22.5 = 1 °C and 90% relative humidity conditions. As a result of these
tests, he stated that concrete mixtures containing recycled aggregates showed very similar
results with control mixtures. In the continuation of his studies, Buck stated that if the cement
contains more than 5% CsA and the mixtures are subjected to water curing, it will be
sufficient to contain gypsum as much as 5% of the total aggregate in case of internal

expansion that will adversely affect the concrete strength. When these samples were dried,
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volumetric expansion decreased but neither the use of cement with reduced C3A content nor

fly ash substitution prevented the expansion.

Samurai (1976) examined the values of length change, compressive and flexural strength of
mortar prisms by adding gypsum and using different types of cement. He stated that the
mixtures prepared with traditional Portland cement and recycling aggregate should not
exceed the maximum total sulphate amount of 0.6%. This rate is 0.7% for sulphate resistant
cement. In addition, he noted that the use of pozzolanic cement reduced volumetric
expansion, especially at high SOz levels, but did not set a limit value for the amount of SOs.
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3. MATERIALS AND METHODOLOGY

In this section, the procedure for obtaining all materials used in the study, their size and
chemical contents, and various analysis methods performed while determining these
characteristics are described in detail. In addition, mixing methods, production procedures

and test parameters are presented in full detail.

3.1. Materials

In the study, materials such as hollow brick (HB), red clay brick (RCB), roof tile (RT), glass
waste (GW), concrete waste (CW) (which constitute the important part of CDW), and by-
products such as granulated blast furnace slag (GBFS) and fly ash (FA) were used as the
precursor phase. For the mortar and concrete designs, recycling aggregates obtained from
the concrete part of CDW were used. For the alkali activation of these precursors, sodium
hydroxide and sodium silicate, which commonly using in the literature, and also calcium

hydroxide and shrinkage reducer admixture as additive materials, were used.

CDW-based precursors are obtained from different structures demolished according to the
selective demolition procedure located in different parts of Ankara. CDW-based precursors
obtained in a dissociated form within the framework of the selective demolition procedure
was brought to a size of approximately 1 mm using the laboratory type jaw crusher as per
the pre-crushing process and then ground in the laboratory type ball mill for 1.5 hours,

accordance with the data obtained from the preliminary studies performed.

Chemical compositions of precursors were analyzed by performing X-ray fluorescence
(XRF) analysis, and the crystal structure of precursor and produced geopolymer mixture
were analyzed by performing X-ray diffraction analysis (XRD). Additionally, Scanning
Electron Microscope (SEM) and Energy Dispersive X-Ray (EDX) Analysis were performed
to make visual examinations on microstructures of geopolymer mixtures and to perform

chemical analysis of the variable regions of microstructures.

43



3.1.1. Roof/Wall Wastes

Clay-based bricks and tiles as roof/wall wastes are basically produced by grinding different
types of clays, shaping them with water and drying artificially or naturally for a certain
period then firing in kilns between 800-1000 °C. Clay-based brick and tile products, which
are used as building materials in roof and wall elements and have a significant volume in
structures, become inert after the maintenance-repair or demolition of structures. Recycling
of these materials stored in waste storage areas is not possible and the waste-management is

becoming a difficult issue to deal with day by day.

3.1.1.1. Hollow Brick (HB)

Hollow Brick
(HB)

Figure 3.1. Hollow brick images (from left to right; raw state, crushed state, ground state,
SEM micrograph.

Table 3.1. Chemical composition of hollow brick

Chemical . _
Composition (%) Si02 AlOs Fe:03 CaO MgO SOz TiO: KO0 NaxO LOI
Hollow Brick 39.7 13.8 118 116 645 34 165 155 145 7.8

LOI: Loss of Ignition

e
. WL'MN‘AWMW* A lmw T

20 (Degrees)

Figure 3.2. XRD pattern of hollow brick
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3.1.1.2. Red Clay Brick (RCB)

Red Clay
Brick (RCB)

Figure 3.3. Red clay brick images (from left to right; raw state, crushed state, ground state,

SEM micrograph)

Table 3.2. Chemical composition of red clay brick

Chemical
Composition (%)

Red Clay Brick 417 17.3 113 769 649 141 157 266 115 7.96
LOI: Loss of Ignition

SiO2 AlOs Fe03 CaO MgO SOs TiO2 KO NaxO LOI

450 .
200 Q Cal Calcite
Q Quartz
350 D  Dolomite
300 H Hematite
£ 250 M  Muscovite
3
S 200
150
100
50
0
0 10 20 30 40 50 60

20 (Degrees)

Figure 3.4. XRD pattern of red clay brick

3.1.1.3. Roof Tile (RT)

Roof Tile
(RT)

Figure 3.5. Roof tile images (from left to right; raw state, crushed state, ground state, SEM

micrograph)
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Table 3.3. Chemical composition of roof tile

Chemical ; .
Composition (%) SiO2 AlOs Fe:03 CaO MgO SOs TiO: KO Na:O LOI
Roof Tile 42.6 15.0 116 107 626 071 182 16 16 7.49

LOI: Loss of Ignition

300 Q C-S Calcium Silicate
250 Q Q Quartz
D Dolomite
200 K Kyanite
2
§ 150
S QaQ
100 D
50
0
0 10 20 30 40 50 60

20 (Degrees)

Figure 3.6. XRD pattern of roof tile

3.1.2. Glass Waste (GW)

Glass waste is the SiOz-richest material among CDWs according to XRF analysis. Major
oxide components are SiO2 (66.5%), Na20O (13.6%) and CaO (10.0%). Despite it is expected
that glass waste will not show adequate performance if it is used as a precursor by virtue of
its low Al203 ingredient in terms of the Si/Al balance, the fact that the SiO2 ingredient is

largely amorphous indicates that it can be a good source for geopolymerization.

Glass Waste

Figure 3.7. Glass waste images (from left to right; raw state, crushed state, ground state,

SEM micrograph)

Table 3.4. Chemical composition of glass waste

Chemical . ]
Composition (%) Si02 AlOz Fex0s CaO MgO SOz TiO2 KO Na:O LOI
Glass Waste 66.50 0.93 0.25 10.00 393 0.24 0.06 020 13.60 4.5

LOI: Loss of Ignition
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Figure 3.8. XRD pattern of glass waste

3.1.3. Concrete Waste (CW)

Concrete waste was obtained by crushing and grinding processes of various concretes
generated from construction and demolition and whose strengths are not known. The
chemical composition of concrete waste clearly shows that the CaO content is at the expected
level. It is thought that 20% loss of ignition concrete waste may be caused by carbonated

parts of concrete.

Concrete

Waste (CW)

Figure 3.9. Concrete waste images (from left to right; raw state, crushed state, ground state,

SEM micrograph)

Table 3.5. Chemical composition of concrete waste

Chemical
Composition (%)

Concrete Waste  31.60 4.76 350 3130 512 092 024 0.71 045 20.90
LOI: Loss of Ignition

SiO2 AlOz Fex03 CaO MgO SOs TiO2 K20 Na:O LOI
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Figure 3.10. XRD pattern of concrete waste

The particle size distribution and specific gravity values of CDW-based precursors are

presented in Figure 3.11, and Table 3.6, respectively.
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Figure 3.11. Particle size distribution of CDW-based precursors

Table 3.6. Specific gravity values of CDW-based precursors

Precursor Specific Gravity (g/cm?®)
Roof Tile 2.88
Red Clay Brick 2.81
Hollow Brick 2.89
Glass Waste 2.51
Concrete Waste 2.68
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3.1.4. Granulated Blast Furnace Slag (GBFS)

In this experimental work, granulated blast furnace slag (GBFS) was obtained from Hatay-
Iskenderun, Turkey. In order to decrease handicaps of the CDW arising in the
geopolymerization process, the decision was made for the use of GBFS to supply the mixture
with the elevated calcium content. When CDW based geopolymers are produced along with
high-calcium GBFS, the compressive strength of geopolymer products is considered to be
increased under ambient conditions. In this study, it is planned to use blast furnace slag up

to 20% of the binder ratio in the mixture.

GBFS

Figure 3.12. Granulated Blast Furnace Slag image (from left to right; raw state, SEM

micrograph)

Table 3.7. Chemical composition of Granulated Blast Furnace Slag

Chemical . _
Composition (%) Si02 AlOs Fe:03 CaO MgO SOz TiO: K:O0 NaxO LOI
GBFS 32.1 112 062 3610 564 121 107 0.83 0.31 9.09

LOI: Loss of Ignition

250
Cal Cal Calcite

200 F Faujasite

150

Counts

100
Cal

o v M Wi w

28 (Degrees)

5

o

Figure 3.13. XRD pattern of Granulated Blast Furnace Slag
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3.1.5. Fly Ash (FA)

The fly ash (FA) used in the mixes was obtained from Hatay-lIskenderun, Turkey. The fly
ash used is type F class according to ASTM C 618. The explanation for the use of fly ash,
the most widely used precursor in literature in geopolymer development, is its favorable
effect on workability. This favorable effect can be divided into two groups, physically and
physicochemically. In the first group, 3 effects can be said to be useful together; (1) prevents
agglomerated by entering among the particles, (2) reduces bleeding in plastic concrete by
limiting the movement of free water in capillar void, (3) increases workability with the
lubricating effect caused by spherical shape. The effect in the second group, thanks to its
hydrophilic character, leads to a more homogeneous and widespread distribution of water to
the concrete as a result of adsorbing a thin water film on their surface. In this context, it was

determined to use up to 5% of the binder ratio in the mixtures.

Fly Ash (FA)

Figure 3.14. Fly ash images (from left to right; raw state, SEM micrograph)

Table 3.8. Chemical composition of Fly Ash

Chemical . .
Composition (%) SiO2 AlROz Fe:03 CaO MgO SOs TiO2 K20 Na:O LOI
Fly Ash 60.07 2135 741 099 182 022 094 291 099 261

LOI: Loss of Ignition
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Figure 3.15. XRD pattern of Fly Ash



3.1.6. Alkali Activators

As a consequence of the extensive literature analysis and preliminary studies, sodium
hydroxide (NaOH) in flake form, sodium silicate in liquid form (Na2SiO3) and calcium
hydroxide in powder form (Ca(OH)2) were used as activators. The characteristics of the

different activators used are presented in the titles below.

3.1.6.1. Calcium Hydroxide (Ca(OH)2)

Calcium hydroxide (Ca(OH)2) is the chemical compound obtained by adding water to the
quicklime. It is available in crystal white powder form and looks pasty when dissolved in
water. Its traditional name is slaked or hydrated lime. Ca(OH)2 used in the studies was

supplied by "Tekkim Kimya San. ve Tic. Ltd. Sti." in powder form in 5 kg buckets.

Figure 3.16. Calcium Hydroxide Powder

Table 3.9. Properties of Calcium Hydroxide Powder

Analyzes Results
Molecular Weigth 74.09 g/mol
Melting Point 550 °C
Purity (%) min. 87
MgO (%) max. 1
Acid-insoluble (%0) max. 1
Loss of ignition (%0) max. 3
Particle size (<90 mm) (%) min. 90

3.1.6.2. Sodium Hydroxide (NaOH)

Sodium hydroxide (NaOH) is a basic compound used in chemistry and many industries.
Sodium hydroxide, also called caustic, is a white-colored moisture-absorbing substance,
easily dissolves in water and forms a soft, slippery and soapy solution. Available in liquid
or solid form. It is solidly shaped like flakes, prills, and cast blocks. In liquid form, it is
generally aqueous solution form. The temperature increases to 100 ° C in around 5 minutes
when its solid forms react with water and retain its temperature for a period of time,

depending on solution volume and molarity. Sodium hydroxide used in the studies was
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supplied by "Koruma Klor Alkali San. Tic. A.S. " in granular form and supplied in 25 kg

bags in flake forms.

Figure 3.17. Sodium Hydroxide images (from left to right; 25 kg bag, flake form)

Table 3.10. Properties of Sodium Hydroxide Flakes

Analyzes Specifications Unit Results
Appearance White flake White flake
Sodium Hydroxide min. 98 % 98.27
Sodium Chloride max. 0.10 % 0.02
Sodium Carbonate max. 0.40 % 0.35
Iron (Fe) max. 15 ppm 13.17

3.1.6.3. Sodium silicate (NazSiO3)

Sodium silicate is the common name for the chemical compounds represented by its general
formula Naz(SiO2)nO. Sodium silicate solutions likewise named "glass water". It produced
by the dissolution of alkali silicate pellets in hot water or by the dissolution of a reactive
source of silica in the corresponding alkaline hydroxide solution hydrothermally. Pure
compositions are colorless or white in color, but with the containing of iron-based materials,
their colors are usually greenish or blue. Sodium silicate is generally used in soap, detergent,
paper, timber and ceramic sectors. Apart from the specified areas of use, it is also common
to use them as alkaline activators for the development of geopolymeric binders. Different
modules (SiO2/Na20) can be used for the development of geopolymeric binders that are
produced using sodium silicates. After sodium hydroxide, sodium silicate in the alkaline
activation of aluminosilicate based materials is the second most commonly used activator.
The soluble silica content of sodium silicate affects the many mechanical properties such as
workability, consistency and setting time and as well as composition and microstructure.
Glass water (liquid sodium silicate) used within the scope of the study is a commercial

product produced by “Emir Kimya” and supplied with 5-liter canisters.
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Figure 3.18. Liquid Sodium Silicate

Table 3.11. Chemical composition of Liquid Sodium Silicate

Parameter Value
Si0s (%) 23
Naz20 (%) 11
Module (SiO2/Naz0) 1.9
Baume (20 °C, Be?) 40
Density (20°C, gr/cm?®) 1.39
H20 (%) 66

3.1.7. Recycled Aggregate

Throughout the study, 100% recycling aggregates was used as aggregate to be used in mortar
and concrete mixtures. Various concrete wastes obtained from buildings demolished within
the province of Ankara, whose ages and strengths are unknown, were divided into smaller

pieces by hammer drill and brought to the desired size range by jaw crusher.

In order to provide minimum workability, strength and durability properties of the mixtures,
the requirement of the geopolymer paste in the mixture should be minimized. Therefore, the
granulometry of the aggregate to, in other words, the grain size distribution, is also
significant property in determining the geopolymer paste required for workable concrete.
The amount of geopolymer pulp is directly related to the amount of space to be filled between
aggregate grains and to be coated of the surface area of aggregates. The composition of
granulometry defines the proportion of grains whose sizes are within certain limits. For this
reason, the granulometric composition should be determined before using the aggregate by

means of a sieve analysis experiment and the condition should be tested within certain limits.
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3.1.7.1. Sieve Analysis

In this context, by adjusting the jaw intervals of 1 mm and 10 mm through the jaw crusher,
concrete waste divided into smaller pieces to achieve the ideal aggregate particle size
distribution. The aggregate stack broken from 1 mm gap is called group A and the aggregate
stack broken from 10 mm gap is called group B. Aggregate stacks broken in two intervals
were then mixed in different proportions and sieve analyzes were performed according to
TS 130 “Sieve Analysis Test of Aggregate Mixtures” standard. The curve nearest to the ideal
grain size curve has been obtained by mixing uniformly 1 unit group A and 3 unit group B.
According to Dmax, the amount of aggregate to be used in the experiment is presented in

Table 3.12, and the final recycled aggregate gradation curve is presented in Figure 3.19.

Table 3.12. Minimum aggregate amount according to Dmax

Amount of
Dmax
Aggregate
(mm)
(kg)
63 40
32 10
16 2,6
8 0,6
<4 0,2

120
for Dy =16 mm

100 e Small Size Limit
30 Large Size Limit
3
=
et = @@= Tdeal gradation curve
ol
2 60
w
w o Recycle Aggregate
& gradation curve
o 40
.
=
g 20
=
U

Particle size (mm)

Figure 3.19. Granulometry analysis of Recycled Aggregate
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The unit volume weight of the recycling aggregate was calculated according to the TS 3529,
“Determination of Unit Weights of Concrete Aggregates” standard, and the water absorption
capacity and specific gravity were calculated according to the TS EN 1097—6, “Experiments
for mechanical and physical properties of aggregates, part 6: determination of particle
density and water absorption rate”. Since the recycled concrete aggregate contains some
adhered cement mortar, recycled aggregates have a high water absorption capacity. It can be
said that the lower specific gravity is due to its porous structure. The physical properties of

the coarse and recycled fine aggregates are presented in Table 3.13.

Table 3.13. Properties of the recycled aggregates

Size (mm) 16.00-4.75mm  4.75-0.00 mm
Dry Specific Gravity (g/cmq) 2.23 1.86
SSD Specific Gravity (g/cmd) 2.32 2.11
Apparent Specific Gravity (g/cm?®) 2.46 2.51
Water Absorption (%) 4.2 13.8
Loose unit weight (g/cmq) 1.22 1.44
Dense unit weight (g/cm?®) 1.35 1.58

3.1.8. Shrinkage Reducer Admixture

One of the methods to reduce shrinkage in concrete is to use shrinkage reducing additives.
Within the scope of the study, the product of Plustechno brand named PLUS SR, used to
reduce shrinkage.

Figure 3.20. Shrinkage Reducer Admixture
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3.2. Methodology
All procedures from the powder phase to the final product, including design of the mixtures,
the aggregate soundness test, the casting and placement of the samples into the molds,

consistency and setting time analysis are presented in detail in this section.

3.2.1. Preparation of Mixtures

The solid materials used in the mixtures were weighed on a 0.1 g precision scale and poured
into the Hobart mixer vessel. Sodium hydroxide was mixed with city water to provide the
targeted molarity, and then it was allowed to cool for 1 day under room conditions. Sodium
Silicate, which is a liquids solution at room temperature, has been removed from the

container, weighed, and used in the appropriate blends immediately before the mixture.

3.2.2. Casting and Placing

All mixtures designed within the scope of the study were mixed via Hobart mixer. Mixing
processes were initially performed for 1 minute in such a way that the solid particles were
mixed homogeneously. Then, by completing the cooling process, the sodium hydroxide
solution was added to the mixture. By the sodium hydroxide addition, the mixer was
launched at low speed for 1 minute, then sodium silicate was added in mixtures containing
sodium silicate. After the addition of the alkali activator is completed, the mixing process
for 2 minutes at high speed took place and the mixing process is completed. The material
produced after mixing was cast into 50x50x50 mm cubic molds for paste and mortar
samples, 100x100x100 mm cubic molds for concrete samples, and 80x80x400 mm molds
for beam samples. The casting was carried out in two stages, firstly slurry was divided into
three equal layers and 25 strokes applied each these layers. Secondly after placing the slurry
into molds, the compaction process applied to the specimens via the vibration table for 1
minute. After the casting process is finished, the samples are ready to be subjected to the
curing process determined beforehand. Pictures of the samples produced after casting are
presented below. The contents of all these mixtures prepared within the scope of the study

are presented in the experimental results and discussion section.
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Figure 3.21. Geopolymer Pastes (Containing %100 CW)

Figure 3.22. Geopolymer Pastes (Containing different proportions of CW, GW, HB, RCB,
RT)
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Figure 3.23. Geopolymer Mortars (Containing different proportions of CW, GW, HB, RCB,

RT and Recycled Fine Aggregates)

Figure 3.24. Geopolymer Mortars (Addition of GBFS and Ca(OH)2 to those containing
different proportions of CW, GW, HB, RCB, RT and Recycled Fine
Aggregates)
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Figure 3.25. Geopolymer Concretes (the study carried out within the scope of the shrinkage

behavior of the samples)
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Figure 3.27. Geopolymer Concretes (in water curing GC1 and GC2 samples in final series)
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Figure 3.28. Geopolymer Concretes (GC3 and GC4 samples in final series)
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Figure 3.29. Geoopolymer Concretes (GC5 and GC6 samples in final series)

Figure 3.30. Geopolymer Concretes (GC7 samples in final series)
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3.2.3. Curing Conditions

Several curing applications have been applied for the samples produced within the
framework of the study, such as heat curing, moisture curing, water curing and dry ambient
curing. For the heat curing, four different ovens are used that can reach up to 200 ° C. In the
moisture curing, the samples are wrapped in a wet cloth regularly with water supplements
and sealed on each side for prevent moisture loss. Specimens were placed into water tank
for wafter curing and water was renewed at certain intervals. In the dry ambient curing, the
samples were kept at 25 ° C room conditions without any change in temperature and

humidity in the laboratory.

3.2.4. Consistency and Setting Time Analysis

Consistency is a measure of the fluidity of the paste produced. The amount of water used
and the fluidity of the paste phase are directly proportional, which affects the workability of
the mixture. However, excessively increased water content causes a decrease in the

mechanical properties.

The paste samples produced by the combination of the precursor material and the alkali
activator are plastic (shapeable) for a while. After this combination, the paste sample loses
its plasticity over time and hardens with the beginning of geopolymer reactions. The elapsed
time from the beginning of the geopolymeric reactions to hardens of paste phase by losing

plasticity is called setting time.

Within the scope of the study, the most important factor affecting the consistency and setting
time was the use of sodium silicate in mixtures. The w/b ratio was chosen as 0.35 for all
studies to be the most appropriate in terms of consistency and setting time. However, with
the addition of sodium silicate, although the consistency of the mixes was positively affected,
there was a dramatically decrease in setting times. It has been also observed in some other
studies that sodium silicate has lowered the setting times of the mixtures in consequence of
rapid reactions due to its excessive reactive silica content (Goberis and Antonovich, 2004).
For these reasons, two different mixes were prepared to determine the consistency and
setting time. The prepared mixes will be the basis of the final mortar and concrete mixtures
to be produced in general within the scope of the study. The only difference between these

two mixtures is sodium silicate usage. In the mixture design containing sodium silicate, the
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mixture water was adjusted to have a w/b ratio of 0.35, considering the water content in the

sodium silicate solution.

3.2.4.1. Standard Consistency Test of Geopolymer Pastes

The consistency of the geopolymers to be produced within the scope of the study was
measured by the “Consistency Of Standard Cement Paste (Is: 4031-Part4-1988)” standard.
In this context, as mentioned earlier, since the rheological properties of mixtures are
generally related to the use of sodium silicate, two similar mixtures were designed with and
without sodium silicate, and the content of these mixtures were presented in Table 3.14. The
results obtained after conducting consistency tests for paste mixtures were given in Table
3.15.

Table 3.14. The proportions of geopolymer paste mixtures produced for the determining
consistency and setting time

Code HB RCB RT GW CW GBFS FA Ca(OH), Na;SiO3 NaOH Water
CS-1 240 320 400 160 160 240 80 80 358 179.2 3234
CS-2 240 320 400 160 160 240 80 80 0 268.8 560

Note: The unit of all materials is kg/m?®.

Table 3.15. Consistency test results

Cs-1 Cs-2
Distance to the glass sheet (mm) 0 7

According to the results given in Table 3.14, it was observed that the mixture with CS-1
code was very fluid. It is aimed to eliminate the problem by preparing a fluid mixture due to
the very fast setting and hardening before the finished casting and placement processes of
mixtures containing sodium silicate. As a result of the consistency test of the CS-2 coded
mixture, it was quite similar to the consistency of the traditional Portland cement and since
the mixture had no fast setting, the mixture was designed to be less fluid than the mixture
with the CS-1 coded mixture.
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3.2.4.2. Initial and Final Setting Time of Geopolymer Pastes

The initial setting time is known as the time from the moment that the water is poured into
the cement until the paste begins to lose plasticity. And also the time between the addition
of water and losing all plasticity of slurry is called a final setting time.

As mentioned in consistency experiments, the use of sodium silicate is also the most
important factor in setting times. For this reason, the setting time tests were carried out in
the same way for the mixes prepared in consistency tests. Images of these experiments and

the results are presented in Figure 3.31 and Table 3.16, respectively.

Figure 3.31. Consistency and setting time measurements with Vicat apparatus

Table 3.16. Initial and final setting results

Initial Final
Code setting setting
Cs-1 7 min 15 min
CS-2 15 min 75 min

In the setting time experiments, the initial and final setting time of the CS-1 coded mixture
containing sodium silicate was 7 minutes and 15 minutes, respectively. It is seen that the
CS-2 coded mixture, which does not contain sodium silicate, has an initial setting time of 15
minutes and an final setting time of up to 75 minutes. In this case, it is obvious that the
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mixtures including sodium silicate harden quite early, while it is obvious that this will be the

basis for the mixtures to be made in the continuation of the study.

3.2.5. Soundness Test on Recycled Aggregates

The soundness test determines the resistance of an aggregate to degradation through
decomposition and, especially freeze-thaw cycles. Durable (weather resistant) aggregates
are less likely to deteriorate on site.

In the soundness test, the aggregates are repeatedly immersed in sodium/magnesium
sulphate solution. As a result of that process, salty crystals are formed in the porous parts of
the aggregate. These crystal compositions create internal forces that will cause the aggregate
disintegration by force a pressure. After a certain immersing and drying cycles, the

soundness test ends by determining the percentage of material loss.

Within the scope of the study, weight loss in the Na2SOa4 solution was defined in terms of
19% for fine aggregates and 15% for coarse aggregates according to ASTM-C88 standards.
In this context, the soundness test for aggregates was carried out by the methods specified
in ASTM-CB88 standards for the recycled aggregates. The test results are presented in Table
3.17.

Figure 3.32. Test equipments prepared for aggregate soundness test
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Table 3.17. Aggregate soundness test results

Initial Final Weight Average Weight Loss Limits
Aggregate ] ) ] )
Weight Weigh  Loss Weight according to
(gr) (gr) (%) Loss (%) ASTM-CB88 (%)
Recycled  0.10-0.85 100 84.7 15.30
Fine 0-85-2.00 100 86 14.00 134 19%
Aggregate 2.00-475 100  89.1  10.90
Recycled  4.75-9.50 300 272 9.33

Coarse 8.77 15%
9.50-16.0 500 459 8.20

size (mm)

Aggregate

According to the results given in Table 3.17, the recycled fine aggregates used in the study
lost an average of 13.4% weight as a result of the soundness test. Thus, it has been concluded
that it is utilizable according to the weight loss value stated in ASTM-C88 standards as
maximum 19%. Coarse recycled aggregates have been determined to be also utilizable with
an average weight loss of 8.77% after the soundness test, which is limited to 15% in the

standard.

3.2.6. Flexural and Compressive Strength Tests

Based on the specifications defined in the standard ASTM C78 and ASTM C109,
compressive and flexural strength testing were performed with three of each were produced
for paste and mortar samples, and two of each were produced for concrete and beam sample,

and the weighted average values were taken as final strength values.

3.2.7. Mineralogical and Microstructural Analysis

SEM, EDX and XRD analyses were performed on a set of geopolymer specimens to evaluate
the effects of parameters such as curing condition, alkali activator type and molarity, and
precursor material on the microstructure of samples. These analyzes were carried out in the
Advanced Technologies Application and Research Center Laboratory at Hacettepe

University.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the results and findings obtained from the studies carried out in the context
of the development of CDW-based paste, mortar and concrete mixtures are examined in
detail. Studies were initially performed to acquire binder properties by using different
alkaline activators as a result of the geopolymerization of waste materials. In this case,
minimum compressive strength of 30 MPa was aimed in 28 days by using 100% concrete
waste and, and if this goal cannot be achieved, it was intended to combining concrete waste
with glass waste and eventually adding all the materials from a construction demolution
wastes such as hollow brick, red clay brick and roof tile to this combination to achieving
satisfactory mechanical performance. The formulated mixtures were subjected to the oven,
ambient and water curing, and their performances and optimum rates to be used in the
mixture were evaluated. Following the development of the binding phase, mortar and
concrete samples were produced by adding the most suitable aggregates to the mixtures after
various tests and gradations. In addition to 100% CDW-based mortar and concrete mixtures,
various mixtures containing GBFS and fly ash were designed to reach final products with
highest performance.

4.1. Development of Geopolymer Binders

Within the scope of the development of geopolymer binders as the first step of the study, the
concrete waste powder obtained after crushing and grinding CDW-based waste concrete was
mixed with NaOH solutions at 10M, 15M and 19M concentrations and then cast in 50x50x50
mm cubic molds. The samples were put in ovens at 75 °© C, 100 ° C and 125 ° C for curing
for 24, 48 and 72 hours immediately, without being removed from the molds. The content
of these mixtures with a 0.35 water/binder ratio is presented in Table 4.1 and the compressive

strength results are presented in Figure 4.1.
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Table 4.1. Geopolymer paste mixtures containing 100% concrete waste

Note: The unit of all materials is kg/m?.

Curing
Code Ccw NaOH Water Temperature

(M) ©C)
WCF-1 75
WCF-2 1600 10 560 100
WCF-3 125
WCF-4 75
WCF-5 1600 15 560 100
WCF-6 125
WCF-7 75
WCF-8 1600 19 560 100
WCF-9 125
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WCF-1 WCF-2 WCF-3 WCF-4 WCF-5 WCF-6 WCF-7 WCF-8 WCF-9
75°C 100°C 125°C 75°C 100°C 125°C 75°C 100°C 125°C

10M 15M 19 M

EH24hr BA48hr B72 hr

Figure 4.1. Compressive strength results of geopolymer paste mixtures containing 100%

concrete waste
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According to the results given in Figure 4.1, the usage of 10M of NaOH yielded the lowest
compressive strengths. An improvement in compressive strength was observed when the
alkali concentrations were increased to 15 moles and 19 moles. Alkaline activator, which
provides dissolution of aluminosilicate-based waste materials during the reaction, when used
in high concentrations, but not excessively, increases the performance of the final product
as a result of greater NASH formation in the matrix by enhancing polymerization reactions
(Ahmari et al., 2012). On the other hand, excessive increases in alkali concentrations are
considerably detrimental to the geopolymer mechanism and diffusions of low-mobility
alkaline ions from the solution are significantly reduced. In addition, reaction products
occurring very rapidly in mixtures containing high alkali concentrations cause an irregular
non-homogeneous structure in the matrix that prevents the completion of the
geopolymerization process by disrupting the Kkinetics of the ongoing reaction (Alonso and
Palomo, 2011).

In addition to the influence of alkali activator concentration on compressive strengths, curing
temperatures and durations applied to the samples have an also significant effect on the
mechanical performance. Results in Figure 4.1 demonstrate that the temperature elevation
generally increases the compressive strengths of samples. The increment in curing
temperatures accelerate the polymerization reactions and enabling the geopolymer paste to
reach high compressive strengths within a short period. However, elevated temperatures
applied beyond a certain value cause sudden moisture loss in the samples, resulting in a non-
homogeneous matrix with a high void ratio and decreasing in compressive strength.
Moreover, extremely high temperatures cause shrinkage due to volume loss in the samples,
which causes shrinkage cracks in the samples, resulting in poor performance of the
geopolymer products. The increment in curing time typically led to an increase in terms of
compressive strength of the samples. Nevertheless, the increment in curing duration caused
performance losses in samples curing at high temperatures. After 48-hour curing duration at
125 © C, the compressive strengths of WCF-6 and WCF-9 mixtures have reached above 30
MPa. As a consequence of the optimization of parameters such as alkaline concentration and
curing conditions, the geopolymer paste samples produced with concrete waste can exceed
30 MPa values. However, the compressive strengths were not adequate due to their low
aluminosilicate content compared to other CDW components that were to be used in the later

stages of the study. In this context, it is thought that in the development of geopolymer paste,
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higher results can be obtained if concrete waste is combined with glass and brick wastes in

appropriate proportions.

In another study, unlike the WCF-1-9 series, sodium silicate (Na2SiO3) was added to the
mixtures as another alkali activator, and the samples produced were left ambient curing
under laboratory conditions. The contents of the mixtures containing sodium hydroxide
solutions prepared as 4M, 8M and 12M and the sodium silicate prepared as 1 and 2 times of
the sodium hydroxide amount are presented in Table 4.2, and results are presented in Figure
4.2. The amount of water in the mixtures was calculated by subtracting the water present in

the sodium silicate content from the mix water.

Table 4.2. Geopolymer paste mixtures containing 100% concrete waste and binary alkali

activator

Note: The unit of all materials is kg/m3.

Kod CWwW NaOH NazSiO3 Water
(M)

WCF-S-1 1600 4 89.6 500.8
WCF-S-2 1600 4 179.2 441.6
WCF-S-3 1600 8 179.2 441.6
WCF-S-4 1600 8 358.4 323.47
WCF-S-5 1600 12 268.8 382.67
WCF-S-6 1600 12 537.6 205.07
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Figure 4.2. Compressive strength results of geopolymer paste mixtures containing 100%

concrete waste and binary alkali activator

The compressive strength results of WCF-S-1 and WCF-S-2 mixtures containing 4 moles of
sodium hydroxide and low amount sodium silicate have been relatively low as shown in
Figure 4.2. Furthermore, the results could not be obtained after 28 days of curing due to
crack formation and degradation of these samples. In addition, the WCF-S-3 and WCF-S-4
mixtures have reached relatively high strength values. WCF-S-6 mixture has reached the
compressive strength of 14 MPa on the 3rd day and became the best performing mixture in
the shortest time. However, the growth of compressive strength has remained limited and in
the following days, compressive strength could not exceed 16 MPa. Consequently, the
compressive strength results of the samples produced only with concrete waste did not reach
the desired values in 28 days. Development of geopolymer paste has continued with the
addition of other CDW components to the mixtures to reaching higher values. On the other
hand, sodium silicate has been used in mixtures as a secondary activator, as it has a
significant effect on the ambient curing, with its reactive silica content and being an
additional sodium source. Samples that were only developed using sodium hydroxide and

left to the curing were not gain sufficient strength and no results were obtained.
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At this stage of the study, various geopolymer paste mixtures were produced by combining
concrete waste with glass waste. These mixtures with 0.35 water/binder ratio have been
combined in three different ways: 75% concrete waste- 25% glass waste, 50% concrete
waste- 50% glass waste and 25% concrete waste- 75% glass waste. As the alkali activator,
sodium hydroxide was prepared as 10M, 15M and 19M, and the curing conditions were
chosen as 24 hours, 48 hours and 72 hours while keeping the temperatures constant at 125 °©
C based on the samples reaching the highest compressive strength values in the previous
study. The contents of the mixtures are presented in Table 4.3 and the compressive strength
results are presented in Figure 4.3.

Table 4.3. Geopolymer paste mixtures containing concrete waste and glass waste

Note: The unit of all materials is kg/m?,.

Curing
Code Cw GW NaOH Water Temperature

(M) 0)
WCF-GW-1 1200 400 125
WCF-GW-2 800 800 10 560 125
WCF-GW-3 400 1200 125
WCF-GW-4 1200 400 125
WCF-GW-5 800 800 15 560 125
WCF-GW-6 400 1200 125
WCF-GW-7 1200 400 125
WCF-GW-8 800 800 19 560 125
WCF-GW-9 400 1200 125
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Figure 4.3. Compressive strength results of geopolymer paste mixtures containing concrete

waste and glass waste

According to the results in Figure 4.3, mixtures containing 15 and 19 moles of alkaline
activator showed higher compressive strengths than mixtures containing 10 moles of alkaline
activators as expected. However, while the increase in curing period has a positive effect on
compressive strengths in general, 48 hours curing period in some mixtures (WCF-GW-4,5,7)
was sufficient to obtain the highest compressive strengths. The key aspect to be investigated
in these mixtures is the impact on the compressive strength of geopolymer paste of glass
waste mixed with concrete waste. In general, the compressive strength of the mixtures in
which glass waste substituted 75% and 50% was lower than those in which it substituted
25%. Although glass powder is expected to lead to higher strengths with being generally
fairly amorphous in nature, glass powder substitution can lead to decreases in strength due
to its partially coarser size and inadequate to form products with the ability to dissolve and
bind these particles with the selected alkali activator. In addition, glass waste with high Si /
Al content can affect the compressive strength results significantly even in small changes in
Si / Al ratio, and when it is activated with sodium hydroxide, it forms sodium silicate gels
that have a higher tendency to shrink and crack (De Silva et al., 2007; Redden and Neithalath,
2014; Oyler, 1984).
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In the current process of study, various roof/wall elements obtained from CDW components
such as hollow brick, red clay brick and roof tile have been added to concrete waste and
glass waste mixtures. As these brick elements with high aluminosilicate content are materials
that are very suitable for geopolymerization and constitute an important part of CDW, they
are considered significant for the production of mortar and cement mixtures under the
appropriate alkali concentrations and cure conditions. In this series within the scope of the
development of geopolymer paste mixtures, firstly, in the first three mixtures (CDWF-1,2,3),
concrete waste and glass waste have been kept constant by 20%, and in the remaining 60%,
the ratios of brick wastes were tested for assessment of the compressive strength. After the
appropriate ratio of roof/wall elements between each other was found, the effect of the
increase of roof/wall elements on the final product was examined in the next four mixtures
(CDWF-4,5,6,7), and the ratios of concrete and glass wastes between each other were
examined in the last four mixtures. CDWF-8,9,10,11). After various preliminary studies for
the mixtures, the water/binder ratio was selected as 0.32, the curing temperature and duration
were determined as 115 ° C and 48 hours, respectively, and sodium hydroxide solution used
as alkali activator was chosen as 15M. The contents of the mixtures are presented in Table
4.4 and the compressive strength results are presented in Figure 4.4.
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Table 4.4. Geopolymer paste mixtures containing all CDW based precursors

Note: The unit of all materials is kg/m?3.

NaOH Curing
Code HB RCB RT GW CW (M) Water - ditions

CDWF-1 = 320 320 320 320 320
CDWF -2 426.67 213.33 320 320 320
CDWF -3 213.33 320.00 426.67 320 320
CDWF -4 142.13 213.33 284.53 480 480
CDWF -5 177.87 266.67 355.47 400 400
CDWF -6 248.80 373.33 497.87 240 240 15 512
CDWF -7 284.53 426.67 568.80 160 160
CDWF -8 284.53 426.67 568.80 106.67 213.33
CDWF -9 284.53 426.67 568.80 80 240
CDWF -10 284.53 426.67 568.80 213.33 106.67
CDWF -11 284.53 426.67 568.80 240 80

115 °C
48 hr

Compressive Strength (MP
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Figure 4.4. Compressive strength results of geopolymer paste mixtures containing all CDW

based precursors
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The CDWF-3-coded mixture, which has the roof tile substitution is the highest and followed
by the red clay brick and hollow brick amounts respectively, has the greatest compressive
strength result, according to the results shown in Figure 4.4 when the CDWF-1,2,3-coded
mixtures are considered. The roof tile is the material with the highest silicon dioxide ratio
and having a very fine grain size compared to other waste brick materials used in the study
and provides better mechanical performance than others in its high substitution usage. After
the ideal brick-element ratio was determined between the brick-elements, CDWF-4,5,6,7
mixtures were produced for observe the influence of all roof/wall elements on the
compressive strength compared to concrete and glass wastes. The findings show that there
is an increment in the compressive strength of the mixtures as the substitution of the brick
components increases. CDWF-7 coded mixture with 80% roof/wall element substitution
among these four mixtures exceeded 50 MPa compressive strength value and showed the
highest mechanical performance. It is also understood in some studies in the literature that
the reason for the higher performance of roof/wall elements compared to concrete and glass
wastes is that they are more suitable calcined aluminosilicate materials for
geopolymerization with their physical and chemical properties (Allahverdi and Najafi,
2009). Eventually, when the compressive strength of the CDWF-8,9,10,11 mixes was
analyzed, the findings revealed that concrete waste yielded better results than glass waste.
Considering the results obtained in this study, CDWF-9 coded mixture containing 35.56%
roof tile, 26.67% red clay brick, 17.78% hollow brick, 15% concrete waste and 5% glass
waste was observed as the highest performance mixture with reaching 53.40 MPa

compressive strength.

During the development of geopolymer binders, 100% concrete waste was first produced
and analyzed under various alkali activator concentrations and curing conditions, as a result,
while gaining considerable compressive strength in heat curing, it showed very poor
performance when curing under ambient conditions. Concrete waste was then mixed with
glass waste and sufficient compressive strength values were not reached as a result of the
thermal curing of the produced mixtures. Finally, some samples were produced by adding
roof/wall elements to the mixtures, and 100% CDW-based geopolymer paste mixtures were
developed that exceeded 50 MPa compressive strengths after heat curing. The optimum
ratios of five different CDW materials, which will be the basis of the mortar and concrete
mixtures to be produced later in the study, have been determined and important findings

have been obtained regarding the geopolymerization kinetics according to the mechanical

75



properties results obtained. In addition to the mechanical properties, various microstructural
analyzes such as SEM, EDX and XRD were performed to observe the gel structure and
distribution, void ratio, type of crystalline products and peaks formed in the matrix of these
produced geopolymer pastes.

4.2. Development of Geopolymer Mortars

In the next stage of the study, the development of geopolymer mortar mixtures was planned
by adding recycled fine aggregates to the binder precursors obtained from CDW, with their
sizes below 4.75 mm and the amount 35% of the binder. The recycled aggregate in different
sizes produced by grinding the concrete waste obtained by CDW was applied directly to the
mortar mixtures without any treatment process. Three different studies have been carried out
within the scope of the development of geopolymer mortar mixtures. The first is the SW-1,9
series, which contains a 100% CDW-based binder and recycled fine aggregate, the second
is the SS-1,9 series designed by adding 20% blast furnace slag to the mixtures in the first
series, and the third is the SW6-1,4, SS5-1,4 and SS-6-1,4 series produced by adding four
different rates of Ca(OH)z2 to the most performance mixtures of the first two series. The aim
of this study is to examine the effect of sodium hydroxide and sodium silicate usage rates on
the performance of CDW-based mortar mixtures and, observe the effect of GBFS, which is
frequently used in the literature and has very important features for geopolymerization, and
investigate the effect of Ca(OH)2 addition on the compressive strength of the samples by
forming Ca-based structures in the matrix. The mixtures' designs have been based on the
findings of the previous study of the development of geopolymer paste, the results obtained
in some preliminary studies, the properties of recycled fine aggregates such as water
absorption, porosity, adherent cement content and detailed literature review. Contrary to the
heat curing process, which can achieve high strength results for geopolymer as a curing
method and is very necessary and vital according to other research results, this study focused
on ambient curing under laboratory conditions. Heat curing, which has a very important
function to accelerate geopolymer reactions, brings high energy consumption, and limited
curing conditions. Therefore, the important finding of this study proves that high strengths
can be obtained with the optimization of different parameters such as mixture proportion,

activator type and ratios under ambient conditions.

In the development of geopolymer mortar mixtures, the SW-1,9 series was produced with a

mixture of 100% CDW-based binder and recycled fine aggregates. The design was made in

76



three different stages including 4M, 8M, and 12M of sodium hydroxide solutions, and each
step included three different combinations that containing no sodium silicate, containing
sodium silicate equal to the amount of sodium hydroxide, and containing sodium silicate
twice the amount of sodium hydroxide. The contents of these mixtures are presented in Table

4.5 and the compressive strength results are presented in Figure 4.5.

Table 4.5. Geopolymer mortar mixtures containing all CDW based precursors and recycled
fine aggregates

Note: The unit of all materials is kg/m?.

NaOH
Code HB RCB RT GW CW Na,SiOs3 Aggregate Water

SW-5 255 340 425 170 170 152.32 476 375.36
SW-6 255 340 425 170 170 304.64 476 274.95
SW-7 255 340 425 170 170 12 0 476 476

SW-8 255 340 425 170 170 12 228.48 476 325.27
SW-9 255 340 425 170 170 12 456.96 476 17431

(M)
SW-1 255 340 425 170 170 4 0 476 476
SW-2 255 340 425 170 170 4 76.16 476 425.68
SW-3 255 340 425 170 170 4 152.32 476 375.36
SW-4 255 340 425 170 170 8 0 476 476
8
8
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Figure 4.5. Compressive strength results of geopolymer mortar mixtures containing all

CDW based precursors and recycled fine aggregates

According to the results presented in Figure 4.5, the SW-5 coded mixture where the sodium
hydroxide molarity is 8 and the sodium silicate amount is equal to the sodium hydroxide,
and the SW-6 coded mixture where the sodium hydroxide molarity is 8 and the sodium
silicate amount is twice to the sodium hydroxide exhibiting the highest compressive
strengths in this study. In general, mixtures without sodium silicate yielded the lowest
strength. However, low compressive strength values were observed in mixtures containing
12M sodium hydroxide solution and excess sodium silicate. Based on these findings, it was
found that alkali activator concentrations and the ratios between each other had a great
influence on the compressive strength of both, with the ratio increasing until an optimal ratio
Is achieved, providing a solid matrix by accelerating the aluminosilicate material dissolution.
After exceeding this optimum ratio, which may vary depending on the structure and
proportion of the material in each mixture, findings such as disrupting the kinetics of the
geopolymerization reactions and decrease in strength due to excessive alkali loading to the
system are observed. Another result observed in this series is that a high amount of C-origin
structure was not found in the matrix of the final product since neither GBFS nor Ca(OH):
were added to the mixtures as a high calcium source. Therefore, the compressive strength of
mortar mixtures produced with 100% CDW materials having a high aluminosilicate content

could not reach to the desired levels. For this reason, it is planned to add supplementary
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materials such as GBFS and Ca(OH)2 with high calcium source to achieve at least 30 MPa
strength results of these mortar mixtures, which will form the basis of the concrete mixes. In
addition to geopolymerization products, it aims at achieving high mechanical performance
in the presence of a calcium source by producing CSH or CASH as a secondary hydration

product.

In the ongoing phase of the study, new series from SS-1 to SS-9 was produced similarly to
the previous series in terms of activator quantity and rates, aggregate, water/binder amount
by only adding 20% GBFS the mixtures. The contents of the mixtures are presented in Table

4.6 and the compressive strength results are presented in Figure 4.6.

Table 4.6. Geopolymer mortar mixtures produced with the addition of GBFS

Note: The unit of all materials is kg/m?3.
NaOH )
Code HB RCB RT GW CW GBFS M) Na,SiOs Aggregate Water

SS-1 204 272 340 136 136 272 4 0 476 476
SS-2 204 272 340 136 136 272 4 76.16 476 425.68
SS-3 204 272 340 136 136 272 4 152.32 476 375.36
SS-4 204 272 340 136 136 272 8 0 476 476
SS-5 204 272 340 136 136 272 8 152.32 476 375.36
SS-6 204 272 340 136 136 272 8 304.64 476 274.95
SS-7 204 272 340 136 136 272 12 0 476 476
SS-8 204 272 340 136 136 272 12 228.48 476 325.27
SS-9 204 272 340 136 136 272 12 456.96 476 17431
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Figure 4.6. Compressive Strength results of geopolymer mortar mixtures produced with the
addition of GBFS

Considering the results given in Figure 4.6, in the series produced with the addition of 20%
GBFS to CDW-based binders, a high compressive strength result was achieved with 43.2
MPa after 28 days of ambient curing of SS-6 coded mixture. Taking into account of the
compressive strength of the SS-6 coded mixture produced with the addition of 20% GBFS
to the SW-6 coded mixture produced in the previous study, it is clearly seen that the addition
of GBFS improved compressive strength by approximately 70%. As it is known, with the
dissolution of calcium types from blast furnace slag, it is supported with the development of
CSH structures from the beginning of the geopolymerization reactions, and the
aluminosilicate material then reacts to form a high Al gel, resulting in NASH and CSH gels
formed in the matrix (Yip et al., 2005). These two types of reaction products, that form a
very solid, homogeneous and low void structure in the matrix, provide high compressive
strength samples to be manufactured as in this study. Moreover, another important finding
observed in this study is that the compression strength of the samples is substantially
improved when the curing time is extended to 28 days relative to the 7 days curing time.
This result shows that the GBFS can contribute to the compressive strength even in the long
term with the products it forms as a result of the continuous hydration process in the presence

of free and non-evoporable water in the mixture at a later age.

At this stage of the study, the best performing mixtures (SW-6, SS-5, SS-6) from the SW-

1.9 and SS-1.9 series were selected and Ca(OH)2 was added to these mixtures in powder
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form with 2.5%, 5%, 7.5% and 10% of the binder amount. As it is known, Ca(OH)2, which
is one of the two products released as a result of cement hydration, reacts with these materials
that have pozzolanic behavior such as GBFS, silica fume, fly ash, metakaolin, and creates
more C-S-H gels at a later age. In addition, it has been proven in some studies in the literature
that by dissolving Ca(OH)2 as Ca+ and OH- in the system, it will contribute to the
mechanical properties of the mixture by creating strong products such as CASH and CSH as
a result of both increasing alkalinity and providing extra calcium to the system (Cheng and
et al., 1992). The mixtures planned within the scope of the study are produced with the code
SW-6-1,4 SS-5-1,4 and SS-6-1,4, and the contents of these mixtures are presented in Table

4.7 and the compressive strength results are presented in Figure 4.7.

Table 4.7. Geopolymer mortar mixtures produced with the addition of Ca(OH)2

Note: The unit of all materials is kg/m?.
NaOH )
Code HB RCB RT GW CW GBFSCa(OH); M) Na,SiOszAggregate Water

SW6-1 255 340 425 170 170 O 34
SW6-2 255 340 425 170 170 O 68
SW6-3 255 340 425 170 170 O 102
SW6-4 255 340 425 170 170 O 136
SS5-1 204 272 340 136 136 272 34
SS5-2 204 272 340 136 136 272 68
SS5-3 204 272 340 136 136 272 102
SS5-4 204 272 340 136 136 272 136
SS6-1 204 272 340 136 136 272 34
SS6-2 204 272 340 136 136 272 68
SS6-3 204 272 340 136 136 272 102
SS6-4 204 272 340 136 136 272 136

304.64 476 274.95
304.64 476 274.95
304.64 476 274.95
304.64 476 274.95
152.32 476 375.36
152.32 476 375.36
152.32 476 375.36
152.32 476 375.36
304.64 476 274.95
304.64 476 274.95
304.64 476 274.95
304.64 476 274.95
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Figure 4.7. Compressive strength results of geopolymer mortar mixtures produced with the
addition of Ca(OH):

According to the results obtained in Figure 4.7, it is observed that the addition of Ca(OH):
to the mixtures has a quite positive effect on the compressive strength of the mixtures.
Especially with the addition of 5% Ca(OH)2, the SS-6-2 coded mixture was the highest
compressive mixture with 51.2 MPa in the development of geopolymeric mortar mixtures.
Especially with the addition of 5% Ca(OH), the SS-6-2 coded mixture showed the highest
compressive strength result with 51.2 MPa in the development of geopolymeric mortar
mixtures. Considering the compressive strength results of four mixtures designed by adding
Ca(OH)2 to 100% CDW based mixtures, the compressive strength increased gradually with
the increase of Ca(OH)2 substitution in their mixtures. As mentioned earlier, this is explained
by the formation of Ca-based structures in the matrix with the increased calcium content. In
SS-5-1,4 and SS-6-1,4 mixtures containing CDW-based precursor material and GBFS, the
addition of 5% Ca(OH)2 gave the highest strength results, and the increased amount of
Ca(OH)2 did not contribute to the compressive strength of these mixtures. This is also stated
in some literature studies that there is a ratio in certain limits between the aluminosilicate
content of the binders in the geopolymerization reactions and the amount of calcium included

in the system, where this ratio is above or below these certain limits, the kinetics of the
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geopolymerization reactions will be disrupted and lead to negative effects on the mechanical

properties of the final product. (Temuujin et al., 2009).

Within the scope of the development of geopolymer mortar mixtures, the highest
compressive strength of 25.4 MPa was achieved as a result of the producing SW-1,9 series
by mixing 100% CDW-based precursor materials and recycled fine aggregates obtained
from concrete wastes. Considering the harmful effects of cement and concrete to nature, the
results obtained from these mixtures, which are produced entirely from CDW and contain
no cement, natural aggregates and additives, have shown that CDW can be an alternative
building material with the alkaline activation used appropriate and optimum rates.
Subsequently, SS-1,9 series was produced by adding a 20% GBFS, which is industrial waste
material and can establish strong and stable bonds in the matrix with its high calcium content.
The highest compressive strength in this series was obtained from the SS-6 coded sample
with 43.2 MPa. In contrast to the heat curing, the relatively poor performance of the mortar
mixtures produced with CDW-based binder materials in the ambient curing was overcome
by the addition of GBFS. In addition, Ca(OH)2 has been applied to the mixtures in varying
amounts and it has been planned that the provide the mixture additional calcium source and
to ensure that continuous strength gain by pozzolanic reactions in later years. In the last
series planned for this purpose, as a result of curing under ambient conditions, a very high
strength result as 51.2 MPa was obtained. Considering concretes usually with 30 MPa
compressive strength in terms of structurally, within the scope of this study carried out to
develop alternative products to traditional concrete, the strength results exceeding 50 MPa
in ambient conditions have been reached in 28 days in the study of developing geopolymer
mortar mixtures that form the basis of geopolymer concrete mixtures. For the geopolymer
concrete mixes to be produced after this stage, the mixes with the highest performances have
been designed by making use of the knowledge and experience obtained from the
development of geopolymer paste and mortar mixtures and as a result of various preliminary

studies and literature reviews.

4.3. Development of Geopolymer Concretes

In the final stage of the study, numerous experiments were carried out with the addition of
4.75-16 mm coarse aggregate in the developed geopolymer mortar mixtures within the scope

of CDW-based geopolymer concrete development. While the water/binder ratio was kept
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constant at 0.35 throughout the study, the amount of aggregate was determined after various

experiments.

In the first stage of the study, it was examined the influence of inert material, which is
approximately 5% in the recycled aggregate and has a size between 0-100 microns and not
sufficient to act as neither aggregate nor binder and negatively affects the workability of the
mixtures. Two mixtures were designed in this preliminary analysis, the recycled aggregate
was used without any treatment in one of them (N-0) and the inert content of the recycled
aggregate was removed by a sieving process in the other (N-1). The content and compressive

strength results of the mixtures are given in Table 4.8.

Table 4.8. Experiment to examine the effect of inert material between 0-100 microns in the
recycled aggregate
Note: The unit of all materials is kg/m?3.
Heat Compressive
NaOH Curing  Strength
Code HB RCB GBFS Ca(OH). Aggregate Water -
(M) Conditions  Results
(°C -hr) (MPa)
N-O 400 400 200 125 15 1000 350 115-72 24.6
N-1 400 400 200 125 15 1000 350 115-72 26.2

According to the compressive strength of the mixtures in Table 4.8, The compressive
strength of the N-0 coded mixture containing aggregate without any treatment and 15 moles
of the sodium solution was resulted in compressive strength of 24,6 MPa by applying 72
hours and 115 ° C thermal curing. The compressive strength of the N-1 code was 26.2 MPa
which provided the same content and curing conditions of the mixture with the elimination
of 0-100 micron inert materials. According to the results, it is seen that this inert material
between 0-100 microns has a negative effect on both compressive strength and workability.
However, it has been concluded that there is no need for any sieving process in future studies
since the sieving process in large-scale productions will lead to high labor demand and the

presence of inert material affects the strength results in a quite small amount.

84



In the following study, fly ash was included in the mix instead of blast furnace slag, and
three series were designed to examine the increase in the amount of fly ash and aggregates.
In the first mixture of the series (N-2), fly ash was used in 20% of the amount of binder,
while aggregate was used equally with the total amount of binder. In the second mixture (N-
3) of the series, the amount of fly ash was kept constant while the amount of aggregate was
doubled. In the final mixture (N-4) of the series, this time the amount of fly ash was doubled,
while the aggregate was used equally with the total amount of binder as in the first mixture.
The designed mixtures were subjected to a 115 © C heat curing process for 72 hours after
casting. The contents of the mixtures and their compressive strength results are presented in
Table 4.9.

Table 4.9. Investigation of fly ash and aggregate amount in the scope of geopolymer
concrete development
Note: The unit of all materials is kg/m?3.
Heat Compressive
NaOH Curing Strength
Code HB RCB RT CW FA Aggregate Water .
(M) Conditions  Results
(°C -hr) (MPa)
N-2 200 200 200 200 200 15 1000 350 115-72 34.1
N-3 200 200 200 200 200 15 2000 350 115-72 31.1

N-4 150 150 150 150 400 15 1000 350 115-72 37.6

According to the results presented in Table 4.9, it was observed that the compressive strength
of the mixes was above 30 MPa with the thermal curing process. As stated before, it is
concluded that the calcium content is not vital when the reactions are accelerated by heat
curing, and fly ash has been shown to perform better than GBFS due to its high
aluminosilicate content and spherical shape. However, as the compressive strength of the N-
4 coded mixture is approximately 7% higher than the compressive strength of the N-2 coded
mixture, it has been concluded that the high substitution of fly ash does not have a serious
contribution to the mixture's compressive strength. In addition, by comparing the
compressive strength of N-2 and N-3 coded mixtures, it is concluded that the increase in
aggregate amount negatively affects the compressive strength. These findings gave an

important idea for the mix designs to be made in the later stage of the study.

85



In the development of geopolymer concrete, after the 30 MPa compressive strength was
exceeded with thermal curing applications, preliminary studies were conducted for ambient
curing in laboratory conditions. In this context, different mixtures have been designed by
changing various parameters such as precursor type and amount, activator type and
concentration, and the effect of these parameters on the performance of the final product has
been examined. The contents of the mixtures designed in this study are presented in Table

4.10 and the compressive strength results are presented in Table 4.11.

Table 4.10. Mixtures produced by changing various parameters in the development of
geopolymer concrete

Note: The unit of all materials is kg/m?.
NaOH _
Code HB RCB RT GW CW GBFS Ca(OH)2 M) Na.SiOz Aggregate Water

N-5 150 200 250 0 200 200 0 12 0 1000 350
N-6 150 200 250 100 100 200 0 12 0 1000 350
N-7 150 200 250 100 100 200 0 8 224 1000  202.15
N-8 150 200 250 100 100 200 0 5 250 1000 185
N-9 150 200 250 100 100 200 100 8 224 1000  202.15
N-10 200 270 330 100 100 O 100 15 0 1000 350

Table 4.11. Compressive strength results of mixtures produced by changing various
parameters in the development of geopolymer concrete

] Ambient
Compressive Strength )
Code Curing
Results (MPa)

(day)
N-5 21.2
N-6 19.4
N-7 25.3
14
N-8 22.1
N-9 28.6
N-10 14.2
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In this series, the mixtures produced by changing some parameters were examined as a result
of their compressive strength after 14 days of ambient curing. According to the compressive
strength results of the N-5 coded mixture and N-6 coded mixture designed to investigate of
usage of glass waste, it was observed that the use of glass waste had a slightly negative effect
on the performance of the samples. Furthermore, it was observed that the mixture with N-7
code, where sodium silicate was used to be 2 times the amount of sodium hydroxide, showed
approximately 20% more compressive strength than the mixture with N-6 code where
sodium silicate was not used. This indicates that the use of sodium silicate has a significant
positive effect on the ambient curing, as seen in the development of geopolymer mortar
mixtures. Unlike the N-7 coded mixture, the sodium hydroxide solution was decreased to
5M in the N-8 coded mixture while the amount of silicate was increased approximately
11.6%. Considering the compressive strength of these two mixtures, lowering the sodium
hydroxide molarity had a negative effect on the system. The fact that sodium hydroxide,
which plays the most important role in dissolving the aluminosilicate content of the waste
materials, remained below certain molarity, had an adverse effect on the system despite the
increase of sodium silicate. According to the compressive strength result of the mixture with
N-9 code produced with the addition of 10% Ca(OH)2 to the mixture with N-7 code, it was
observed that the addition of Ca(OH)2 had a significant contribution to the compressive
strengths. As a result, the mixture with code N-9 reached the highest compressive strength
result in this series, with a compressive strength of 28.6 MPa after 14 days of ambient curing.
Finally, as shown in previous studies, the mixture with N-10 code produced with a
completely CDW-based binder material showed the lowest strength results due to reasons
such as insufficient calcium source and not using sodium silicate. The use of only Ca(OH)2
as a source of calcium and its ineffectiveness in the absence of GBFS caused the mixture
with N-10 code to perform poorly.

Throughout the N-1,10 series produced within the scope of the development of geopolymer
concrete mixtures, the behavior of parameters that significantly affect the strength results of
concrete samples such as oven curing and 14-day ambient curing, varying activator ratios,
precursor material type and quantities were examined. Following this preliminary analysis,
important results have been obtained for the highest performing CDW-based geopolymer
concrete mixtures that are finally to be produced in the following phases in ambient

conditions.
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According to the knowledge and experience gained in the development of geopolymer
concrete mixtures, some productions have been made by determining the mixing ratios so
that the materials will perform at the highest performance. During these productions, it has
been observed that some cracks are formed, which are thought to be caused by drying and
autogenous shrinkage that cause the samples to deteriorate from early ages to the next ages.
In the ongoing stages of the study, a number of attempts have been made to prevent these
cracks. After a literature review, it has been concluded that curing conditions will have a
beneficial impact on shrinking and improve the composition of the mixture. As a result of
the researches, it has been concluded that increasing the humidity level in the curing of the
samples has a positive effect against shrinkage and cracks formation, and rapid-drying
should be prevented in the production of crack-free geopolymer samples (Zuhua et al., 2009;
Perera et al., 2007). Additionally, various curing trials such as air curing, water curing and
polyethylene-sealed curing have been carried out on slag-based samples activated with
powder sodium silicate and hydrated lime in the literature. According to the results obtained,
there were no visible cracks in the water and polyethylene-sealed samples, so the samples
cured in this way showed higher compressive strengths than the samples cured in dry air.
Crack formation and related strength decreases have been attributed to the very dry surface
(Collins and Sanjayan, 2001). In this context, by increasing the number of samples produced,
moisture cure applications were carried out besides the dry environment cure. The contents
of the mixtures are presented in Table 4.12 and the compressive strength results are presented
in Table 4.13.

Table 4.12. Study on the shrinkage behavior of samples in the development of geopolymer
concrete

Note: The unit of all materials is kg/m?.

NaOH
Code HBRCBRT GW CW GBFSFA Ca(OH); ) Na,SiOs Aggregate Water SR

E-1 150 200 250 100 100 150 50 0
E-2 150 200 250 100 100 150 50 60
E-3 150 200 250100 100 150 50 0
E-4 150 200 250 100 100 150 50 0

224 1000 202.15 O
224 1000 202.15 O
224 2000 202.15 0
224 1000 202.15 40

o © 00 oo
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Table 4.13. Compressive strength results in the study on the shrinkage behavior of samples

in the development of geopolymer concrete

Compressive Strength Results (MPa)

Code Ambient Curing Moisture Curing
28 28
3days 7days 3days 7 days

days days
E-1 13.5 17.1 25.1 11.3 19.4 34.2
E-2 14.2 22.5 30.1 12.1 24.1 39.1
E-3 12.1 19.3 29.9 9.8 22.7 33.8
E-4 11.8 18.9 25.7 10.6 21.6 31.2

According to the results obtained in Table 4.13, it was concluded that moisture cure had a
positive effect on the compressive strength of the mixtures. In parallel with the information
obtained from various literature studies, rapid drying of the sample was prevented along with
the moisture curing, and consequently, the crack problem caused by shrinkage stresses was
eliminated. In addition, the other three mixtures with various additions to prevent shrinkage
and crack formation have shown a higher mechanical performance than the reference
mixture E-1. Cracks occurring in a low-humidity environment are more prominent in their
later ages, leading to serious reductions in the compressive strength of the samples.
Considering the results of this study, 39.1 MPa compressive strength has been achieved by
designing the mixture content for the best performance and subjecting it to moisture-curing
for 28 days, thereby significant progress was made in the development of CDW-based
geopolymer concrete mixtures. After this study, the behavior of the materials used in
concrete mixes and curing processes are better understood, and in the next stage, the final 7

mixes are prepared to contain concrete and beam samples.

At the final stage, the GC-1,7 series was designed within the scope of development of
geopolymer concrete with construction and demolition waste. In the mixture coded GC-1,
while completely CDW-based materials were used as binder material and aggregate, sodium
hydroxide was prepared as 8 moles and sodium silicate was included in the mixture as 2
times the amount of sodium hydroxide. GC-2 coded mixture was prepared by adding 7.5%
Ca(OH)2 to the GC-1 coded mixture. Unlike GC-1 coded mixture, GC-3 coded mixture was
designed by adding 20% blast furnace slag and 5% Ca(OH)2 to CDW-based materials. In
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addition, sodium hydroxide / sodium silicate ratio of GC-3 coded mixture was adjusted as
equal. In contrast to the GC-4 code mixture, the substitution of GBFS was reduced from
20% to 15%, and the remaining 5% was completed with the fly ash. In the GC-5 coded
mixture designed to contain no sodium silicate, the amount of the alkaline content was
adjusted by increasing the molarity of the sodium hydroxide solution to 12. The GC-6 coded
mixture was designed to be the same as the content and activator amount of the GC-4 coded
mixture, and the aggregate amount was doubled as the only difference. Finally, unlike the
GC-4 coded mixture, the GC-7 mixture was designed to have a sodium silicate/sodium
hydroxide ratio of 2. These 7 mixtures are designed to ultimately observe the behavior of
parameters that directly affect compressive strengths such as precursor, aggregate, alkali
activator type and quantities in different proportions used throughout the study. The contents
of the mixtures produced in this series are presented in Table 4.14 and the compressive
strength results are presented in Table 4.15.

Table 4.14. Final mixtures in the development of geopolymer concrete

Note: The unit of all materials is kg/m?,.

NaOH
Code HB RCB RT GW CW GBFS FA Ca(OH); M) Na,SiOzAggregate Water

GC-1187.5 250 3125125 125 0 O 0 8 224 1000 202.15
GC-2187.5 250 3125125 125 0 O 75 8 224 1000 202.15
GC-3 150 200 250 100 100 200 O 50 8 112 1000 276.1
GC-4 150 200 250 100 100 150 50 50 8 112 1000 276.1
GC-5 150 200 250 100 100 150 50 100 12 0 1000 350
GC-6 150 200 250 100 100 150 50 50 8 112 2000 276.1
GC-7 150 200 250 100 100 150 50 50 8 224 1000 202.15

90



Table 4.15. Compressive strength results of final mixtures in the development of

geopolymer concrete

Flexural

Compressive Strength Results (MPa) Strength Results

(MPa)
Concrete Beam
] ) ] Moisture

Moisture Curing Water Curing )

Curing

Code 7 days 28 days 7 days 28 days 28 days
GC-1 7.1 25.3 6.2 20.3 4.4
GC-2 9.4 26.1 8.3 23.1 4.8
GC-3 15.3 30.6 16.4 24.5 5.2
GC-4 16.1 32.2 15.3 25.6 5.3
GC-5 10.4 25.1 6.8 18.7 4.2
GC-6 12.6 34.9 11.3 27.6 59
GC-7 23.4 39.6 17.5 33.8 6.5

7 and 28 days of compressive strength results of the concrete and beam samples produced in
the GC-1.7 series were presented in Table 4.15. Considering the results obtained, the
compressive strength of the GC-1 mixture, which was produced by using CDW-based
materials together with sodium hydroxide and sodium silicate as alkali activator resulted as
7.1 MPa in 7 days and 25.3 MPa in 28 days under the moisture curing. In the water cure, a
decrease of approximately 20% was observed in the compressive strength of the samples.
Produced by adding 7.5% Ca (OH) 2 to the GC-1 coded mixture, the GC-2 coded mixture
reached 26.1 MPa compressive strength at the end of 28 days in the moisture cure. The GC-
3 mixture produced with the addition of 20% GBFS showed a compressive strength
performance above 30 MPa (30.6 MPa). In order to eliminate the workability and setting
time problems by increasing of the sodium silicate amount, 5% fly ash was added to the
mixtures and the GC-4 coded mixture produced in this context reached 32.2 MPa
compressive strength at the end of 28 days, and it was observed that it was also better in
terms of workability compared to previous mixtures. GC-5 coded mixture produced without
the use of sodium silicate showed the lowest compressive strengths for 28 days of moisture
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curing, and in addition to sodium hydroxide, sodium silicate was found to be required to
obtain strong properties. Furthermore, in contrast to the moisture cure, GC-5 coded mixture
has shown very poor performance in the water cure. In the mixture with the GC-6 code,
where the aggregate amount is twice the amount of binder, the compressive strength of 34.9
MPa has been reached after 28 days of moisture cure. Unlike the GC-6 coded mixture, the
GC-7 coded mixture, where the aggregate ratio was used equal to the binder amount, reached
the compressive strength of 39.6 MPa at the end of the 28-day moisture cure and became the
final concrete mixture of the study. Although some loss of strength has been observed at the
end of the water curing, the issue of the water curing damaging geopolymer products by
completely dissolving its structure, which is frequently mentioned in geopolymer researches,

has been overcome in this study.

The flexural strength of beam samples produced within the scope of the development of
geopolymer concrete mixtures showed parallel performances according to the compressive
strengths of the concrete mixture as expected. With a flexural strength of 6.5 MPa, the beam
sample produced with GC-7 coded mixture had the highest performance of that series. As a
consequence of this series, it was found that significant flexural strengths can be achieved
by the reinforcement applied to the column and beam structures that will be produced in the

future on a large scale.

In the literature, when geopolymer concrete samples with compressive strengths similar to
concrete produced with Portland cement are produced as beams and their flexural strengths
are analyzed, results showed that flexural strengths of geopolymer beams have reached
higher levels compared to flexural strengths of beams produced with Portland cement. This
has been associated with the matrix formed as a result of geopolymerization, being more
ductile than Portland cement systems by different microstructure. (Susan A. et al., 2012).
The samples produced in this study also had similar behavior compared to Portland cement
beams in the literature, although no Portland cement reference beam samples were produced.
In general, the concrete samples obtained using completely CDW-based material are still
experiencing a situation that can be improved based on the findings, although they are very
good results in comparison with the studies in the literature. It is also very important to
evaluate the properties of these waste materials, which will be obtained from different
sources, and formulate accordingly. However, it has been observed that better results can be

obtained within the scope of “green concrete” production by adding industrial wastes such

92



as GBFS or fly ash to CDW based waste materials. In addition, it has been concluded from
the detailed literature reviews and studies conducted throughout the study that using sodium
hydroxide together with sodium silicate as an alkali activator has a very positive effect on
the geopolymer mechanism instead of using sodium silicate alone.

4.4. Micro-Mechanical Analysis
4.4.1. X-ray diffraction (XRD) Analysis

The XRD-Analysis was conducted on several samples to determine phase types and
quantities of the crystals formed after the powdered CDW-based paste, mortar and concrete
samples developed for the purpose of the study, and to analyze the amorphous material
content in the mixture. Each phase observed as a result of XRD analysis creates a unique
diffraction model. For example, quartz, cristobalite and glass are different phases of SiOo.
Although they are chemically the same as this phase, their atomic order differs. Amorphous
materials such as glass do not form diffraction peaks. The results of XRD analysis to examine

the crystal phases formed in this context are presented below.
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Figure 4.8. XRD analysis of WCF-1 mixture after heat curing at 75 ° C for 72 hours
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Figure 4.9. XRD analysis of WCF-9 mixture after heat curing at 125 ° C for 48 hours

600

Q Cal Calcite
500 5 Sodalite
Cal Q Quariz
400 C-A-S Calcium alumino silicate
w
5 300 ‘
S
200 ‘ C-A-5 C-A-S
cal Cal
“’w WJ«MM ﬁ”‘ W\M | me
; WW ‘"‘# Ww
0 60

28 [Degrees}

Figure 4.10. XRD analysis of WCF-S-6 mixture after 28 days of ambient curing
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Figure 4.11. XRD analysis of CDWF-1 mixture after heat curing
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Figure 4.12. XRD analysis of CDWF-9 mixture after heat curing
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Figure 4.13. XRD analysis SW-6 mixture after 28 days of ambient curing
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Figure 4.14. XRD analysis SS-6 mixture after 28 days of ambient curing
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Figure 4.15. XRD analysis SS6-2 mixture after 28 days of ambient curing
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Figure 4.16. XRD analysis E-2 mixture after 28 days of ambient curing
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Figure 4.17. XRD analysis GC-7 mixture after 28 days of moisture curing

The quartz phase detected in all samples with XRD analysis is a highly reactive crystal phase.
In the XRD analysis results of the concrete waste in powder form, the quartz crystal phase
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determined at an angle of 20.75 °, 26.65 ° and 50.15 ° of 20 was determined at the same
angular intervals for WCF-1 produced by activating the concrete waste with alkali and It
was observed that their phase density remained almost at the same level as a result of alkali
activation. This may be related to the fact that the WCF-1 mixture cannot fully perform
geopolymerization reactions and shows low compressive strength results. Phases such as
quartz and mullite are generally known as crystal phases that are not affected by
geopolymerization reactions (Van Jaarsveld et al., 1998). CNAS (Tetracalcium Tetrasodium
Tectododecaalumododecacilicate), another crystal structure formed as a result of
geopolymerization in the WCF-1 mixture, generally has a nanometric level within the
amorphous aluminosilicate gel with 3D structure (Palomo et al., 2004). The formation of the
zeolite structure occurs as a result of the formation of the aluminosilicate gel followed by
crystallization to the zeolite. The calcite phases seen in the results of the analysis are thought
to occur in the existing structure of concrete waste or due to carbonation reactions during the
aging of the geopolymer matrix. When the XRD analysis of the WCF-2 mixture is examined,
it is observed that similar crystal phase peaks are formed with the WCF-1 mixture. However,
the decrease in the density of the quartz peaks indicates that geopolymer reactions occur
more effectively. In addition, in the WCF-2 mixture, a sodalite peak was found in a similar
way to the studies performed in the literature, but the chemical reactions that triggered the
formation of the sodalite peak in the matrix as a result of the geopolymer reactions could not
be detected exactly (Komnitsas et al., 2007; Zaharaki et al., 2010). Crystal structure peaks
were determined for the CAS(H) gel structure with the XRD results of the WCF-S-6 mixture
using sodium silicate to contribute to curing under ambient conditions. Although this
provides evidence that geopolymerization reactions occur, the similarity of dense peaks of
the crystalline phases such as quartz and calcite and raw material can be associated with the
low mechanical performance of the WCF-S-6 mixture in the ambient cure. In the
development of geopolymer paste, CDWF-1, which has an average level of compressive
strength performance, has been found crystalline peaks of the NAS(H) gel structure seen in
geopolymer systems using low calcium precursors as well as similar crystal phases found in
other mixtures. According to the XRD results for the CDWF-9 mixture, which exhibits
higher compressive strengths than the CDWF-1 mixture, crystal phase formations are
reduced. The quartz phase has seen at an angle of 26.65 ° of 20 of the precursor and the
sodalite peaks that can be seen in the matrix after the geopolymerization reactions are the
crystal structures detected in the mixture in a small amount. The hump structure formed in

the XRD spectrum as a result of the high rate of geopolymer reactions is clearly visible
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between 20 © and 40 ° for SW-6, SS-6, SS6-2 mixtures. This illustrates the obvious relation
between the increase in compression strength and the decrease in the peaks of the XRD
crystalline phases. These peaks are crystal structure peaks for quartz, calcite, sodalite and
NAS(H) gel for SW-6 mixture. When the SS-6 and SS6-2 mixtures are examined, it is seen
that the crystal peak densities of the SS6-2 mixture containing calcium hydroxide in the XRD
spectrum are lower compared to the SS-6 mixture and thus the high compressive strength is
associated with decreasing peak densities. In addition, the SS6-2 mixture, which shows the
highest compressive strength among these three mixtures, is the mixture with the least crystal
peak. The formation of the hump structure is observed for the mixtures of E2 and GC7. In
addition to the same activator types and ratios used for these two mixtures, a similar structure
can be clearly seen in the XRD micrographs. In both mixtures, the same crystalline phases

were detected at almost the same angles with similar phase densities.

4.4.2. Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray (EDX)

Analysis

Within the scope of the study, SEM analysis was conducted to examine detailed reaction
products of various paste, mortar and concrete samples. Besides SEM analysis, EDX
analysis was performed to determine the atomic structure of the reaction products to selected
points of the sample. In this context, SEM and EDX analysis results of various samples are

presented below.
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Figure 4.18. SEM-EDX analysis of WCF-1 mixture (75 ° C for 72 hr)
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Figure 4.20. SEM-EDX analysis of WCF-S-6 mixture (28 days at ambient)
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Figure 4.22. SEM-EDX analysis of CDWF-9 mixture after heat curing
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Figure 4.24. SEM-EDX analysis SS-6 mixture (28 days at ambient)
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Figure 4.25. SEM-EDX analysis SS6-2 mixture (28 days at ambient)
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Figure 4.27. SEM analysis GC-7 mixture (28 days at ambient)

By examining the SEM and EDX images, significant changes and concentrations were
observed in the microstructures of the geopolymer samples with changes in the precursors,
alkali activators and curing conditions. A non-homogenous and porous structure was

observed while examining the SEM picture of the WCF-1 coded mixture shown in Figure
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3.18. When analyzing various points in EDX analyzes, the variation of sodium peaks
indicates that alkaline activation is not homogenous enough and there are unreacted sodium
hydroxide particles. In addition, the variability in the calcium peaks shows that the concrete
waste is partially dissolved, and all these results support the WCF-1 coded mixture to yield
low strength. In SEM and EDX images of the WCF-9 coded mixture (Figure 4.19), it was
observed that a more homogeneous matrix was obtained than the WCF-1 coded mixture. In
addition, it was concluded that the molecules forming the bonds in the matrix are distributed
more regularly and the expected peaks are formed by EDX analysis of this mixture. An
extremely irregular and porous matrix was seen when looking at the SEM image of the WCF-
S-6 coded mixture as seen in Figure 4.20. This situation leads to a better understanding of
the coded WCF-S-6 mixture with insufficient geopolymerisation reaction and low strength
results. However, a regular and balanced molecular distribution was found by EDX analysis
taken from a dense point. Considering the SEM and EDX results of the mixture coded in
CDWEF-1 in Figure 4.21, the inclusion of all other CDW-based binder material in addition
to concrete waste provided a more dense and homogeneous matrix. In the image taken at
9.00 kx magnification, reaction products and non-reacting products and alkalies surrounding
these products are found. This effect, leading to weakness in the matrix by not participating
in the reaction, has also been observed in the literature (Alehyen et al., 2017). The most
important parameter supporting this effect is EDX analysis results from different regions.
While in some regions, balanced rates of silicon, sodium and aluminum peaks were
observed, in some regions thought to be unresponsive, the sodium peak was high. When we
look at the SEM and EDX analysis of the CDWF-9 coded mixture presented in Figure 4.22,
a more dense matrix was found compared to the CDWF-1 coded mixture. According to the
compressive strength results in the series where all CDW-based binder materials are used
together (Figure 4.4), the CDWF-9 coded mixture, which reaches the highest strength, has a
similar NASH gel distribution as a result of EDX analysis from different regions. However,
since high calcium content materials such as GBFS and Ca(OH)z are not used in this mixture,
calcium peaks are quite low as a result of EDX analysis. SEM and EDX analyses of SW-6,
SS-6 and SS-6-2 coded mixtures, which are produced with recycled fine aggregate, are
presented in Figure 4.23, Figure 4.24 and Figure 4.25 respectively. Among these 3 mixtures,
which have the highest compressive strength performance in their series, less calcium-based
structures are encountered in the mixture with SW-6 code, while silicon, sodium and carbon-
based structures are quite balanced and regular. In the SS-6 and SS-6-2 coded mixtures,

calcium-based CASH structures were formed with NASH gel in the matrix, which positively
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affected the compressive strength of the mixtures. When looking at the SEM images of the
mortar mixtures, in addition to the intense and homogeneous matrix in general, porous and
micro-cracked structures were encountered at the interface transition zone between
aggregate and geopolymer binder. This situation proves the existence of more than one
interface transition zone between the geopolymer paste and the recycled aggregate, as
previously stated, which weaken the matrix. SEM analysis images of E-2 coded and GC-7
coded concrete samples are presented in Figure 4.26 and Figure 4.27 respectively. After 28
days of ambient moisture curing, a very regular, homogeneous and dense matrix was
detected with SEM images from the E-2 coded and GC-7 coded mixtures which showing
39.1 MPa and 39.6 MPa compressive strength, respectively. Even though the presence of
unreacted solid precursors is observed, a matrix was obtained in which microcracking and

porosity are quite minimal.

4.5. Durability Studies of CDW-Based Geopolymer Concrete

Throughout the study, only mechanical and micro-mechanical analysis results of
geopolymer concrete mixtures, which were successfully developed in the process from
powder form to concrete, are not sufficient in terms of performance. In addition to these
mechanical properties, it is necessary to examine the durability properties of the produced
geopolymer concretes to simulate environmental conditions. In this context, various
durability tests have been performed to measure the resistance of sulfate, sorptivity, rapid
chloride permeability test (RCPT) and resistance of wetting-drying cycles to a number of

final mixtures.

In order to conduct durability tests, two of the concrete mixtures developed during the study
were selected. One of them is the F coded mixture which has the highest compressive
strength among CDW based mixtures containing GBFS and fly ash, while the other is the W
coded mixture producing with 100% CDW based binder. The contents of the mixtures are
presented in Table 4.16.
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Table 4.16. Mixtures produced for durability studies

Note: The unit of all materials is kg/m?.
NaOH _
Code HB RCB RT GW CW GBFS FA Ca(OH). M) Na SiO3 Aggregate Water

F 150 200 250 100 100 150 50 50 8 224 1000 202.15
W 1875 250 3125125 125 0 O 75 8 224 1000 202.15

From the mixture designs presented in Table 4.16, three samples of 50 mm in height and 100
mm in diameter cylinders were produced for RCPT and sorptivity tests, while three samples
of 10x10x10 cm cubes were produced for resistance of wetting-drying cycle and resistance
to sulphate tests. The casted samples were left to water curing for one week in order to gain
sufficient strength before the test. The procedure and results of the durability tests applied to

the samples in question are detailed below.

4.5.1. Resistance to Sulphate

Samples produced to measure resistance to sulphate attack were immersed in sodium
sulphate solution according to ASTM C 1012 after gaining sufficient strength for one-week
water curing. The samples immersed in the sulphate solution were removed from the solution
to measure their mass and compressive strength every 7 days up to 21 days. The mass and
compressive strengths of the specimens are presented in Figure 4.28 and Figure 4.29,

respectively.
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Figure 4.29. Compressive strength results of the samples for Resistance to Sulphate

Surface cracks, erosion or spalling were not observed visually in the samples soaked in
sodium sulphate solution within the scope of sulphate resistance test. Considering the sample
mass presented in Figure 4.28, no significant mass changes in the samples was observed in
parallel with no visual degradation. In addition, while a small amount of weight change
(approximately average 0.14%) has a tendency to increase in F-coded samples, a small
amount of weight change (approximately average 0.1%) has a tendency to decrease in W-
coded samples. According to the results presented in Figure 4.29, there was a slight decrease

in compressive strength in all concretes immersed in sodium sulfate solution in comparison
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to the reference sample. Although sodium sulfate has the potential to act as an alkali
activator, there is no increase in compressive strength by not observing geopolymer reactions
due to sodium sulfate. According to the studies conducted in the literature to measure
Sulphate resistance of geopolymer concretes, the results obtained within the scope of this
study remained within acceptable limits and it was concluded that both F-coded and W-
coded samples were resistant to sulphate. In this context, studies to analyze the sulfate
resistance of geopolymer concrete have also been observed in some previous researches that
the sulphate resistance of geopolymer concrete is higher than that of Portland cement
concrete (Partha et al., 2013).

4.5.2. The Resistance to Wetting-Drying Cycles

Samples produced to be subjected to the wetting-drying cycle were dried and weighed first
after gaining sufficient strength after a week of water curing, then kept in 18 hours of water
and 6 hours in a 70 ° C oven every day to measure their mass and compressive strength for
7, 14 and 21 days. In this context, the results of the mass and compressive strength of the
samples as a result of the wetting-drying cycles are presented in Figure 4.30 and Figure 4.31,

respectively.
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Figure 4.31. Compressive strength results of the samples for Wetting-Drying Cycles

In the samples produced within the scope of the wetting-drying experiment, surface cracks

were begun to occur at the end of each cycle, and as the number of cycles increased, the

number and depth of cracks were increased. These cracks were more apparently observed in

W-coded samples compared to F-coded samples. As shown in Figure 4.30, significant mass

losses were experienced in samples exposed to the wetting-drying cycle. Nevertheless,

according to the results presented in Figure 4.31, despite these negative effects on the visual

properties of the samples, their compressive strength increased after the wetting-drying

cycles. For samples placed in the oven for 6 hours in each cycle, a temperature of 70 © C had

a positive effect on ongoing reaction kinetics. In this context, the compressive strength of

the sample not subjected to the wetting-drying cycle of the mixture coded F-WD21, was

34.2 MPa in 28 days, while the compressive strength of the sample subjected 21 times to the

wetting-drying cycle after 7 days of curing was 45.3 MPa. However, the compressive

the geopolymer

coded mixtures can be neglected. Consequently,

strength changes of W

drying cycles in extreme conditions,

concrete samples, which have been exposed to wetting

have proved to be resistant to the wetting-drying cycle. However, for a study were done by

Sinasi et al. (2020),

an increment in compressive strength was observed after the wetting-

drying cycles of the geopolymers produced with GBFS and, the researchers stated that the

possible reasons for this were the positive effect of the thermal curing process and the fact

that the blast furnace slag caught the free chloride ion in the environment and caused an

increase in compressive strength over time.
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4.5.3. Rapid Chloride Permeability Test

Samples produced as cylinders were subjected to RCPT test according to ASTM C 1202
standard at days 7,14,21 and 28 after gaining sufficient strength after a week of water curing.
The results of the Coulomb values obtained after the RCPT test are presented in Figure 4.32.
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Figure 4.32. Coulomb values of the samples for RCPT

As the result of RCPT, the Coulomb values of F-coded samples started from 3269 on the 7th
day and decreased to 2488 on the 28th day, while the Coulomb values of the W-coded
samples decreased from 3742 on the 7th day to 2944 on the 28th day. Considering the
classification of Coulomb values between 2000 and 4000 as moderate and values over 4000
as high in ASTM C 1202 Standard, the values obtained in this study remained within
acceptable limits. In addition, Sinasi et al. (2020) found that geopolymer concrete produced
with blast furnace slag performed better than Portland cement concrete as a result of RCPT

analysis.

4.5.4. Sorptivity Test

Samples produced as cylinders were subjected to Sorptivity test according to ASTM C 1585
standards at days 7,14,21 and 28 after gaining sufficient strength after a week of water
curing. The results of the absorption values (1) obtained after the sorptivity test are presented

in Figure 4.33 for F-coded samples, and Figure 4.34 for W-coded samples.
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Figure 4.33. Absorption results of the F-coded samples for Sorptivity test
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Figure 4.34. Absorption results of the W-coded samples for Sorptivity test

Problems such as erosion and efflorescence over time were observed on the surfaces of the
samples subjected to the sorptivity test. In general, within the scope of the sorptivity test,
while F-coded samples absorb 30 grams of water after 24 hours, this number has reached 45
grams in W-coded samples. According to absorption values of the F-coded samples (Figure
4.33) and W-coded samples (Figure 4.34) at the end of the sorptivity test, the F-coded
samples had a lower absorption value than the W-coded samples, which showed that the F-

coded samples performed better. Although Portland cement concrete was not produced for
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any comparison, Salmabanu and Urvashi (2015) concluded that geopolymer concrete made
of fly ash exhibited better performance against absorption than control concrete after the

sorptivity test.
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5. CONCLUSION

Within the scope of the study, it was aimed to develop concrete mixtures by the

geopolymerization technology by using the materials obtained from construction and
demolition waste (CDW) such as hollow brick (HB) red clay brick (RCB), roof tile (RT),

glass waste (GW) and concrete waste (CW). The following conclusions have been drawn on

the basis of the experimental research report in the study from the obtaining process of the

materials aforementioned to the development of the final product with the desired properties:

In the production of geopolymer paste with the single use of concrete waste as an
aluminosilicate source, the compressive strength of concrete waste prepared with
19M sodium hydroxide solution reached a maximum value of 34.2 MPa after 48
hours of oven curing at 125 °C. Compressive strength value remained at 16.9 MPa
as a result of 28 days of curing, and consequently, these results have remained far
away from reaching the final product under ambient conditions as one of the most
important objectives in the study.

In the ongoing process, mixtures produced by combining concrete waste with glass
waste reached 36.3 MPa compressive strength value after 48 hours of heat curing at
125 °C. The addition of glass waste did not have enough positive effects on
mechanical performance was associated with the fact that glass waste had a coarse
particle size and was unbalanced in terms of Si/Al ratio, which is one of the most
important parameters in the geopolymerization mechanism.

Within the scope of the development of geopolymer paste mixtures, 53.40 MPa
compressive strength was reached after the thermal cure application to the samples
produced with various mixtures containing all CDW-based waste materials.
According to this result, it was observed that CDW-based waste materials have
significant binding capacity in case of optimizing mixing and curing properties.

In the development of the CDW-based geopolymer mortars, the compressive
strengths of the SW series, which are produced based on 100% CDW, remained at a
maximum value of 25.4 MPa, and sufficient strength could not be achieved.
Afterward, 20% GBFS was added to the mixtures by aiming the formation of
stronger structures in the matrix by providing some CSH and CASH gel formation

to the geopolymer structure of the addition of calcium-based material in long-term
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curing, and their compressive strengths reached quite high values such as 43.2 MPa
after 28 days of curing. In another geopolymer mortar mixture series produced by
adding calcium hydroxide (Ca(OH)2) as a tertiary activator to the mixture in order to
achieve Si/Al - Ca balance and to obtain a stronger matrix with pozzolanic reactions,
the compressive strength results reached a maximum of 51.2 MPa in 28 days ambient
curing and with these results, it was achieved a very important point within the scope
of developing products that may be an alternative to traditional cemented systems.
According to the results of the development of geopolymer mortar studies, it is
clearly seen that the alkali activator type and concentration have a significant effect
on final performance. Samples produced without Na2SiOs showed poor performance
as a result of a 28-day ambient cure, while the use of relatively high levels of NaOH
and NazSiOs also had negative effects on reaction kinetics. In this context, the best
results were obtained in cases where the Na2SiO3/NAOH ratio was used as 2 with
8M sodium hydroxide solution.

In the development of CDW-based geopolymer concrete, the mixtures in which the
aggregate amount is equal to the binder amount, the Na2SiOs/NAOH ratio is 2, usage
of Ca(OH)z, fly ash and GBFS is %5, %5 and %15, respectively, showed the best
performance in terms of compressive strength as 39.6 MPa after 28 days moisture
curing. In addition, surface cracks due to drying shrinkage were observed in
geopolymer concrete samples and it was concluded that moisture curing and water
curing are the most important factors in preventing these cracks. Also in the case of
water curing which can causes to a high amount of compressive strength losses and
degradation of samples, the addition of fly ash and GBFS had a positive effect on the
stabilization of concretes.

SEM /EDX and XRD analyzes were performed on various samples produced during
the study and it was observed that smoother, homogeneous and crack-free structures
were formed in SEM images of the high performing samples. The chemical
composition of the structures formed in the geopolymer matrix was observed by
EDX analysis, and the atomic structure of the mixtures with higher compressive
strength was found to be more stable in terms of NASH and CASH gel compositions.
In addition, as a result of XRD analysis, it was observed that various phases in the
precursor (eg quartz, dolomite, kyanite) decreased as a result of geopolymer reactions
and various new phases (eg calcite, NASH gel) were formed. These kinds of changes
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and decreases are associated with the dissolution and polycondensation stages of
precursors to form a geopolymer product.

In the durability studies of CDW-based geopolymer concretes, after sulphate
immersion of samples in order to measure the resistance of sulphate, a negligible
quantity increment on the mass of samples and slightly decrease on compressive
strength of samples was observed. As a result of exposure of the samples to the
wetting-drying cycle, although some crack formation was observed on the sample
surface, the thermal curing process applied during drying stage had a positive effect
on the compressive strength of the samples. It was also observed that the developed
geopolymer concrete samples were within the acceptable limits comparing to the
structural concrete properties as a result of RCPT and sorptivity tests. After a series
of durability tests conducted, it was concluded that the developed geopolymer
concrete samples are durable as much as the conventional cemented concrete against
environmental conditions.

Overall, the excessive consumption of raw materials and excessive CO2 emissions
that affect negatively the environment and the climate, which a major issue in all
countries of the world in recent years, have become an inevitable necessity to
minimized. Considering the damages of traditional Portland cement to the
environment, the development of eco-friendly "green™ building materials will be a
very important objective for future generations as well as today. In this context, with
this thesis prepared after comprehensive studies, CDW-based geopolymer concrete
mixtures that provide the opportunity to minimize these damages and having
properties equivalent to conventional concrete in terms of mechanical, micro-
mechanical and durability properties have been developed. The most significant
result of this analysis is that the final product, which developed in order to reduce
damage to the atmosphere and debris pollution generated last years, will be used in

building systems in large-scale in the following years.
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