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ABSTRACT

A laboratory study was carried out to prepare and evaluate the properties of Portland
cement equivalent geopolymer mixture made with fly ash and metakaolin cured in air
conditions at ambient temperature. Fly ash was used as main binding material for
geopolymer mortar mixture, and metakaolin was used as a replacement material at
different ratios. Properties of mortars, including unit weight and density, flow
workability, flexural strength, compressive strength, ultrasonic pulse velocity, water
absorption and porosity, sorptivity, wetting-drying, freezing-thawing, rapid choloride
ion penetration, drying shrinkage, abrasion resistance, high temperature resistance and
accelerated corrosion tests were conducted. Metakaolin was replaced with fly ash in
mass basis, replacement dosages of 0%, 10%, 20%, 30%, 40%, and 50%. Geopolymer
mortars were produced with river sand, class F fly ash, metakaolin, metasilicate, and
water. Metasilicate was used at 10% Na' concentration as an alkali activator. Also,
standard Portland cement mortar was produced for comparison. Water-binder and sand-
binder ratios were 0.50 and 3.0, respectively. Prismatic, cubic and cylinders samples
were prepared in dimension of 40x40x160 mm’, 71x71x71 mm’, @100x 200mm
respectively. Geopolymer samples were cast and cured at 20+1°C with 50£10% relative
humidity in air curing until testing. Compressive and flexural strengths were measured
at 3, 7, 28, 90, and 180 days, other tests were examined at 28 days of age. Drying
shrinkage was measured until 360 days. The results showed that the compressive and
flexural strengths of geopolymer mortar were improved with metakaolin replacement.
Only fly ash geopolymer mixture developed 15.1 MPa compressive strength, while a
mixture containing highest (50% replacement ratio) amount of metakaolin gave highest

(60.2 MPa) compressive strength at 28 days under air curing. Similarly, metakaolin
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replacement with fly ash improved other properties of geopolymer like: ultrasonic pulse
velocity, abrasion and high temperature resistance, and drying shrinkage and other
properties. Based on laboratory results, utilization of metakaolin in fly ash based

geopolymer eliminated the necessity of heat curing for geopolymer synthesis.

Key words; Fly ash, metakaolin, air curing, geopolymer, strength
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METAKAOLIN iCEREN GEOPOLIMERIN DURABILITE OZELLIKLERININ
ARASTIRILMASI

Zainab Hataf Naji AL-AZZAWI

ERCIYES UNIVERSITESIL, FEN BILIMLERI ENSTITUSU

Doktora Tezi, Arahk 2019
Damisman: Prof. Dr. Okan KARAHAN
Dr.Ogr. Uyesi ismail isa ATABEY

OZET

Ucucu kiil ve metakaolin ile hazirlanan Portland ¢imentosuna esdeger dayanima sahip
geopolimer karigimlarin oda sicakligi kiir kosullarindaki 6zelliklerinin belirlenmesi i¢in
laboratuvar calismast gergeklestirilmistir. Geopolimer har¢ karisiminda ucucu kiil
baglayici olarak se¢ilmis ve farkli oranlarda metakaolin ile yer degisimi yaparak
kullanilmistir. Harglarm 6zelliklerini belirlemek i¢in birim aguwlik ve yogunluk,
islenebilirlik, egilme dayanimi, basmg¢ dayanimi, ultrasonik ses hizi, su emme ve bosluk
orani, kilcal su emme, i1slanma-kuruma, donma-¢oziilme, hizli klor gecirimliligi,
kuruma biiziillmesi, asinma direnci, yiiksek sicakliga dayaniklilik ve hizlandirilmisg
korozyon deneyleri gerceklestirilmistir. Metakaolin ugucu kiil ile agirlikca 0%, 10%,
20%, 30%, 40%, ve 50% oranlarinda yer degistirerek kullanilmistir. Geopolimer harclar
kum, F sinifi ugucu kiil, metakaolin, sodyum metasilikat ve su ile iretilmistir.
Metasilikat alkali aktivator olarak %10 Na oraminda kullanimustir. Ayni zamanda
Portland ¢imentolu harg¢lar kontrol numunesi olarak iiretilmistir. Su-baglayici orani (.50
ve kum-baglayict orami 3.0 secilmisti. Numuneler 40x40x160 mm’ prizmatik,
71x71x71 mm’ kiip ve @100x 200 mm silindir kaliplarda hazirlanmustir. Geopolimer
numuneler 20+1°C ortam sicakliginda ve 50+10% bagil nemde hazirlanip test zamanina
kadar havada kiir edilmistir. Basing ve egilme dayanimi deneyleri 3, 7, 28, 90 ve 180
giinliik, durabilite deneyleri ise 28 giinlik numunelere uygulanmistir. Kuruma
biiziilmesi numunlerine 360 giinlik okuma yapildi. Elde edilen sonuglara gore,
metakaolinin ucucu kil ile yer degisimi yapmasi basing ve egilme dayanimi

ozelliklerini iyilestirmigtir. 28 giin havada kiir sonucu, ucucu kiillii geopolimer harclar1



viii

15.1 MPa basing dayanima ulasirken en fazla agirlikca metakaolin degisiminde (%50
oraninda) en yliksek basing dayanima (60.2 MPa) ulasgilmistir. Benzer sekilde ugucu
kiillin metakaolin ile yer degisimi ultrases hizi, asinma direnci, yiiksek sicakliga
dayaniklilik ve kuruma biiziilmesi gibi diger 6zellikleri de iyilestirmistir. Laboratuvarda
elde edilen sonuglara gore ugucu kiiliin metakaolin ile yer degistirmesi sonucu ugucu

kiillii geopolimer sentezi i¢in 151l kiil ihtiyacin1 ortadan kaldirmastir.

Anahtar kelimeler: Ucucu kiil, metakaolin, hava kiirii, geopolimer, dayanim.
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INTRODUCTION

The vital and significant element for the production of concrete is the Portland cement.
Due to its different advantageous characteristics such as high temperature resistance,
molding, and flexibility in shipping, it becomes one of the most popular construction
materials around the globe. However, the major problems in the cement industry are the
requirement of vast energy [1, 2] and emission of CO, [3, 4]. Several studies have been
conducted to develop an alternative method and materials to generate new types of
cementitious materials in order to overcome these problems. Geopolymer which is an
environmentally friendly new type of inorganic binder that can be obtained from alkali-
activated aluminosilicate materials was first developed by Davidovits [5].

Although the production of a geopolymer requires less energy and exhibits lower CO;
during the production stages, it showed comparable durability and mechanical
properties characteristics as that of Portland cement [6]. It is important to note that
researchers are also attracted by the nature that is helpful for re-using quantities of waste
materials [7].

Geopolymer has similar or even better characteristics, including excellent high
temperature resistance, good resistance to chemical attack low permeability, and high
early compressive strength compared to ordinary Portland cement, [8-11]. This is based
on polycondensation reaction of three-dimensional networks of a geopolymer [12]. It
has been found that aluminosilicate and other industrial by-products are suitable
materials for the production of a geopolymer.

The last decades, fly ash-based geopolymer has been extensively studied to identify
their nature and characteristics [13-16]. The results obtained from these studies showed
that Fly ash geopolymer exhibited higher durability and mechanical properties and was
suitable for making geopolymer.

In addition, other material called metakaolin has also been investigated extensively to

identify their suitability in producing geopolymer and was also proven that it is highly



suitable for producing geopolymer materials with acceptable durability and mechanical
properties [17-20].

Turkey is an important part of energy policy in the form of solid fuel for energy
production based on thermal power plants operated by the coal fire. As a result of coal
burning, a waste material called fly ash is produced. This fly ash can be used as a
pozzolanic material is exposed by the combustion of pulverized coal in thermal plants.
The waste product from the chimney is obtained by various methods. It is
uncomfortable to leave it to the environment because it creates environmental problems.
Energy Market Regulatory Authority (EMRA) according to the 2015 electricity market
development report, the rate of total coal utilization in Turkey is 28%. [21].

Using fly ash for synthesizing geopolymers crucial to lower costs and protect the
environment [22]. Kaolin is a non-renewable resource and the natural reaction product
of clay. On the other hand, coal-based thermal power plants, fly ash are produced as a
by-product [23]. That said, the fly ash had recently come into fashion as a widely used
original material to produce geopolymer materials. Several important factors could alter
the properties of geopolymers based on fly ash. These factors are the solution used as
the alkali activator, curing time, its curing temperature, and ash’s particle [24].

It is important to note that approximately 600 million tons of fly ash is produced in the
coal-based thermal power plants as waste materials globally each year. Even though
between 75 and 80 percent of the waste is fly ash (500 million tons), only around 20 to
30 percent is used as a fill material when making concrete [25].

Modern developments have greatly improved the use of fly ash in geopolymers because
it is easy to use and handle in production and it can greatly improve the final product’s
durability [26]. Still, because not all fly ash contains high reactivity, it with a low
reactivity can be used with other geopolymer precursors in securing desired strength
[22].

Metakaolin (calcined kaolin) has high purity and reactivity and typically for the other
materials. On the other hand, it was also revealed that metakaolin leads to synthesize
geopolymers containing low permeability [27] and high resistance [28]. Yet, according
to Provis et al. [29], emphasized that considerable water demand caused problems in
metakaolin-based geopolymer mixtures.

Fly ash is widely utilized and regarded as the most convenient resource which is

compatible with the concrete application as it supplies a large amount of raw material



across the world, obtained through coal-fired electricity production as a result of its

largest proportion of commercial use and the potency to diminish the CO, footprint

[30]. About metakaolin, it expedites the primary configuration and enhances the

transport and mechanical features; particularly it can render high compressive resistance

of cementitious substances early as it provides the finer particles’ filling effect and high

pozzolanic reactivity [31, 32].

The microstructure, properties of fly ash geopolymers have been investigated by several

studies researchers under different synthesizing conditions [33-36]. However, the option

for the substitution of metakaolin by fly ash in the metakaolin-based geopolymer has

not been investigated properly [22].

In this thesis, we were studying the effect of metakaolin on the mechanical properties

and durability properties of fly ash-metakaolin based geopolymers. In the current study,

we used fly ash, which is categorized as F and supplied by Catalagzi thermal power

plants in Turkey. Metakaolin was obtained by OTS Ingaat Ltd. Sti Turkey. We took 6

types of metakaolin dosages (0%, 10%, 20%, 30%, 40%, and 50%) besides we cast

Portland cement mortar. According to the compressive strength, which is normally

tested in 3, 7, 28, 90, and 180 days, the optimum improvement in strength had been

obtained at 28 days. Therefore, durability properties were tested in our sample at 28

days.

The aim of the current study was to;

a. Production of a geopolymer without any need to heat curing.

b. Find out a geopolymer can applied in the site without the need to heat or any type
of curing.

c. Investigate the effect of replacement of fly ash by metakaolin on the mechanical
properties and durability of geopolymers.

d. Attempt to the cement consumption that will lead to reducing emissions CO; to the

environment by producing geopolymers with using waste materials.



CHAPTER ONE

GENERAL INFORMATION AND LITERATURE STUDY

The cement sector has an important share in the economic indicators of the countries.
However, cement production has negative effects such as environmental impact and
production cost. These and other reasons make the need for a new binder other than
cement interesting. For this reason, it is possible to produce a non-cement binder using
alkali activators from amorphous materials containing AlLOs, SiO, and CaO in its
structure such as fly ash, floor ash, and blast furnace slag. The reaction of
aluminosilicate fly ash with activators produces amorphous inorganic polymers called
geopolymers, while the reaction of blast furnace slag produces hydrated calcium silicate

similar to calcium silicate hydrate (C-S-H) gel [37].

Two major disadvantages of cement production are CO, emissions and high energy
costs. The highest cement production in the world compared to the population of the
countries is made in China [38] as we show in Figure 1.1. In the coming years, a
significant increase will be seen in the CO, emission into the atmosphere (Figure 1.2).
Besides, fuel use in the high cost item in the cement sector (Figure 1.2) is another

important problem of production [39].
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Figurel.1 World CO; emission [40]
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Geopolymers, are a family of alkali activated aluminosilicate materials, has obtained
worldwide interests in the last two decades, due to the major driver of promising a
sustainable alternative to cement [8, 42, 43]. Precursors used in geopolymers production
include calcined clay and different Si- and Al-containing industrial byproducts [44-47],
among which metakaolin has higher reactivity and chemical consistency than the others,
and has possibility to synthesis good thermal resistance [48] and low permeability
geopolymers [49,50]. Whilst, well drawbacks in the MK-based geopolymers.
Metakaolin particles have a high specific surface area that is leading to excessive
mixing water demand [29]. Furthermore, the high water/binder ratio will lead to
apparent deleterious effects on the micro-structure, durability and efflorescence of the

mixture geopolymer products [49, 29].

Fly ash is a waste material and has become one of the main materials in the production
of geopolymers [25]. Its spherical particles could work like ‘‘ball bearing” to decrease
the viscosity of the paste, and work like ‘‘micro-aggregate” to progress particle packing
to refine the internal structure of the binder [29, 51]. Many research works have been

focused on the reaction kinetics, binder chemistry and internal structures of both



metakaolin and fly ash geopolymer systems [52-56, 30]. The replacement of fly ash by
metakaolin in mix design of geopolymer mixtures generally provides economic

potential and perfect engineering properties [52, 57-59].

1.1. Fly Ash

Fly ash (FA) is a by-product produced in the coal-fired Thermal Power Plants (TPP)
during the combustion of pulverized coal to generate electric power. It is important to
mention that there are two major parts of coal: one part is inorganic mineral matters and
another part is the combustible organic matter. The organic constituents of the coal
(mainly carbon, in addition to other combustible materials) are burned out when
pulverized coal is combusted. However, the inorganic mineral constituents of the coal
such as feldspar, quartz, shale, and clay remain suspended in the flue gases. At this time
point, coarser particles are formed due to the agglomeration of some of the
noncombustible mineral matters. It is important to note that these coarser particles are
heavy and accumulated at the bottom of the burner and collected as bottom ash. The
remaining parts are mostly melted in the flue gases and primarily composed of the
mineral materials. When these melted particles are carried to a comparatively lower
temperature area by the flue gases, these particles then constitute glassy amorphous ash
particles after the cooling and solidification of the melted particles. The ash particles are
separated from the flue gases and collected in a silo as FA using different methods,
including bag houses or mechanical separators and electrostatic precipitators [60-62]. A
schematic diagram of the production and collection of FA in a coal-based thermal

electricity plant is presented in Figure 1.3.
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Figure 1.3 Fly ash production process in coal-fired thermal power plants [63]

The requirement of energy is increasing day by day throughout the world and this
situation increased in the consumption of coal leading to the production of a higher
amount of fly ash. It is important to note that there is an annual production of more than
750 million tons of fly ash. Among them, only 25% is used in the areas including
structural fills, mining applications, soil stabilization, ceramics and glass, agriculture,
and cement and concrete sector. Almost 75% of the produced FA is not utilized,
although it could be evaulated in different sectors. There are serious environmental
concerns because of the different heavy metal content of the fly ash. These heavy metals
include nickel, zinc, lead, arsenic, chromium, vanadium, and cadmium. It is important
to mention that a huge amount of unutilized FA is generally dumped in the ocean or in
the landfill area which causes serious damage in the ocean ecosystem as well as in the
agricultural ecosystem. Dumping of unused FA is not only an environmental concern
but also an economic concern because it also requires a cost for transportation and
storage area. The impacts that we may face due to the dumping of FA in the sea and
landfills are allergies in the human body, air pollution, oceans, water reservoirs, and

soils [64, 65].

There are mainly three sources of energy production in Turkey: coal-fired thermal
power plants(TPP), natural gas power plants, and hydroelectric power plants. The list of

these TPPs is presented in Table 1.1.



Table 1.1 List of primary thermal power plants fueled by coal in Turkey (Global energy
observatory website, 2015).

Coal-Fired . Installed Sox First | Last
Power Plants Unit Power Coal Type cont.rol Unit | Unit
(MW) device
Zetes 3 1390 Imported Coal - 2010 | 2010
Yenikdy 2 420 Lignite FGD 1986 | 1987
Yatagan 3 630 Lignite FGD 1983 | 1985
Tungbilek 3 365 Lignite - 1956 | 1979
Imported
Sugozi 2 1320 Bituminous FGD 2003 | 2003
Coal
Soma A/B 2+6 444990 Lignite - 1957 | 1991
Szyéﬁi? 4 600 Lignite - 1973 | 1989
Kemerkoy 3 630 Lignite FGD 1995 | 1995
Orhaneli 1 210 Lignite FGD 1992 | 1992
Kangal 3 457 Lignite FGD 1987 | 2000
Icdas Biga 3 405 Imported Coal FGD 2005 | 2009
Caywhan-Park | 4 620 e FGD | 1987 | 2000
Termik
(Catalagzi 2 300 Anthracite - 1948 | 1991
Afsin Elbistan- L
B 4 1440 Lignite FGD 2006 | 2006
Alyin Bbisan-| 1355 Lignite : 1984 | 1987
18 Mart Can 2 320 Lignite - 2004 | 2004

*FGD: flue gas desulfurization

The major fuel input in the lignite coal in the thermal power plants in Turkey which can
be seen from Table 1.1. It is important to note that depending on the thermal power
plant technology and the type of coal, the weight of producing ash varied from 17-46%
when the lignite coal is combusted [66]. The amount of total mineral waste (such as
gypsum, slag, fly ash, and bottom ash) in the thermal power plants was approximately
25.5 million tons according to a statistical report carried out in 2008. Unfortunately,
only 3% of the produced waste materials were recycled, 16% was used in the mines,
and more than 80% of these wastes were disposed [67]. If we assume that 80% of the
waste is fly ash, the total annual production of the FA is approximately 20 million tones
[68]. Important environmental and economic problems are leaded due to the disposal of

the very high amount of fly ash. To solve environmental concerns, many units adopted




different technologies. For instance, to solve the sulfur dioxide (SO;) emission some

facilities adopted flue gas desulfurization (FGD) technology.

1.1.1. Fly Ash Classification

The classification of FA, depending on the percentage of chemical components taken
into consideration ASTM C 618 and TS EN 197-1 standards [69-71]. FA has four main
components. These are; silica (Si0,), alumina (AL Os3), iron (Fe,03) and calcium (Ca0).
The proportions of these components are very variable and depend on the coal source

used. According to ASTM C 618 standard, the FA is classified into FF and C classes:

a) F class of FA, obtained from bituminous coal and total SiO, + ALO; + Fe,Os
percentage FA with more than 70%. The same time as CaO percentage in these ashes is

less than 10%, it is also called. The F class of FA has pozzolanic properties.

b) If the FA are Class C, the total amount of SiO; + ALO3; + Fe;O5 is more than 50%.
At the same time, CaO is more than 10% in Class C, in this case, FA is also called high-
calcined FA.

Generally, C class of FA, semi-bituminous and lignite coal sources, the F class of FA
are produced from bituminous and anthracite coal sources. Low combustion of coal

carbon may also be present in FA [72].

Most of the C-FA, more than 15% by weight CaO although some may contain less than
10% by weight CaO. With water when mixed, these ashes are hydrated almost in the
same way as Portland cement. The degree of self-hardening usually depends on the
calcium oxide content of the fly ash. The Typical crystal phase of ashes is anhydrite
(CaS0y), tricalcium aluminate (CazAlOg), lime (Ca0), quartz (Si0,), periclas (MgO),
mullite (AlgSi,013), merwinite (Caz Mg (SiO4) ») and ferrite (Mg, Fe) (FeszAl), Og).

In the F class of FA, the calcium oxide content is less than 6% by weight and therefore
FA class, designated as low calcium ashes, does not self-harden, but usually shows
pozzolanic properties. In the presence of water, bituminous fly ash particles produced
from coal react with lime or calcium hydroxide create binding compounds similar to

those produced by class C of FA [73-76].
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The major difference is that Class C of FA exhibits both cementitious and pozzolanic
properties, whereas Class IF of FA only exhibits pozzolanic properties. In addition, there
is a lower total content of calcium oxide in Class F of FA compared to Class C of FA. It
is important to note that in Turkey, we used the standard TS EN 197-1: Cement - Part 1:
conformity, specifications, and composition criteria for common cement. Based on

these criteria the FA can be divided into two categories:

a) Class V of FA, spherical, mostly pozzolanic is a fine powder composed of particles.
The vast majority of these ashes reactive silicon dioxide (Si0O;) and aluminum oxide
(AlLO3) while the remainder contains iron oxide and other components. In these ashes,
reactive lime (CaO) content is less than 10%, reactive silica content is more than 25% It

should be.

b) Class W of FA is a fine powder with hydraulic and/or pozzolanic properties. It
consists essentially of reactive lime (CaQ), reactive Si0, and ALbOs, iron oxide (Fe,Os)
and other components. In these ashes, reactive lime (CaO) ratio is more than 10% and

the amount of reactive silica is more than 25% is required [70].

Based on the SO; and CaO content, FA may be divided into different subgroups [77]

a) Silicocalcic FA: This kind of FA is commonly produced from lignite coal-like
sulfocalcic fly ashes. It is important to note that the CaO and SiO, contents are

comparatively higher in this type of fly ashes.

b) Sulfocalcic FA: Combustion of lignite coal generally produced this type of fly ash.
This type of fly ashes has more SO and CaO compared to other fly ashes.

¢) Silicoaluminous FA: Those that are produced from anthracite coal and some

bituminous coals. The main structure commonly consists of Si0, and ALLOs.

1.1.2. Characteristics of Fly Ash

Physical, chemical and mineralogical properties of fly ash adequate knowledge are
required. Coal particles, volatile matter it is burned at high temperatures (1400°C to
1800°C) in the furnace where it evaporates and carbon is burned. However, the
inorganic material in the coal is impure and converted to ash. It can reach 95% of this

mineral substance. Clay, pyrite, quartz, and calcite are formed the majority [61].



11

During combustion, these mineral particles in the presence of excess air at high
temperatures, they undergo physical and chemical changes. As a result, many crystalline

and glassy phases occurs [78].

1.1.2.1. Mineralogical and Chemical Composition

The chemical composition of the FA is highly influenced by the type of coal was
combusted. Several factors may influence the composition of the fly ash. These include
coal type (e.g. lignite, sub-bituminous, bituminous, and anthracite), handling of coal,
and techniques in storing coal and system of burning coal which potentially determine
the chemical characteristics of fly ashes. The variety of the chemical composition of the

fly based on the burned coal type is presented in Table 1.2 [25].

The chemical composition of the FA mainly consists of four main components which
are iron oxide (Fe;Os), calcium oxide (CaQ), alumina (Al,Os), and silica (SiO;). In
addition, there are some other minerals such as potassium oxide (K,O), sodium oxide
(NaxO), magnesium oxide (MgQO), and sulfur oxide (SO;3) can be found in fly ash.
Besides, organic composites, chromium (Cr,0s), phosphorus (P>Os), and oxides of

titanium (T10,) could also be found in FA as minor constituents [79].

The minerals that present in the coal determine the mineral and chemical compositions
of FA [80]. The main sources of silica content in the FA are the quartz and other
minerals (smectite, illite, and kaolinite) found in the coal. In the fly ash, the alumina
contents generally come from the organic constituents and sometimes from the clay
minerals. The iron oxide in the FA derived from the minerals containing iron in the
coal. It is important to mention that the calcium oxide in FA derived from the CaSO4
and CaCO; in the coal. The magnesium oxide in the fly as arose from the dolomite,
ferromagnesian minerals, smectite, and other organic constituents. In the fly ash, the
SOs content generally comes from gypsum (CaS04.H,0) and pyrite (FeS,) present in
the coal. The alkali contents (Na,O + K,O) in FA generally derived from the minerals
containing sodium and potassium in the coal. Due to the incomplete combustion in
combination with carbon dioxide and water are the main causes of the carbon content in

FA [79].
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Both crystalline phases and glassy phases are the primary components of fly ashes.
According to the types of fly ashes, the most common crystalline phases that are
available in the FA are listed in Table 1.3. It is important to note that the crystalline
phases which are maghemite (Fe;Os3), tetracalcium aluminoferrite (Cas (Al Fe)sOio),
dicalcium silicate (CaySi04), portlandite Ca(OH),, calcite (CaCOs), and cristobalite
(S810,) may be rarely existed in FA [80].

Table 1.2 The Fly Ash chemical compositions based on the coal type [78].

Oxide (Wt%) | Bituminous | Subbituminous | Lignite
L.O.I 0-15 0-3 0-5
K,0O 0-3 0-4 0-4
Na,O 0-4 0-2 0-6
SO; 0-4 0-2 0-10
MgO 0-5 1-6 3-10
CaO 1-12 5-30 15-40
Fe, 03 10-40 4-10 4-15
ALO; 5-35 20-30 10-25
SiO; 20-60 40-60 15-45

Table 1.3 Mineral phases that are commonly found in Fly Ash [78]
Name of the mineral | Chemical formula
Class F and C fly ash: common phases
Quartz Si0,
Mullite AS1013
Magnetite Fes 0y
Hematite Fe,0;
Class C fly ash: Additional phases
Anhydrite CaS0Oy4
Ferrite spinel (instead of magnetite) | (Fe, Mg )(Fe,Al),O4
Merwinite CazMg (S8104 ),
Melilite (akermanite-gehlenite) CaxMgos AiS11.507
Tricalcium aluminate Ca3Al206
Periclase MgO
Lime CaO

1.1.2.2. Morphological Properties of Fly Ash

FA morphology (shape) and particle size may vary depending on the source of coal,
how and in which system it is burned, how dust particles are collected [81].
The FA contains glassy spherical and irregular shaped particles ranging in size from

0.5um to 150pum. Whether FA is high or low calcified determines the shape and size of
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the particles. Glassy spherical shaped particles, hollow or non-hollow spherical
structures, structures containing a cluster of small spheres in a large sphere, structures
with irregularly distributed and amorphous spaces on the surface, structures with liquid
droplets on the surface, deformed structures on the surface they may take various forms
with amorphous remains [82].

Non-spherical particles consist of minerals like quartz, feldspar, do not undergo
combustion reactions in coal, therefore irregularly shaped and porous structures are
generated [83].

Low calcined ashes generally have a homogeneous microstructure in shape distribution.
These ashes are full spherical particles without hollow spaces. High calcareous ashes
are spherical and angular, irregularly shaped; the combination of particles has an
inhomogeneous microstructure [84].

The particle size of ash is less than 40 pm (10-20um) and its shape is spherically
increased the pozzolanic activity of it. Fine spherical particles with a smooth surface as
they have a large surface area, they increase the speed of gaining strength by entering
lime-silicate reactions more quickly. For this reason, crystalline active phases
(anhydrite, lime) and less glassy phase are important in ash with high lime content,
while the shape, size distribution and glassy phase of particles are important in low lime
ashes. An example of the morphological structure of fly ash in Figure 1.4 SEM images

is presented [85].
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Figure 1.4 (a) Overview of the particle distribution (x500), (b) Angular particles
(x2000), (c) Density spherical particles (x2000), (d) Solid glassy beads (x2500) [16]

1.1.3. Physical Properties

The type of dust collection method used (electrostatic precipitators, mechanical
separators or bag houses), the temperature and uniformity of coal combustion, the
degree of coal pulverization, coal uniformity, and coal source can influence the

character of particle size and shape of FA [79].

Among the researchers throughout the world, there are several arguments regarding the
determination of the fineness of the fly ash. Although some researchers believed that
specific surface (Blaine method) is a comparatively reliable method for the
determination of the fineness of fly ashes, while other scientists believe that this method
is particularly helpful and reliable only for the Portland cement. Researches have shown
that in fly ashes, the surface area differs between 1800-5000 crnz/g. However, it is
important to note that the determination of the retained material on the 45 um sieve is

the most practical method for the measurement of the fineness of FA [86]. Also, x-rays
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sedimentation, nitrogen adsorption, hydrometer analysis, and laser diffraction particle

size analysis can also be used to determine the fineness of the FA [76].

The examination of micro particles revealed that fly ashes are generally composed of
very small particles which angular or irregular and glassy particles within the size of
0.2um-200pum range. The hollow spherical particles are commonly known as
cenosphere. Many small spheres in a large sphere can also be found in fly ashes which
are generally known as pherospheres [82, 87-88]. The gravity range of fly ashes is 1.9
to 2.8. The color of fly ashes is generally tan or gray, although there are some

differences exist in the color of FA [89].

1.1.6. Application of Fly Ash

Around 600 million tons of FA emerges every year in the world [85]. In Turkey today,
there are more than 15 million tons of FA is produced as waste [90]. Resulting FA is an
economic and environmental problem, therefore, the use of FA by researchers is
interestingly noticeable recently. FA in the construction industry in general;
¢ In cement systems as additives, raw materials or substitutes,
¢ Thin, coarse and lightweight aggregate
¢ As mineral admixture in concrete,
¢ As an additive in brick production,
¢ The FA had been used in block, panel, wall, concrete pipe, aerated concrete,
glass, paint, plastic
¢ In the construction of dams, highways, and nuclear power plants and
geotechnical applications
* Soil strengthening works

¢ (Geopolymer can be used in mortar and concrete production [91]

In general, FA is used in concrete production with cement as we noticed in the sectors
listed above. FA using with cement in two cases, either as through the grinding process
firstly, as a raw material together with clinker and gypsum or as an additive to the
milled cement. According to TS EN 197-1 Portland-FA, cements had been classified
into four groups (CEM 11/ A-V, CEM 11/ B-V, CEM 11 / A-W and CEM 11/ B-W) [92].
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When used FA as an additive with cement, concrete properties will be affected on both
sides positive and negative, which can be listed below.
Positive effects [93]
¢ [t can increase the workability of fresh concrete.
¢ [t can reduce sweating in fresh concrete.
¢ [t reduces the hydration rate of concrete.
¢ Reduces the amount of water permeability in hardened concrete.
¢ [t can increase the resistance of hardened concrete against sulfates.
® It provides the economy.
Negative effects [93]
e [t delays the setting time of concrete a little, this is cause problems, especially
when casting concrete in cold weather.
¢ FA causes a delay in gaining strength concrete, especially at early age.

¢ [t causes concrete to cure for a longer time.
1.2. Metakaolin

Metakaolin (MK) is a natural product. It is obtained by the thermal treatment of pure or
refined kaolinite clay at such a temperature that was between 650°C and 850°C. After
that it is grinding to obtain a finesse of 700-900 m*/kg. It has a high-quality pozzolanic
material, which is mixed with cement to develop the durability of concrete. When added
to concrete, it will block the void space between cement particles that made concrete
more impermeable. MK is a comparatively new material in the concrete manufactures.
When MK blended with cement, concrete becomes more strength, less sulfate attack
and improving the air void network. Pozzolanic reactions modify and change the
structure and the chemistry of hydration products of cement by consuming the released
porlandit. Then, it forms additional calcium silicate hydrate, thus, developing improved
strength and lower porosity causing more durable concrete [94]. It is important to
remind when using MK, the concrete becomes greener because it involves no CO,
production and lower temperature. Moreover, it is possible to develop concrete
performance when using MK. It has been known for more than a decade that MK
improves durability, but as kaolin deposits vary in composition and purity each one
needs to be tested for supplementary cementing material (SCM) qualities [95].

However, depending on the kaolin source, the proportion of the silica phase and
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alumina phase can vary from 8% and 10%, respectively. It is a common assertion that
metakaolin has the general form of Al,O3.S10, [29]. MK generally contains Al,Osz (40-
45%) and SiO; (50-55%). Different other oxides, including CaO, MgQO, Fe,Os3, and TiO,
can also be present in smaller amounts in MK [96]. The formation and properties of MK

are shown in Figure 1.5. The properties of MK presented in Table 1.4 and 1.5

Introduction  KAOLINITE (kaolin)

aluminium silicate
Al203 (5i02)2 (H20)2

finely ground grinding / pebetizing
*
flash cakeination method
(few seconds 750°C) rotary kiln calonation
{5h 750°C)

\ /"

A20(502)2 (H20 v+ [2-4JH20
[metakaokn)

METAKAOLIN

Fig.1.5. Formation and appearance of metakaolin [94]

Table 1.4 Chemical properties of metakaolin [94]

Chemical composition | Metakaolin %

Silica (Si0,) 54.3
Alumina Al,Os 38.3
Calcium oxide CaO 0.39
Ferric ‘oxide Calcium 498
oxide (Fe;O3)
Magnesium oxide (MgO) 0.08
Potassium oxide (K,0O) 0.50
Sulphuric anhydride (SO4) 0.22

LOI 0.68
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Tablel.5 Physical properties of metakaolin [97]

Specific Gravity 2.40 to 2.60
Physical Form Powder
Color Off white, Gray to Buff
Brightness 80-82 Hunter L
BET 15 m2/gram
Specific Surface 8 — 15 m2/g.

1.2.1. Types of Clay

Clay is a natural material (soil or rock) comprising one or more minerals with little
amounts of metal oxides and organic materials. Clay is a fine-grained. Depending on the
composition of the original materials, geologic clay is generally composed of
phyllosilicate minerals. Clay has various colors, orange, white, brown, gray or red. Clay
minerals are created by weathering of a diversity of minerals. Through two main
processes clay is made. That may involve chemical and physical modifications or
decomposition and re-crystallization [98]. Table 1.6 represents the various groups of

clay minerals.

Table 1.6 Clay mineral groups [99]

Group Type of Chemical Formula
Kaolinite [Si4] Al4O10(OH)s.nH20 (n=0 or 4)
Ilite Mx[Sis.s Ali2] AlsFe.025Mgo.75020(0H)4
Vermiculite Mx[Sis]Als 2Fen.2Mgo.sO20(OH)4
Smectite Mx[Sis]Als 2Fen.2Mgo.sO20(OH)4
Chlorite (AI(OH)255)4[Si6.8A101.2] Al3.4Mgo.6)20(OH)4

1.2.2. Sources of Kaolin Clay

Kaolin mines, can be found in various countries including; South East Asia, Indian,
South America, China, North America, Australia, also many European countries.

Chinese clay can be considered to be very pure, among the different sources of kaolin.
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Clay is composed chiefly from the mineral Kaolinite, it occurs in the deposits of China

clay rock, a mixture of 15% china clay and 10% mica, and the remainder is quartz [98].

.2.3. Thermal Treatment of Kaolin Clay (Metakaolin)

MK is different from other cement replacement materials (SCMs) as it is not completely
natural, and it is not obtained from industrial waste. The kaolinite clay mineral is the
source of MK, and it can be processed for several applications and uses including
cementitious purposes. The calcination (thermal treatment, temperature ranges from
600-800°C) is mainly used to produce MK [99]. For the production of highly reactive
pozzolanic materials, the treatment process of calcination is extremely important. The
mineral structure collapses due to the fact that the water is dried off from the kaolinite
clay (ALO;.2S810,.2H,0) that resulted in a water-free amorphous alumino-silicate
(ALO3.2810,) which is commonly known as metakaolinite or MK see Figure 1.6 and
1.7. The process of driving off the water molecule is known a de-hydroxylation and
could be explained through the following equation [99].

ALOs. 28i0,. 2H,0 - ALOs. 2Si0; + 2H,01

Because of its importance and usefulness, the focus point of several types of research is
the thermal conversion of kaolinite. The major influencing parameters that can change
the de-hydroxylation process are ambient conditions, cooling rate, heating duration and
rate, and heating temperature. It is worth to mention that the total loss of mass due to
de-hydroxylation (14% H,0, 46.5% SiO,, and 39.5% Al,Os,) is about 14% of ambient
atmosphere [99].

Figure 1.6 The chrystalochemical structure of kaolinit [100]
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Figure 1.7 Lattice of metakaolinite [ 100]

1.2.4. Advantages From Using Metakaolin

When using MK as pozzolanic admixtures can be obtained many of the advantages.

Some of these advantages are as follows:

It is possible to finish concrete surfaces easily by smoothing and rubbing due to
the reduction of stickiness of concrete to the tools.

When using MK can be reduce the amount of cement in the manufacture of
concrete, chiefly in concrete which need the high requirements to water
resistance.

MK can significantly increase the residual strength of refractory concrete after
firing; typically lose 50% of its strength after heating to 800°C.

Can increase the durability and strength of concrete.

The initial setting of concrete can accelerate by using MK

MK increases compressive strength of concrete by 20 %.

MK can safely reduce the areas of structural members, thus saving in concrete
amount and also can be economically used in dams, high rise buildings, bridges,

and so on.
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¢ [t Imparts improved water-tightness, so safely used for water retaining structure,
offshore structure etc.

* MK has high early strength, therefore, allows quicker reuse of formwork, and
thus improves the production rate.

¢ Eco-friendly.

¢ MK increases resistance to chemical attack and prevention of Alkali-Silica
Reaction.

¢ MK able to reduce autogenous shrinkage.

¢ MK show more facility and less dusting in the mixer.

¢ MK decrease the hydration heat that leading to good ratre of shrinkage and less
cracks.

¢ (Good sprayability

¢ [esser rebound so used in shotcrete with reduced wastage [97].

1.3. Geopolymer

The material ‘geopolymer’ can be used as several materials, including cement, adhesive
coating, and binder. During the search for a fire-resistant material, in the 1970s,
Davidovits first invented the geopolymer. Extensive development and research in the
area of engineering and science discover the potential of geopolymer as an alternative

cementitious material to ordinary Portland cement [101].

1.3.1 Terminology

Geopolymer is a generic term commonly used for a broad range of aluminosilicate
products manufactured with different formulations under heat or ambient curing
regimes. Geopolymer technology is an emerging technology in various applications
comprising cosmetics, pharmacology, agriculture, ceramics, insulation and concrete
infrastructure [102]. In the context of concrete technology, a geopolymer is considered
as emerging cement-less and sustainable alternative binder to OPC purported to provide
significant environmental advantages. Geopolymer refers to a class of largely X-ray
amorphous aluminosilicate binder materials [103], synthesized from a wide range of
source materials (precursors) that are rich in silica and alumina at different curing
conditions. Industrial by-products such as FA and slag, or geological materials such as

calcined clays are examples of aluminosilicate source materials. Geopolymer concrete
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has gained great interest in the recent years since sustainability and concern for
environmental impacts are nowadays becoming major considerations in the construction
industry and geopolymer concrete is believed to have considerably less environmental
impacts and potentially beneficial engineering propertiecs and commercial features

compared to conventional OPC concrete [102].

The term geopolymer was initially introduced by Davidovits [5] representing a wide
range of inorganic materials. According to Davidovits [104], among nine different
classes of geopolymers, geopolymer cement and concrete are of particular interest
comprised of aluminosilicate materials that could potentially be used to completely
replace the Ordinary Portland Cement (OPC) and conventional concrete in

transportation infrastructure applications.

The largest amount of energy is needed for the manufacture of OPC. That energy is
consumed to reach the very high temperatures necessary for the burning of clay and
lime (CaCQOs) mixtures. This leads to the release of large amounts of CO, from the
limestone into the air. As a rule of thumb, almost one ton of CO, is emitted due to
manufacturing one ton of OPC, half of which is attributed to the energy needed to burn
the limestone at 1800°C and the rest of the emissions is attributed to the chemical
release of CO; from CaCO; to make CaO [105]. In contrast, the production of an FA-
based geopolymer is reported to consume almost 60% less energy than that needed for
the production of OPC, which results in less carbon emission into the atmosphere [106].
In addition according to Duxson et al. [107], at least 80% less CO, emission is resulted
from the production of an FA-based geopolymer compared to the manufacture of OPC.
The environmental advantages of geopolymer cement and concrete are mainly due to
the fact that the burning of limestone is not involved in the manufacturing process, and

therefore much less energy is needed for the production of geopolymers.

In addition, the fact that geopolymer materials are often synthesized from already
existing waste products (by-products) such as FA and slag, results in better use of
natural resources, along with added environmental benefits due to the reduced need for

disposal of these waste materials [102].
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1.3.1. Background Information About Geopolymer

It was Davidovits who first introduced polysialate or geopolymer as the three-
dimensional semi-crystalline to amorphous aluminosilicates. It is important to note that
the geopolymer is formed by a tetrahedral AlO4 and SiO4 where all the oxygen atoms
are connected and shared. Positive ions such as Ca*, Li*, K*, and Na* are required in

13+

the system in order to balance the negative charge of A" in IV fold coordination of the

network. The network configuration is shown in Figure 1.8.
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Figure 1.8 Tetrahedral configuration of sialate, ionic concept [101]

It is important to note that there are generally three types of polysialate such as
polysialate-disiloxo (PSDS), polysialate-siloxo (PSS), and polysialate (PS). The

pragmatic formula of polysialate was determined by the following equation:
Mn(—(Si()2)Z-A1-O)n, wH,O
Where n = degree of polymerization, z = 1, 2, 3, - = bond, and Mn = alkaline element.

The availability of the source material driving the development of the type of
geopolymer. During the early development of the geopolymers, MK was the
investigated material by different researchers throughout the world [108-110]. It is
important to note that even in the case seawater environment, the geopolymer from MK
performed with excellent durability, fire resistance, and mechanical properties [111-
113]. There are mainly two reasons that the use of MK is limited only in the research

purpose:

a) It requires a large amount of liquid to make it workable,
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b) it involves huge expenses in the production process. Therefore, it is necessary to
develop other materials that are cheap to produce and can be used in practical settings

and can be served as a substitute for MK.

In case, the FA and slag can serve as an alkaline activator to activate Al,O3; and SiO;
enriched materials [114, 115]. It is important to mention that both the materials are the
industrial byproducts, therefore, by using them, the initial cost involved in the
production of geopolymer can be reduced drastically. FA and slag produce different
final products, namely aluminosilicate and Calcium Silicate Hydrate (CSH),
respectively. In order to make the FA and slag derived geopolymer more suitable in real

applications, currently, there are many types of research ongoing for both materials.

It is vital to point out that during the development of a geopolymer, various terminology
used by different researchers could cause confusion. Different materials, including rice
husk, waste mud, fly ash, slag, and metakaolin that can be activated by several kinds of

activators slightly changed the original terminology.

It is important to note that the definition of geopolymers describes as geopolymers is a
division of alkali-activated materials and inorganic polymers that are able to produce
aluminosilicates as a final product. The source material is usually alkaline activators
from silicate or alkali metal hydroxide and low calcined clays and calcium fly ash.
Alkali activated slag with a final product called Calcium Silicate Hydrate (CSH), is
included in the inorganic polymers. The inorganic polymers are part of the alkali-
activated materials that have disordered the silicate network as the final product.
Geopolymers can be broadly defined as any binding system that is derived from an

alkaline salt reaction with a solid silicate powder.

1.3.2 Constituent Materials of Geopolymer

The two main constituent materials used for preparing geopolymer materials include the
source materials and the alkaline activators. The source materials are also known as
feedstock or precursors or raw materials, and the alkaline activators could be in the form

of solution or powder, which need to be dissolved in water.
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2.3.2.1 Source Materials

According to Xu and Van Deventer [116], the source materials should contain a high
amount of silicon (S1) and aluminum (Al) in amorphous form. The source materials can
have geological origins (natural minerals) such as kaolinite and calcined kaolinite (MK)
or could be industrial by-products such as FA and slag [117]. There are several factors
such as availability, cost, type of application, and specific demand of the end-users,
which affect the selection of the source materials for the manufacture of geopolymer
[118]. There are several studies available in the literature which investigated the
properties and application of geopolymer materials made by using either kaolinite or
MK as the source materials [116, 117,119,120]. Similarly, there are extensive research
studies on the application and properties of geopolymer material made by using FA

[121-123) and slag [124, 125].

1.3.2.2 Alkaline Activators

According to Rowles [126], in terms of alkaline activators, any strong alkaline solution
may be used for the manufacture of geopolymers. Davidovits [127] reported that for
building the pyramids in ancient days lime solution Ca(OH), and volcanic ash were
used as the alkaline activator and the source material, respectively. Alonso and Palomo
[128] also studied the use of Ca(OH), as an alkaline activator for the production of
geopolymers. Nowadays, a combination of sodium hydroxide (NaOH) and sodium
silicate (NazSi0s) or potassium hydroxide (KOH) and potassium silicate (K,SiOs)
solutions are commonly used as the alkaline activators for production of geopolymers

[129].

1.3.2. Mechanism of Geopolymerization

Geopolymerization accompanied by an exothermic production, which is extremely
complex. It has been suggested by Glukhovsky that alkali-activated mechanism is
suitable for the materials that have alumina and silica. Three stages of polymerization
have been proposed by him. These stages are as follows-

(a) Stage No.1: Destruction—coagulation;

(b) Stage No.2: Coagulation—condensation;

(c) Stage No.3: Condensation—crystallization.
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Figure 1.9 shows a simplified mechanism for geopolymerization including converting
solid particles to the gel by using a high alkaline solution. This planning illustrates
processing convert aluminum-silicate material to geopolymer, but this process is not
simple as shown in planning. The first process (dissolution) converts the raw material
(aluminosilicate source) to aluminate and silicate species by using an alkaline solution.
This process accompanied by water consumption. Increased surface area of
aluminosilicate material and highly alkaline solution, dissolution of amorphous
aluminosilicates is rapid at high pH, leads to accelerate the process of
geopolymerization. In addition, the liquid phase saturated with aluminosilicate lead to
the formation of geopolymer gel. The process of releasing the water leads to condensate
the structure. Therefore, water plays a very important role in the reaction and pores
formation. By increasing the gel network, the formation of gel continues to reorganize
and rearrange, and finally, the three-dimensional aluminosilicate network is commonly

attributed to geopolymers [130].
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Figure 1.9 Conceptual model for geopolymerization [130].

1.3.3. Advantages of Geopolymers

Geopolymers have many advantages when compared to Portland cement, can be listed

at the flowing;

1. Geopolymer has abundant sources of raw materials, pozzolanic compound or
silicates or alumino-silicates are solved in alkaline solution by this way

production geopolymer

2. Geopolymers save energy and protect the environment. Natural alumino-
silicates at 600-800°C heat treatment makes it suitable geopolymeric raw
materials, it also uses 3/5 less energy than Portland cement. Also, very little CO,

is released compared to Portland cement.



28

Geopolymer can be prepared simply. Geopolymer, alumino-silicate materials
and strong alkali solutions, and then at room temperature can be easily
hardening. Also in a short time, strength can be obtained. Its production is very

similar to that of Portland cement concrete.

Geopolymers have good volume stability, geopolymers from Portland cement

80% less shrinkage.

Geopolymers gain reasonable short-term strength; geopolymer assumed pressure

can gain 70% strength in the first 4 hours.

Geopolymers are durable, thousands of years without suffering losses.

Geopolymer is resistant to high temperatures and has low thermal conductivity.
Geopolymers when exposure to temperature from 1000-1200°C didn’t show

losing and have very low thermal conductivity [131].

Several advantages are offered by fly ashes-based geopolymers which can be a reliable

material for the construction system. The advantages are listed below-

1.

It improves concrete durability because of the lower level of calcium content in

the mixture that can resist sulfate and acid attacks.

Greater resistance performance against fire.

Performs a low shrinkage concrete when it is cured at high-temperature curing.

Produces a high early strength concrete in a relatively short time due to a high-

temperature curing method.

Adds value to industrial by-products without using a conventional cement binder

in the mixture.

1.3.4. Potential Applications of Geopolymers

Until recent days, there are very few availabilities of information regarding the

application of geopolymer concrete. It is important to note that different trial projects

are focusing on the use of fly ash-based geopolymer concrete that has been applied

successfully. These include-
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Manhole structures and sewer pipes
Sewage sewer pipes
Structural/non-structural

Precast box culvert

Reinforced concrete

Toxic waste containment

A R B

Brick lining of steel pickling tanks
1.4. Literature Review

The effects of curing on the characteristics and properties of MK and FA-based
geopolymers have been extensively studied by Gokhan Gorhan and his colleagues
[132]. The authors employed, the FA used as the main material in the production of
geopolymer paste and MK was used as a replacement material in different dosages. MK
material was made of kaolin clay after thermal treatment at a temperature of 1000°C for
1 hour. The FA replaced by MK at ratio from 10% to 40% in mixtures. In the mixtures,
NaOH and sodium silicate solution were used with each other as reactive. The mixtures
were molded into cylinder molds with size 25%50-mm, under a 100 bar pressure had
been used a hydraulic hand press. After that the samples were put in an oven for heating
curing. The samples were subjected to curing at 60°C and 80°C (two different curing
temperatures) for 2 h, 4 h and 24 h (three different curing times). After curing, the
samples were left in laboratory conditions until the day of tests. Geopolymer paste
samples at 7day were tested. They were concluded that optimal curing temperature and
time were 60°C and 2 hours. They reported that mixture made with 40% MK
replacement provided a better geopolymerization and developed 25.1 MPa compressive
strength. Also, they found an increase in the curing temperature lead to increased
porosity and water absorption. In addition to when increase MK replacement rate, the
water absorption and apparent porosity also decreased. They found increased
replacement dosages of MK in geopoylmer lead to increase of bulk density values in

parallel

Geopolymer mortar has been prepared using GGBEFS and Palm Oil Fuel Ash (POFA)
and to select MK as the binder by Kabir and his colleagues [133]. The authors
concluded that the addition of MK and POFA significantly decrease the flow tendency

due to the porous and spongy characteristics of the POFA microstructure. From their
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results, it can be concluded that the flow tendency was decreased by the addition of
POFA, MK due to the finer particle size of MK particles and the spongy and porous

nature of the microstructure of POFA.

Steinerova [134] investigated the influence of send content on the freezing-thawing
ability of the MK-based geopolymer mortar. For this purpose, the author used a special
parameter to assess the frost resistance of the MK-based geopolymer mortar containing
various quartz contents. Their results indicated that the sand content was involved in
limiting the freezing-thawing resistance of the specimens. It is important to note that
they found that the critical content of sand was 34 weight% of the geopolymer mortar.
The specimens could not endure 25 freezing-thawing cycles if the sand content lower

than this critical value.

Abdollahnejad et al. [135] compared the capillarity coefficient and the absorption
coefficient of water with different contents of sodium hydroxide and calcined kaolin and
fly ash. Because of the similar binder/water ratio, the absorption of water was similar
for all mortars. When the geopolymer mortar containing 8% calcined stuff, very high

capillary water absorption was found because of the large number of capillary pores.

Yusuf et al. [136] investigated the affected by mixing of MK with silica rich palm oil
fuel ash on the strength distribution of geopolymer mortar. They used Weibull
distribution. Geopolymer mortar produced from 100% MK, 50% and 70% palm oil fuel
ash and cured under room condition. Prismatic and cubic molds were used to casting the
mortar for flexure strength and compression strength, respectively at 28 days. The
results were resolved using Weibull distribution. They concluded that Weibull
distribution is suitable for resolved of the mixed geopolymer. Whilst porous internal
structure is fundamentally responsible for failure of flexural, heterogeneity of reactions

are responsible for the failure of compression.

Using MK based geopolymers mixtures for modify purposes was investigated by
Vasconcelos et al. [137]. They studied geopolymer mixtures as a binding agents or a
repairing layer to ensure the adhesion property between carbon fiber reinforced
polymers sheets and concrete substrate. Many mixtures of MK geopolymer were
studied by using varying sand/binder ratio and the concentration of sodium hydroxide.

They found that MK geopolymer mixtures show a high mechanical properties and a
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relevant adhesion to the concrete substrate. Moreover, the adhesion strength between
carbon fiber reinforced polymers and geopolymer mortars showed to be lower than
expected, that may be due to the composition of the geopolymer mixtures were not
optimized and as well to the fact that the carbon fiber reinforced polymers used wasn’t

suitable to this type of application.

The influence of high temperatures (up to 1200°C) on the internal structure and
mechanical properties of MK-based geopolymer mortars were studied by Kuenzel and
colleagues [138]. They found, internal structure and compressive strength of
geopolymer mixtures stay comparatively fixed after exposure to high temperatures up to
800°C. The flexural strength reduced due to the formation of hair cracks at inter facial
transition zone. Up 800°C, phase a sodium aluminate crystalline form and the
geopolymer phase transform to carnegieite and nepheline on heating to 900°C. Above
1000°C these crystalline phases make tender and partly melt and coarse, closed pores
are created in the internal structure that reduces the mechanical properties. Heating MK
geopolymer mixtures containing filler particles of fine quartz to 1000°C represent a

novel way to prepare polycrystalline nepheline/quartz ceramics.

Muhammad Zahid et al. [139], studied the influence of replacing fly ash with
metakaolin on strength development geopolymer mortar. They replaced 5, 10, 15%
metakaolin with fly ash. Sodium hydroxide and sodium silicate solution combination
was used as an alkaline activator. Geopolymer mortar was cured at 60°C for 24 hours.
Their result represented different behavior of metakaolin replacement on compressive
strength of geopolymer mortar containing fly ash. Increase in compressive strength was
observed with the addition of metakaolin in class F fly ash based geopolymer mixture.
However, decrease was observed in compressive strength of metakaolin added class C

fly ash based geopolymer up to certain replacement level.

Ping Duan et al. [50] worked on properties of fly ash based geopolymer paste
containing from 0% to 20% metakaolin after exposing sulfate attack. Geopolymer were
activated with combination of sodium silicate and sodium hydroxide solutions. The
results of laboratory work showed that fly ash based geopolymer paste suffer from

strength loss due to sulfate attack. They reported that replacement of fly ash by
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metakaolin improves the mechanical properties, refines the microstructure and

decreases the rate of damage due to sulfate attack.

The shrinkage properties of geopolymer mortars prepared from different concentrations
of slag and MK and the effect of relative humidity during the curing time were
investigated by Chang et al. [140]. They conducted different research and their results
indicate that the geopolymer containing 70% slag and 30% MK showed the lowest

drying shrinkage after 28 days of curing in the presence of 50% relative humidity.

The shrinkage behavior and pore structure of the MK-based geopolymer mortars and
pastes containing 0 to 30% FA were investigated by Tao Yang et al. [141]. The results
of the study indicating that a prolongation of the polymerization stage was resulted due
to the decrease of average reactivity of the solid precursors in a partially replaced MK
by fly ash. The changes in the volume of MK-based geopolymer pastes and mortars are
primarily because of the shrinkage caused by drying but not because of autogenous
shrinkage. During the designing geopolymer mortar mixes, the partial use of FA instead
of MK resulted in a decrease in the drying shrinkage and may solve the problems

regarding the structural stability of the geopolymer pastes and mortars.

The effects of silica fume on the MK-based geopolymer concretes were studied by
Khale and Chaudhary [142]. The authors employed O percent to 10 percent replacement
of SF and cured at room temperature for different time points such as day 1, day 7, day
28, and day 90. The authors concluded that the compressive strength of the geopolymer
mortars was increased by increasing the time of curing because increased curing time
allows forming a homogeneous and fine structure in addition to hydration was
progressive to form CSH. It is important to note that the strength of the geopolymer
mortars increased due to the increment of silica fume up to 7%. When using silica fume
more than 7%, the strength of geopolymer mortars decrease up to 10 percent. The
enhancement in the physical properties like bond strength, abrasion resistance, and

compressive strength is due to the pozzolanic activity of silica fume.

MK geopolymer pastes and the effects of different curing regimes were investigated by
Liew et al. [143]. The results of the study indicating that the heat is relatively important
in the MK geopolymer synthesis because curing at room temperature was not feasible.

It is important to note that the dissolution of the MK was slowed by lower curing
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temperature which ultimately showed down the geopolymerization process. The authors
also concluded that at higher temperatures the chemical reaction of geopolymerization
was speeding. At a moderate elevated curing temperature (40°C and 60°C), there was an
improvement in the compressive strength of the geopolymer mortars. It is important to
note that higher curing temperature resulted in the formation geopolymers with gel with
poor structure and quick polymerization which leads to a decreased compressive

strength.

The influence of different concentrations of NaOH on MK-based geopolymer paste was
investigated by Wang et al. [144]. The effect of NaOH was investigated by employing
8, 10, 12, 14, and 16 M/L of concentrations of NaOH on the geopolymer mortar mixes.
The results showed that with the increasing of the concentration of NaOH, the
compressive strength of geopolymer mortar and paste was increased at day 7 specimens.
It is also important to note that the highest level of compressive strength was observed

with a NaOH concentration of 16 M/L.

The effects of various concentrations of NaOH on the geopolymer mortar/concrete
made out of Kaolin were studied by Kamarudin et al. [145]. In this experiment, the
authors were trying to develop geopolymers with high compressive strength using
various concentrations of NaOH (6, 8, 10, 12 and 14M) at a curing temperature of 80°C
for the different duration (day 1, day 2, and day 3). The results of the experiments
showed that there was no increase in the compressive strength of geopolymer mortars
prepared with various concentrations of NaOH when they were cured for 1 and 2 days.
It is important to note that the highest compressive strength was observed at day 3
curing when the concentration of NaOH was 12 M. However, with the increase of
NaOH concentration, there was an increasing trend of compressive strength of
geopolymer mortars was observed due to the quicker activation of binder resulted in
stronger geopolymer mortar. The solubility of aluminosilicate enhanced with the

increase of NaOH concentrations.

Yana et al. [146] studied properties of geopolymer prepare from FA and MK mixed
with sepiolite at ratio 0%, 5%, 10%, 15% and 20% as a replacement material with FA
and MK. Flexural strength, compressive strength, abrasion resistance, vickers-hardness

internal structures were measured. Before 7 days of curing, they found, there is
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noticeable increase in compressive strength. At lday when compared the reference
specimen with various replacement ratio of sepiolit found change in compressive
strength. While sepiolite added, compressive strength increases at longer times after 7
days. Sepiolite exhibits positive effect on compressive strength, particularly at longer
times of curing. Up to 10% sepiolite addition, shows positive effect on flexural strength
regardless of time curing. Sepiolite improves the abrasion resistance. The minimum
losing in weight due to abrasion test observed in geopolymer mixtures containing 10%
sepiolite. That means it has high resistance to abrasion. Also, they concluded when
increasing replacement ratio of sepiolite that vickers-hardness increases. They found all
results which obtained from laboratory work (flexural strength, compressive strength,
Vickers hardness and abrasion resistance) were compatible. They concluded
geopolymer mixtures containing 10% sepiolite have higher compressive and flexural

strength, higher abrasion resistance and higher surface hardness.

Raphaélle Pouhet and Martin Cyr [147] studied carbonation phenomenon in
geopolymer produced from MK according to the pore solution these materials. Most
total carbonation of the pore solution happened after 14 days in normal condition. Also,
the results obtained from work laboratory display a very rapid reduction in the pH,
contrast to Portland cement. When sodium carbonate is formed under normal condition
of CO; it didn’t lead to a reduce pH less than 10.5 at one year. Therefore, the risk of
corrosion is limiting by depassivation of the reinforcement. While they used accelerated
carbonation carry out down 50% of CO, they found great amounts of sodium
bicarbonate had been formed and it responsible for decrease pH of the pore solution,

and a potential risk of corrosion by carbonation.

Mo Bing-hui et al [148] studied the influence of various curing on geopolymerization
procedures of MK-based geoplymer. They used Impedance Analyzer to research the
influence of various curing temperatures on the dissolution, polymerization,
reprecipitation procedures of the geopolymerization reaction. The temperatures used for
curing in work were 20 to 100°C. In geopolymer mixtures produced from MK, they
were noticed that the rising temperature curing accelerates the dissolution process of
MK and polymerization process in the primary geopolymerization reaction. They
concluded extend curing time; develop the formation of hardy structure, particularly in

the early-step (12 hours) of geopolymerization process. Also found rising temperature
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less than 60 °C lead to fast the hardening process and enhance the physical properties of
the geopolymer mixtures. Whilst, curing at temperatures 80 and 100°C there were
passive effect on physical properties. The ideal curing temperatures of geopolymer is

60°C, because geopolymer mixtures at 60°C show the better mechanical properties.

Huajun Zhu et al [149] investigated the effect of rice husk ash on the reaction kinetics,
on MK-geopolymer mixtures. They studied mechanical property, internal structure of
MK- geopolymer. Geopolymer pastes prepared from MK as main binder material and
different amount of rice husk ash (0%, 10%, 20%, 30%, 40%, and, 50%) as a
replacement material with sodium silicate activation. Analytical results display that both
MK and rice husk ash are contributory in the geopolymerization. Both materials
contributed to the improvement of mechanical properties and forming of internal
structure. They found when added rice husk ash to geopolymer mixtures, pore structure
of geopolymer samples is compact; therefore display a comparatively high compressive
strength. They conclude the ideal ratio of replacement MK by rice husk ash was 20%.
The plentiful in amount of gel in geopolymer lead to decrease the pore system. Also,
secondary filling contributed to the improvement refinement of pore and enhancement

strength.

The effects of the marine environment of MK-based geopolymers were investigated by
Xing Li et al [150]. The geopolymer was exposed to air, sea water, wet-dry and heat-
cool cycles of seawater (30, 60 and 90 days). They prepared geopolymer mixtures from
MK as a main binder. They found increment in compressive strength of geopolymers
when exposing to air till to 90 days. Whiles, it reduced as exposing in sea water, dry-
wet and heat-cool cycles of seawater. Exposure conditions to sea water, salts and cracks
and like halite are created that leading to reduce in compressive strength. Also, they
found the sea water environments damp the geopolymerization reactions process

therefore less amount of gel forming in geopolymer system.

The effect of rice husk ash on the thermal stability and internal structures of geopolymer
were studied by Guangwei Liang et al [151]. They produced geopolymer from MK as a
binder material and rice husk ash as substitution material with ratio (0%, 10%, 20%,
30%, and 40%). The results display, the aluminosilicate fractions of rice husk ash were

related with the acid-base reaction of geopolymerization, that leading to more formation
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of gels. They concluded, when used rice husk ash as a replacement material, the pores
system of geopolymer mixtures were re-fined due to filling impact of rice husk ash and
more generation of gel phases, which were essential reason for the good thermal
stability of geopolymer. They found the ideal ratio of replacement was 30% rice husk

ash. It affords the best strength of geopolymer before or after exposure to temperature.

Ruizhe Si et al [152] investigated the effect of waste glass powder as a replacement
material (with ratio from 0% to 20%) on geopolymer prepared from MK as a main
material. In work they measured nano pore structures, mechanical properties, and drying
shrinkage. They used two types of curing; under normal condition at ambient
temperature and thermal curing at 60°C. The mechanical properties of the geopolymer
mixtures containing low ratio of glass powder (5% and 10%) display improvement in
results. Also, they found when used glass powder in geopolymer mixtures, internal
structure and nano pore systems became better due to formed gel phase was more
intense. At dry condition, the replacement MK by glass powder decreased the water loss
rate of the geopolymer samples that lead to decrease drying shrinkage at early time. The
quantity of capillary stress formed in geopolymer mixtures containing glass powder was

comparable to geopolymer mixtures with 0% glass powder.



CHAPTER TWO

MATERIALS AND METHODS

In this work, we used two types of admixtures MK and FA for the production of
Geopolymer mortar. It is important to mention that the Class F of FA used in the current
experiments was obtained from Catalagzi thermal power plants in Turkey. MK was
obtained from the OTS Company in Turkey. In this work, the white powder-fine,
Sodium metasilicate was used as the activator. Natural river sand was used in the
mixture. Addition we used Portland cement to predicted normal mortar to compare with

the geopolymer normal condition used as curing.

The main objective of the current study is to investigate the influence of MK as a partial
replacement on the properties of FA-MK geopolymer mortar which made without any
need for curing, or air-curing. In the study, the FA was replaced with MK by weight at
the ratio of 0%, 10%, 20%, 30%, 40%, and 50%. The water-binder and sand-binder
ratios were 0.50 and 3.0, respectively. Adding to all this we cast Portland cement mortar
with water-cement ratio 0.5 to compare with geopolymer. The fresh mortars were cast
in prismatic molds with the size of 40x40x160mm’ for unit weight and specific gravity,
flow workability, compressive strength, flexural strength, ultrasonic pulse velocity,
shrinkage, and fire resistance additional to cubes molds with size 71x71x71mm’ for
abrasion resistance. As mentioned, we used the white powder Metasilicate as the
activator. Metasilicate used at constant concentration (10%). Compressive strength and
flexural strength were measured at 3, 7, 28, 90, and 180 days to evaluate which one of
age gives the best improvement in strength. According to the compressive strength of
mortar, other properties tested at 28 days because at this age we obtained the best

improvement in strength.
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2.1. Materials
2.1.1. Fly Ash

In the current study, we used Class F-FA which was provided by the Catalagzi thermal
power plants in Turkey. The physical and chemical properties of the FA had been
supplied from Erciyes University Technology Research and Application Center
(TAUM). The activity index FA at 28 days was 76%. The results of the analysis are

presented in Table 2.1 microstructure of FA as shown in Figure 2.1.

By investigating the FA, it is evident that it contains calcium oxide, iron oxide, alumina,
and silica. The content of SiO, + ALLO; + Fe,O5 in FA is more than 70%, while the CaO
is 10% for FA. It is found that FA satisfies the chemical requirements for use as a
pozzolanic material. This FA can be classified as Class C of FA according to the ASTM
(618 [87] classification.

Table 2.1 The chemical composition and physical properties of the fly ash

The Physical and Catalaga TSEN | ASTM
Chemical composition of Fly ash 450-1 | Ceo18
the FA v F
Si0; (%) 57.34
ALO; (%) 22.05
Fe O3 (%) 7.92
Si0, + ALOs + Fe,0; 87.31 >70 >70
K,O (%) 2.72
NaO (%) 1.70
MgO (%) 1.79 <4
Ca0O (%) 2.71
SOs (%) 0.57 <5
TiO, (%) 1.05
P>0s (%) 0.66
SOs (%) 0.57 <3 <5
StO (%) 0.11
BaO (%) 0.10
MnO (%) 0.07
710, (%) 0.06
CI'(%) <0.10
Free CaO (%) 0.22 <2.5
L.O.1. (%) 1.00 <5 <6
Density (g/cm3) 2.36
Retain on 45 um sieve (%) 11 <34
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Figure 2.1 Microstructure of fly ash

2.1.2. Metakaolin

MK was obtained from the OTS Company in Turkey. The activity index of MK at 28
days was 124%. The chemical composition and physical properties of the Metakaolin is
presented in Table 2.2. The specific gravity of MK is 2.41. The chemical composition
of MK comprised nearly 96% of (SiO, + AL,Os + Fe;O3), which conforms to ASTM C
618 Class N pozzolan [87]. Figure 2.2 microstructure of MK



Figure 2.2 Microstructure of metakaolin

Table 2.2 The chemical composition and physical properties of the metakaolin

The Chemical Composition ASTM
and Physical Properties of | Metakaolin Co18
MK N
Si0; (%) 50.91
ALO; (%) 43.49
F6203 (%) 1.44
SiO; + ALOs + FexO3> %70 95.84 >70
K>O (%) 0.62
NaO (%) 0.13
MgO (%) 0.18
Ca0O (%) 0.11
TiO, (%) 1.68
P,0s (%) 0.09
L.O.L (%) 1.10 <6
Specific Gravity (gr/cm’) 2.41
Physical Form Powder
Color Oft-white

40
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2.1.3. Cement

In the current study, Portland cement type CEM 1 42,5R, fulfilling the TS EN 197-1
[97] standards and with the trademark of CIMSA was used for the production of control
samples (Figure 2.30) It has been stored in airtight plastic containers to avoid exposure
to atmospheric conditions. The chemical and physical properties of this Portland cement

are presented in Tables 2.3 & 2.4 respectively.

Table 2.3 The chemical composition of the cement

The Chemical Composition Values TSEN197-1
Minimum | Maximum

Si0, % 19.90 - -

ALO; % 5.14 - -

Fe,0; % 2.80 - -

MgO %o 2.49 - 5
SO; % 3.30 - 4,0
L.O.1 %o 3.47 - 5,0
Insoluble Residue Y% 0.84 - 5,0
Chloride % 0.0047 - 0,1

Table 2.4 The physical properties of the cement

The Physical Properties TS EN 197 -1
Values
Minimum | Maximum
2 days compressive strength MPa 34,1 20,0 -
7 days compressive strength MPa 43,8 - -
28 days compressive strength MPa 54,1 42.5 62,5
Initial setting Min 180 60 -
Final setting Min 240 - -
Volume Expansion mm 1 - 10
45 micron sieve analysis % 4 - -
Specific weight cm’/g 3,14 - -
Specific surface area glem’ 3652 - -
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Figure 2.3 Portland cement which used in the work

2.1.4. Sand

River sand has been used in the study, as a fine aggregate after it has been sieved by
sieve size 4mm. It had specific water absorption and a gravity of 4.71% and 2.32 cm’/g,

respectively. The grading of fine aggregate was as shown in Table 2.5.
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Table 2.5 Grading for fine aggregate used in this work

. . Passin
S‘?IV:IE)‘ZE Sandg
(%)
16 100.0
11.2 100.0
8 100.0
5.6 100.0
4 97.1
83.8
1 65.9
0.5 48.4
0.25 17.3
0.15 52
0.063 0.7
PAN 0.0

2.1.5. Water

In the case of normal mortar, water is very important to provide workability during
mixing and for the hydration of cement. Water also played a crucial role in the curing
process. Although there are not many strict rules for water purity, the water should not

be highly contaminated and dirty. In the current study, we used the normal tap water.

2.1.6. Activator

In this work, the white powder-fine, Sodium metasilicate (anhydrous) with bulk density
=1.1 (g/L.) was used as the activator. The chemical formula of it is NayO.xSi0,.yH,O
(x=1 and y=0, 5 or 9) from SILMACO COMPANY as shown in Figure 2.4.
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Figure 2.4 Activator material

2.2. Trail Mixes

In this work, we made trail mix through 9 months to obtain the ideal mixtures we faced

many problems (Figure 2.5). The difficult part in trail mix whom I can make a mixture

by using two materials, MK and FA which have different behaviors toward curing and

activator, for example, in general FA in geopolymer using thermal curing and sodium

hydroxide while I saw from trail MK unlike the heat and defame silicate.

We made a trail mix to find which one activator can use, we used Na(OH) with
Sodium silicate all so we used Metasilicate (MS). According to compressive
strength, MS with contraction 10% and water/binder ratio 0.5 gives better

results.

We made a trail mix with using different types of curing: The first type of curing
is using cabin (40°C+90%) for 24 hours after that in the air until test day. The
second type is curing in the air without cover nylon. The third type is curing in
the air with cover (nylon). The fourth type of curing had been using the oven
(100°C) for 24 hours; the fifth type is curing in oven 60°C for 24 hours after that
wait in the air until test day. The sixth type of curing, after24hours form casting
samples had been curing by using cabin (20°C for 24 h) after that the samples

left in water until the test day. The seventh type is curing 24hours in the air after
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that in the cabin (20°C for 24 hours) after that in water until test day by using
cover. The eighth type is curing in the oven (100°C) after that in the air until test
day. The last method of curing, after 48 hours casting samples had been put in
water until test day. According to compressive strength, a normal condition in

the temperature room gives better results.

We made a trial mixture by using different construction of MS (10%, 12%, and
14%). All these constructions give result in compressive strength closely.

According to the initial setting and workability, 10% give better results.

We made trail mix by using different dosages of MK as a supplementary
material we found the best dosages for compare are 0%, 10%, 20%, 30%, 40%,

and 50%, therefore, we used these dosages in our work.

Also, we made trail mix by using high dosages of MK 60%, and 70% by weight
of FA but we couldn’t cast due to the high absorbability of the MK. We need to
use a high amount of water-reducing (superplasticiser). Superplasticiser was not

planned in our work, so these dosages were abandoned.

Figure 2.5 The problems in trail mix
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2.2. Design of Mixtures

According to trail mix which we decided to use MS as an activator, normal condition as
curing, that means we don't need to cure, water/binder ratio was 0.5 with a dosage of
MK 0%, 10%, 20%, 30%, 40%, and 50% as supplements. After we obtained the ideal
mixture, we study the effect of time on strength for samples, therefore, we tested both
the compressive strength and flexural at 3, 7, 28, 90, 180 days. According to the results
we observed that compressive strength increasing through the time, but curing up to 28-
day does not affect the significantly, therefore, we tested the durability properties for 28

days.

Table 2.6 Mixtures used in work

S ~_
= 8 |z|=| 5| 2|24 %
= | 25 |8|=| §| “ |2 |B

) = =

=
MC - 450 | - - 1350 | 120 | 225
MO 0 - 1450 - 1350 | 120 | 225
M1 10 - 1405 | 45 1350 | 120 | 225
M2 20 - 360 ] 90 1350 | 120 | 225
M3 30 - | 315 | 135 1350 | 120 | 225
M4 40 - 1270 | 180 | 1350 | 120 | 225
M3 50 - | 225 | 225 1350 | 120 | 225

2.3. Mortar Production and Curing
2.3.1 Mixing Procedure

The main purpose of this study is to investigate the influence of MK as a partial
replacement on the properties of FA geopolymer mortar which made without any need
for curing, or air-curing. In the study, the FA was replaced with MK by weight at the
ratio of 0%, 10%, 20%, 30%, 40%, and 50%. The water-binder and sand-binder ratios
were (.50 and 3.0, respectively. The fresh mortars were cast in prismatic molds with the
size of 40x40x160mm’ for unit weight and density, water absorption and void ratio,
capillary water absorption, compressive strength, flexural strength, ultrasonic pulse
velocity, shrinkage, freezing-thawing, carbonation, and, high temperature resistance,

additional to cubes molds with size 71x71x71mm’ for abrasion resistance and, cylinder
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molds with the size of #100x200mm for accelerated corrosion, rapid chloride ion
penetration show in Figure 2.6. As mentioned, we used the white powder MS as the
activator. We first mixed MS at a constant concentration of (Na=10%) with water by
hand for 1min, added FA, and then the designated percentage of MK (0%, 10%, 20%,
30%, 40%, and 50%) to the mixture. All these materials mixed for 30sec. After that, we
added sand to the mixture and mixed it with a mixer for 3 min. In the mixing procedure,
we used the automatic method to produce fresh mortar the type of mixture used shown

in Figure 2.7.

Figure 2.6 The types of molds which used in the work
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Figure 2.7 Mixer used in the production of samples

2.3.2. Preparation Geopolymer Mortars

The fresh geopolymer paste was cast in prismatic molds with a size of 40x40x160mm’
for unit weight and density, flexural strength, compressive strength, ultrasonic pulse
velocity, water absorption and porosity, sorptivity rate water absorption, wetting-drying
test, freezing-thawing test, drying shrinkage test, and, high temperature resistance,
cubes molds with 71x71x71mm’ for abrasion resistance, fresh mortars were cast in
cylinder molds with the size of ¥100 x200mm for accelerated corrosion, rapid chloride
ion penetration and, vibrated to remove entrained air bubbles. The molds were then
placed in the air for 2 days. After 2 days of casting, all the specimens were released
from the molds and repeated to normal conditions before being subjected to further
curing in a standard condition of 20+1°C and 50£10% relative humidity up to 28 days.

While normal mortar after 24 h from casting the samples removed from modules and

put in water until test day show Figure 2.8.

Figure 2.8 Curing of samples.
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2.3. Test Methods

In this work, we cast geopolymer mortar and cement mortar as a reference to compare
between it and the geopolymer. After we cast them, we made requested curing to obtain
strength and tested it. Firstly, the compressive strength and the flexural test were at (3,
7, 28, 90, 180) days done according to TS EN 1015 -11 [153] to evaluate which age
give better resulted and chosen the age to use in study durability properties. When we
found the best time for curing at 28 days for geopolymer decided to use in this age in
the study, therefore, we used 28 days at the age for the normal mortar to compare
between normal mortar and geopolymer. We are casting samples by using FA and MK
(with replacing 0%, 10%, 20%, 30%, 40%, and 50%) as binder material and MS
activate with construction 10%Na. The testing which made were unit weight and
density, flow workability, flexural strength, compressive strength, ultrasonic pulse
velocity, water absorption and porosity, sortivity rate water absorption, wetting-drying,
freezing-thawing, rapid chloride ion penetration, dry shrinkage, abrasion resistance,

high temperature resistance and, accelerated corrosion.

2.3.1. Unit Weight and Density Test

This test made according to TS EN 1015-10 [154], after we placed samples 28 days in
the air, we take the weight of samples in air, Oven-Dry Mass (Wp) determine the mass
of the samples 40x40x160 mm, and a temperature range of 100-110°C in the oven for
24h was used to dry the specimens. After that, the specimens were removed from the
oven and allowed to cool them in dry air at an ambient temperature of 20 to 25°C and
after that, the mass was determined. After we obtained Wp, Saturated Mass (Wssp) was
taken, the specimen was immersed, and after final drying, cooling, and determination of
mass, in water at approximately 21°C for 48hours, the surface of the specimen was
dried using a towel to remove the surface moisture and finally we determined the mass
of the specimen. In the end, we determined, immersed Apparent Mass (Wyw) suspend
the specimen by a wire and determine the apparent mass in water. We are working to
analyze the data and evaluate them to see Figure 2.9. To calculate unit weight and

specific gravity, we are using the following equations.



Bulk density dry (g/cm’) = Wp, / (Wssp-Ww)
Bulk density after immersion SSD (g/cm3) = Wssp/ (Wssp-Ww)
Apparent density (g/cm’) = Wp / (Wp-Wy)

Apparent Unit Weight (g/cm’®) = Wy, / dimension of the sample

Figure 2.9 Archimedes balance view

2.3.2. Flow Workability Test

50

(Equation 2.1)
(Equation 2.2)
(Equation 2.3)

(Equation 2.4)

The workability of the mixes was measured according to TS EN 1015-3 [155]. A

truncated cone mold was filled with freshly mixed mortar and placed on the flow table

to determine the initial flow of the mortar. After that, the mold was removed and the

flow table was uplifted by 10-mm mechanically and then dropped for 15 seconds at the

rate of one per second. The mortar was progressively moved outwards by increasing the

diameter of the flow during the test. The diameter of the mortar at the final stage was

measured in millimeter for every mix. Figure 2.10 shows the determination of

consistency with spreading a table.
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Fig 2.10 Determination of flow workability with spreading a table

2.3.3. Flexural Test

The mixtures were cast into molds with size 40x40x160 mm®. The test for the flexural
strength was done by the procedures described in TS EN 1015-11 [153], in seven series
of mixtures. First, the specimens were tested for the flexural strength which resulted in
two halves. A U-TEST testing machine with a capacity of 150 kN in bending and
loading speed of 50 N/s, was used to measure the flexural strength. From one mold we
could take 3 samples for flexure then we took an average of them as equation (2.5). As
shown in Figure 2.11

Fx1
Rf =1,5? (Equation. 2.5)

Where;
Ry Strength of flexure, N/mm?
b: The edge length of the square section of the prism, (40 mm)

F: Force applied to the center of the prism, (Newton)

I: Distance between the axis of the support rollers, (100 mm)

Figure 2.11 Flexural strength tests
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2.3.4. Compressive Test

The blends were cast into molds with a 40x40x160mm’. The compressive strength test
of the blends was measured in accordance with the procedures described in TS EN
1015-11 [153], in seven series mixtures. At the initial stage, the specimens were first
tested for flexural strength which resulted in the specimens into two halves, and then the
compressive strength of the specimens was tested. The compressive strength of the
specimens was carried out by a U-test testing machine that has a capacity of 250 kN and
the loading speed was 500 N/s as is shown in Figure 2.12. From one mold we could take

6 samples for compressive then we were taken average of them.

R.=—% (Equation 2.6)

Where;

Rc: Compressive strength, N/mm?

b: Side length of the pressure plate, (40 mm)
Fc: The biggest force in breaking, (Newton)

Figure 2.12 Compressive strength tests

2.2.5 Ultrasonic Pulse Velocity Test

The ultrasonic pulse velocity of the samples we were measured by a Proceq device in

Figure 2.13 called Pundit (Portable Ultrasonic Non-destructive Digital Indicating
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Tester) according to TS EN 12504-4 [156]. The low-frequency ultrasonic signals sent
from the device are detected by the transducers by passing through the sample and thus
the time of the ultrasonic signals passing through the sample is accurately measured.
The gel was applied to the rough surface of the samples and transducers were placed in
the direction of the sample and readings were made from 0.16 m. Transition time T was
recorded in ps using the direct transmission method. The transit time of the ultrasonic
signals depends on the sample density. During the measurements, the experiments were
carried out on 3 (40x40x160mm®) prismatic samples and their averages were recorded.
Transition time T is converted to microseconds in seconds and the ultrasonic pulse

velocity is calculated using equation 2.7 given below.

V= % (Equation 2.7)

Where:
T = transit time, s
V = pulse velocity, m/s, and

L = distance between centers of transducer faces, m.

Figure 2.13 Ultrasonic pulse velocity test

2.3.6. Water Absorption and Porosity Test

The procedure of this experiment as follows: after we placed samples 28 days in the air,
we take the weight of samples in air, oven-dry Mass (Wp) was determined the mass of
the samples with dimension 40x40x160mm’, and dry in an oven at a temperature of

100-110°C for 24 hours in the oven was used to dry the specimens. After the drying
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step, the specimens were removed from the oven and allowed them to be cooled in the
dry air of ambient temperature of 20 to 25°C and after that, the mass was determined.
After we obtain Wp we were taken saturated mass (Wssp), the specimen was immersed,
and after final drying, cooling, and determination of mass, in water at approximately
21°C for 48hours, the surface of the specimen was dried using a towel to remove the
surface moisture and finally we determined the mass of the specimen. At the end of this
step, we determined the immersed apparent mass (Wyw) suspend the specimen by a wire
and determine the apparent mass in the water as shown in Figure 2.14. We are working
to analyze the data and evaluate them. To calculate absorption and volume of permeable

pore space voids we are using the following equations.
Voids Ratio, % = [(Wssp - Wp) / (Wssp-Wy)] x 100 (Equation 2.8)

Water Absorption % = [(Wssp- Wp) / (Wp)] x 100 (Equation 2.9)

Figure 2.14 Water absorption and porosity test

2.3.7. Sorptivity Test

The rate water absorption test was performed according to the method described in
ASTM C1585-13 [157]. For each mixture, 3 samples with dimension 40x40x160mm’
were produced and the geopolymer samples were cured in the air for 28days, and the
Portland cement samples were cured in water for 28 days. All mixtures dried at 105°C

for 24hours. The side and top surfaces of the samples were covered with aluminum foil
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tape and protected from air humidity. Clearance about 2+1 mm is provided on the side
surfaces and it is provided to come into contact with water with the lower surface. By
forming a glass pool, the supports were placed at the bottom of the samples in water
(Figure 2.15). Samples placed on the supports were allowed to absorb water capillary
without contacting each other and the water contact surface was wiped with a paper
towel each time it was removed from the water and only the amount of water absorbed
as capillary was calculated. For each samples 1, 5, 10, 20, and 30 minutes and 1, 2, 3, 4,
5, and 6 hours and 1, 2, 3, 4, 5, 6, 7, and 8 days we determined the weight of them. To

calculate water absorption we can use the following equation:
I=mt / (axd) (Equation 2.10)

Where:

d =the density of the water in, g/mm’

a = the exposed area of the specimen, in mm?,

mt = the change in specimen mass in grams, at the time t, and

I =the absorption, mm

Figure 2.15 Sorptivity test

2.3.8. Wetting-Drying Test

After 28 days of curing, the mortar was cast into molds 40x40x160mm’. We made this
test carried out according to the procedures described by ASTM D5313 [158]. Dry each
sample in an oven to a constant mass at 110£5°C and record the mass. Begin the
wetting sequence by placing each specimen, in a container. Add enough potable water
to the container such that the specimen is fully immersed and let stand at room
temperature for a minimum of 12hours. Begin the drying sequence by decanting or
siphoning the water and placing the container in an oven at a temperature of 65+5°C.

Thoroughly dry the specimen for a minimum of 6hours. The completion of the wetting
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and drying sequences constitutes one wetting-drying cycle (Figure 2.16). After the
drying, the sequence allows the samples to cool to ambient room temperature. Repeat
the process of wetting and drying for 80cycles had been made. Upon completion of the
80 cycles, dry the samples in an oven to a constant mass and record the mass after that
we did determine the loosing of weight due to the wetting-drying test according to the

following equation.

A-B

Losing of weight % = x100 (Equation 2.11)

Where:
A = oven-dried mass of the specimen prior to testing

B = oven-dried mass of the specimen slab after testing

Figure 2.16 Wetting-drying test

2.3.9. Freezing — Thawing Test

We made this test according to ASTM C 666 [159]. The procedure of this experiment
was specimens of geopolymer shall be cured for 28 days in air for testing. While the
specimen of Portland cement mortar cured in water for 28 days. Immediately after the
specified curing or conditioning period, bring the specimen to a temperature within -
10°C and +4°C of the target thaw temperature that will be used in the freeze-thaw cycle.
Start freezing-and-thawing tests by placing the specimens in the thawing water at the
beginning of the thawing phase of the cycle. Remove the specimens from the apparatus,

in a thawed condition, at intervals not exceeding 100 cycles of exposure to the freezing-
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and-thawing cycles, determine the mass of each specimen, measured the ultrasonic
pulse velocity of each them and return them to the apparatus as seen in Figure 2.17.
After we finished 300 cycles we determine the mass of each specimen, measured the
ultrasonic pulse velocity of each them and determined the compressive strength of

samples.

Figure 2.17 Freezing-thawing experiment.

2.3.10. Rapid Chloride ion Penetration Test (RCPT)

This test had been made according to ASTM C1202-12 [160]. Cylinder samples of 100
@ x 200 mm dimensions were produced and 50 mm thick specimens were cut from the
middle part of the cylinder by stone cutting machine and made to test standard. Samples
cut to 100 mm in diameter and 50 mm in thickness were placed in a desiccator and
vacuumed for 3 hours with the help of a pump that produces a vacuum of 50 mm Hg
(6650 Pa) as shown in Figure 2.18. The desiccator was then filled with water and
vacuum was applied at 1 hour, so that the samples remained in the water. After the
vacuum pump was switched off for 18 £ 2 hours, the samples were left in the water. At
the end of the preparation period, the samples were removed from the water and fixed
between the chloride permeability cells (Figure 2.19). One of the cells was filled with
3% NaCl solution and the other with 0.3% NaOH solution. Pure water was used for the
solutions, 4 samples were simultaneously connected to the rapid chloride permeability
apparatus and 60 V dc current was transferred from the 50 mm thick samples for 6
hours. The chloride permeability value of the samples was determined in terms of

Coulomb depending on the chloride ion penetration resistance.
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Figure 2.19 Rapid chloride ion penetration test

2.3.12. Shrinkage Test

This test made according to TS ISO 1920-8 [161], we used molds with dimension
40x40x160mm’. After that we removed molds and measured the first reading to
samples and continue the reading until 360 days. Portland cement mortars were kept in
the mold for 24 hours and then removed from the mold and the first measurement was
made. The samples were kept in the laboratory with 20+1°C temperature and 50+10%
relative humidity during the experiment (Figure. 2.20). During the first 14 days, daily,
up to 91 days, weekly and then monthly measurements were made to determine the
change in height over 360 day. Measurements were made on a measuring device with a
deformation clock of 0.002 mm precision. The change in length in each sample was

calculated with the help of equation 2.13 below.

_ CRD —initial CRD v

AL, o

100 (Equation 2.13)

Where:

Al a length change of specimen at any age, %,
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CRD = difference between the comparator reading of the specimen and the reference
bar at any age, mm
Initial CRD: Initial value read at the beginning of the test for reference, mm

G: Distance between measuring points, mm

e qunamag,m,_

Fig.2.20 Shrinkage testing

2.3.13. Abrasion Resistance Test

The abrasion resistance of geopolymer mortar samples was determined by applying
abrasion to 71x71x71mm’ cube samples on the Bohme abrasion device according to TS
2824 EN 1338 [162]. Bohme abrasion tester and samples used in the study are shown in
Figure 2.21. The pressure piston is pressed by the weight suspended on the loading arm.
The disc applies an abrasion force of 294 N to the sample. The disc automatically stops
after 22 cycles (1 period). The sample is rotated 90° clockwise and new abrasive powder
is added to the track. The disc and contact surfaces are cleaned each time. In this way,
the second, third and fourth surfaces are also abraded and the first stage is completed
after a total of 88 cycles. In the study, 352 cycles were applied to each sample with a
total of 16 periods. At the end of 16 periods, weights of the samples which were cleaned
by brush were weighed. To find wear losses, the initial weight and the initial volume of
each sample were first determined and thus the density of the samples was calculated.
Then the difference between the first weight and the weight at the end of the experiment

was calculated. The volume loss was calculated by dividing the weight difference by the
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density of each sample. Corrosion loss was calculated as equation 2.14 in terms of
volume reduction. Wear Loss (AV, mm’ / 5000 mmz).
Am

AV = p—R (Equation 2.14)

Where;

AV: Volume loss after 16 periods, mm’
Am: Mass loss after 16 periods, g,

pR: Density of sample, g / mm®

Figure 2.21 Abrasion resistance test

2.3.14. High Temperature Resistance Test

Geopolymer and Portland cement samples were produced in dimensions of
40x40x160mm’ and high temperature resistance test was applied. The produced
samples were brought to the temperature to be applied 5°C / minute temperature
increase in the oven and subjected to high temperature separately at 300, 600, and
900°C for 60 minutes (Figure 2.22). After the experiment was completed in the oven,
the samples were allowed to cool to room temperature. A weight had been measured,

flexural and compressive strength tests were performed.
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Figure 2.22. High temperature resistance test

2.3.15. Accelerated Corrosion Test

Ribbed steel with a diameter of (312 was used for the corrosion test. Industrial salt was
used in NaCl solution. Cylinder with dimension @#100x200mm had been used in the
test. Reinforcement steel is placed in the center of the cylinder mold 30 mm in height
with plastic anti-rust margin components to prevent the reinforcement to touch the mold
base. Geopolymer samples were tested after the curing at room temperature for 28 days
while the Portland cement samples were cured in water for 28 days after the curing is
finishing for all mixtures the test starts. A plastic pool was used for the experimental
setup and the metal wire cover was laid on the bottom of the pool and electricity was
provided. We used salt solution with a concentration of 5% for the accelerated corrosion
test. The positive pole of the direct current source, which applies 12-volt constant
voltage to the system, is connected to the upper end of the reinforcement (working
electrode) and the negative pole is connected to the metal cover located below (Figure
2.23). Thus, reinforcing rod anode, metal wire cover cathode and NaCl solution also
assumed the function of electrolyte. 7 test samples were connected to 7 channels in 4
direct current sources at the same time. After corrosion, weight loss of the

reinforcement and adherence loss of the samples was determined.
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The pull-out test was performed according to ASTM A944-10 [163] to determine the
loss of bond of the samples subjected to corrosion (Figure 2.24). The experiment was
applied to the second group of non-corroded samples which we can compare with a
group of corroded samples. At the end of the experiment, calculations were made with

the help of equation 2.15.
7= (Bond Force)/(ax0xL) (Equation 2.15)

Where:

Bond Force: the force which needs to pull out reinforcement by the sample, N
(): Reinforcement diameter, mm

L: Adherence length (length of reinforcement embedded in the sample), mm

7: Adherence strength N/mm?®

Figure 2.23 Accelerated corrosion test



Figure 2.24 Bond strength (pullout) test
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CHAPTER THREE

RESULTS AND DISCUSSION

In this chapter, 0%, 10%, 20%, 30%, 40% and 50% metakaolin(MK) (M0, M1, M2,
M3, M4, and M5 respectively) had been used as a partial replacement with fly ash (FA)
as a based material for geopolymer and curing in ambient condition with time, (3, 7, 28,
90, and 180) days for measuring flexural strength and compressive strength to
determine which ages using for durability tests. The 28 days give the best results
therefore used for the other properties in includes: unit weight and density, flow
workability, ultrasonic pulse velocity, water absorption and porosity, sorptivity,
wetting-drying, freezing-thawing, rapid chloride permeability, drying shrinkage,

abrasion resistance, high temperature resistance, and accelerated corrosion.

3.1. Unit Weight and Density Test Results

The weight of the samples produced in the study was taken at 28 days of curing in the
air. Accrediting to TS EN 1015-10 [154], the unit weights and density were calculated.
The density and unit weight values of the samples increased in parallel with the increase
in the rates of MK substitution used in the preparation of the geopolymer as we have

seen in Table 3.1 and Figure 3.1.

The specific weight of MK material is higher than that of the FA, therefore, the density
values of the samples increased with an increase in the substitution rates. Also, density
is enhanced when MK dosage increased, that means the structure of the samples
contains MK is more cohesive and less pores than that samples containing only FA. For

example density of M mixture containing 0% MK is 2.16 while M5 mixture containing
50% MK is 2.19.

All so we notice, the apparent unit weight of both Portland cement mortar (MC) and
mixtures containing 50% MK were 2.11, and 2.10 g/cm’ respectively very closed. As

well, the density of them was 2.22, and 2.19 g/cm’ respectively. That means the
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Amount of water, which absorbed in samples little, maybe because, pores in bodies are

decreased when the amount of MK increased that identical with Gékhan et al. [132] was

also observed that the apparent porosity and water absorption rates of the samples

decreased depending on the increase in the MK substitution rate used in the preparation

of the samples. However, what yielded these results was actually the MK having more

reactivity than the FA during the polymerization process.

Table 3.1 Unite weight and density of mixtures

Mixtures. Agg::;’lt Dry De113sity SSD Delgsity Unit Wegght
v (g/em’) (g/em’) (g/em’)
MC 2.45 2.08 2.22 2.11
Mo 241 2.01 2.16 2.01
M1 2.43 2.02 2.18 2.02
M2 2.45 2.02 2.19 2.04
M3 2.45 2.02 2.19 2.07
M4 2.45 2.02 2.20 2.08
M5 2.44 2.03 2.19 2.10

2,50
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Figure 3.1 Density of mixtures

3.2 Flow Workability Test Results

Flow workability results for each mixture were presented in Table 3.2. It has been

observed from Table 3.2 that replacement of MK with FA caused a remarkable decrease

in flow workability, as MK replacement increase flow workability was decreased. For
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example, flow workability of reference mixture MO was 257 mm, whilst it was 114 mm
for mixture containing 50% MK. This is explained with the specific surface of MK
which was very high that absorb mixing water. This result was found to be in agreement
with publish results of Sunny A. Jagtap et al [164]. Flow workability Portland cement
mortar was 150 mm. Portland cement flowability drops between M3 and M4 mixtures.

See Figure 3.2.

Table 3.2 Flow workability test results

Flow
Mixture Workability

(mm)

MC 150

MO 257

M1 227

M2 186

M3 163

M4 140

M5 114

Figure 3.2 Workability of Portland cement mortar and geopolymer mortar

3.3. Flexural Strength Test Results

In this work we produced Portland cement mortar samples were cured in water and
geopolymer mortar samples were cured at room temperature until the test day, prismatic

samples 40 x 40 x 160 mm® for each mixture and ages casted. After ages of curing 3, 7,
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28, 90, and 180 days, the samples subjected to a single point flexural test. Table 3.3

shows the results of flexural strength of all types of mortar mixes at various ages.

Flexural strength results of all mixtures at ages 3, 7, 28, 90 and, 180 days presented in
Figure 3.3. In general, all mixes exhibit continuous increase in strength with increasing

in MK contain for all ages.

Table 3.3 Flexural strength of all types of mixes

. Flexural Strength (MPa)
Mixture
3 days 7 days 28 days 90 days 180 days

MC 5.5 6.6 8.8 9.3 10.3
MO 1.2 1.6 4.8 7.3 9.2
M1 1.5 3.0 SIS 8.1 9.5
M2 2.8 33 6.3 8.8 10.8
M3 3.7 5.5 7.8 9.3 11.3
M4 6.9 7.7 8.7 12.3 13.1
M5 9.0 9.4 9.8 12.5 13.3

In age 3days, the strength of mixtures of MC, M0, M1, M2, M3, M4 and M5 were 5.5,
1.2, 1.5, 2.8, 3.7, 6.9, and 9.0 MPa respectively. From the results we can say, the

mixtures containing 40% and 50% MK have strength more than Portland cement mortar

MC.

Age Tdays, the strength of of MC, M0, M1, M2, M3, M4 and M5 were 6.6, 1.6, 3.0, 3.3,
5.5, 7.7, and 9.4 MPa respectively. We notice geopoylmer mixtures incorporating 40%,
50% MK developed flexural strength values than mortar made with only fly ash

geopolymer (M0) and Portland cement (MC).

The strength of MC, M0, M1, M2, M3, M4 and M5 were 8.8, 4.8, 5.5, 6.3, 7.8, 8.7, and
9.8 MPa respectively in 28 days. We notice the mixtures with 40% and 50% MK have
strength closed to MC.

From the above it is concluded the mixtures containing 40% and 50% MK gets strength

at an earlier age compared to cement mortar.
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In ages 90 days the strength of mixtures of MC, M0, M1, M2, M3, M4 and M35 were
9.3, 7.3, 8.1, 8.8, 9.3, 12.3, and 12.5 MPa respectively. From the results we can say the
mixtures with 40% and 50% MK replacement have strength more than MC.

Ages 180 days, the strength of MC, M0, M1, M2, M3, M4 and M5 were 10.3, 9.2, 9.5,
10.8, 11.3, 13.1, and 13.3MPa respectively. We notice the mixtures with 40% and 50%
MK have strength more than MC.

From all mentioned, mixtures with 40% and 50% MK has strength more than cement

mortar in all ages curing.

We noticed the flexural strength has increased when MK increased, for example M0
sample strength about 4.8 MPa while in M5 was 9.8 at 28 days as we seen in Figure 3.3.
On the other hand the strength of the mixture containing 50% MK in all ages near to
strength of cement mortar because the geopolymer mortar exhibits high flexural due to
the excellent adherence of geopolymer to the aggregate particles and the remarkable

fragility of the geopolymer [165].

Additional the time of curing is an effect on strength until 180 days, improvement
continues until 180 days as shown in Fig 3.3. When comparing M5 at 28 days with 180
days we found enhancement in flexural in good rate 9.8 and 13.3 MPa at 28days and
180 days respectively. This increase in the strength of these specimens is due to the

continuity of the hydration process.

At the same time, the mixtures with low ratio of MK 0%, 10%, and 20% ongoing in
improved strength with the highest rate, that because the low reactivity and slow setting
of the FA hinders the development of resistance. In many cases, FA cannot complete

dissolution before the final hardening [166].

At the same time the results of M0, M1, M2, M3 were near to MC at 180 days while in
early time, there are big differences between MC and these geopolymer mix, except M4
and M5 have high strength from early ages that mean the high dosages of replacement
of MK is very effective in flexural strength at early ages, because, actually the MK is

having more reactivity than the FA during the polymerization process [132].
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Figure 3.3 Flexural strength for mixtures at all ages
3.4. Compressive Strength Test Results

The Portland cement samples produced in the study were subjected to water cure and
compressive strength test was applied to the samples which were divided into bending
strength. Geopolymer mortar samples were subjected to the air curing process, then 3
pieces of 40 x 40 x 160 mm’ prismatic samples were divided into two parts by bending

test and each part was subjected to compressive strength test.

As we saw in Table 3.4 MK substitution rate made a significant contribution to the
compressive strength values of the samples. Figure 3.4 shows the compressive strength
at 3, 7, 28, 90, and 180 days. Strength values increased with an increase in the MK
substitution for all ages, the best results obtained with a 50% MK substitution, while the
lower values obtained with using 0%MK. These results may be because MK has more
reaction than the FA during the polymerization process as Gokhan et al. Mentioned

[132].
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Table 3.4 Compressive strength of mixtures

) Compressive Strength (MPa)
Mixture
3 days 7 days 28 days 90 days 180 days

MC 32.3 40.6 53.4 59.4 62.4
MO 4.8 6.5 15.1 21.0 28.4
M1 6.4 10.1 17.0 24.9 33.9
M2 8.9 15.9 26.4 33.2 38.6
M3 18.2 28.3 41.3 41.5 50.4
M4 31.1 41.9 54.7 56.1 56.4
M5 46.8 54.7 60.2 60.5 61.1

In ages 3days the strength of mixtures MC, M0, M1, M2, M3, M4, and M5 were 32.3,
4.8, 6.4, 8.9, 18.2, 31.1, and 46.8 MPa respectively. From the results we can say the
mixtures containing 40% MK (M4) is close to Portland cement mortar (MC), however,

the mixture containing 50% MK (M5) has strength more than an MC.

Ages 7days, the strength of MC, M0, M1, M2, M3, M4, and M5 were 40.6, 6.5, 10.1,
15.9, 28.3, 41.9, and 54.7 MPa respectively. We notice the mixtures containing 40% MK
is near to MC. The strength of M5 is more than an MC.

The strength of MC, M0, M1, M2, M3, M4, and M5 were 53.4, 15.1, 17.0, 26.4, 41.3,
54.7, 60.2 MPa respectively in 28 days. We notice the mixtures with 40%MK and 50%

MK have strength closed to Portland cement mortar.

In ages 90 days the strength of mixtures MC, M0, M1, M2, M3, M4, and M5 were 59.4,
21.0, 24.9, 33.2, 41.5, 56.1, 60.5 MPa respectively. From the results we can say the
mixtures with 50% MK very near to MC.

Of all the above results, we can notice, compressive strength for high rate replacement
of MK, increases dramatically before 28 days of curing, however, the changes in
compressive strength are modest with increasing curing ages. Strength at 90 days is near
to strength at 28 days. It is noted that the compressive strength develops quickly before
28 days of curing. It can be concluded that early strength of geopolymer increases
rapidly and this is consistent with previously reported findings [167-169, 147], which
concluded that the compressive strength of geopolymer increased slowly after 28 days

of curing and the strength gain beyond this period was insignificant.
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Ages 180 days, the strength of MC, M0, M1, M2, M3, M4, and M5 were 62.4, 28.4,
33.9, 38.6, 50.4, 56.4, and 61.1 MPa respectively. We notice the mixtures M5 has
strength closed to MC.

From all mentioned, mixtures with 40% and 50% MK replacement has strength more
than Portland cement mixture in all earlier ages curing, while in later ages the results of
M4 and M5 were insignificant improvement. On the other hand, the low ratio of MK
mixtures continues to develop strength until 180 days, that's because the low reactivity
of the FA hinders the development of resistance. In many cases, FA cannot complete

dissolution before the final hardening [166].

The mixture containing 50%MK has strength more than Portland cement at 28 days
nevertheless in ages 180 both have the same strength. This behavior is mean
geopolymer contain a high ratio of MK are owing strength very fast in early ages
compare with MC which have the highest strength at 180 days. The same time, the best
results obtained from geopolymer at 28 days when compare with later ages, curing ages
effective in strength after 28 days, but not significant (Figure 3.4). Manjunatha et al.
[170] report, the compressive strength values of the samples had an upward trend with

an increase in MK amount and the curing times applied to the samples until 28 days.

This higher strength development rate at early ages and lower strength development rate
can be explained with the activation energy such that the activation energy of
metakaolin is lower than that of fly ash. Sun and Vollpracht [171] reported that the
binding material with low activation energy react faster than material with a high

activation energy level.
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Figure 3.4 Compressive strength for mixtures at all ages
3.5. Ultrasonic Pulse Velocity Test Results

The transition time of ultrasonic sound was measured in dry and saturated surface dry
SSD conditions at 28 days in ambient condition for geopolymer mixtures samples.
Ultrasonic pulse velocity was calculated by converting the measured times from
microseconds to seconds and dividing the sample length of 0.16 m. The ultrasonic pulse
velocity values calculated for the dry and saturated dry surfaces are given in Table 3.5
and the graph of changes in ultrasound velocities are given in Figure 3.5. In addition,
the ultrasonic pulse velocity of Portland cement samples cured in water for 28 days to

compare with geopolymer mortars.

Table 3.5 depicted the impacts of the amount of MK in geopolymer mixture, on the
ultrasonic pulse velocity at 28 days of age in saturated surface dry and oven dry case.
An increase in the MK content from 0 to 50% could result an improvement in
geopolymeric reaction and reduced the porosity by densifying microstructure of
specimens, and thereby enhanced the ultrasonic pulse velocity values from 2596 to 3902
m/s and 2404 to 3599 m/s; for saturated surface dry and oven dry case, respectively.
The ultrasonic pulse velocity values in the saturated surface dry case were higher than
oven dry case. This was explained by the water content of saturated specimens [172].0On
the other hand, comparisons between ultrasonic pulse velocity values of geopolymer
mixtures and Portland cement mixture showed that geopolymer mixture containing 40%

and 50% MK as FA replacement developed closer velocity values to Portland cement
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mixture. However, M1, M2 and M3 geopoylmer mixtures incorporating 10%, 20% and
30% MK were lower ultrasonic pulse velocity values than that of Portland cement

mixture (MC).

Table 3.5 Ultrasonic pulse velocity of the mixtures

Ultrasonic Ultrasonic
Mixture Pulse Pulse
Velocity SSD | Velocity Dry
(m/s) (m/s)
MC 3912 3789
MO 2596 2404
M1 3057 2883
M2 3321 3218
M3 3583 3334
M4 3810 3461
M5 3902 3599
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Figure 3.5 The Ultrasonic pulse velocity of the Mixtures
3.6. Water Absorption and Porosity Test Results

Geopolymer mixtures cured in ambient condition for 28 days, then these samples drying
in oven for 24 hours at 100°C, after that the geopolymer samples and Portland cement
samples weight at room temperature measured that was dry weight. For saturated

surface dry weight the samples kept in water for at least 24 hours. Water absorption and
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porosity were determined using the measured weights. The evolution of the amount of

water absorbed and porosity is reported in Table. 3.6

Table 3.6 The water absorption and void ratio of the mixtures

. Absorption Porosit
Mixture ( %I; (%) y
MC 7.4 15.4
MO 8.9 17.9
M1 8.7 17.3
M2 8.7 17.5
M3 8.7 17.6
M4 8.1 16.6
M5 8.0 16.2

The evolution of the amount of water absorbed is shown in Figure 3.6. The water
absorbed of geopolymer varies from 8.0% to 8.9 % of specimens while for MC was
7.4% cured in water for 28 days. The maximum water absorption was recorded at M0
mixture (8.9%) while the minimum water absorption was recorded at M5 (8.0%). MK
no longer significant and remains almost constant at ratio replacement of MK 10%,

20%, and 30%. See Figure 3.6

In general the effect MK on FA geopolymers varied, as confirmed by Shadnia, et al
[173], show that there is an obvious variation in specific gravity of the geopolymer
mortars with various dosages of phase change material, and the unit weight decreases

with more incorporation of phase change material.
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Figure 3.6 The water absorption of the mixtures

The percentage of porosity is shown in Figure 3.7. The porosity varies from 16.2% to
17.9% of geopolymer specimens cured at ambient condition and 15.4% of MC
specimens cured in water. The maximum porosity was recorded at mixture containing
0%MK (17.9%) while the minimum water absorption was recorded at M5 which
containing 50%MK (16.2%).
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Figure 3.7 Porosity of the mixtures
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3.7. Sorptivity Test Results

Portland cement samples and geopolymer samples dried in the oven, we measured the
weight of them, then we made the sorptivity test according to ASTM C1585 [157]. The
weight of samples at 1, 5, 10, 20, 30 minutes and 1, 2, 3, 4, 5 and 6 hours measured,
from the weights of the samples, through these times, initial rate water absorption
coefficient was calculated. To calculate secondary rate water absorption coefficient the
weights of samples measured at 1, 2, 3, 4, 5, 6, 7 and 8 days. The results are given in

Table 3.7 and graphically in Figure 3.8 and 3.9.

The initial rate water absorption coefficients of M0, M1, M2, M3, M4, and M5
geopolymers were 0.0515, 0.0505, 0.0490, 0.0487, 0.0465 and, 0.0423, respectively.

Secondary rate water absorption coefficients were calculated as 0.0005, 0.0005, 0.0003,
0.0003, 0.0003, and 0.0003 respectively.

The initial and secondary rate water absorption coefficient value of the Portland cement

mortar cured in water for 28 days were 0.0103 and 0.0048, respectively.

When the MC and the geopolymer samples compared, there is a big difference between
them in the results for the initial rate water absorption coefficient. However, MK

positively effects on the results test of geopolymer (Figure 3.8).

In general, the best value had been obtained in geopolymer at mixture containing
50%MK (MS5), that mean MK have positive effects on initial rate water absorption
coefficients from 0% to 50% MK replacement with FA.

Secondary rate water absorption coefficients were very close to each other in mixtures
of geopolymer. The secondary rate water absorption coefficient of MC samples

(0.0048) was higher than all types geopolymer samples (Figure 3.9).



Table 3.7 Initial & secondary rate water absorption coefficients

Initial Rate of Secondary
Rate of
Water
. . Water
Mixture Absorption .
. Absorption
Coefficients .
(m m/s”z) Coefficients
MC 0.0103 0.0048
MO 0.0515 0.0005
M1 0.0505 0.0005
M2 0.0490 0.0003
M3 0.0487 0.0003
M4 0.0465 0.0003
M5 0.0423 0.0003
0,0600
g
2 . 0,0500
;‘EE 0,0400
5
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Figure 3.8 Initial rate water absorption coefficients of mixtures
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Figure 3.9 Secondary rate water absorption coefficients of mixtures
3.8.Wetting-Drying Test Results

All samples were dry in oven for 24 hours at 100°C to obtain constant weight.
According to ASTM D5313 [158] the weight losses were determined. After 80 cycles of
wetting-drying we measured the weight, flexural and compressive strength of samples.

It was examined by taking pictures at the end of 80 cycles (Figure.3.10)
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Figure.3.10 Wetting-drying test

When visually examined during the wetting-drying cycle, the samples did not suffer any
major part losses during the entire cycle. However, MO produced samples, especially in
the corner parts of the parts began to break. Already, 0% MK all samples suffered the
most weight loss (Table 3.8). It’s also worth noting that no visual deterioration was
observed on the surface of all specimens after 80 cycles. All this shows that FA based
geopolymer mortars, FA-MK geopolymer and Portland cement mortar are stable under

drying and wetting cycles, and can be used accordingly in severe hot and dry climate.
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Table 3.8 Weight of samples in wetting-drying test

Mixture Bevf‘(],f.leglrll*test A}):’ee;grll‘letst Weight Loss
(%)
(2 (g)
MC 538.6 542.3 1
MO 516.7 504.2 2
M1 514.8 508.3 1
M2 530.6 525.1 1
M3 532.8 526.1 1
M4 538.8 534.5 1
M35 528.6 523.6 1

The compressive strength of geopolymer mortars during wet and dry conditions is
reported in Table 3.9 and. The strength before the test was 53.4, 15.1, 17.0, 26.4, 41.3,
54.7and 60.2 MPa. After 80 cycles of test strength were 52.8, 14.6, 28.7, 43.1, 52.6,
60.8 and 62.6 MPa to MC, M0, M1, M2, M3, M4, and M5 respectively. Such condition
didn’t have any effect on geopolymer mortar and cement mortar. The behavior of

samples in case of compressive strength is opposite of their flexural behavior.

The flexural strength of geopolymer mortars during wet and dry conditions is reported
in Table 3.9 and Figure 3.11. It can be seen that, the decreasing strength were 26, 79,
59, 21, 26, 31, 21 to MC, M0, M1, M2, M3, M4, and M5 respectively. From the data,

such condition, reduces strength, but, this negative effect reduced when MK increase.

Table 3.9 Strength before and after wetting-drying test

Compressive Strength Flexural Strength
Mixture Before After Decreasi Before After Decreasi

Test Test ng Test Test ng

(MPa) (MPa) (%) (MPa) (MPa) (%)
MC 534 52.8 1 8.8 6.5 26
MO 15.1 14.6 4 4.8 1.0 79
M1 17.0 28.7 -69 5.5 2.2 59
M2 26.4 43.1 -63 6.3 5.0 21
M3 41.3 52.6 =27 7.8 5.8 26
M4 54.7 60.8 -11 8.7 6.0 31
M5 60.2 62.6 -4 9.8 7.7 21
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Figure 3.11 Strength in wetting-drying test

It’s also worth noting that no visual deterioration was observed on the surface of all
specimens after 80 cycles. All this shows that FA-MK based geopolymer mortars are
stable under dry and wetting cycles, and can be used accordingly in severe hot and dry

climate.

3.9. Freezing-Thawing Test Results

The alkaline activated FA-MK geopolymer mortar samples produced in this study were
subjected to ambient condition curing process and Portland cement had been cured in
water until 28 days. Then 3 pieces of 40 x 40 x 160 mm® prismatic samples from each
mixture saturated with water were placed in the freeze thaw test cabinet. The test
specimens were frozen by reaching -18°C and then thawed by reaching to 4°C and
subjected to a total freezing and thawing cycle. The experiment needs about 10 weeks
for a total of 300 cycles. Weights and ultrasonic pulse velocity of the samples were
measured after every 100 cycles. Weight losses, decrease in ultrasonic velocity and
strength losses was determined at the end of 300 freeze thaw cycles. The samples after

the experiment are shown in Figure 3.12.

Weight loss after freezing-thawing were calculated and given in Table 3.10. Ultrasonic

pulse velocity changes (%) are calculated and given in Table 3.11.
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20%MK

Control Lo SO%MK

Figure 3.12 The samples after the 300 cycles of freezing-thawing

The weight decrease resulting from the freeze-thaw of the MC sample produced with
Portland cement was 0%. The weight decrease of M0, M1, M2, M3, M4, and M5 were
54%, 20%, 21%, 17%, 15%, and 15% respectively.



Table 3.10 Decreasing in weight after freezing-thawing

. ight
. Weight A‘;"t,:rgSOO Decreasing in
Mixture Before Test Cydles Weight
® (® (%)

MC 589.0 589.0 0
MO 563.0 261.0 54
M1 565.0 453.0 20
M2 563.0 445.0 21
M3 588.0 487.0 17
M4 587.0 498.0 15
M5 565.0 482.0 15

The ultrasonic velocity loss caused by freezing-thawing of the MC sample was 0%. The
ultrasonic velocity losses of mixtures containing 0%, 10%, 20%, 30%, 40% and 50%
MK were NA, 23%, 11%, 4%, 5%, and 3% respectively.

Table 3.11 Ultrasonic pulse velocity changes after freezing-thawing

. Ultrasonic
Ultrasonic ..
Pulse Decreasing in
Pulse . .
. . Velocity Ultrasonic
Mixture Velocity
After 300 Pulse
Before Test .
(m/s) Cycles Velocity (%)
(m/s)
MC 3912 3902 0
MO 2596 NA NA
M1 3057 2363 23
M2 3321 2971 11
M3 3583 3448 4
M4 3810 3626 5
M5 3902 3783 3

From results can be concluded when MK dosages increased the decreasing of both

weight and ultrasonic pulse velocity due to freezing are decreased.

Decrease of flexural strength after freezing and thawing of M0, M1, M2, M3, M4, and
M5 geopolymers were 73%, 33%, 38%, 20%, 24%, and 18% respectively. While the
MC sample produced with Portland cement was 2% (see Table 3.12 and Figure 3.13).



Table 3.12 Flexural strength after freezing - thawing

Flexural Flexural Decreasing
Mixture Strength Before | Strength After Flexural
Test Test Strength
(MPa) (MPa) (%)
MC 8.8 8.6 2
Mo 4.8 1.3 73
M1 5.5 3.7 33
M2 6.3 3.9 38
M3 7.8 6.2 20
M4 8.7 6.6 24
M5 9.8 8.0 18
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Figure 3.13 Decreasing in flexural strength after freezing - thawing
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Decrease of compressive strength after freezing and thawing of geopolymer containing
0%, 10%, 20%, 30%, 40% and, 50% MK were 89%, 64%, 62%, 63%, 60% and, 55%.
While the MC produced with Portland cement was 1% (see Table 3.13 and Figure 3.14).



Table 3.13 Compressive strength after freezing - thawing

Compressive | Compressive | Decreasing in
Mixture Strength Strength Compressive
Before Test After Test Strength
(MPa) (MPa) (%)
MC 53.4 52.8 1
Mo 15.1 1.6 89
M1 17.0 6.2 64
M2 26.4 10.0 62
M3 41.3 15.3 63
M4 54.7 22.0 60
M35 60.2 27.1 55
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Figure 3.14 Decrease of compressive strength after freezing - thawing
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From results can be concluded when MK dosages increased the resistance to freezing-

thawing, all so increased. That are identified with the results of compressive and

flexural strength which obtained through normal condition in this studying.

The greater abundance of C-S-H gel greatly improves the microstructure of geopolymer

mortars [174]. As a result, it can be concluded that geopolymer mortars with a high ratio

of MK have good durability under the condition of very low temperatures compared

with low ratio of MK geopolymer mortars.

Again, it can be said that the decreases in both flexural and compressive strengths aren’t

having the same behavior toward frost condition because the loss of compressive more
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than flexural, that may be because the geopolymer mortar exhibits high flexural due to
the good bond of geopolymer to the aggregate particles and the remarkable fragility of
the geopolymer [165].

3.10. Rapid Chloride Permeability Test Results (RCPT)

In the study, geopolymer mortar samples were cured at ambient condition 20+1°C for
28 days. Portland cement samples were cured in water for 28 days. The test specimens
which cut at 50 mm thickness and 100 mm diameter in stone cutting machine, then
they were subjected to rapid chloride permeability test in accordance with ASTM
C1202 standard [160]. Maximum values of Coulomb, of the samples at the end of 2
hours (except Portland cement samples, the test continues to 6 hours) were shown in

Table 3.14. The results of chloride permeability graphically in Figure 3.15.

The rapid chloride permeability values of the samples of geopolymer with 0%, 10%,
20%, 30%, 40% and 50% MK replacement were measured as 8125, 7724, 7539, 7212,
6749, and 5666 Coulomb, respectively. The rapid chloride permeability value of the
MC samples was determined as 5628 Coulomb at 6 hours while at 2 hours was1514
Coulomb. According to ASTM C1202 standard, the all geopolymer mixtures and
cement samples are in high chloride permeability class since they exceed the 4000

Coulomb limit.

In general mixtures containing 40% and 50% MK are lower than samples with 0% and
10% MK. From the results, the content of MK has a positive effect on the rate of
chloride permeability although all mixtures of geopolymer classified high according to
ASTM 1202 but there is a reduction in Coulomb when increased in MK dosages for
example mixture with 0%MK was 8125 while mixture containing 50% MK was 5666.

All so we noticed, the test of the geopolymer samples doesn’t last more than 2 hours
because the temperature of device reach to 82+1°C was self-stop while, MC samples

continue for 6 hours.
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Table 3.14 The results of chloride ion permeability

Chloride Ion
Mixture Permeability
(Coulomb)
MC 1514
MO 8125
M1 7724
M2 7539
M3 7212
M4 6749
M5 5666
o 9000
£ 8000
§ 7000
E 3 6000
& E 5000
§ 2 4000
s 2 3000
2000
= 1000 -
RN
MC MO M1 M2 M3 M4 MSs
Mixture

Figure 3.15 The results of chloride ion permeability for all mixtures.
3.11. Drying Shrinkage Test Results

The mortar of geopolymer samples was removed from molds, immediately the first
measurement was made. The samples were kept in the laboratory with 20+1°C
temperature and 50+£10% relative humidity during the experiment. In order to calculate
the change in length due to contraction, TS ISO 1920-8 [161] standard was taken as
reference, and the change in length was determined by measuring every day for the first
14 days, every week for up to 91 days and every month for 360 days as we seen in

Table 3.15.

Drying shrinkage is usually considered as a significant durability parameter for concrete
and cement mortar because it suggests the formation of potential cracks in the hardened

cementitous materials.
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The shrinkage of the geopolymer mortar and Portland cement mortars represented in
Figure 3.16. This shrinkage behavior is due to the evaporation of internal water from
pore network of the binder to the external environment with relatively low humidity
level. During the drying process, a capillary stress is formed in the capillary water with
menisci, resulting in the shrinkage strain. Most of the drying shrinkage takes place
within the first day, because of the rapid internal relative humidity loss from the freshly

formed surface of the specimens after demoulding.

The results of drying shrinkage reported in Table 3.15, the shrinkage values of M0, M1,
M2, M3, M4, and M5 were 0.65%, 0.58%, 0.45%, 0.14%, 0.12%, and 0.11%,
respectively at 14 days, while after 360 days were 0.71%, 0.63%, 0.50%, 0.19%, 0.16%
and 0.15% respectively. MC samples underwent (0.13% length change after 14 days and
0.16% after 360 days.

The changes in length were clearly influenced by MK ratios. At the end of 360 days, the
samples of MC, M4 and M5 showed the same values while the maximum changes were
observed samples of MO, M1, and M2. In all samples, the change in length became

constant after 56 days.

From the results, the geopolymer mortar has low drying shrinkage when MK contain
increase may be due to enhancement in structures of mortar as seen in the results of

density.

These results which obtained from work were corresponded with Kouamo [175],
studied the impact of different dosage of MK on the linear shrinkage of geopolymer
mortar prepared with volcanic ash. They found the linear shrinkage of the mortar
samples is increasing with the increase of curing days, and the mortar sample
incorporating higher dosage of MK shows much lower linear shrinkage than the
samples containing lower MK content because the gel resulted in by high dosages of
MK is much thicker. Tao Yanga et al [141], the replacement of FA for MK in designing
geopolymer mixes, shows a possibility of decreasing the drying shrinkage strain and

resulting structural stability problem of the geopolymer products.
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Normal .
%]
%n _ Mixture Geopolymer Mixtures
@ % MC MO M1 M2 M3 M4 M5
E‘ =} Length Length Length Length Length Length Length
e Change | Change | Change | Change | Change | Change | Change
(%) (%) (%) (%) (%) (%) (%)
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.02 0.04 0.05 0.24 0.05 0.04 0.02
3 0.03 0.05 0.22 0.30 0.07 0.05 0.03
4 0.05 0.18 0.31 0.35 0.08 0.06 0.03
5 0.06 0.27 0.38 0.37 0.09 0.06 0.04
6 0.06 0.33 0.41 0.39 0.09 0.06 0.05
7 0.07 0.40 0.46 0.40 0.10 0.07 0.05
8 0.09 0.43 0.48 0.41 0.10 0.07 0.05
9 0.10 0.54 0.54 0.41 0.11 0.09 0.06
10 0.11 0.59 0.54 0.43 0.11 0.09 0.07
11 0.11 0.61 0.56 0.44 0.12 0.10 0.08
12 0.12 0.63 0.57 0.44 0.12 0.10 0.09
13 0.12 0.04 0.57 0.44 0.13 0.11 0.10
14 0.13 0.65 0.58 0.45 0.14 0.12 0.11
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21 0.13 0.66 0.59 0.46 0.15 0.14 0.13
28 0.13 0.67 0.60 0.46 0.15 0.14 0.13
35 0.13 0.68 0.60 0.47 0.16 0.14 0.13
42 0.13 0.69 0.60 0.47 0.16 0.14 0.14
49 0.14 0.70 0.61 0.48 0.18 0.16 0.14
56 0.14 0.70 0.62 0.49 0.18 0.17 0.15
63 0.14 0.71 0.62 0.49 0.19 0.17 0.16
70 0.15 0.71 0.62 0.49 0.19 0.17 0.16
77 0.15 0.71 0.62 0.49 0.19 0.17 0.16
84 0.15 0.72 0.62 0.49 0.19 0.17 0.16
91 0.15 0.72 0.62 0.49 0.19 0.17 0.16
120 0.15 0.72 0.63 0.50 0.20 0.18 0.16
150 0.16 0.72 0.63 0.50 0.20 0.18 0.16
180 0.16 0.72 0.63 0.50 0.20 0.18 0.16
210 0.16 0.72 0.63 0.50 0.20 0.18 0.16
240 0.16 0.73 0.63 0.51 0.20 0.18 0.16
270 0.16 0.73 0.64 0.51 0.20 0.18 0.17
300 0.16 0.73 0.64 0.51 0.20 0.18 0.17
330 0.16 0.72 0.62 0.50 0.19 0.16 0.14
360 0.16 0.71 0.63 0.50 0.19 0.16 0.15

3.12. Abrasion Resistance Test Results

The abrasion resistance of the samples obtained from activation of FA and MK with MS
(10% Na) at 28 days in ambient condition 20+1° C was determined. In addition, the
weight loss and volume loss values of the sample which was cured in water for 28 days
of the MC produced with Portland cement were determined in order to compare with
the geopolymer samples. At the end of the bohme abrasion test, the results based on

weight loss and volume loss is given in Table 3.16.

From Table 3.16, abrasion testing results were presented in terms of weight loss and
volume loss for all mixtures at 28 days of curing. A close observation reveals that the

loss of weight decreased with increasing replacement levels of MK. The lowest abrasion
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values were obtained from Portland cement mixture. The weight loss and volume loss
of Portland cement mixture were 31.5 g and 15077 mm*/5000 mm’, respectively. They
were changed from 46 g to 39 g and 21581 to 18552 mm®/5000 mm?, respectively, for
geopolymer mixture made with 0% to 50% MK replacement with FA. Although all
geopolymer mixtures showed lower abrasion resistance than that of Portland cement
mixture, higher replacement of MK with FA result with higher abrasion resistance in
comparison to mixture containing the lower amount of MK. Development in abrasion
resistance of MK containing geopolymer mixture with an increase in amount of MK
seemed to get an asimptot a value, when replacement ratio becomes 30% or beyond.
Moreover, it can be seen from Table 3.17 that there was a good relation between weight
loss and volume loss for all mixtures, the lower weight loss corresponded to the lower
volume loss. This was explained with the changes of mechanical properties, the higher

compressive or flexural strength corresponded to higher abrasion resistance.

Table 3.16 Abrasion results for all samples

Decreasing in | Decreasing in
Mixtures Abrasion Volume
Weight (g) | (mm?/5000mm?)
MC 31.5 15077
MO 46.0 21581
M1 45.0 21040
M2 41.5 19775
M3 40.0 18953
M4 40.5 18938
MS5 39.0 18552

3.13. High Temperature Resistance Test

To investigate the effect of high temperature, samples of geopolymer mortar were cured
at ambient condition at 20+1°C for 28 days. Cured in water for 28 days for Portland
cement samples. The oven temperature was subjected to a test temperature of 60
minutes at 300°C, 600°C, and 900°C with a temperature increase of 5°C / min. The
appearance of the samples after high temperature at 300°C and 900°C is as in Figure
3.17, and 3.18 respectively. After cooling the samples to room temperature, flexural and
compressive strength test was applied. Flexural strength as a result of high temperature

effect is given in Table 3.17 and compressive strength is given in Table 3.18
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The flexural strength of the mixtures, MC, M0, M1, M2, M3, M4, and M5 at 300°C
were 8.3, 4.1, 5.8, 7.2, 8.0, 7.7 and 9.0 MPa. For 600°C the strength were 3.7, 2.3, 2.1,
3.7, 3.9, 4.3 and 4.8 MPa respectively. While the flexural strength at 900°C were 0.6,
3.6, 2.5,2.5,2.3,2.2, and 2.3 MPa respectively

The compressive strengths which obtained after exposure to high temperature at 300°C,
600°C, and 900°C, for MC, M0, M1, M2, M3, M4, and M5 were 57.1, 22.1, 23.2, 32.4,
49.2, 56.6, and 63.4 MPa at 300 °C respectively. At 600°C were 34.9, 15.8, 16.7, 28.1,
32.8, 42.4, and 43.9 MPa respectively. While in 900°C strength were 10.9, 23.9, 19.3,
20.3, 21.6, 20.2, and 20.8 MPa respectively.

The results of geopolymer samples aren’t affected in 300°C that mean this degree didn’t
cause any damage to the microstructure of samples, on the contrary, there is improved
in compressive strength, for example the strength of M0 and M5 at 20°C werel5.1MPa
and 60.2MPa, while in 300°Care 22.1MPa and 63.4 MPa respectively. That
improvement may be due to changes in phase of mortar structures, the same principle of

brick making when exposed to high temperature.

The degree 600°C, geopolymer samples show losing in both strength (flexural and
compressive), but in 900°C, there are improving in compressive strength in mixtures

containing 0% and 10% MK while the other mixtures there were losing in strength.

According to the results of Pan et al. [176], the compressive strength of geopolymer
mortars prepared using two types of FA sometimes increased, but at other times
decreased when the specimens were exposed to the temperature of 800 °C. Kuenzel
[139] studied the mechanical performance of geopolymer mortar containing MK after
exposure to high temperature, and concluded that the microstructure, porosity and
strength of the specimens were not greatly influenced by the temperature up to 800 °C,
and the using of silica sand improved the mechanical behavior of the geopolymer

mortar exposure to temperature up to 1000°C show Figures (3.19 and 3.20) .
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Figure3.18 The appearance of the samples after 900°C



Table 3.17 Flexural strength change after high temperature

Mixture High Temperature Flexural Strength (MPa)
20°C 300°C 600°C 900°C
MC 8.8 8.3 3.7 0.6
Mo 4.8 4.1 2.3 3.6
M1 5.5 5.8 2.1 2.5
M2 6.3 7.2 3.7 2.5
M3 7.8 8.0 3.9 2.3
M4 8.7 7.7 4.3 2.2
M5 9.8 9.0 4.8 2.3

Table 3.18. Compressive strength change after high temperature

Mixture High Temperature Compressive Strength (MPa)
20°C 300°C 600°C 900°C
MC 534 57.1 34.9 10.9
Mo 15.1 22.1 15.8 23.9
M1 17.0 23.2 16.7 19.3
M2 26.4 324 28.1 20.3
M3 41.3 49.2 32.8 21.6
M4 54.7 56.6 42.4 20.2
M5 60.2 63.4 43.9 20.8
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Figure 3.19 Flexural strength change after high temperature
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Figure 3.20 Compressive strength change after high temperature
3.14. Accelerated Corrosion Test Results

In order to investigate the corrosion and reinforcement bond of geopolymer samples and
compare with Portland cement mortar. Samples of geopolymer cured in ambient
condition for 28 days before the start of the test. Portland cement samples were cured in
water for 28 days and prepared for the experiment. The weight decrease was determined
by taking the weight before corrosion and after corrosion of the reinforcement. Bond
test was performed to determine the decrease of bonds of the reinforcement which was
subjected to accelerated corrosion test and located in the middle of cylinder samples
1000 x 200mm (Figure 3.21). The reinforcement was stripped off from the geopolymer
and Portland cement mortar samples, the maximum force to remove the bar from the

sample was read from the device and the bond strength was determined (Table 3.19).
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Figure 3.21 The samples after accelerated corrosion test

Table 3.20 Accelerated corrosion test

Weight of Weight of Bond Bond
Steel Bar Steel Bar Decreasing Strength Strength
Mixtures Before After in Weight Before After
Corrosion Corrosion (%) Corrosion, Corrosion,
(€:9) (€:9) (MPa) (Mpa)
MC 452.5 312.6 31 6.7 0.0
Mo 447.5 327.7 27 37 0.0
M1 453.5 346.0 24 3.9 0.0
M2 440.0 428.4 3 4.2 24
M3 44().5 436.4 1 4.4 2.8
M4 443.5 442.7 0 6.6 32
M5 447.0 446.7 0 7.5 6.3

The least weight loss in steel bar after corrosion happened in M2, M3, M4 and M5
mixtures were 3%, 1%, 0%, and 0%. While in MC, M0 and M1 were (31%, 27%, and

24%) higher weight loss. See Figure 3.22.

Bond strength of corroded of MC, M0, M1, M2, M3, M4, and M5 were 0.0, 0.0, 0.0,
2.4, 2.8, 3.2, 6.3 MPa, respectively. Before corrosion, bond strength was 6.7, 3.7, 3.9,
4.2,4.4, 6.6, 7.5 MPa respectively.

The highest bond resistance was obtained with 50%MK after corrosion as we have seen

in Figure 3.25, this corresponds to weight loss which was 50%MK. However, the bond

resistance in MC, M0, and M1 were zero and the biggest weight loss happened to them.
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Figure 3.22 Weight losing of steel bar steel
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CHAPTER FOUR
CONCLUSIONS AND RECOMMENDATIONS
4.1. Results

In this study, strength tests were performed in order to reach high strength values. In the
second stage, durability tests were performed with the parameters determined as a result
of strength tests. The aim of this study is produce GP without need to curing and to
determine the effect of MK on the durability properties of F class fly ashes the
geopolymer .The results obtained from strength and durability tests are evaluated and

the results are explained below.

4.1.1. Unit Weight and Density Results

* The unit weight of the MK-fly ash geopolymer mortars activated with MS was
between 2.01 and 2.10 g / cm’. The Portland cement samples mortars have a unit weight

was 2.11 g/ cm’.
* [t was observed that the increase in the MK dosages increased the unit weights.

* It was seen that the increase in MK content slightly increased the apparent densities of
the hardened mortar of geopolymer mixtures and slightly increased the dry and

saturated surface dry densities.

* [t was observed that the unit weight of the mortars produced with Portland cement was
higher than the geopolymer mortars excepting 50%MK very closed to it, but the

apparent density values were close to each other.

* [t was observed that the dry density of the mortars produced with Portland cement was
higher than the geopolymer mortars, but saturated surface dry densities values of

geopolymer and Portland cement samples were close to each other.
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4.1.2. Workability Results

* Flowability values of mortars produced by fly ash and MK with dosages (0%, 10%,
20%, 30%, 40%, and 50%) were measured between 114-257 mm.

* It was observed that the increase in MK dosages tended to reduce the fresh mortar
consistency very little due to clay nature that makes it water absorbed in large

quantities.

* The consistency of fresh mortar produced with cement was measured as 150 mm. The
water / binder ratio of the cementitious mortars was (.50, which resulted in higher

flowability than 40%MK and 50% MK geopolymer mortars.

4.1.3. Flexural Strength Results

* Portland cement has a compressive strength of 53.4 MPa and a flexural strength of 8.8
MPa as a result of curing at 20 ° C for 28 days in water. In Durability tests, this standard
mixture was produced as Portland cement sample and used to compare with geopolymer

mortars.

* It was observed that the flexural strengths were generally increased by increasing the
MK dosages from 0% to 50% at 28 days. In addition, the flexural strength of

geopolymer mortars increased with the increase of time curing from 3 days to 180 days.

* The height flexural strength obtained was 13.3 MPa, achieved by using 50%MK for
180 days. For MC samples were 10.3 at the same age of curing.

* Although the geopolymer samples produced fly ash geopolymer without MK show
low flexural strength, but through the time this results improvement, the highest
strength was achieved by using MK with fly ash. This shows that MK enhance the

properties of geopolymer and have a positive effect on it.

4.1.4. Compressive Strength Results

* It was observed that the compressive strengths were generally increased by increasing
the MK dosages from 0% to 50% at 28 days. In addition, the strength of geopolymer

mortars increased with the increase of time curing from 3 days to 180 days.
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* Longer curing time does not significantly affect the improvement of strength. Most

resistance obtained at 28 days.

* The height compressive strength obtained was 61.1 MPa, achieved by using 50% MK
for 180 days. For MC samples were 62.4 at the same age of curing. This shows that MK

enhance the properties of geopolymer and have a positive effect on it.

4.1.5. Ultrasonic Pulse Velocity Speed Results

* Ultrasonic pulse velocity speed results were observed that the results were generally

increased by increasing the MK dosages from 0% to 50% at 28 days.

* It was observed that the ultrasonic pulse velocity values of geopolymer mortars

measured at the saturated dry surface were lower than the dry state.

* Among the geopolymers produced with fly ash and MK, the highest ultrasonic pulse

velocity values were found to be 50% MK in SSD case.

* Ultrasonic pulse velocities of the geopolymer obtained by 50% MK was 3599 m / s
while the ultrasonic pulse velocity of the MC sample in the dry state was 3789 m / s

respectively.

* Ultrasonic pulse velocities of the geopolymer obtained by 50% MK was 3902 m / s
while the ultrasonic velocity of the MC sample in the SSD case was 3912 m / s, as we

seen the results of both very close.

4.1.6. Water Absorption and Porosity Results

* Water absorption and void ratio values of Portland cement mortar mixture cured in
water for 28 days as control sample was found to be 7.4% and 15.4%, respectively.
When compared, MC sample and geopolymer, we found MC samples have water
absorption and void rate less than the results which obtained from all types of

geopolymer.

* Activation of the geopolymer with MS yielded the lowest water absorption of 8.1%
and8.0%, the porosity was 16.6% and 16.2% with 40% MK and 50% respectively. In
general the effect of MK on geopolymer samples that the increase in MK ratio

decreased the water absorption and void ratio values of geopolymers
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* In addition, we can say that geopolymers produced with MK are better in terms of

water absorption and void rates.

4.1.7. Sorptivity Results

* The best value of the initial rate water absorption coefficient value was reached by
40%MK and 50%MK. All samples obtained with fly ash and MK activated by using
MS (10% Na), have high rate water absorption values than MC samples.

* Secondary rate water absorption value of geopolymer samples is higher than MC
samples. The best value of the secondary rate water absorption value was reached by

40%MK and 50%MK.

* Due to the increase in MK ratios, rate water absorption values in both cases initial and

secondary were improved in all samples.

4.1.8. Wetting-Drying Results

* In the wetting-Drying experiment, the weight decrease in each mixture of geopolymer

activated with MS after 80 cycles were higher than the Portland cement samples.

* Weight decrease in mixtures M1, M2, M3, M4,and M5 were the same value (1%)

while Portland cement mortar was -1% that means there no losing in weight of MC.

* The flexural strength decrease percentage of the geopolymer samples after the
wetting-drying cycle were decrease when MK contain increase. While the decreasing of

MC was higher than M5

* The compressive strength of the geopolymer samples were improved after 80 cycles of
wetting-drying, except 0%MK showed losing in strength but not significant. That

means, the geopolymerization reactions stayed going during the experiment in samples.

* The Portland cement samples had water curing properties; they did not lose much of
their compressive strength(1%). Since the drying temperature in the wetting-drying
cycle was 65 + 5°C, the temperature effect deterioration of the MC samples remained at

low levels.
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4.1.9. Freezing-Thawing Results

* Weight decrease results were not significant in the evaluation of freeze-thaw

resistance.

* When the changes in ultrasonic pulse velocities are examined, it is seen that in M3,
M4 and M5 were close to each other, while the loss of pulse velocity in 0%, 10%, and
20%MK ratio is high. Ultrasonic pulse velocities of the mixtures of geopolymer higher

than MC mixtures.

* It has been observed that weight losing decreased with increase in the MK ratio of
geopolymers activated by MS (10%Na), after freezing-thawing. While Portland cement

samples didn’t show any losing in weight.

* [t has been observed that the increase in the MK ratio of geopolymers activated by MS

(10%Na), tflexural and compressive strength losing decreased after freezing thawing.

* In general, losing in flexural and compressive strength of the mixtures of geopolymer

higher than control mixtures.

4.1.10. Rapid Chloride Permeability Results

* Chloride transition is very poor for all types of geopolymer samples activated by MS
(10%Na).

*[n all MK ratios (0%, 10%, 20%, 30%, 40%, and 50%) the temperature increases
before the experiment completes for 6 hours, due to high chloride transition. Also, the

chloride passages are high in the MC samples.

* Portland cement samples have high chloride permeability even if they complete the

experiment in 6 hours.

* The lowest chloride permeability was achieved with 40%MK and 50%MK. The
mixtures of geopolymer with MK content of 40% and 50% samples give better

results when compare with other mixtures of geopolymer M0, M1, M2, and M3.
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4.1.11. Shrinkage Test Results

* At the age of 360days, the shrinkage value of the Portland cement samples were 16%.
This value is close to the values of the samples obtained from used MK with 30%,
40%, and 50% ratio.

* The change length in geopolymers was close to each other in mixtures containing

30%, 40%, and 50% MK. The highest change length was observed in the samples M0

* The mixtures of geopolymer samples containing 0%, 10%, and 20% MK showed more
shrinkage than mixtures containing 30%, 40% and 50% MK. That means, when the

dosages of MK increased the change in length was decreased.

* The water in the Portland cement samples decreases with time therefore loses weight
and changes in length were happened. However, the geopolymer samples were cured in
ambient condition at 20«1 °C and humidity at 55£10%, a slight increase in weight was
observed during the shrinkage test with the effect of moisture in the laboratory

environment.

» After 56 days in geopolymer and Portland cement samples, the change length which

occurs is very small levels; we can say the change was constant.

* Portland cement samples showed behavior in length change, similar to the behavior of

mixtures containing 30%, 40%, and 50%MK.

4.1.12. Abrasion Test Results

* The abrasion resistance was generally decreased by increasing the MK content from

0% to 50%. Both weight loss and volume loss volume were reduced.

* It has been found that the wear resistance of the geopolymer samples was the best in
mixtures containing 40% and 50% MK. Even the wear resistance the mixture with 50%

MK is close to the samples produced with Portland cement.

* The worst results of abrasion test obtained in mixtures containing only FA (0% MK)

and 10% MK in both weight loss and volume loss volume.
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4.1.13. High Temperature Resistance Results

*Strength properties of all mortars after exposure to 300°C were not decreased, in
general, but even increased. Portland cement mortar illustrated the worst performance
while fly ash geopolymer mortar showed the best performance, and geopolymer mortar

containing metakaolin represented intermediate performance at elevated temperature.

*Flexural and compressive strength losses increased at each stage of increase of

temperature to 600°C and 900°C in geopolymer mixtures and Portland cement mixtures.

* The decrease in strength properties for geopolymer mixture containing 20%, 30%,
40% and 50% MK were happened at 600 °C. While, at the same temperature

geopolymer containing 0% and 10% MK were increased.

*The strength properties of geopolymer mixture containing 20%, 30%, 40% and 50%
MK at 900 °C were decrease. While, geopolymer mixtures containing 0% and 10% MK

showed increase in strength.

* Significant reductions in flexural and compressive strength at 600°C and 900 °C in

Portland cement mortar.

* High temperature resistance was found to be better at low MK ratio for compressive
strength. However, in flexural strength showed different behavior, at high MK ratio,

high temperature resistance was found to be better.

4.1.14. Accelerated Corrosion Results

* All samples subjected to corrosion tests lost bond strength at the end of the test.
However, there was no significant reduction in the weight of the bars, except in

Portland cement mixtures, 0% MK and 10%MK.

* Bond strength increases when MK ratio increased. Samples produced by using 40%

and 50% MK have higher bond strength than those produced with Portland cement.

* The corrosion resistance of the samples obtained by activating the MK with a 50%
ratio is very close to those which didn’t expose to corrosion. That means geopolymer
with a 50% ratio of MK as a replacement material has good resistance toward the

corrosion.
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4.2. Suggestions

Further works will focus on improving and developing the properties of FA-MK
geopolymer mortar. The following suggestions are made for future studies:

* It can be used in the site because it didn’t need to cure, by this way can encourage

more use of geopolymer concrete.

* Investments can be made on reducing the production costs to be an alternative to

traditional concrete production.

* Studies can be made on the use of chemical additives to increase the using of

geopolymers and reduction waste materials.

* Investigations can be made to improve the properties such as freezing-thawing and

wetting-drying.
* Research on improving tensile properties by producing fibrous geopolymer concrete.

* Further work is required to investigate the use of other locally available materials

rather than that used in this study to produce geopolymer Concrete.

* A study is recommended to examine the durability of metakaolin Geopolymer

concrete.
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