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ABSTRACT

CHARACTERIZATION OF FLY ASHES FROM THERMAL POWER
PLANTS IN TURKEY

Tangiiler, Meltem
M. S., Department of Civil Engineering
Supervisor: Asst. Prof. Dr. Cagla Meral

July 2015, 119 Pages

Fly ash (FA) - a mainly amorphous, aluminosilicate fine powder- is the major
by- product of coal-fired thermal power plants (TPP). FA is generated during the
combustion of pulverized coal and collected in mechanical or electrostatic
separators. FA is a widely used material in cement and concrete industry.
According to the TPP technology, the characteristics of the burned coal and the
operation conditions of the TPP; the characteristics of the FAs may vary
considerably. The scope of this thesis is limited to chemical, physical,
mineralogical (by XRD) and morphological (by SEM) analyses performed on 7
different FA samples collected from various TPPs. The FAs were classified
according to TS EN 197-1 and the potentials of the FAs to be used in concrete
industry was evaluated according to TS EN 450-1. In order to investigate the
engineering performance of portland cement - fly ash binary systems, the
strength development (up to 180 days) and heat of hydration (up to 7 days) were
followed. Obtained results allow a better informed utilization of Turkish fly
ashes in cement and concrete industry and provide a solid foundation for the

characterization of other FAs produced in Turkey.

Keywords: Fly Ash, coal, portland cement, thermal power plant, TS EN 197-1,
TS EN 450-1, ASTM C 618, strength, heat of hydration



0z

TURKIYE TERMIiK SANTRALLERINDEN ELDE EDILEN UCUCU
KULLERIN KARAKTERIZASYONU

Tangiiler, Meltem
Yiiksek Lisans, insaat Miithendisligi Boliimii
Tez Yoneticisi: Yrd. Dog. Dr. Cagla Meral

Temmuz 2015, 119 Sayfa

Amorf, aliminosilikat ve ince toz halinde olan ugucu kiil, komiirle ¢alisan termik
santrallerin temel yan triinidir. Ugucu kiil pulverize komiiriin yanmasi
esnasinda {retilir ve mekanik veya elektrostatik ayiricilarda tutulur. Ugucu kiil
¢imento ve beton sanayinde yaygin olarak kullanilan bir malzemedir. Termik
santrelde kullanilan teknolojiye, yakilan komiiriin ozelliklerine ve santralin
isletim kosullarina gore, ugucu kiillerin ozellikleri olduk¢a degisiklik
gosterebilmektedir. Bu tezin kapsami gesitli termik santrallerden alinan 7 farkli
ugucu kiil numunesi tizerinde yapilan kimyasal, fiziksel, mineralojik (XRD ile)
ve morfolojik (SEM ile) analizlerle sinirlandirilmistir. Ugucu kiiller TS EN 197-
1 standartina gére siniflandirilmis ve bu ugucu kiillerin beton sanayi igerisinde
kullanim potansiyelleri TS EN 450-1 standartina gore degerlendirilmistir.
Portland ¢imentosu - ugucu kiil ikili sistemlerinin miihendislik performanslarini
degerlendirmek i¢in dayanim (180 giline kadar) ve hidratasyon 1sist (7 giine
kadar) parametreleri takip edilmistir. Elde edilen sonuglar Tirkiye ugucu
kiillerinin ¢gimento ve beton sanayinde daha bilingli kullanilmasini tesvik etmekte
ve Tirkiye’de {iiretilen diger ugucu kiillerin karakterizasyonu i¢in bir temel

niteligi gostermektedir.

Anahtar Kelimeler: Ugucu Kiil, komiir, portland ¢imentosu, termik santral, TS
EN 197-1, TS EN 450-1, ASTM C 618, dayanim, hidratasyon 1s1s1
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CHAPTER1

INTRODUCTION

1.1 General

Concrete is the most widely used construction material on earth. The annual
production amount is estimated as more than 25 billion tons (Celik et al., 2014b;
WBCSD, 2009). With this huge amount of production big amounts of portland
cement (PC), water and aggregate are consumed leading to not only depletion of
natural resources but also considerable amount of CO, generation, which is a
major contributor to the global warming. Emissions due to PC manufacturing is
responsible for ~5-8% of the global atmospheric emissions (Giirsel and Meral,
2012; Lloyd et al., 2009; Mehta, 2001). In addition, PC production needs
substantial amount of energy through its different manufacturing steps. The
environmental impacts caused by cement and concrete industry has been reduced
by alternative methods. One of the most common methods is PC replacement of
supplementary cementitious materials (SCMs) such as pozzolans, fly ash, silica
fume and blast furnace slag. In this way, both the energy and raw material
requirements and CO, emissions due to PC production are reduced (Mehta,
2002, 2001).

Among the SCMs used in this field fly ash (FA), the main by-product of coal-
fired thermal power plants (TPP), seems to have the lead in the terms of usage
due to its wide range availability and low cost. Furthermore, the appropriate

usage of FAs in PC based systems generally leads to many technical advantages



as durable concrete with enhanced strength and lower heat of hydration
(Tangiiler et al., 2014). Not to mention that the resulting cementitious systems
have a lower carbon footprint (Celik et al., 2014a; Mehta and Monteiro, 2006;
Tangiiler et al., 2015, 2014).

In parallel to the world’s energy demand, the coal consumption has significantly
increased and so FA production has also increased. However, this increment in
the FA production requires large storage area for the FA besides disposal cost.
Moreover, since FA contains different level of toxic elements, disposal of FAs
arouses significant environmental concerns (Yao et al., 2013). Considering the
environmental impact of both PC and FA, the use of FA in PC based system
results in a sustainable production. However; not all the FAs are appropriate to
be used in concrete. For that, the standards define some requirements which

should be satisfied by FAs to be used in cement and concrete.

1.2  Objective and Scope

This thesis is a part of an ongoing project on detailed characterization of Turkish
FAs in order to encourage their utilization in construction industry. The project is
carried out in collaboration between METU and Turkish Cement Manufacturers’
Association (TCMA). Similar projects have been conducted prior to this study at
1998 by METU and TCMA (Tokyay and Erdogdu, 1998) and at 2003 by TCMA
only (Tirker et al., 2003).

Within the scope of this project, 20 FA samples were collected from 10 coal-
fired thermal power plants located at different regions of Turkey. The major goal
of the project is to characterize the FAs in terms of their chemical (major oxide
composition, heavy metal concentration), physical, morphological, mineralogical
and radiological properties and investigate the performance of FA utilization in
PC based system in terms of strength development and heat evolution. The
project also aims to conduct life cycle assessment analysis, durability evaluation
and acoustical tests on PC-FA systems. As an extra step, the alkali activation

potential of the FAs will also be investigated.



The scope of this thesis is limited to FA samples gathered from Catalagzi,
Tungbilek Unit 3 and 5, Afsin Elbistan, Kemerkdy, Yenikoy and I¢das Thermal
Power Plants (TPP). The results of this study provides a basis for the
investigation of the residual FAs. First, the selected FAs were classified
according to TS EN 197-1 and then evaluated according to TS EN 450-1. Beside
the basic chemical and physical tests, heavy metal concentration, mineralogical
and morphological properties of the ashes were also investigated. Strength
development and heat evaluation of the PC-FA systems were chosen as the

investigated performance indicators.

The second chapter of this study gives a brief introduction to the FA production
at TPPs and presents the current situation of FA production in Turkey. Then, the
common chemical, physical and mineralogical properties of FAs are listed.
Finally, the Turkish and ASTM standards for FAs are presented.

In the third chapter, the experimental methods used in this study are explained.
The tests performed on cement and FA samples are divided on three main
categories: (i) tests conducted on the raw materials, (ii) tests conducted on pastes

and (iii) tests conducted on mortars.

The fourth chapter documents the chemical and physical analysis results and
then classifies the FAs according TS EN 197-1. The conformity of the FAs to the
TS EN 450-1 is also checked and listed. Within this chapter, the results of the
mineralogical and morphological analysis of FAs are also presented. Obtained
results on performance tests (heat of hydration tests on PC-FA pastes, and
flexural and compressive strength tests on PC-FA mortars) were presented and

discussed.

In the final chapter, chapter five, a summary of the results along with the
conclusions of this study are provided. The ongoing tasks are listed and some

recommendations for the future work are given.






CHAPTER 2

LITERATURE REVIEW

2.1  Whatis Fly Ash (FA)?

Fly ash is one of the by-products obtained from the combustion of pulverized
coal to generate electric power in coal-fired thermal power plants (TPP). Coal is
composed of two parts which are combustible organic matters and inorganic
mineral matters. When pulverized coal is combusted the organic constituents in
the coal (carbon and other combustible matters) are burned out. However, the
inorganic mineral matters composed of impurities such as clay, shale, quartz, and
feldspar remain suspended in the flue gases. Some of the suspended non-
combustible mineral matters agglomerate and form coarser particles. These
particles fall to the bottom of the boiler and to be collected as bottom ash. The
remaining part is composed of fine mineral matters in the flue gases that are
mostly melted. These particles are carried off through flue gases to a lower
temperature zone to cool down. Cooled and solidified particles constitute glassy
amorphous ash particles. By using electrostatic precipitators, mechanical
separators or bag houses ash particles are separated from the flue gases and
collected as fly ash in a silo (Benscheidt et al., 2010; Joshi and Lohtia, 1997;
Ramachandran, 1996). The production scheme of fly ash is presented in Figure
2.1.


http://en.wikipedia.org/wiki/Combustible

— Chimney
Precipitator
‘H- *H-H }
d’:: :.o.°:0:00
FA+Gas| e R .o. .. oo *‘;
L]
Thermal Power Plant

Bottom Ash Fly Ash
Disposal or Reuse Disposal or Reuse

Figure 2.1 Fly ash production process in coal-fired thermal power plants
(Adapted from (U.S. FHWA, 2012a) )

The worldwide energy requirement increases day by day and this situation
causes increment of the coal consumption leading to growing fly ash production.
It is estimated that about 750 million tons of fly ash is produced in the world
annually and nearly 25% of it finds various utilization areas such as cement and
concrete sector, agriculture, ceramics and glass, soil stabilization, mining
applications and structural fills. Unutilized capacity is almost 3 times of recycled
fly ash amount. FAs mostly have a different level of heavy metal concentration
like cadmiyum, vanadium, chromium, arsenic, lead, zinc, nickel leading to
serious environmental concerns. Huge amount of unutilized fly ash waste is
dumped into either landfill area or the ocean. This is a problematic situation from
both ecologic and economic aspects since fly ash may cause environmental

damages such as contamination of soils, water reservoirs, oceans, air pollution,



and even allergies in the human body, and also it requires a cost for the storage
area and transportation (Blissett and Rowson, 2012; Yao et al., 2013).

2.2 Fly ashin Turkey

In Turkey, maximum contribution to energy production comes from mainly 3
sources: hydroelectric power plants, natural gas power plants and coal-fired
thermal power plants. The contribution of electricity source for Turkey in 2014 is
shown in Figure 2.2 (TEIAS, 2014). As seen from this figure coal-fired thermal
power plants have a big importance to meet over the fifth of Turkey’s energy
demand. There are coal-fired thermal power plants all over in Turkey. A map of
these TPPs is shown in Figure 2.3. The list of these TPPs are presented in Table
2.1.
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Figure 2.2 Contribution of electricity source of Turkey (TEIAS, 2014).
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Figure 2.3 Map of major coal-fired thermal power plants in Turkey.

Table 2.1 Major coal-fired thermal power plant in Turkey (Global energy

observatory website, 2015).

Coal-Fired Installed SOx

Power Unit | Power Coal Type control IL:JIr:?tt b?lslt
Plants (MW) device
18 Mart Can 2 320 Lignite - 2004 2004
Elgif;ﬁ_ A 4 1355 Lignite - 1984 = 1987
S 4 1440 Lignite FGD | 2006 2006
Catalagzi 2 300 Anthracite - 1948 | 1991
Pgriy%fr?]}k 4 620 Lignite FGD | 1987 | 2000
Icdas Biga 3 405 Imported Coal FGD 2005 2009
Kangal 3 457 Lignite FGD 1987 2000
Kemerkdy 3 630 Lignite FGD 1995 1995
Orhaneli 1 210 Lignite FGD 1992 1992
Sgye‘ffkrf‘:rr 4 | 600 Lignite - 1973 1989
Soma A/B 2+6 | 44+990 Lignite - 1957 1991
Imported
Sugozii 2 1320 Bituminous FGD 2003 | 2003
Coal
Tungbilek 3 365 Lignite - 1956 1979
Yatagan 3 630 Lignite FGD 1983 1985
Yenikoy 2 420 Lignite FGD 1986 1987
Zetes 3 1390 Imported Coal - 2010 2010




As it is seen from the Table 2.1, the primary fuel used in coal fired TPPs in
Turkey is lignite coal. When the lignite coal is combusted, the ash produced is
varied in the range between 17 and 46 % by weight depending on coal type and
TPP’s technology (EUAS, 2011). According to statistics reports, total mineral
waste amount produced in TPPs (bottom ash, fly ash, slag, gypsum) was about
25.5 million tons in 2008. While approximately 80% of these wastes was
disposed and about 16% was used in mines, only 3% was recycled (Turkish
Statistical Institute, 2008). Assuming that 80% of the mineral waste is fly ash,
the fly ash production could be predicted to be about 20 million tonnes annualy
(Tangiiler et al., 2014). The very high disposed portion dumped into ash disposal
place or ash leads to important economic and environmental problems. For
example, as shown in the table above, some facilities have flue gas
desulfurization (FGD) technology, to get rid of the sulfur dioxide (SO,) emission
in order to solve one of these problems.

2.3  Classification of Fly Ashes

There are different classifications for fly ashes in Europe and USA. In Turkey,
the European standard is used to classify fly ash. The standard used in USA,
ASTM C 618: Standard specification for coal fly ash and raw or calcined natural
pozzolan for use in concrete, defines fly ash as “the finely divided residue that
results from the combustion of ground or powdered coal and that is transported
by flue gasses” and classifies fly ashes into two categories: Class F and Class C.
Class F fly ash is normally obtained as a result of combustion of anthracite or
bituminous coal. However, it may be also obtained from subbituminous coal or
lignite. In this class the total content of silica, alumina and iron oxide is more
than 70%. Class C fly ash is normally obtained as a result of combustion of
lignite or subbituminous coal. But, it may be also obtained from anthracite or
bituminous coal. The total content of silica, alumina and iron oxide in this class
is more than 50%. The main difference is that Class F fly ash shows only

pozzolanic properties whereas Class C fly ash shows both pozzolanic and some



cementitious properties. In addition to that, the total content of calcium oxide is
higher in Class C fly ash than it in Class F fly ash.

The standard used in Turkey, TS EN 197-1: Cement - Part 1: Composition,
specifications and conformity criteria for common cements, divides fly ashes
into two categories: Siliceous fly ashes (V) and Calcareous fly ashes (W). For
siliceous fly ashes reactive silica and alumina are essential compounds. For
calcareous fly ashes reactive calcium oxide is also an essential compound. For
siliceous fly ash the minimum reactive silica content and the maximum reactive
CaO content are 25% and 10%, respectively. On the other hand, for calcareous

fly ash the minimum reactive CaO is 10%.

Also, fly ashes may be divided into subgroups according to CaO and SOg3
contents (Tokyay and Erdogdu, 1998):

a) Silicoaluminous fly ashes: Those that are produced from anthracite coal
and some bituminous coals. Main structure commonly consists of SiO,
and Al,Os.

b) Sulfocalcic fly ashes: Those that are generally produced from lignite coal.
This type of fly ashes has more SO3; and CaO compared to other fly
ashes.

c) Silicocalcic fly ashes: Those that are generally produced from lignite coal
like sulfocalcic fly ashes. Content of SiO, and CaO of this type of fly

ashes are high.

2.4  Characteristics of Fly Ashes

2.4.1 Chemical and Mineralogical Composition

Coal is the main parameter which effects the chemical composition of fly ash.
Factors such as coal type (e.g. anthracite, bituminous, subbituminous or lignite),
coal handling, storage techniques and burning system determine the chemical

characteristics of fly ashes. According to burned coal type, the chemical
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composition ranges of the fly ashes are presented in Table 2.2 (Ahmaruzzaman,
2009).

The four main components which are silica (SiOy), alumina (Al,O3), calcium
oxide (CaO) and iron oxide (Fe,O3) constitute the chemical composition of fly
ash. Also, sulfur oxide (SO3), magnesium oxide (MgO), sodium oxide (NayO)
and potassium oxide (K.0O) are found in fly ash. Besides, oxides of titanium
(TiOy), phosphorus (P20s), chromium (Cr,O3) and organic composites may be

exist in fly ash as minor constituents (ACI, 2003).

The chemical and mineral phase compositions of fly ash depend on the minerals
that exist in the coal (Benscheidt et al., 2010). Clay minerals (e.g. kaolinite, illite,
smectite) and quartz found in the coal are the main sources of the silica content in
fly ash. The alumina content in fly ash comes from clay minerals and sometimes
from organic constituents of the coal. The minerals containing iron in the coal
are responsible for iron oxide in the fly ash. Calcium oxide content in fly ash
arises from CaCO;3; and CaSO, in the coal. Organic constituents, smectite,
ferromagnesian minerals and dolomite in the coal lead to magnesium oxide
content in fly ash. The SO3 content in fly ash is derived from pyrite (FeS,) and
gypsum (CaSO4H,0) in the coal. Minerals containing sodium and potassium in
the coal result in the alkali contents (Na,O + K;0) in fly ash. The carbon content
in fly ash is due to incomplete coal combustion, combined water or carbon
dioxide (ACI, 2003).

Fly ashes are composed of both glassy phase and crystalline phases. Table 2.3
shows the common crystalline phases found in fly ashes according to the type of
fly ash. In addition, the crystalline phases which are cristobalite (SiO;), calcite
(CaCOs3), portlandite (Ca(OH),), dicalcium silicate (Ca,SiO,), tetracalcium
aluminoferrite (Cas(Al,Fe)4010) and maghemite (Fe,Os) may be rarely existed in
fly ash (Smith, 1999).
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Table 2.2 The range of chemical composition of fly ash according to coal type
(Ahmaruzzaman, 2009).

((\)/\;t(l‘% Bituminous | Subbituminous Lignite
SiO; 20-60 40-60 15-45
AlL,O; 5-35 20-30 10-25
Fe,0s 10-40 4-10 4-15
CaO 1-12 5-30 1540
MgO 0-5 1-6 3-10
SO, 04 0-2 0-10
Na,O 04 0-2 0-6
K0 0-3 04 0-4
LOI 0-15 0-3 0-5

Table 2.3 Common mineral phases of fly ash (Smith, 1999).

Mineral name Chemical formula
Common phases for Class F and C fly ash

Quartz SiO,

Mullite AlgSi,013
Magnetite Fe;0,

Hematite Fe,03

Additional phases for Class C fly ash

Anhydrite CaSO,

Lime CaOo

Periclase MgO

Tricalcium aluminate CazAl,Op

Melilite (akermanite-gehlenite) Ca,MggsAISi; 507
Merwinite CasMg(SiOy),
Ferrite spinel  (instead of magnetite) (Fe,Mg)(Fe,Al),O,

12



2.4.2 Physical Properties

Coal source, coal uniformity, the degree of coal pulverization, the temperature
and uniformity of coal combustion, and the type of dust collection method used
(electrostatic precipitators, mechanical separators or bag houses) influence the
characteristic of shape and particle size of fly ash (AClI, 2003).

There are some disagreements among researchers over the determination of the
fineness of fly ashes. Some researchers agree that the determination of the
fineness in terms of specific surface (Blaine method) is a reliable technique,
whereas some researchers think that this method is reliable for only portland
cement. Investigations show that the specific surface area of fly ashes vary
between 1800-5000 cm?/g. On the other hand, the most practical method to
measure the fineness of fly ash is the determination of the retained material on
the 45 pm (ASTM No. 325) sieve. Other than these, there are different methods
such as laser diffraction particle size analysis, hydrometer analysis, nitrogen

adsorption and x-rays sedimentation (Tokyay & Erdogdu, 1998)

Microscopic examinations show that fly ashes are composed of small glassy
spherical, irregular or angular particles within the range of 0.2 um - 200 um.
Some spherical particles are hollow and they are known as cenosphere. Also, fly
ashes may comprise a set of many small spheres in a large sphere known as
pherospheres (Bosbach and Enders, 1998; Siddique, 2007; Wesche, 2004).

Fly ashes have specific gravity ranging from 1.9 to 2.8. Color of fly ashes may
show difference, but generally they have gray or tan color (Kosmatka et al.,
2002).

2.5  Reutilization Potential of Fly Ash in Cement and Concrete Industry

Fly ash is one of the most commonly used SCMs. The strength development of
PC-FA based systems is generally slower than that of only PC based systems
especially at early-ages. The reaction between FA and calcium hydroxide (CH)

which is the PC hydration product is slow. As a result of the reaction between
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FA and CH, calcium-silicate-hydrate (C-S-H) comes out which lead to enhanced
mechanical properties. In addition, durability advantages are gained due to CH
depletion by FA (Malhotra and Ramezanianpour, 1994; Mehta and Monteiro,
2006; Wesche, 2004).

In the terms of fresh properties, fly ash can have a big influence on the
workability, water requirement, air-entrainment, setting time, heat of hydration
and bleeding of concrete. On the other hand, the strength development, alkali
silica reactivity, sulfate resistance, freezing and thawing resistance, permeability
and drying shrinkage can all be affected in a good way by the use of fly ash
(Erdogan, 1997; Siddique, 2007). When environmental considerations are taken
into account, it is known that the need of excessive amount of raw material and
the energy consumed to produce PC besides the CO, emissions, all of these are
disadvantages of the cement production. With the PC replacement with FA
energy and cost saving are provided. The need for raw materials is reduced and

the CO, emissions is decreased (Giirsel and Meral, 2012).

2.5.1 Requirements

In Turkey, there are some requirements which should be satisfied by fly ashes to
be used in cement and concrete according to TS EN 197-1, Cement - Part 1:
Composition, specifications and conformity criteria for common cements and TS
EN 450-1, Fly ash for concrete - Part 1: Definition, specifications and
conformity criteria. The previous standard related to fly ash, TS 639: Fly ash-
Used in cement, was cancelled in 2011. The chemical requirements for fly ashes
given in TS EN 450-1 and TS EN 197-1 are summarized in Table 2.4. For the
comparison, the requirements of TS 639 and ASTM C 618 are also given in the
table below.
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Table 2.4 Chemical requirements for FAs.

Weight TS TS EN 197-1 ASTM C 618
(%) s3gex | TSEN450-1 v W = c
SiO,+
Al,O5+ >70 >70 >70 >50
F6203
CaO
MgO <5 <4
SO, <5 <3 <5 <5
Na,O eg** <5
P,0s <5
Category A<5 a)0<.<5
L.O.I. <10 | CategoryB<7 b)2<.<7 <6 <6
Category C<9 c)4<.<9
cr <0.10
S. P20s <100 (mg/kg)
Free CaO <1.5® <1@
Reac. CaO <10 <10 |>10®
Reac. SiO, >25 >25 | >25@

* Na,O eq.= Na,0 + 0.658 K,O ** withdrawn standard (in 2011)
W(if Free CaO >1.5; soundness < 10 mm) ; @(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. Ca0 >15.00; 6,5 >10 MPa); “)(10<Reac.CaO<15)

According to TS EN 197-1, reactive calcium oxide is defined as the portion of
CaO that can constitute calcium silicate hydrates or calcium aluminate hydrates.
This portion is calculated by reducing the portion corresponding to calcium
carbonate (CaCOgs) and calcium sulfate (CaSO,4) from the total CaO content.
According to TS EN 197-1, reactive silicon dioxide is defined as the soluble
portion of SiO, after treatment with hydrochloric acid and potassium hydroxide
solution, and calculated by reducing the insoluble fraction in the solution from
the total amount of SiO,. The main physical requirements for fly ashes given in
TS EN 450-1 and ASTM C 618 are summarized in Table 2.5.
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Table 2.5 Main physical requirements for FAs.

Property TS EN 450-1 ASTM C 618
. . Category N : <40% o
Retain on 45 pm sieve Category S: < 12% <34%
. <0.8%
Soundness <10 n;l: a(rl]_sciocrilw)ateller (Autoclave
P expansion)
. Category N: - o
Water requirement Category S: < 95% <105%
o > 75% (for 25% > 75% (for 20%
Activity index, 28 days replacement) replacement)
> 85% (for 25% > 75% (for 20%

Activity index, 90 days

replacement)

replacement)

Density

Declared value + 200 g/cm®

Declared value + 5%

Initial setting time

< twice the initial setting
time of cement alone
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 General

This thesis is a part of an ongoing project on detailed characterization of Turkish
FAs in order to encourage their utilization in construction industry with the
collaboration of METU and TCMA. Within the scope of this thesis chemical,
physical, mineralogical and morphological analyses were done on 7 different fly
ash samples. Fly ashes were classified according to TS EN 197-1 and then
evaluated according to TS EN 450-1. For the chemical characterization the
results were compared to the requirements of ASTM C 618. In addition to those,
heat liberation of 75%PC-25%FA pastes were measured throughout 7 days.
Flexural and compressive strength tests on 75%PC-25%FA mortars were
performed at the ages of 2, 7, 28, 90 and 180 days. Finally, hydration of the
binary PC-FA pastes corresponding to the PC-FA mortar were followed by XRD
analysis at the ages of 2, 7, 28 and 90 days.

3.1.1 Fly Ashes

The scope of this thesis is limited to fly ash samples gathered from Catalagzi,
Tungbilek Unit 3 and 5, Afsin Elbistan, Kemerkdy, Yenikoy, Icdas Thermal
Power Plants (TPP) located in different regions of Turkey. The fly ash samples
taken from each of TPP were collected from electrostatic precipitator for five
consecutive days. The reason for that is to check whether the fly ashes show
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consistent properties through the different days or not. For each TPP, a fly ash
mix was also prepared by weighing equal amounts of ash from each of
consecutive sampling day and then mixing them thoroughly with a shovel. Thus,
a total of 6 fly ash samples was obtained for every TPP.

Figure 3.1 Fly ash samples.

3.1.2 Cement

CEM 1 42.5 R type of portland cement was used in all binary PC-FA pastes and
mortars. The density of the cement is 3.11 g/cm®. Its Blaine fineness is 3700
cm?/g. According to TS EN 196-3, the initial setting time of the cement paste
was determined as 185 minutes and the soundness of the cement paste in terms
of measured expansion according to Le Chatelier process was found to be 1.00
mm. According to ASTM C 230, the flow diameter is 175 mm. The major oxide
composition of the cement is shown in Table 3.1.The x-ray diffraction pattern of

cement is given in Figure 3.2.
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Table 3.1 Major oxide composition of cement.

Weight %
SiO, 19.15
AlL,O3 5.16
Fe,03 3.56
CaO 63.26
MgO 1.28
SO, 2.77
Na,O 0.30
K,0 0.37
L.O.l. 3.83
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Figure 3.2 X-ray diffraction pattern of cement.
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3.2 Analyses Performed

The performed analyses were grouped into three sections: (i) test on fly ash
samples, (ii) tests on PC-FA pastes and (iii) tests on PC-FA mortars. In the
preparation of the PC-FA pastes and mortars, only the 5-day mix fly ash samples

were used.

3.2.1 Analyses Performed on Fly Ashes

3.2.1.1 Chemical Analysis

In order to identify the chemical composition of fly ashes, an inductively coupled
plasma optical emission spectroscopy device, Spectro Genesis ICP-OES located
at TCMA was used. This device uses the intensity of light emitted from plasma
at a particular wavelength to determine the quantity of an element in a sample.
This method show smaller residuals for lower levels of contamination (Pyle et
al., 1995).

The oxide composition of the fly ashes taken from each TPP for 5 consecutive
days were measured separately. For each oxide, the mean, the standard deviation
(SD) and the coefficient of variation (CV) of the five results were calculated in
order to see the variation of the chemical composition of the fly ashes through
the sampling days. SD is a measure of how close the data are to the mean. If SD
is close to zero, this means that the results are very close to the mean.
Interpreting SD should be done in the context of the mean of the data. Hence,
CV, the ratio of SD to the mean is also calculated. CV shows the percent
variability of the data according to the mean in a distribution. The smaller the
CV value the more uniform the data are. Thus, it can be inferred whether the fly
ash production in each TPP is conducted at stable conditions or not. In other
words, this will show whether the fly ash is uniform or not. The chemical
analysis was also done on the 5-day mix samples, and their oxide compositions

were compared with the mean of the 5 fly ash samples.
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Along with the results obtained from ICP-OES, Cl- content according to TS EN
192-2 and soluble P,Os according to TS EN 450-1 were determined for the 5 fly
ash samples taken from each TPP at TCMA. Due to the large number of the
samples some tests were performed only on the mix samples. These tests are the
determination of free CaO (TS EN 451-1), the reactive CaO (TS EN 197-1), and
the reactive SiO; (TS EN 197-1) contents. The results of the chemical analyses
are compared with the lower and the upper limits in TS EN 197-1, TS EN 450-1
and ASTM C 618 standards.

The heavy metal concentrations in the fly ashes (only for the mix samples) were
also determined with an Inductively Coupled Plasma-Mass Spectrometer (ICP-
MS) at TCMA.

3.2.1.2 Mineralogical and Morphological Analyses

In order to identify the crystal structure of the fly ashes, X-Ray Diffraction
analyses (XRD) were conducted. For these analyses Rigaku Ultima-1V X-Ray
Diffractometer equipment taken place in METU Central Laboratory was used.
Samples were scanned using Cu radiation (40 kV/30 mA) in the range of 3 and
90 2O at a scan rate of 1°/min. X’Pert HighScore software was used to identify
the crystalline phases of the fly ashes (PANalytical B.V., 2003). The
morphological structures of the fly ashes were determined by LEO 435 VP
Scanning Electron Microscope (SEM) at TCMA. Both XRD and SEM analyses
were conducted only on the mix samples of the fly ashes for each TPP.

3.2.1.3 Physical Analyses

Density and percentages of mass retained on 45um sieve as a fineness index
(according to TS EN 451-2) were determined for the mix samples. Besides,
fineness in term of specific surface area (Blaine method) was determined
according to ASTM C 204.
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The particle size distributions (PSD) of the fly ashes were determined as relative
volume of particles in size bands using Malvern Mastersizer 2000 laser
diffraction equipment at TCMA. PSD measurements were conducted for the 6
samples (fly ashes obtained from 5 consecutive days and the mix) obtained from
each TPP. The obtained PSD parameters are Djg, Dso, Dgo and DJ[4,3]. The

definitions of these terms are found below:
Dio: The size of particles which 10% of the sample are below.

Dso: The size in microns at which 50% of the sample is smaller and 50% is

larger. This value is also known as the Mass Median Diameter (MMD).
Dgo: The size of particles which 90% of the sample are below.

D[4,3]: The volume mean diameter.

3.2.2 Tests Performed on Fly Ash-Portland Cement Pastes

3.2.2.1 Initial Setting Time and Soundness Tests

Initial setting time and soundness tests were done on the 5-days mix samples
according to TS EN 196-3. TS EN 450-1 indicates that the PC replacement ratio
with FA is 25% by mass for setting time test. On the other hand, this replacement
ratio is 30% by mass for the soundness of the pastes in terms of the measured

expansion according to Le Chatelier process.

3.2.2.2 Heat of Hydration

Hydration of portland cement is an exothermic reaction. In other words, as a
result of the hydration process an energy in the form of heat is released (Mehta
and Monteiro, 2006). Heat liberation can be measured with isothermal

calorimetry (Langan et al., 2002; Pane and Hansen, 2005).

In this study, the heat of hydration released from paste specimens was

determined using TAM air (Thermometric AB, Sweden) isothermal calorimeter,
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an 8-channel isothermal micro-calorimeter. Each channel consists of inner two
channels which are for the sample and for the reference. Paste specimen was
made from a mix of cement (4 grams) and water (2 grams). 25 % portland
cement was replaced with fly ash, and pastes, a mix of cement (3 grams), fly ash
(1 gram) and water (2 grams), were prepared. Each paste was rapidly stirred by
hand using a metal rod into a 20-mL disposable glass ampoule. Powdered
cement was chosen as reference material. Reference ampoules which have the
same specific heat of the paste were also prepared. The calculation of the weight
of the reference sample is shown in Appendix A. After both ampoules were
placed into the channels of calorimeter, the heat liberation of each paste was
measured at 23 °C throughout 7 days. The measured heat data were normalized
by the weight of solid (PC+FA).

3.2.2.3 X-Ray Diffraction Analyses

First, a control paste with 100% PC was prepared with a water/cement ratio of
0.5. Then, for all fly ashes 75% PC-25% FC pastes were prepared with a
water/binder ratio of 0.5. All pastes were cured in ambient conditions in their
closed molds until test day. At the age of 2, 7, 28 and 90 days the pastes were
pulverized and analyzed with Rigaku Ultima-1VV X-Ray Diffractometer located at
METU Central Laboratory.

3.2.3 Tests Performed on Fly Ash-Portland Cement Mortars

3.2.3.1 Flexural and Compressive Strength

In order to investigate the influence of substitution of portland cement with
different fly ashes on flexural and compressive strength, 4x4x16 cm prismatic
mortar specimens were casted according to TS EN 196-1. Before the mortars are
casted, flow table test was done according to ASTM C 230. Standard sand as
fine aggregate and tap water as water were used when the mortars were prepared.

The PC replacement ratio was kept at 25 weight %. Casted mortar samples were
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cured in a moist room with a constant temperature for 24 hours. At the end of the
24 hours, the samples were removed from the molds and immersed in tap water
under standard curing conditions until the test day. Flexural and compressive
strength tests on the samples were conducted at the age of 2, 7, 28, 90 and 180
days.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Fly Ash Taken from Catalagzi Thermal Power Plant (CFA)

Fly ash samples were supplied from Catalagz1 Thermal Power Plant B-1 unit in
July, 2013 for five consecutive days. Besides, a mix was prepared from the five

samples as described in Chapter 3.

4.1.1 Chemical Analysis Results

The chemical analyses of the five fly ash samples were conducted separately.
The results of CFA for five days and the average of the results along with the
standard deviation (SD) and the coefficient of variation (CV) are all shown in
Table 4.1. The results of free CaO, reactive CaO and reactive SiO; obtained from

the mix are also given in Table 4.1.

In terms of chemical composition it is seen that the component percentages of fly
ashes taken from the five consecutive days are very close to each other and the
standard deviation values are small. From that it can be concluded that Catalagzi
TPP has a uniform production. The evaluation of the average results according to
the limiting values of the standards is given in Table 4.2. According to TS EN
197-1, CFA is a siliceous fly ash (V) due to the fact that its reactive CaO content
(0.97%) is less than 10%. When CFA is evaluated in accordance with ASTM C
618, it can be said that since the total amount of SiO,, Al,O, Fe,O3 is more than
70% and the total calcium content is very low (1.70%) CFA is considered as
Class F (low-calcium fly ash).
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Table 4.1 Chemical analysis results of CFA.

Weight (%) Samples Ave. | s | &V | mix
1 2 3 4 5 (%)

ICP

SiO, 55.78 | 56.72 | 54.74 | 56.70 | 56.71 | 56.13 | 0.88 | 156 | -

Al,O; 2476 | 25.48 | 24.74 | 24.98 | 25.08 | 2501 | 030 | 1.20 | -

Fe,0, 6.0 | 552 | 604 | 6.10 | 568 | 589 | 027 | 459 | -

Ca0 210 | 142 | 188 | 1.94 | 118 | 170 | 039 | 2270 | -

MgO 214 | 228 | 214 | 214 | 218 | 218 | 006 | 279 | -

SO, 0.0 | 0.08 | 006 | 007 | 0.10 | 008 | 0.02 | 21.82 | -

Na,0 050 | 0.36 | 048 | 046 | 027 | 041 | 010 | 2339 | -

K,0 370 | 380 | 402 | 386 | 400 | 388 | 0.4 | 349 | -

TiO, 112 | 110 | 114 | 114 | 112 | 112 | 002 | 147 | -

P,Os 014 | 010 | 012 | 012 | 010 | 012 | 0.02 | 1461 | -

Cr,0;8 002 | 002 | 002 | 0.02 | 002 | 002 |00011] 527 | -

Mn,0; 014 | 012 | 014 | 014 | 012 | 013 | 001 | 830 | -

Other

LO.I. 245 | 276 | 355 | 216 | 2.08 | 260 | 059 | 2287 | -

cr 0.0053 | 0.0007 | 0.0043 | 0.0050 | 0.0028 [ 0.0036 | 0.0019 | 52.39 | -

(Sthj%S) 6.60 | 1032 | 7.04 | 567 | 856 | 764 | 1.83 | 2392 | -

Free CaO - - - - - - - - 0.03
Reac. CaO - - - - - - - - 0.97
Reac. SiO, - - - - - - - - 42.31
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Table 4.2 The evaluation of chemical analysis results of CFA according to the

standards.
Weight | (%) | TSEN450-1 (—oENESll  ASTMEOS
SiO, 56.13
Al,O; 25.01
Fe,O3 5.89
S+A+F 87.03 >70 >170 >50
CaO 1.70
MgO 2.18 <
SO; 0.08 <3 <5 <5
Na,O 0.41
K,0O 3.88
Na,O eg* 2.96 <5
P,Os 0.12 <5
Category A <5 a)0<.<5
L.O.I 2.60 | CategoryB<7 b)2<.<7 <6 <6
Category C<9 c)4<.<9
cr 0.0036 <0.10
S. P05 7.64 <100 (mg/kg)
Free CaO 0.03 <1.5D <1®
Reac. CaO | (g7 <10 <10 | >100®
Reac. SiO; | 42.31 >25 >25 | >259

* Na,0 eg.= Na,O + 0.658 K,0
W(if Free CaO >1.5; soundness < 10 mm) ; @(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. CaO >15.00; o5 >10 MPa); ¥(10<Reac.Ca0<15)

All requirements (total amount of SiO,, Al,O, Fe,03, content of MgO, sulphate,
alkalis (Na,O, K;0), chloride, phosphate and soluble phosphate, free CaO,
reactive CaO and reactive SiO,) given in TS EN 450-1 are satisfied by CFA.
Also, according to TS EN 450-1 the value of the loss on ignition means that the

category of CFA is A.

As a result, it can be said that considering its chemical composition CFA is a
proper fly ash based on the requirements of TS EN 197-1, TS EN 450-1 and
ASTM C 618standards.
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In addition to the evaluation above, heavy metals analysis was done for CFA mix

sample, and the concentrations of the heavy metals are given in Table 4.3.

Table 4.3 Heavy metal concentration of CFA.

Concentration
Element | Symbol (mg/ka)
Beryllium Be 6.85
Vanadium \ 225
Chromium Cr 150
Manganese Mn 546
Cobalt Co 33.60
Nickel Ni 78.60
Copper Cu 114
Zinc Zn 108
Arsenic As 25.20
Selenium Se 4.38
Silver Ag <0.88
Cadmium Cd 0.35
Antimony Sb 6.71
Barium Ba 1053
Mercury Hg 1.48
Thallium TI 4.87
Lead Pb 114

4.1.2 Mineralogical and Morphological Analysis Results

CFA mix sample, the mix of the five samples, was used for these analyses. The
x-ray diffraction pattern of CFA is given in Figure 4.1. Quartz (SiO;), mullite
(AlgSi,O43), hematite (Fe,O3) and titanomagnetite (Fes xTixO4 Fez75Tig2504)

were identified as the major crystal phases.
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Figure 4.1 X-ray diffraction pattern of CFA.

As it can be seen from the scanning electron microscopy (SEM) image of CFA
(Figure 4.2), this fly ash is composed of spherical and angular particles with a
diameter between 1 pm to 120 um. The small particles with a diameter of 5 pm

to 15 um are totally in spherical shape.
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Figure 4.2 Scanning electron microscopy (SEM) image of CFA (125 x).

4.1.3 Physical Analysis Results

For the determination of physical properties of CFA the mix sample was used in
the experiments. The results of the physical tests performed and the evaluation of
these results in accordance with the physical requirements of TS EN 450-1 are
presented in Table 4.4. In addition to this, according to ASTM C 204 the Blaine
fineness value is 2889 cm?/g. According to ASTM C 230, the flow diameter is
175 mm.

Also, the particle size distribution of CFA samples, the five samples and the mix
sample, was determined by laser diffraction particle size analyzer separately. The
curves of the particle size distribution belonging to the six samples are shown in
Figure 4.3. The volume over percentages corresponding to 90 pm, 45 pm, 32 pm
and Do, Dso, Dgg and D[4,3] diameters are presented in Table 4.5 for the six
samples. As seen from Figure 4.3, there is a difference in the particle size
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distribution through the days of the production. However, the mix sample seems

to be in the middle of these distributions.

Table 4.4 The physical properties of CFA.

. Satisfying
Property Unit CFA TS EN 450-1 Condition
Density glem? 1.99 - N.A
Standard consistency % 28.20 - N.A
. L . < twice the initial setting
Initial setting time min 210 time of cement alone S
Fineness 0 Category N <40
(Retain on 45 um sieve) & 52.10 Category S< 12 N
Soundness mm 0 <10 S
Activity index, 28 days % 747 >75 S
Activity index, 90 days % 82.2 >85 N
* N.A: Not applicable S: Satisfying N: Not satisfying
100
90
80
170
< 60
g 50
§. 40
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20
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0 t 1 I '} = } I
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Figure 4.3 Particle size distribution of CFA samples.
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Table 4.5 Percentages of particles and diameters of CFA.

CAE 90 pm | 45pm | 32pm | Dy Dso Dey | D[4,3]
(%) (nm)
1 54.9 71 76.2 9.6 | 1046 | 3169 | 1375
2 46.6 67 741 | 103 | 816 | 2656 | 1147
3 412 | 59.4 | 66.7 6.8 66.1 | 276.9 | 109.7
4 488 | 674 | 737 9.1 86.8 | 287.1 | 123.2
5 573 | 745 | 80.0 | 133 | 111.7 | 3585 | 154.2
Mix | 479 | 664 | 73.0 9.1 842 | 2943 | 123.0

42  Fly ashes Taken from Tuncbilek Thermal Power Plant (T3FA,
T5FA)

Fly ash samples were supplied from Tungbilek Thermal Power Plant 3" unit
(T3FA) in July, and 5™ unit (TSFA) in August 2013 for five consecutive days. In
addition to that, for each unit a mix was prepared from the five samples as
described in Chapter 3.

4.2.1 Chemical Analysis Results

Chemical analyses were done for all fly ash samples including the mixes. The
results and the evaluation of conformity of the average of the results to the
requirements of TS EN 450-1, TS EN 197-1 and ASTM C 618 are presented
respectively in Table 4.6 and Table 4.7 for T3FA, in Table 4.8 and Table 4.9 for
T5FA.

The oxide percentages of fly ashes taken from five consecutive days are very
close to each other, and the standard deviation values are small. Moreover, the
chemical analysis results of the mix are very close to the average the five fly ash
samples. From that, it can be concluded that T3FA is uniform.
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Table 4.6 Chemical analysis results of T3FA.

Weight (%) Samples Ave. | sD | €V | mix
1 2 3 4 5 (%0)
ICP
SO, 52.70 | 53.68 | 53.32 | 53.75 | 5354 | 53.40 | 0.42 | 0.79 | 52.98
AlLO, 1936 | 19.20 | 19.02 | 19.18 | 19.38 | 19.23 | 0.15 | 0.77 | 19.38
Fe,0; 1356 | 13.98 | 1354 | 13.44 | 13.70 | 13.64 | 021 | 154 | 13.38
Ca0 126 | 130 | 132 | 124 | 124 | 127 | 004 | 2.86 | 1.30
MgO 380 | 3.46 | 346 | 348 | 336 | 351 | 017 | 477 | 3.92
SO, 042 | 047 | 047 | 050 | 050 | 047 | 0.03 | 6.93 | 0.49
Na,O 002 | 002 | 004 | 0.04 | 004 | 003 | 0.01 | 3423 | 0.04
K,0 132 | 128 | 1.26 | 134 | 130 | 1.30 | 003 | 243 | 1.36
TiO, 108 | 110 | 1.08 | 112 | 112 | 110 | 002 | 1.82 | 1.08
P,Os 020 | 020 | 020 | 0.21 | 024 | 021 | 0.02 | 824 | 020
Cr,0; 0.26 | 026 | 026 | 0.26 | 026 | 026 | 0.00 | 0.00 | 0.26
Mn,0; 0.6 | 018 | 018 | 018 | 018 | 018 | 0.01 | 508 | 0.18
Others
LO.I. 495 | 481 | 549 | 537 | 519 | 516 | 028 | 548 | 4.93
cr 0.0053 | 0.0018 | 0.0035 | 0.0053 | 0.0018 [ 0.0035 | 0.0018 | 49.44 | -
(Srh37|(<)g5) 593 | 435 | 525 | 7.68 | 952 | 655 | 206 | 3150 | -
Free CaO | 0.010 | 0.020 | 0.020 | 0.020 | 0.020 | 0.018 | 0.0045 | 24.85 | -
Reac. CaO - - - - - - - - 0.79
Reac. SiO, - - - - - - - - 36.43

According to TS EN 197-1, T3FA is a siliceous fly ash (V) since its reactive
CaO content (0.79%) is less than 10%, and according to ASTM C 618 it seems

as Class F fly ash (low-calcium fly ash) owing to SiO,+Al,O+Fe,O3 content of

greater than 70% and less amount of CaO.
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Table 4.7 The evaluation of chemical analysis results of T3FA according to the

standards.
Weight | (%) | TSEN450-1 (—oEnoll  ASTMCES
SiO, 53.40
Al,O, 19.23
Fe,0; 13.64
S+A+F 86.27 >70 >70 | >50
CaO 1.27
MgO 3.51 <4
SO, 0.47 <3 <5 <5
Na,O 0.03
K0 1.30
Na,O eg* 0.89 <5
P,Os 0.21 <5
Category A <5 a)0<.<5
L.O.I 5.16 | CategoryB<7 b)2<.<7 <6 <6
Category C<9 c)4=<.<9
cr 0.0035 <0.10
S. P20s 6.55 | <100 (mg/kg)
Free CaO 0.018 <1.5® <1®
Reac. CaO | (79 <10 <10 | >100®
Reac. SiO; | 36.43 > 25 >25 | >259

* Na,O eq.= Na,0 + 0.658 K,0
m(ifFree CaO >1.5; soundness < 10 mm) ; (2)(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. CaO >15.00; 6,5 >10 MPa); “(10<Reac.Ca0<15)

T3FA satisfies all the requirements in the three standards. But, with 3.51%, the
MgO content is close the limit value (4%). The loss on ignition value of T3FA is
5.16%. In this case, according to TS EN 450-1 the category of loss on ignition of
T3FA is B. However, since 5.16 is very close to the limit value of category A,
(5%), and the loss on ignition value of the mix is 4.93, it can be accepted as
category A.
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As a result, it can be said that considering its chemical composition T3FA is a
proper fly ash based on the requirements of TS EN 197-1, TS EN 450-1 and
ASTM C 618 standards.

Table 4.8 Chemical analysis results of T5FA.

Weight (%) Samples Ave. | s | &V | Mmix
1 2 3 4 5 (%)
ICP
SiO, 53.74 | 56.43 | 56.14 | 55.06 | 56.21 | 55.52 | 1.13 | 2.03 | 55.25
Al,O3 18.89 | 18.57 | 18.66 | 19.53 | 19.36 | 19.00 | 0.43 | 2.24 | 19.36
Fe,03 1046 | 11.73 | 11.70 | 11.69 | 11.38 | 11.39 | 054 | 4.74 | 11.61
CaO 286 | 276 | 272 | 283 | 265 | 276 | 0.08 | 3.05 | 2.80
MgO 529 | 576 | 585 | 585 | 587 | 572 | 0.25 | 430 | 5.79
SO; 062 | 055 | 057 | 045 | 050 | 054 | 0.07 | 12.15 | 0.48
Na,O 0.07 | 0.08 | 0.10 | 0.08 | 0.09 | 0.08 | 0.01 | 1357 | 0.08
K,0 175 | 190 | 195 | 1.89 | 190 | 188 | 0.08 | 401 | 1.85
TiO, 079 | 081 | 082 | 0.77 | 0.79 | 0.80 | 0.02 | 245 | 0.79
P,Os 027 | 022 | 021 | 0.20 | 0.22 | 0.22 | 0.03 | 12.06 | 0.23
Cr,0; 0.13 | 0.17 | 0.19 | 0.18 | 0.18 | 0.17 | 0.02 | 13.80 | 0.17
Mn,O4 020 | 020 | 019 | 0.19 | 0.18 | 0.19 | 0.01 | 4.36 | 0.19
Others
L.O.l 459 | 085 | 1.07 | 086 | 064 | 160 | 168 |104.70| 1.23
Ccr 0.0057 | 0.0028 | 0.0046 | 0.0035 | 0.0028 | 0.0039 | 0.0013 | 32.37 -
(SmZﬁ?;) 428 | 570 | 3.83 | 360 | 353 | 419 | 0.89 | 21.36 -
Free CaO - - - - - - - - 0.02
Reac. CaO - - - - - - - - 2.34
Reac. SiO, - - - - - - - - 42.28

The oxide percentages of T5FA for five consecutive days are very close to each

other, and the standard deviation values are small. Furthermore, the chemical

analysis results of the mix are very close the average of five fly ash samples.

From that, it can be concluded that T5FA is uniform. However, the loss on

ignition belonging to FA from the 1% day is about five times the loss on ignition
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values of other four samples. The reasons might be insufficient oxygen in

furnace, too large particle size of coal or poor fuel for that day.

Table 4.9 The evaluation of chemical analysis results of T5SFA according to the

standards.
Weight (6) | TSEN4s0-1 |—OENATL | ASTM OIS
SiO, 55.52
Al,O; 19.00
Fe,0s 11.39
S+A+F 85.91 >70 >70 | >50
CaO 2.76
MgO 5.72 <4
SO;3 0.54 <3 <5 <5
Na,O 0.08
K,0 1.88
Na,O eq* 1.32 <5
P,0s 0.22 <5
Category A<5 a)0<..<5
L.O.l. 1.60 Category B<7 b)2<.<7 <6 <6
Category C<9 c)4<.<9
cr 0.0039 <0.10
S. P,Os 419 | <100 (mg/kg)
FreeCaO | 0.02 <159 <1@
Reac. CaO | 2.34 <10 <10 |[>10®
Reac. SiO, | 42.28 >25 >25 | >25@

* Na,O eq.= Na,O + 0.658 K,0
W(if Free CaO >1.5; soundness < 10 mm) ; @(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. CaO >15.00; 6,5 >10 MPa); “(10<Reac.Ca0<15)

Like T3FA, T5FA is also a siliceous fly ash (V) according to TS EN 197-1, and
Class F fly ash according to ASTM C 618. Its loss on ignition category is A
according to TS EN 450-1. Except the MgO content, all the requirements of the
TS EN 197-1, TS EN 450-1 and ASTM C 618 are satisfied by T5FA.

In addition to the evaluation above, heavy metals analysis were done for T3FA

and T5FA mix samples and the concentrations of the heavy metals are given in
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Table 4.10. As seen, in terms of some heavy metal concentrations there are

significant differences between the two units of the same TPP.

Table 4.10 Heavy metal concentration of T3FA and T5FA.

Concentration (mg/kg)
Element | Symbol
T3FA T5FA
Beryllium Be 11.23 4.83
Phosphorous P 640.40 782.14
Vanadium \% 380.35 161.26
Chromium Cr 1569.31 982.56
Manganese Mn 727.26 1080.33
Cobalt Co 152.86 100.67
Nickel Ni 3201.18 1943.64
Copper Cu 147.81 97.04
zZinc Zn 116.00 103.17
Arsenic As 106.98 53.72
Selenium Se 4,01 2.97
Silver Ag 1.35 0.19
Cadmium Cd 0.43 0.36
Antimony Sh 21.59 6.83
Barium Ba 249.55 438.35
Mercury Hg 0.56 3.48
Thallium Tl 5.67 2.98
Lead Pb 67.30 58.36

4.2.2 Mineralogical and Morphological Analysis Results

T3FA and T5FA mix samples were used for these analyses. The x-ray diffraction
patterns of T3FA and T5FA are given in Figure 4.4 and Figure 4.5 respectively.
As seen from the figures, mineral components like quartz (SiO;), mullite
(AlgSi,043), hematite (Fe,O3) were found in both fly ash. In addition to that, in
the mineralogical composition of T3FA magnetite (FesO4) and in T5FA
magnesioferrite (Fe,MgO,) were identified.
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Figure 4.4 X-ray diffraction pattern of T3FA.
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Figure 4.5 X-ray diffraction pattern of TS5FA.
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Figure 4.6 and Figure 4.7 contain the scanning electron microscopy (SEM)
images of T3FA and T5FA, respectively. According to these images, T3FA is
composed of spherical and angular particles with a diameter between 1 um to
100 pm. The small particles with a diameter of 1 um to 15 pum are totally in
spherical shape. TS5FA has coarser particles compared to T3FA. It has spherical
and angular particles with a diameter between 1 um to 150 um. Especially small

particles with a diameter of 1 um to 25 pum are totally in spherical shape.
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Figure 4.6 Scanning electron microscopy (SEM) image of T3FA (250 x).
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Figure 4.7 Scanning electron microscopy (SEM) image of T5FA (125 x).

4.2.3 Physical Analysis Results

For the determination of the physical properties of T3FA and T5FA the mix
samples were used in the experiments. The results of the physical tests
performed on both T3FA and T5FA, and the evaluation of these results in
accordance with the physical requirements of TS EN 450-1 are shown in Table
4.11. In addition to this, according to ASTM C 204 the Blaine fineness values
are 5214 and 2481 cm?/g for T3FA and T5FA respectively. According to ASTM
C 230, the flow diameters are 127 mm for T3FA and 133 mm for T5FA.

In addition, the particle size distribution curves for T3FA and TSFA samples, the
five samples and the mix samples, determined by laser diffraction particle size
analyzer are presented in Figure 4.8 for T3FA and in Figure 4.9 for TS5FA.
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Table 4.11 The physical properties of T3FA and T5FA.

Satisfying Condition

Property Unit | T3FA | T5FA
TS EN 450-1 T3FA | T5FA
Density glem® | 2115 | 221 - N.A N.A
Standard 0
consistency ) 34.60 29.40 - N.A N.A
< twice the initial
In|t|a_l setting miin 195 205 ~ setting S s
time time of cement
alone
Retain on 45 pm o Category N <40
sieve & 29.70 | 5740 Category S <12 S N
Soundness mm 1 1 <10 S S
Activity index, | o, | 764 | 783 >75 s s
28 days
Activity index, | o, | 939 | g79 > 85 S S
90 days

* N.A: Not applicable S: Satisfying N: Not satisfying
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Figure 4.8 Particle size distribution of T3FA samples.
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Also, the volume over percentages corresponding to 90 um, 45 um, 32 um and
D10, Dso, Dgo and DJ[4,3] diameters are presented in Table 4.12 for T3FA, and in
Table 4.13 for T5FA samples. As seen from both 45 um wet sieve results and
laser particle size results T5FA has coarser particles compared to T3FA. The
particle size distribution of the five samples and the mix sample for T3FA is
almost the same while the particle size distribution of the five samples for TS5FA

shows some differences day by day. However, the mix sample seems to be in the
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- T5FA4
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Figure 4.9 Particle size distribution of T5FA samples.

middle of these distributions.

Table 4.12 Percentages of particles and diameters of T3FA.

Tapa | [20mm | 45pm | 32pm | Dy Dso Dey | D[4,3]
(%0) (nm)

1 218 | 415 | 522 6.1 343 | 1729 | 758

2 222 | 425 | 532 6.2 355 | 1688 | 685

3 222 | 429 | 541 6.8 363 | 1763 | 718

4 221 | 426 | 535 6.4 357 | 1711 | 728

5 233 | 434 | 541 6.5 365 | 202.1 | 103.7
Mix | 21.3 | 426 | 539 6.7 36.0 | 159.4 | 65.1
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Table 4.13 Percentages of particles and diameters of TS5FA.

TSEA NOpum | 45pm | 32 pm Dy Dsgo Dgo D[4,3]
(%) (nm)

1 54.1 72.3 78.6 13.3 101.6 | 334.6 | 146.0

2 53.7 73.1 76.9 11.9 101.0 | 323.0 | 140.6

3 46.2 63.0 69.7 8.8 78.3 334.1 | 1335

4 63.0 80.8 85.9 22.2 1249 | 3320 | 156.0

5 59.2 76.3 81.8 16.2 1175 | 3520 | 157.1
Mix 54.7 72.0 77.9 124 103.9 | 329.2 | 141.8

4.3  Fly ash Taken from Afsin Elbistan Thermal Power Plant (AEFA)

Fly ash samples were supplied from Afsin Elbistan Thermal Power Plant B unit
in July, 2013 for five consecutive days. Besides, a mix was prepared from the
five samples as described in Chapter 3.

4.3.1 Chemical Analysis Results

The chemical analyses of the five fly ash samples and the mix were performed
separately. The results of the six AEFA samples with the standard deviation (SD)
and the coefficient of variation (CV) values are all presented in Table 4.14.

When the oxide percentages of the five samples are examined, it can be inferred
that Afsin Elbistan B TPP does not have a uniform production. However, the
chemical analysis result of the mix is very close the average of five fly ash
samples. The evaluation of conformity of the average results to the requirements

of the standards is given in Table 4.15.
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Table 4.14 Chemical analysis results of AEFA.

Weight (%) Samples Ave. | sD | &V | mix
1 2 3 4 5 (%)
ICP
SiO, 30.16 | 45.21 | 43.46 | 36.63 | 35.98 | 40.09 | 4.10 | 10.23 | 39.79
Al,O; 15.46 | 17.95 | 17.81 | 1512 | 14.88 | 16.24 | 151 | 9.29 | 16.26
Fe,0, 681 | 7.98 | 808 | 6.63 | 657 | 721 | 0.75 | 1041 | 7.11
Ca0 23.46 | 1558 | 17.01 | 24.67 | 2547 | 21.24 | 4.60 | 21.64 | 21.13
MgO 225 | 237 | 238 | 217 | 215 | 226 | 011 | 477 | 2.26
SO, 717 | 478 | 503 | 7.99 | 858 | 671 | 1.72 | 25.70 | 6.85
Na,0 030 | 031 | 032 | 030 | 034 | 031 | 0.02 | 533 | 033
K,0 130 | 148 | 144 | 124 | 118 | 133 | 013 | 968 | 1.40
TiO, 075 | 0.85 | 083 | 0.72 | 0.70 | 077 | 0.07 | 866 | 0.75
P,Os 041 | 036 | 041 | 040 | 041 | 040 | 0.02 | 545 | 0.38
Cr,0;8 004 | 005 | 0.04 | 0.04 | 004 | 004 |0.0045| 10.65 | 0.05
Mn,0; 004 | 005 | 004 | 0.05 | 005 | 005 | 0.01 | 11.91 | 0.04
Others
LO.I. 288 | 2.85 | 249 | 308 | 284 | 283 | 021 | 7.52 | 2.88
cr 0.0050 | 0.0060 | 0.0053 | 0.0074 | 0.0067 | 0.0061 | 0.0010 | 16.26 | -
(Sthj%S) 330 | 353 | 503 | 323 | 315 | 365 | 079 | 2153 |
Free CaO - - - - - - - - 3.11
Reac. CaO - - - - - - - - 13.45
Reac. SiO, - - - - - - - - 31.97

According to TS EN 197-1, AEFA is a calcareous fly ash (W) since it contains
more than 10% reactive CaO. However, TS EN 197-1 states that if reactive CaO

content of a FA is between 10% and 15%, its reactive SiO, should be greater
than 25%. With 13.45%, reactive CaO content of AEFA remains in the range of
10% to 15%. Since SiO, content (31.97%) is greater than 25%, AEFA satisfies

this requirement.
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Table 4.15 The evaluation of chemical analysis results of AEFA according to the

standards.
Weight | (%) | TSEN450-1 (—oENESll  ASTMEOS
SiO, 40.09
Al,O; 16.24
Fe,O; 7.21
S+A+F 63.55 > 70 >70 | >50
CaO 21.24
MgO 2.26 <
SO; 6.71 <3 <5 <5
Na,O 0.31
K,0 1.33
Na,O eq* 1.19 <5
P,Os 0.40 <5
Category A <5 a)0<.<5
L.O.l. 2.83 Category B<7 b)2<.<7 <6 <6
Category C<9 c)4<.<9
ol 0.0061 <0.10
S. P,Os 3.65 <100 (mg/kg)
Free CaO | 3.11 <1.59 <1@
Reac. CaO | 13.45 <10 <10 |>10@
Reac. SiO, | 31.97 >25 >25 | >25@

* Na,0 eg.= Na,O + 0.658 K,0O
W(if Free CaO >1.5; soundness < 10 mm) ; @(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. Ca0 >15.00; 6,5 >10 MPa); “)(10<Reac.CaO<15)

In accordance with ASTM C 618, due to the content of SiO,+Al,0+Fe;03
(63.55%) is less than 70% greater than 50% and the high amount of CaO, AEFA
conforms to the category of Class C fly ash (high-calcium fly ash).

As it is seen from Table 4.15, the requirements related to the content of
SiO,+AlL,0+Fe,03, free Ca0, reactive CaO according to TS EN 450-1 and the
SOj3 content requirement according to both TS EN 450-1 and ASTM C are not
satisfied. The content of SiO,+Al,0+Fe,O3 remains below the limit value
whereas the contents of SOg, free CaO, and reactive CaO exceed the limit values.
On the other hand, TS EN 450-1 indicates that if free CaO content is greater than
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1.5%, soundness test should be done and the maximum value for the soundness
should be 10 mm. For AEFA the soundness has determined as 1 mm. Thus, it
can be said this requirement is met. Also, according to TS EN 450-1 the value of

the loss on ignition means that the category of AEFA is A.

Except those mentioned above, the rest of the requirements are met for the three
standards. As a consequence of these chemical analysis evaluations, it can be
said that AEFA does not often fulfill the requirements of TS EN and ASTM

standards related to fly ash.

In addition to the evaluation above, for AEFA mix sample the heavy metals
analysis was done and the concentrations of the heavy metals are given in Table
4.16.

Table 4.16 Heavy metal concentration of AEFA.

Element Symbol Co?ﬁfg/t;g; lon
Beryllium Be 1.62
Phosphorous P 1762.66
Vanadium \ 346.85
Chromium Cr 308.74
Manganese Mn 284.13
Cobalt Co 23.70
Nickel Ni 214.81
Copper Cu 55.96
Zinc Zn 115.23
Arsenic As 39.41
Selenium Se 8.33
Silver Ag <2.94
Cadmium Cd 0.86
Antimony Sb 2.06
Barium Ba 300.56
Mercury Hg 2.15
Thallium TI 131
Lead Pb 24.26
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4.3.2 Mineralogical and Morphological Analysis Results

AEFA mix sample was used for these analyses. The x-ray diffraction pattern of
AEFA is given in Figure 4.10. Calcium oxide (CaO), anhydrite (CaSQO,), Quartz

(Si0y), hematite (Fe,0O3) and calcite (CaCO3) were identified as the major crystal

phases.
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Figure 4.10 X-ray diffraction pattern of AEFA
According to the scanning electron microscopy (SEM) image of AEFA (Figure
4.11) this fly ash consists of spherical and angular particles with a diameter

between 1 um to 150 um. Especially small particles with a diameter of 1 um to

25 um are totally in spherical shape.
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Figure 4.11 Scanning electron microscopy (SEM) image of AEFA (250 x).

4.3.3 Physical Analysis Results

The results of the physical tests performed on AEFA, and the evaluation of these
results in accordance with the physical requirements of TS EN 450-1 are given in
Table 4.17. In addition to this, according to ASTM C 204 the Blaine fineness
value is 3367 cm?/g. According to ASTM C 230, the flow diameter is 117 mm.

In addition, the particle size distribution curves of AEFA samples, the five
samples and the mix sample were determined by laser diffraction particle size
analyzer. The curves of particle size distribution belonging to the six samples are
presented in Figure 4.12. Also, the volume over percentages corresponding to 90
um, 45 um, 32 pum and D1, Dsg, Dgp and D[4,3] diameters are presented in Table
4.18. As seen from Figure 4.12, there is a difference in the particle size
distribution through the production days. However, the mix sample seems to be

in the middle of these distributions.
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Table 4.17 Some physical properties of AEFA.

. Satisfying
Property Unit AEFA TS EN 450-1 Condition
Density glem? 2.41 - N.A
Standard consistency % 33.20 - N.A
Initial setting time min 215 < twice the initial setting S
time of cement alone
. . Category N <40
0,
Retain on 45 pum sieve % 66.30 Category S < 12 N
Soundness mm 1 <10 S
Activity index, 28 days % 51.6 >75 N
Activity index, 90 days % 75.9 >85 N
* N.A: Not applicable S: Satisfying N: Not satisfying
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Figure 4.12 Particle size distribution of AEFA samples.
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Table 4.18 Percentages of particles and diameters of AEFA.

T3EA NOpum | 45pum | 32 pm Dy Ds Dyo D[4,3]
(%0) (nm)

1 55.6 73.5 79.4 123 | 1059 | 319.6 | 140.1

2 60.4 78.4 83.7 17.3 | 119.0 | 339.1 | 1534

3 57.8 76.6 82.2 15.2 | 111.2 | 326.0 | 1452

4 49.6 69.7 76.5 10.7 89.0 | 2759 | 119.9

5 46.3 68.0 75.7 115 81.3 | 2552 | 111.1
Mix 55.4 74.0 80.0 13.0 | 105.1 | 330.0 | 150.3

4.4  Fly ash Taken from Kemerkoy Thermal Power Plant (KFA)

Fly ash samples were supplied from Kemerkdy Thermal Power Plant 2™ unit
(KFA) in July, 2013 for five consecutive days. Besides, a mix was prepared from

the five samples as described in Chapter 3.

4.4.1 Chemical Analysis Results

The chemical analyses were done for the five fly ash samples and the mix. The
results of the six KFA samples with the standard deviation (SD) and the

coefficient of variation (CV) values are shown in Table 4.19.

When the oxide percentages of the five samples are investigated, it is seen that
the composition contents show differences especially for last two days compared
to first three days. From that, it can be inferred that this Kemerkoy TPP does not
make the production in stable conditions. However, the chemical analysis result
of the mix is very close the average the five fly ash samples. The evaluation of
conformity of the average results to the requirements of the standards is given in
Table 4.20.
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Table 4.19 Chemical analysis results of KFA.

Weight (%) Samples Ave. | s | &V | Mmix
1 2 3 4 5 (%0)
ICP
Si0, 36.04 | 37.30 | 37.66 | 30.35 | 41.94 | 36.66 | 417 | 11.37 | 36.10
AlLO; 18.80 | 19.04 | 18.78 | 15.84 | 20.76 | 18.64 | 1.77 | 9.50 | 18.95
Fe,0; 8.06 | 804 | 822 | 818 | 730 | 7.96 | 0.38 | 473 | 7.92
Ca0 26.28 | 25.12 | 24.76 | 34.10 | 20.74 | 26.20 | 4.89 | 18.65 | 26.30
MgO 202 | 242 | 222 | 200 | 221 | 217 | 047 | 7.90 | 228
SO, 446 | 394 | 392 | 618 | 274 | 425 | 1.25 | 20.44 | 4.42
Na,O 0.56 | 054 | 054 | 0.40 | 056 | 052 | 0.07 | 13.04 | 052
K,0 210 | 1.96 | 1.98 | 1.54 | 2.06 | 1.93 | 0.22 | 11.63 | 1.92
TiO, 0.76 | 078 | 076 | 0.62 | 086 | 076 | 0.09 | 11.44 | 0.78
P,Os 030 | 030 | 028 | 0.30 | 030 | 030 | 0.01 | 3.02 | 030
Cr,0; 0.04 | 002 | 004 | 002 | 0.04 | 003 | 0.01 | 3423 | 0.04
Mn,O; 0.08 | 0.08 | 0.08 | 0.08 | 0.06 | 0.08 | 0.01 | 11.77 | 0.08
Others
LO.I. 0.36 | 041 | 047 | 037 | 041 | 040 | 0.04 | 10.73 | 0.37
cr 0.0067 | 0.0025 | 0.0007 | 0.0103 | 0.0039 | 0.0035 | 0.0025 | 73.39 | -
S. P05 203 | 300 | 443 | 323 | 308 | 333 | 062 | 1868 | -
(mg/kg)
Free CaO - - - - - - - . 3.46
Reac. CaO | - - - - : : - - | 2305
Reac. Si0, | - - - - : : - - | 29.29

According to TS EN 197-1, KFA is a calcareous fly ash (W) since it is composed
of more than 10% reactive CaO (23.25%). In addition, for calcareous fly ash TS
EN 197-1 states that if reactive CaO content of a FA is between 10% and 15%,

its reactive SiO; should be greater than 25%. However, the reactive CaO content
of KFA (23.45%) is more than 15%. Still, SiO, content (29.29%) is greater than

25%. Furthermore, since it’s reactive CaO content is greater than 15% there is

also an extra condition which states that the 28-days compressive strength of

mortar sample prepared as described in TS EN 197-1 should be more than 10

MPa. The sample prepared by using only KFA instead of cement was casted but
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the compressive strength test has not been done yet. Thus, it is not known yet

whether this requirement is met or not.

Table 4.20 The evaluation of chemical analysis results of KFA according to the

standards.
Weight (6) | TSEN4s0-1 |—OENATL | ASTM OIS
SiO, 36.66
Al,O4 18.64
Fe,O, 7.96
S+A+F 63.26 >170 >70 >50
CaO 26.20
MgO 2.17 <4
SO, 4.25 <3 <5 <5
Na,O 0.52
K,0 1.93
Na,O eq* 1.79 <5
P,0s 0.30 <5
Category A<5 a)0<..<5
L.O.l. 0.40 Category B<7 b)2<.<7 <6 <6
Category C<9 c)4<.<9
Cr 0.0035 <0.10
S. P,Os 3.33 | <100 (mg/kg)
Free CaO | 3.46 <1.5% <1@
Reac. CaO | 23.05 <10 <10 |>10®
Reac. SiO, | 29.29 > 25 >25 | >25@

* Na,O eq.= Na,O + 0.658 K,0
(1)(if Free CaO >1.5; soundness < 10 mm) ; (2)(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. CaO >15.00; 6,5 >10 MPa); “(10<Reac.Ca0<15)

According to ASTM C 618, the fact that the content of SiO,+Al,0+Fe,03
(63.26%) is less than 70% greater than 50%, and high amount of CaO, means
that KFA conforms to the category of Class C fly ash (high-calcium fly ash).
L.O.I and SO; content requirements of ASTM C 618 are satisfied by KFA.

As it seen from Table 4.20, the requirements of TS EN 450-1 which are more
than 70% of SiO,+Al,0+Fe;03, less than 3% of SO, less than 1.5% of free CaO
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and less than 10% reactive CaO content are not satisfied. Due to the presence of
more than 1.5% of free CaO, soundness test should be performed. As a result of
the test, 1 mm soundness have obtained. Since 1 mm is less than limit value (10

mm) there is no problem for this requirement. The loss on ignition category is A.

Consequently, KFA satisfies the requirements of ASTM C 618 whereas it does
not totally fulfill the requirements of TS EN 450-1 in terms of chemical

composition.

In addition to the evaluation above, for KFA mix sample heavy metals analysis

was done and the concentrations of the heavy metals are given in Table 4.21.

Table 4.21 Heavy metal concentration of KFA.

Concentration
Element | Symbol (ma/kg)
Beryllium Be 3.05
Vanadium \Y 175.42
Chromium Cr 161.34
Manganese Mn 312.89
Cobalt Co 16.03
Nickel Ni 101.89
Copper Cu 45.98
Zinc Zn 101.77
Arsenic As 64.93
Selenium Se 4.18
Silver Ag 0.41
Cadmium Cd 0.49
Antimony Sb 8.53
Barium Ba 279.16
Mercury Hg 0.61
Thallium TI 1.15
Lead Pb 28.84
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4.4.2

Mineralogical and Morphological Analysis Results

KFA mix sample was used for these analyses. The x-ray diffraction pattern of
KFA is given in Figure 4.13. Calcium oxide (CaO), Quartz (SiO;), anhydrite
(CaSO,), hematite (Fe;O3), gehlenite (Ca,Al,SiO7) and C,S were identified as
the major crystal phases.

400
100

KFA

10000
2500

Calcium Oxide

10000
2500

Quartz

10000
2500

Anhydrite

10000
2500

Hematite

) M.n

10000
2500

Gehlenite H
)4 A ﬂ A

10000
2500

Calcium Silicate (C,5)

10 20 30 40 50 60 70
Position [*2Theta]

Figure 4.13 X-ray diffraction pattern of KFA.
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According to the scanning electron microscopy (SEM) image of KFA (Figure

4.14), KFA is composed of spherical and angular particles with a diameter

between 1 um to 80 um. The small particles with a diameter of 1 um to 25 pm

are totally in spherical shape.
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Figure 4.14 Scanning electron microscopy (SEM) image of KFA (250 x).

4.4.3 Physical Analysis Results

The results of the physical tests performed on KFA samples, and the evaluation
of these results in accordance with the physical requirements of TS EN 450-1 are
presented in Table 4.22. In addition to this, according to ASTM C 204 the Blaine
fineness value is 2437 cm?/g. According to ASTM C 230, the flow diameter is
175 mm.

Also, the particle size distribution of KFA samples, the five samples and the mix
sample, was determined by laser diffraction particle size analyzer separately. The
curves of particle size distribution belonging to the six samples are shown in
Figure 4.15. The volume over percentages corresponding to 90 pm, 45 um, 32
um and D1g, Dso, Dgg and D[4,3] diameters are presented in Table 4.23 for the six
samples. As seen from Figure 4.15, the particle size of the first four samples is

55



very close to each other. Only the 5™ sample has coarser particles compared with

the other samples.

Table 4.22 The physical properties of KFA

Property Unit | KFA TS EN 450-1 g%tr']ﬂ?{'igg
Density glem® 2.50 - N.A
Standard consistency % 28.00 - N.A

. S . < twice the initial setting
Initial setting time min 190 time of cement alone S
. . Category N <40
0,
Retain on 45 pm sieve % 34.8 Category S < 12 N
Soundness mm 1 <10 S
Activity index, 28 days % 89.4 >75 S
Activity index, 90 days % 98.4 >85 S
* N.A: Not applicable S: Satisfying N: Not satisfying
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Figure 4.15 Particle size distribution of KFA samples.
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Table 4.23 Percentages of particles and diameters of KFA.

KEA Opum | 45pum | 32 pm Dy Dsgo Dgo D[4,3]
(%) (nm)
1 24.7 46.0 56.3 6.8 39.5 156.5 63.5
2 26.8 48.0 57.8 6.9 42.0 168.1 68.3
3 29.1 50.2 59.9 7.6 45.3 176.9 72.0
4 23.0 44.0 54.2 6.4 36.8 146.5 59.3
5 34.6 55.7 65.4 9.6 54.6 230.1 | 126.9
Mix 26.5 48.0 58.1 7.2 42.1 164.2 66.7

45  Fly ash Taken from icdas Thermal Power Plant (IFA)

Fly ash samples were supplied from Icdas Thermal Power Plant in December,
2013 for five consecutive days. Besides, a mix was prepared from the five

samples as described in Chapter 3.

4.5.1 Chemical Analysis Results

The chemical analyses were conducted for the five fly ash samples and the mix.
The results of the six IFA samples with the standard deviation (SD) and the

coefficient of variation (CV) values are shown in Table 4.24.

The oxide percentages of the fly ashes taken from five consecutive days are close
to each other, and the standard deviation values are small. But, CaO content at
the fifth day shows about 40% increment compared to the other four days.
Additionally, the chemical analysis result of the mix is very close the average of
the five fly ash samples. The evaluation of conformity of the average results to

the requirements of the standards is given in Table 4.25.

57



Table 4.24 Chemical analysis results of IFA.

Weight (%) Samples Ave. | s | &V | mix
1 2 3 4 5 (%)
ICP
SiO, 4726 | 4652 | 46.13 | 46.50 | 44.03 | 46.00 | 1.22 | 2.65 | 45.39
Al,O; 18.25 | 1847 | 1844 | 18.48 | 17.00 | 18.13 | 0.64 | 352 | 18.25
Fe,0, 1035 | 10.27 | 10.36 | 1007 | 9.66 | 10.14 | 029 | 2.89 | 10.15
Ca0 13.07 | 13.04 | 1337 | 12.92 | 1811 | 14.10 | 2.25 | 15.93 | 14.20
MgO 452 | 451 | 450 | 453 | 418 | 445 | 015 | 3.38 | 448
SO, 306 | 313 | 306 | 307 | 298 | 306 | 0.05 | 1.74 | 3.10
Na,O 038 | 029 | 030 | 0.34 | 033 | 033 | 0.04 | 10.86 | 0.35
K,0 169 | 1.66 | 166 | 1.73 | 1.38 | 162 | 0.14 | 858 | 165
TiO, 058 | 056 | 059 | 058 | 052 | 057 | 0.03 | 493 | 057
P,Os 012 | 012 | 012 | 013 | 043 | 012 | 001 | 442 | 012
Cr,0;8 0.0 | 010 | 009 | 0.10 | 008 | 009 | 0.01 | 952 | 0.09
Mn,0; 012 | 012 | 012 | 012 | 011 | 012 |0.0045| 3.79 | 0.12
Others
LO.I. 048 | 053 | 037 | 054 | 091 | 057 | 0.20 | 36.01 | 055
cr 0.0021 | 0.0018 | 0.0088 | 0.0039 | 0.0014 | 0.0036 | 0.0031 | 85.01 | -
(Sthj%S) 375 | 405 | 458 | 360 | 315 | 3.83 | 053 | 1391 | -
Free CaO - - - - - - - - 1.50
Reac. CaO - - - - - - - - 11.97
Reac. SiO, - - - - - - - - 36.33

Due to the presence of more than 10% reactive CaO, IFA is a calcareous fly ash

(W) in accordance with TS EN 197-1. Since the reactive CaO is in the range of
10% and 15%, the reactive SiO, should be greater than 25%. With the content of

36.33 % for reactive SiO, this requirement is satisfied. In accordance with
ASTM C 618, the category of Class C fly ash (high-calcium fly ash) is more
appropriate for IFA because of the high CaO content (14.10%).
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Table 4.25 The evaluation of chemical analysis results of IFA according to the

standards.
Weight | (%) | TSEN450-1 (—oENESll  ASTMEOS
SiO, 46.09
Al,O3 18.13
Fe,0s 10.14
S+A+F 74.36 >70 >70 | >50
CaO 14.10
MgO 4.45 <
SO; 3.06 <3 <5 <5
Na,O 0.33
K,0 1.62
Na,O eqg* 1.40 <5
P,0s 0.12 <5
Category A <5 a)0<.<5
L.O.l. 0.57 Category B<7 b)2<.<7 <6 <6
Category C<9 c)4<.<9
Cr 0.0036 <0.10
S. P,Os 3.83 <100 (mg/kg)
Free CaO | 1.50 <1.59 <1@
Reac. CaO | 11.97 <10 <10 |>10®
Reac. SiO, | 36.33 >25 >25 | >25@

* Na,0 eg.= Na,O + 0.658 K,0O
W(if Free CaO >1.5; soundness < 10 mm) ; @(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. Ca0 >15.00; 6,5 >10 MPa); “)(10<Reac.CaO<15)

According to TS EN 450-1, the MgO and SO3 contents slightly exceed the limit
values. The free CaO is 1.5% which is the limit value for that. Nevertheless,
soundness test have been conducted and a 1 mm soundness have been obtained.
The requirement of less than 10% reactive CaO is not met. For IFA the loss on

ignition category is A. Except these, the other requirements are satisfied.

As a result, in terms of chemical composition IFA satisfies the requirements of
ASTM C 618 and TS EN 197-1 whereas it does not totally meet the
requirements of TS EN 450-1.
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In addition to the evaluation above, for IFA mix sample heavy metals analysis

was done and the concentrations of the heavy metals are given in Table 4.26.

Table 4.26 Heavy metal concentration of IFA.

Concentration
Element | Symbol (mg/ka)
Beryllium Be 2.46
Vanadium \ 111.57
Chromium Cr 352.44
Manganese Mn 435.65
Cobalt Co 34.41
Nickel Ni 726.13
Copper Cu 71.61
Zinc Zn 101.47
Arsenic As 207.69
Selenium Se 1.95
Silver Ag 10.93
Cadmium Cd 0.75
Antimony Sb 14.85
Barium Ba 450.86
Mercury Hg 0.73
Thallium TI 6.28
Lead Pb 46.30

4.5.2 Mineralogical and Morphological Analysis Results

IFA mix sample was used for these analysis. The x-ray diffraction pattern of IFA
is given in Figure 4.16. Quartz (SiOy), calcium oxide (CaO), anhydrite (CaSO,),
hematite (Fe,Os), mullite (Al¢Si,O53) were identified as the major crystal phases.
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Figure 4.16 X-ray diffraction pattern of IFA.

According to the scanning electron microscopy (SEM) image of IFA (Figure
4.17), IFA consists of spherical and angular particles with a diameter between 1
um to 50 um. Especially small particles with a diameter of 1 um to 25 um are

totally in spherical shape.
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Figure 4.17 Scanning electron microscopy (SEM) image of IFA (250 x).

4.5.3 Physical Analysis Results

The results of the physical test performed on IFA, and the evaluation of the
results in accordance with the physical requirements of TS EN 450-1 are given in
Table 4.27. In addition to this, according to ASTM C 204 the Blaine fineness
value is 3224 cm2/g. According to ASTM C 230, the flow diameter is 185 mm.

Also, the particle size distribution of IFA samples, the five samples and the mix
sample, was determined by laser diffraction particle size analyzer separately. The
curves of the particle size distribution belonging to the six samples are shown in
Figure 4.18. The volume over percentages corresponding to 90 um, 45 pm, 32
um and D10, D50, D90 and D[4,3] diameters are presented in Table 4.28 for the
six samples. As seen, the particle size of first four samples is almost the same.

Only the fifth sample shows a very little difference.
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Table 4.27 The physical properties of IFA.

. Satisfying
Property Unit IFA TS EN 450-1 Condition
Density glem? 2.42 - N.A
Standard consistency % 29.40 - N.A
Initial setting time min 220 < twice the initial setting S
time of cement alone
. . Category N <40
0,
Retain on 45 pm sieve % 26.30 Category S < 12 S
Soundness mm 1 <10 S
Activity index, 28 days % 89.6 >75 S
Activity index, 90 days % 104.4 > 85 S
* N.A: Not applicable S: Satisfying N: Not satisfying
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Figure 4.18 Particle size distribution of IFA samples.
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Table 4.28 Percentages of particles and diameters of IFA.

A | 90mm | 45pm | 32pm | Dy Dso Dey | D[4,3]
(%) (nm)
1 176 | 385 | 487 4.3 306 | 1224 | 49.4
2 17.7 | 39.0 | 491 4.4 310 | 1221 | 49.4
3 169 | 383 | 486 4.3 304 | 1188 | 485
4 181 | 392 | 493 4.4 312 | 1252 | 515
5 192 | 419 | 527 5.0 349 | 1286 | 547
Mix | 18.8 | 404 | 507 4.4 317 | 1222 | 527

46  Fly ash Taken from Yenikoy Thermal Power Plant (YFA)

Fly ash samples were supplied from Yenikéy Thermal Power Plant 1% unit
(YFA) in July, 2013 for five consecutive days. Besides, a mix was prepared from

the five samples as described in Chapter 3.

4.6.1 Chemical Analysis Results

The chemical analyses were done for the five fly ash samples and the mix. The
results of the six YFA samples are shown with the standard deviation (SD) and

the coefficient of variation (CV) values in Table 4.29.

When the oxide percentages of the five samples are evaluated, it can be said that
composition content shows slightly differences according to the days. However,
the chemical analysis result of the mix is very close the average of the five fly
ash samples. The evaluation of conformity of the average results to the

requirements of the standards is given in Table 4.30.
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Table 4.29 Chemical analysis results of YFA.

Weight (%) Samples Ave. | s | &V | Mmix
1 2 3 4 5 (%0)
ICP
Si0, 26.47 | 24.76 | 31.73 | 21.68 | 25.87 | 26.10 | 3.65 | 13.97 | 25.93
AlLO; 1211 | 11.21 | 13.95 | 9.84 | 10.77 | 11.58 | 1.56 | 13.47 | 11.40
Fe,0; 526 | 487 | 511 | 447 | 457 | 48 | 034 | 697 | 485
Ca0 30.93 | 42.78 | 33.91 | 4542 | 40.98 | 40.60 | 4.28 | 10.55 | 40.52
MgO 202 | 195 | 1.87 | 1.87 | 1.95 | 1.93 | 0.06 | 328 | 1.93
SO, 833 | 915 | 7.35 | 9.96 | 932 | 882 | 101 | 11.42 | 8.97
Na,O 038 | 033 | 096 | 0.69 | 039 | 055 | 0.27 | 49.01 | 0.78
K,0 131 | 121 | 150 | 112 | 1.24 | 1.28 | 014 | 11.17 | 1.40
TiO, 052 | 049 | 062 | 0.42 | 048 | 051 | 0.07 | 1450 | 051
P,Os 028 | 031 | 029 | 027 | 026 | 028 | 0.02 | 682 | 028
Cr,0; 0.04 | 003 | 0.04 | 003 | 003 | 003 | 0.01 | 1611 | 0.03
Mn,O; 0.09 | 0.08 | 0.08 | 0.08 | 0.07 | 0.08 | 0.01 | 884 | 0.08
Others
LO.I. 239 | 242 | 206 | 344 | 318 | 270 | 058 | 21.63 | 253
cr 0.0251 | 0.0223 | 0.0506 | 0.0180 | 0.0520 | 0.0336 | 0.0164 | 48.70 | -
S. P05 480 | 488 | 465 | 525 | 488 | 480 | 022 | 452 | -
(mg/kg)
Free CaO - - - - - - - - 9.59
Reac. CaO - - - - - - - - 31.71
Reac. SiO, - - - - - - - - 20.84

According to TS EN 197-1, YFA is a calcareous fly ash (W) since it is composed

of more than 10% reactive CaO (31.71%). Due to the presence of more than 15%

reactive CaO, compressive strength test described in TS EN 197-1 should be

done. The mortar prepared by using only YFA instead of cement was casted but

the compressive strength test has not been done yet. Thus, it is not known yet

whether this requirement is met or not.
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Table 4.30 Evaluation of chemical analysis results of YFA according to the

standards.
Weight | (%) | TSEN450-1 (—oEnoll  ASTMCES
SiO, 26.10
Al,O; 11.58
Fe,O; 4.86
S+A+F 42.53 > 170 >70 | >50
CaO 40.60
MgO 1.93 <4
SO; 8.82 <3 <5 <5
Na,O 0.55
K,0 1.28
Na,O eq* 1.39 <5
P,Os 0.28 <5
Category A <5 a)0<.<5
L.O.I. 2.70 | CategoryB<7 b)2<.<7 <6 <6
Category C<9 c)4=<.<9
ol 0.0336 <0.10
S. P,Os 4.89 <100 (mg/kg)
Free CaO | 9.59 <1.5Y <1@
Reac. CaO | 31.71 <10 <10 |>10@
Reac. SiO, | 20.84 >25 >25 | >25@

* Na,O eq.= Na,0 + 0.658 K,0
m(ifFree CaO >1.5; soundness < 10 mm) ; (2)(if 1< Free CaO <2.5; soundness < 10 mm)
®)(if Reac. Ca0O >15.00; 6,5 >10 MPa); “(10<Reac.Ca0O<15)

In accordance with ASTM C 618, because of its very high CaO content (40.60%)
YFA is more suitable to be classified as Class C fly ash (high-calcium fly ash).
The requirements of the content of SiO,+Al,O+Fe;05 to be a least 50% and SO;

content to be maximum 5% are not met by YFA.

When it is evaluated according to TS EN 450-1, the amount of
SiO,+Al,O+Fe,03 is significantly under the limit. With the 8.82% SO; content
the limit value, 3%, is exceeded. Free CaO content is over the limit. Thus,

soundness test have been conducted and a 1 mm soundness have been obtained.
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The requirements of less than 10% of reactive CaO and more than 25% of
reactive SiO, are not satisfied. Except these, the rest of the requirements are met.

For IFA the loss on ignition category is A.

As a result, it can be concluded that YFA does not totally fulfill the requirements
of TS EN 197-1, TS EN 450-1 and ASTM C 618 in terms of chemical

composition.

In addition, heavy metal analysis was performed for YFA and the concentrations

of heavy metals of YFA are shown in Table 4.31.

Table 4.31 Heavy metal concentration of YFA.

Concentration
Element | Symbol (mg/kg)
Beryllium Be 2.22
Vanadium \% 193.92
Chromium Cr 188.73
Manganese Mn 552.51
Cobalt Co 11.96
Nickel Ni 90.56
Copper Cu 32.96
zZinc Zn 72.79
Arsenic As 45.35
Selenium Se 10.70
Silver Ag 13.17
Cadmium Cd 0.97
Antimony Sh 11.45
Barium Ba 284.48
Mercury Hg 0.33
Thallium Tl 1.13
Lead Pb 22.80
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4.6.2

Mineralogical and Morphological Analysis Results

YFA mix sample was used for these analyses. The x-ray diffraction pattern of

YFA is given in Figure 4.19. Calcium oxide (CaO), quartz (SiO,), anhydrite
(CaS0Oy), hematite (Fe,03), C,S and mayenite (Al14Ca12033) were identified as

the m

ajor crystal phases.
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Figure 4.19 X-ray diffraction pattern of YFA.
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According to the scanning electron microscopy (SEM) image of YFA (Figure

4.20), YFA consists of spherical and angular particles with a diameter between 1

um to 80 um. Especially small particles with a diameter of 1 um to 25 um are

totally in spherical shape.
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Figure 4.20 Scanning electron microscopy (SEM) image of YFA (250 x).

4.6.3 Physical Analysis Results

The results of the physical tests performed on YFA, and the evaluation of these
results in accordance with the physical requirements of TS EN 450-1 are given in
Table 4.32. In addition to this, according to ASTM C 204 the Blaine fineness
value is 2224 cm?/g. According to ASTM C 230, the flow diameter is 166 mm.

In addition, the particle size distribution curves for YFA samples, the five
samples and the mix sample, were determined by laser diffraction particle size
analyzer. The curves of particle size distribution belonging to the six samples are
shown in Figure 4.21. Also, the volume over percentages corresponding to 90
um, 45 um, 32 um and D19, Dsg, Dgo and D[4,3] diameters are presented in Table
4.33. As seen from the Figure 4.21, the particle size distribution curves of the
samples taken from the first, second and fifth days are very close to each other.
On the other hand, it seems that the sample from the third day is a little coarser
and the sample from the fourth day is a little finer compared to the other samples

69



from Yenikdy TPP. However, the mix sample seems to be in the middle of these

distributions.

Table 4.32 The physical properties of YFA.

Property Unit | YFA TS EN 450-1 g%tr']ﬂ?{'igg
Density glem? 2.75 - N.A
Standard consistency % 29.40 - N.A
Initial setting time min 200 = twice the initial setting S

time of cement alone
. . Category N <40
0,
Retain on 45 pm sieve % 31.0 Category S < 12 S
Soundness mm 1 <10 S
Activity index, 28 days % 92.0 >75 S
Activity index, 90 days % 96.8 >85 S

* N.A: Not applicable S: Satisfying N: Not satisfying
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Figure 4.21 Particle size distribution of YFA samples.
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Table 4.33 Percentages of particles and diameters of YFA.

IEA NOpum | 45pm | 32 pm Dy Dsgo Dgo D[4,3]
(%0) (nm)
1 25.0 44.0 52.7 5.3 35.6 169.5 76.0
2 26.5 44.2 52.6 5.3 35.6 201.6 98.6
3 30.1 50.6 59.4 6.4 46.0 185.2 78.1
4 21.9 40.0 49.1 4.7 30.9 162.1 90.2
5 25.5 44.7 535 54 36.6 175.9 86.9
Mix 25.6 44.8 53.6 55 36.8 175.0 84.9

4.7  Summary of the Chemical Composition of the Fly Ashes

Considering the oxide composition of the fly ashes, CFA, T3FA and T5FA can

be grouped as TS Class V (ASTM Class F), while AEFA, KFA, IFA and YFA

are grouped as TS Class W (ASTM Class C). The major chemical compositions
of PC and FAs are presented in Table 4.34.

Table 4.34 Major oxide composition of both PC and FAs.

PC | cFA | T3FA | T5FA | AEFA | KFA | IFA | YFA
Sio, | 19.15 | 56.13 | 53.40 | 5552 | 40.09 | 36.66 | 46.09 | 26.10
ALO; | 516 | 2501 | 19.23 | 19.00 | 16.24 | 1864 | 18.13 | 11.58
Fe,O; | 356 | 580 | 1364 | 11.39 | 721 | 7.96 | 1014 | 4.86
S+A+F | 27.87 | 87.03 | 86.27 | 8591 | 6354 | 63.26 | 74.36 | 42.54
caO | 6326 | 170 | 127 | 276 | 2124 | 26.20 | 14.10 | 40.60
MgO | 128 | 218 | 351 | 572 | 226 | 217 | 445 | 193
SO, | 277 | 008 | 047 | 054 | 671 | 425 | 306 | 882
Na,O | 03 | 041 | 003 | 008 | 031 | 052 | 033 | 055
K,O | 037 | 388 | 130 | 188 | 133 | 193 | 162 | 1.28
Total | 95.85 | 95.28 | 92.85 | 96.89 | 95.39 | 98.33 | 97.92 | 95.72
LO.1 | 38 | 260 | 516 | 123 | 288 | 037 | 055 | 253
RSO, | - | 4231 | 36.43 | 4228 | 31.97 | 29.29 | 36.33 | 20.84
R.CaO | - 097 | 079 | 234 | 1345 | 2305 | 11.97 | 3171
E;eg - 003 | 002 | 002 | 311 | 346 | 150 | 959
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The fly ashes also contain some toxic elements in different ranges like vanadium,
chromium, arsenic, lead (Sushil & Batra, 2006). The heavy metal concentrations
for all the FAs are presented in Table 4.35.

Table 4.35 The heavy metal concentrations of the FAs.

mg/kg | CFA | T3FA | T5FA | AEFA | KFA | IFA | YFA | Limits*
Pb 113.7 | 673 58.4 243 | 288 | 463 | 228 300.0
Cd 0.4 0.4 0.4 0.9 0.5 0.8 1.0 3.0
Cr 150.0 | 1569.3 | 982.6 | 308.7 | 161.3 | 352.4 | 188.7 | 100.0
Cu 1140 | 1478 | 97.0 56.0 | 46.0 | 716 | 33.0 140.0
Ni 78.6 |3201.2 | 1943.6 | 2148 | 101.9 | 726.1 | 90.6 75.0
Zn 108.1 | 116.0 | 103.2 | 115.2 | 101.8 | 1015 | 72.8 300.0
Hg 15 0.6 3.5 2.2 0.6 0.7 0.3 1.5
Be 6.8 11.2 4.8 1.6 3.0 2.5 2.2 -
P - 640.4 | 782.1 | 1762.7 - - - -
\Y 225.0 | 380.3 | 161.3 | 346.8 | 175.4 | 111.6 | 193.9 -
Mn 546.0 | 727.3 | 1080.3 | 284.1 | 312.9 | 435.6 | 552.5 -
Co 33.6 | 1529 | 100.7 | 23.7 | 16.0 | 344 | 12.0 -
As 252 | 107.0 | 53.7 394 | 649 | 207.7| 453 -
Se 4.4 4.0 3.0 8.3 4.2 1.9 10.7 -
Ag <0.88 14 0.2 <294 | 04 | 109 | 132 -
Sb 6.7 21.6 6.8 2.1 85 | 148 | 114 -
Ba |1053.2 | 249.6 | 438.3 | 300.6 | 279.2 | 450.9 | 284.5 -
TI 4.9 5.7 3.0 1.3 11 6.3 11 -
*(Regulation on Control of Soil Pollution, 2005)

As seen from the Table 4.35, various amounts of toxic elements were detected in
the fly ashes. For some elements, the concentration values were compared to the
heavy metal limit values in soil given by the “Regulation on Control of Soil
Pollution” for Turkey. It can be generally said that T3FA and TSFA are heavy
metal rich ashes compared to the other fly ashes. All the fly ashes satisfied the
limit values for lead, cadmium and zinc content; however, they exceeded the
chromium and nickel limits. Most of the fly ashes produced are disposed in

various ways. During the collecting process of the fly ash, a wet collection with a
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proper disposing method will reduce the dust emission in the air and can allow
an easy rehabilitation method to the fly ash pond. However this method will not
prevent the leaching of the heavy metals to the soil and the surrounding water
reservoirs. This makes the usage of a dry collection method and after that the
usage of the fly ashes in the cement and concrete production a perfect way to
dispose this waste (Sushil and Batra, 2006). In the next phase of this study,
obtained results will be compared to the heavy metal levels obtained for fly ashes

from other countries.

4.8  Summary of the Physical Properties of the Fly Ashes

According to the particle size analysis performed by the laser diffraction method,
the fly ashes can be sorted from coarser to finer as AEFA, T5FA, CFA, KFA,
YFA, T3FA, and IFA (Figure 4.22). Although the values of 45 um taken from
laser diffraction and from the wet sieve analysis are not equal, the results of the
two tests were parallel to each other.

100

Volume (%)
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1 10 100 1000
Particle Size (um)

= === CFA-mix T3FA-mix = = T5FA-mix = + = AEFA -mix
------- KFA-mix —— [FA-mix - . YFA-mix

Figure 4.22 Comparison of particle size distribution of FAs.
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When the obtained PSD parameters Dig, Dso, Dggp and D[4,3] of FAs were
compared (Figure 4.23), it can be seen that the AEFA and T5FA resulted in
highest values and they were close to each other. CFA had lower parameters than
that of AEFA and T5FA. Obtained parameters for KFA, YFA and T3FA were
much lower and close to each other. Finally, IFA had the lowest parameters. The

physical properties of the FAs were compared in Table 4.36.
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Figure 4.23 Comparison of parameters of D1, Dso, Dgg, D[4,3] of fly ashes.

Table 4.36 Comparison of the physical properties of PC and fly ashes.

Initial

Density Star_ldard setting Retained Soundness | Flow | Blaine
Sample # | consistency . on 45 pum 2
(g/cm?) time (mm) % | (cmgr)
(%) : (%)
(min)
PC 3.11 29.00 185 - 1 100 3717
CFA 1.99 28.20 210 52.10 0 86 2889
T3FA 2.15 34.60 195 29.70 1 73 5214
T5FA 2.21 29.40 205 57.40 1 76 2481
AEFA 241 33.20 215 66.30 1 67 3367
KFA 2.50 28.00 190 34.80 1 100 2437
IFA 2.42 29.40 220 26.30 1 106 3224
YFA 2.75 29.40 200 31.00 1 95 2224
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Density of Class VV FAs were lower than Class W FAs. Amongst the Class V
FAs, T3FA resulted in highest water requirement for standard consistency. This
might be attributed to T3FA being finer than the T5FA and CFA. The water

requirements for standard consistency of Class W FAs cannot be generalized.

The initial setting time of portland cement was 185 minutes. As seen from Table
4.36, 25% FA substitution delayed the initial setting within the range of 5 to 35
minutes. In terms of soundness, even if Class W fly ashes have more amount of
free CaO compared to Class V fly ashes, all FAs except CFA showed same

expansion according to Le Chatelier process.

It is expected to have an inverse relationship between the Blaine and flow
results. When Class V FAs are examined, T3FA has resulted in lowest flow with
highest Blaine. T5FA and CFA have similar Blaine values, but CFA has more
smooth particles when compared to T5FA. Hence, CFA resulted in higher flow.
A generalization for Class W FAs has not been reached. Not all of the 45 um and
PSD test results are consistent with the Blaine results. The main reason for this
might be that Blaine test does not give the absolute fineness value and the

dependence on many test factors.

49 Performance Criteria

4.9.1 Heat of Hydration Analysis Results of Pastes

In the presence of calcium sulfate, when cement and water are mixed an initial
peak occurs within minutes due to the rapid hydration of about 5-25% of C3A
and formation of the initial ettringite, and also hydration of about 2-10% of C3S.
Because the vial is placed in isothermal calorimeter after cement and water are
mixed in the vial outside, the initial peak is missing (Bentz et al., 2010; Odler,
2014; U.S. FHWA, 2012b). There may be also a small contribution to the first
peak from the hydration of calcium sulfate hemihydrate to the dihydrate. After a
few hours, a second peak is seen, which is resulted from the hydration of C3S.

The rate of C3S hydration, as followed from that of heat evolution passes through
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an initial maximum, decreases to a minimum (induction period), then passes
through a second maximum and gradually declines as seen in Figure 4.24
(Bullard et al., 2011; Taylor, 1997). The hydration reaction of C3S is generally
explained in five periods of reaction: (1) the initial reaction, (2) the induction
period, (3) the acceleratory period, in which the main reaction first begins to
occur rapidly, (4) the deceleration period and (5) a period of slow, continued
reaction (Bullard et al., 2011; Taylor, 1997).

Initial reaction

Period of slow reaction

Acceleration period
Deceleration period

Heat Flow (mW/g)
8]

o 3 6 9 12 15 18 21 24
Age of Specimen (Hours)

Figure 4.24 Isothermal calorimetric measurement relating the rate of heat

liberation to time for an Alite paste (Bullard et al., 2011).

The third peak is related to secondary ettringite formation (Bullard et al., 2011).
The fourth peak is attributed to the formation of AFm phase and conversion of
ettringite to monosulfate (Odler, 2014). The peaks are summarized in Figure
4.25. The figure also shows typical shoulder peak where a secondary formation
of ettringite occurs and subsequent broad peak corresponding to the formation of
AFm phase (Bullard et al., 2011).

As stated previously, CFA, T3FA and T5FA can be grouped as Class V and
AEFA, KFA, IFA and YFA can be grouped as Class W fly ashes. The heat
evolution curves are shown in Figure 4.26 and Figure 4.27 for the pastes
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prepared with 100% PC (control sample) and 75% PC+25% Class V FA. Figure
4.28 and Figure 4.29 show the heat evolution curves of the pastes which contain
100% PC (control sample) and 75% PC+25% Class W FA. The pastes are
labeled with the fly ash used. As seen from the Figures Figure 4.26 toFigure 4.29
there was a peak retardation on the heat flow of pastes containing FAs. PC-Class
V FA blends had similar heat flow. On the other hand, PC-Class W FA blends
showed diffrences. However, the pattern of KFA and IFA look similar in terms
of the peak shapes of the control sample. Besides, the heat patterns of YFA and

AEFA are similar in terms of the peak shapes but not like the contol sample.

Main peaks are represented by one Gaussian peak, in a rough estimate, then by
using multi-peak fitting function of Igor Pro software (WaveMetrics, 2014) the
location of peaks on the heat evolutions curve can be estimated for the PC-FA
pastes (see Table 4.37). A fifth peak is also added to represent the continuous

hydration reactions and residual shoulders of the reactions.

Secondary
formation
of ettringite

Alite reaction

Formation
of AFm phase

Heat Evolution Rate [mW/g]

0 10 20 30 40 50
Time [h]

Figure 4.25 Calorimetry curve of modern portland cement (Bullard et al., 2011).
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Figure 4.26 Heat flow of pastes with Class V fly ash throughout 2 days.
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Figure 4.27 Heat flow of pastes with Class V fly ash throughout 7 days.
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Figure 4.28 Heat flow of pastes with Class W fly ash throughout 2 days.
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Figure 4.29 Heat flow of pastes with Class W fly ash throughout 7 days.
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Table 4.37 Fitting results for the heat of hydration curves: Peak locations (h).

Peak location (h) Peak 2 Peak 3 Peak 4 Peak 5

Control 7.03 12.12 20.72 36.46
CFA 7.46 12.76 21.56 39.33
T5FA 7.59 13.32 22.29 42.23
T3FA 7.33 12.66 22.12 41.71
AEFA 8.68 13.08 18.34 52.85
KFA 7.24 10.96 16.90 30.69

YFA 9.02 14.26 22.74 83.74

IFA 7.07 11.01 15.22 28.53

Examples to multifitting are given in Figure 4.30 for the heat flow curves of the
control, T3FA and YFA samples. In each figure, the top curve represents the
residual plot after the fitting, which decides how good the fitting is. The curves
in the middle of the figure represents the original data (red) and the fit (blue).
The curve at the bottom represents the individual traces of the peaks found. Here

the peaks numbered 0, 1, 2 and 3 represents Peak 2, 3, 4 and 5 respectively.

In Figure 4.31 the fitted heat flow peak locations that correspond to each fly ash
are compared to the peak locations of the control sample. From this figure, it can
be seen that TS Class V fly ashes have small retardation effect on the peak times
due to the dilution effect. Generally, during the first few hours of hydration fly
ashes stay inert (U.S. FHWA, 2012b). The behavior of TS Class W samples are
more complex. The IFA and KFA resulted accelerated peak formations; whereas
YFA have retarded the peaks significantly. The AEFA retarded the first two
peaks, while accelerating the third peak. This variation in the behavior of the
Class W fly ashes should be analyzed in more detail considering the physical,
chemical and mineralogical characteristics of the fly ashes. However, when Class
W fly ashes are evaluated between each other it was seen that as the SO3 content
increase, the retardation on the peak times increased linearly, as it is seen in
Figure 4.32.
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The use of Gaussian function to represent the hydration peaks was an
approximation. For a more accurate fit more realistic heat evolution profiles
obtained by analyzing the profiles of C3S and C3A in the presence of a calcium
sulfate source, or by utilizing a theoretical model that represents those reactions
should be used.

The cumulative heat plots of all pastes throughout the first 7-days is shown
Figure 4.33. As seen, at the end of 7-days period cumulative heat was decreased
for pastes containing FA due to the dilution effect, no matter what type of fly ash
is used (Mostafa and Brown, 2005). Class W fly ashes had higher cumulative
heat compared to Class V fly ashes at the end of the 7-days due to their both

pozzolanic and cementititous properties (Mehta and Monteiro, 2006).

In Figure 4.34, the cumulative heat values for the pastes at the 24, 48 and 168
hours (1, 2 and 7 days) are presented. It is clear that all the fly ashes reduces the
cumulative heat. However, while Class V fly ashes reduced the heat in a steady
and consistent way in accordance with the PC replacement level, Class W fly
ashes did not show a consistent behavior. Collected data will be analyzed in

more detail in further studies.
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Figure 4.34 The cumulative heat values for the pastes (J/g-of-solid).

4.9.2 X-Ray Diffraction Analysis Results of Pastes

In order to follow the hydration of the binary PC-FA pastes the XRD analysis at
the ages of 2, 7, 28 and 90 days were conducted. The focus was formation and
depletion of portlandite (Ca(OH),) during the hydration reactions. The
abbreviation of portlandite is CH. In the figures, CH is presented as C, ettringite
as E, alite (C3S) as A, belite (C,S) as B, quartz as Q, calcium oxide as CaO and
anhydrite as An.

Figure 4.35 shows that the XRD patterns of hydrated PC paste at the different
ages. As seen from the figure, as a result of hydration of alite and belite, CH was
formed. In this study, only a visual comparison of the peaks were conducted. In

order to precisely quantify the phases Rietveld analysis needs to be conducted.

X-ray diffraction patterns of all pastes with FA are presented below showing
gradual increase in CH over time owing to continued hydration reactions of C3S
and C,S.
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Figure 4.36 XRD patterns of hydrated 75%PC-25%CFA paste at the different
days.
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Figure 4.37 XRD patterns of hydrated 75%PC-25%T3FA paste at the different
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Figure 4.38 XRD patterns of hydrated 75%PC-25%T5FA paste at the different
days.
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Figure 4.39 XRD patterns of hydrated 75%PC-25%AEFA paste at the different
days.
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Figure 4.40 XRD patterns of hydrated 75%PC-25%KFA paste at the different
days.
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Figure 4.41 XRD patterns of hydrated 75%PC-25%IFA paste at the different
days.
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Figure 4.42 XRD patterns of hydrated 75%PC-25%YFA paste at the different
days.
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Figure 4.43 shows the x-ray diffraction patterns of hydrated PC and 75%PC-
25%FA (Class V) pastes at the 90 days. Also, the x-ray diffraction patterns of
hydrated 75%PC-25%FA (Class W) pastes at the 90 days are presented in Figure
4.44. The focus was on the portlandite (CH) phase. However, there was no
significant degree of CH depletion observed. In the scope of this thesis, the
comparison between the CH peaks was conducted only in the terms of intensity
(counts) visually. To make the comparison more accurate detailed Rietveld

analysis needs to be conducted.

Moreover, the fact that depletion of CH was not that clear can be due to curing
conditions of the paste used in the XRD analysis (the paste were not immersed in
water, but stored in closed molds at ambient conditions), and the tests were
conducted only up to 90-days. 180-days and 360-days samples are going to be
tested as a future work. In addition to that, increasing the replacement level
(possibly up to 50%) might lead to more clear depletion that can be easily
observed in the XRD analysis. Measuring the compressive strength test on the
pastes or corresponding mortars can give a better understanding of the
progression of the pozzolanic reaction. A detailed analysis combining the
obtained strength values of mortars to the mineralogical changes in the pastes

will be conducted in the future.
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Figure 4.43 Comparison of XRD patterns of hydrated PC and PC-Class V FA at
the 90 days.
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Figure 4.44 Comparison of XRD patterns of hydrated PC and PC-Class W FA at
the 90 days.

4.9.3 Flexural and Compressive Strengths of Mortars

The strength development is affected by many factors such as the chemical and
mineralogical composition of the fly ashes, the fineness of fly ashes, the level of
fly ash substitution, curing conditions (Siddique, 2007); therefore, the impact of
fly ashes on the cement based composites vary considerably. Generally, the PC
replacement with FA leads to a strength reduction at early-ages, and comparable
or higher strength at later ages (90 days or further) (Celik et al., 2014b).

The flexural and compressive strengths at the ages of 2, 7, 28, 90 and 180 days
for mortar specimens prepared with 100% PC (control sample) and with 75%
PC+25% FA are all given in the above tables (Table 4.38, Table 4.39). The
compressive strengths of the mortars are also presented in the Figure 4.45
graphically. AEFA showed the lowest compressive strength at all ages. At the 90
days, except AEFA the strength results showed that the contribution of Class W
fly ashes to the strength development is higher than Class V fly ashes especially
for 28, 90 and 180 days. The mortars are labeled with the fly ash used.
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Table 4.38 Flexural strength of mortars (N/mm?).

Day

Sample
2 7 28 90 180
Control 5.23 7.78 8.60 9.36 9.45
CFA 3.98 5.26 6.77 8.09 8.51
T3FA 3.21 5.00 7.42 9.12 9.30
T5FA 3.60 5.70 7.17 8.83 8.72
AEFA 1.60 3.78 5.39 7.32 7.45
KFA 3.68 5.45 7.53 9.05 9.29
IFA 4.03 5.89 7.39 9.49 9.50
YFA 3.77 4.16 7.02 8.77 9.18

Table 4.39 Compressive strength of mortars (N/mm>).

Day
Sample
2 7 28 90 180

Control | 28.07 41.84 48.07 53.84 59.34
CFA 18.44 27.26 35.92 44.28 51.47
T3FA 14.48 25.74 36.73 50.55 54.54
TSFA 14.98 29.83 37.66 47.31 51.97
AEFA 10.04 20.25 24.82 40.86 42.85
KFA 16.89 32.38 42.96 53.00 58.43
IFA 18.21 32.83 43.07 56.23 61.79
YFA 13.50 26.49 44.22 52.11 59.87
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Figure 4.45 Compressive strength of mortars with FAs (a) Class V and (b) Class
W.

As it is expected, the highest compressive strengths at the ages of 2, 7 and 28
days belong to control samples. 25% FA replacement with PC resulted in a
reduction in the early-age strength for all FAs. The activity index of the FAs

used in this study in terms of compressive strength are also presented in Figure
4.46.
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Figure 4.46 Activity index (%) of both Class V and Class W fly ashes in terms of

compressive strength.

At the 2" day, CFA resulted in about 35%, T3FA and T5FA resulted in about
47% strength reduction. The strength reduction at the end of 90 days was about
17% for CFA, 6% for T3FA and 12% for T5FA. When Class W fly ashes are
examined, KFA and IFA showed similar strength values especially up to 28
days. Both of them showed about 37% strength reduction at the 2" day, about
22% at the 7" day, about 11% at the 28™ day. At the 90™ and 180™ days, the
compressive strength of IFA surpassed that of the control sample. KFA showed
comparable strength. The early-age performance of YFA was lower compared to
KFA and IFA. However, at the 28" day YFA has reached the performance of the
KFA and IFA. YFA showed comparable strength at the 90™ day and higher
strength at the 180™ day compared to the control sample. It can be said that in the
first seven days all the compressive strengths declined owing to the fact that the
pozzolanic reaction is slow for both low calcium and high calcium fly ashes.
(Malhotra and Ramezanianpour, 1994; Wesche, 2004). However, the mortars
with Class W fly ashes achieved higher early-age strength due to their both

pozzolanic and cementitious properties except AEFA (Mehta and Monteiro,
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2006). After the 28" day the performance of Class W fly ashes (except AEFA)
was higher than Class V fly ashes which have only pozzolanic property.
Although that this trend in the result is generally expected, a detailed analysis
needs to be conducted to correlate the physical, chemical and mineralogical
characteristics of the studied fly ashes.
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Figure 4.47 Activity index (%) of both Class V and Class W fly ashes in terms of
flexural strength.

In the terms of flexural strengths, AEFA showed the lowest flexural strength at
all ages as in compressive strength. There is no big difference between the
behavior of the other Class W and Class V fly ashes. After 90-days, Class W fly
ashes (KFA, IFA, YFA) resulted in slightly higher flexural strength compared to
Class V fly ashes (CFA, T3FA, T5FA). Except AEFA and CFA, all the other fly
ashes showed comparable flexural strength with the range of 93-97% of the
control after 90-days. Moreover, at the 90" day IFA reached the performance of
the control sample.
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CHAPTERS

CONCLUSIONS AND RECOMMENDATIONS

5.1 Concluding Remarks

In this thesis fly ashes obtained from Catalagzi, Tungbilek Unit 3 and 5, Afsin
Elbistan, Kemerkdy, Yenikdy, I¢das Biga coal-fired TPPs were classified
according to TS EN 197-1 and evaluated according to TS EN 450-1. For the
chemical characterization the results were compared to the requirements of
ASTM C 618. Beside the basic chemical and physical tests, heavy metal
concentration, mineralogical and morphological properties of the ashes were also
investigated. In addition to those, heat evaluation of the 75%PC-25%FA pastes
(up to 7 days) and strength development 75%PC-25%FA mortars (up to 180
days) were investigated. Finally, hydration of the binary 75%PC-25%FA pastes
were followed by XRD analysis (up to 90 days).

The following can be concluded from this study:
In terms of chemical composition;

e According to TS EN 197-1, due to the reactive CaO content CFA, T3FA,
T5FA are siliceous fly ash (V) and AEFA, KFA, YFA and IFA are
calcareous fly ash (W)

e According to both TS EN 197-1 and TS EN 450-1 standards, the
requirement of more than 25 wt% reactive SiO, content was satisfied by
all FAs except YFA (20.84%).
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According to TS EN 450-1, the requirement of more than 70 wt% SiO, +
Al,O; + Fe,03 content was satisfied by CFA, T3FA, T5FA and IFA
whereas AEFA, KFA and YFA did not satisfy this requirement.
According to TS EN 450-1, the requirement of less than 4 wt% MgO
content was satisfied by all FAs except T5FA and IFA.

According to TS EN 450-1, the requirement of less than 3 wt% SO;
content was satisfied by siliceous fly ashes. On the other hand, calcareous
fly ashes did not satisfy this requirement.

The requirements related to alkalis (Na;O, K;0), chloride, phosphate and
soluble phosphate content given in TS EN 450-1 were satisfied by all fly
ashes.

According to TS EN 450-1, the requirement of less than 1.5% free CaO
content was not satisfied by calcareous fly ashes except IFA. However,
they satisfied the requirement for the soundness in the case of more than
1.5% free CaO.

According to TS EN 450-1, the category of loss on ignition for all fly
ashes is category A (<5%).

According to ASTM C 618, CFA, T3FA and T5FA are Class F since
their total amounts of SiO,, Al,O and Fe,O3 are more than 70 wt% and
the total CaO contents are very low. On the other hand, AEFA, KFA and
IFA are Class C since the total amounts of SiO;, Al,O and Fe,O3 are
more than 50% and the total CaO contents are high. YFA did not met the
requirement of more than 50% SiO,+Al,O+Fe,O3 amount. However,
YFA is more suitable to be classified as Class C fly ash due to its very
high CaO content.

According to ASTM C 618, the requirement of less than 5% SOj3 content
was satisfied by CFA, T3FA and T5FA which are Class F fly ashes.
AEFA and YFA did not satisfy this requirement whereas KFA and IFA
satisfied.

According to ASTM C 618, the requirement of less than 6% loss on

ignition was satisfied by all fly ashes.
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e All the FAs had various amounts of toxic elements. According to the
limit values in soil given by the “Regulation on Control of Soil Pollution”
for Turkey, the FAs satisfied the limit values for lead, cadmium and zinc

content; however, they exceeded the limits of chromium and nickel.
In terms of physical properties;

e According to TS EN 450-1, T3FA, KFA, IFA and YFA can be grouped
as Category N in terms of fineness. CFA, TSFA and AEFA didn’t satisfy
the maximum of 40% requirement on 45 um sieve. According to wet
sieve analysis results, the fly ashes can be sorted from coarser to finer as
AEFA, T5FA, CFA, KFA, YFA, T3FA, and IFA.

e Although the values from the wet sieve analysis and the values of 45 um
from the laser diffraction are not equal, the results of the two tests were
parallel to each other suggesting that both methods can be used to
indicate the relative size of the fly ashes.

e The Blaine values of the FAs range from 2224 to 5214 cm?/g.

e The 75%PC-25%FA mortars results in flow diameters in the range of
68% to 106% relative to that of control mortar of 100%PC. For Class V
fly ashes, as the coarser and the smoother the FA becomes the higher the
flow diameter. However, a consistent relationship between the change in
the flow diameter, the Blaine values and PSD parameters of FA was not
observed. This might be due to the higher SO3; content of the Class W
FAs and errors in the test method used.

e 25% FA replacement with PC caused to a delay in the initial setting
within the range of 5 and 35 minutes. A relation was not observed
between in the initial setting time and type of fly ash even though the SO;
content of Class W FAs were considerably higher than that of Class V.

e The densities of the FAs were in the range of 1.99-2.75 glcm®.
Calcareous fly ashes had higher density (2.41-2.75 g/cm®) compared to
siliceous FAs (1.99-2.21 g/cm®).

99



e According to TS EN 450-1, the soundness requirement was satisfied by
all fly ashes. Although the content of free CaO of calcareous fly ashes
was higher than that of siliceous fly ashes a difference was not observed
between the soundness measurements results according to type of fly ash.

e According to TS EN 450-1, the requirements of minimum 75% activity
index at 28" day and 85% activity index at the 90" day were not satisfied
by AEFA. CFA had the limit value at 28 day but at the 90 day it didn’t
meet the 85% activity index criterion. Except those two, other fly ashes
satisfied the activity index requirements.

In terms of mineralogical and morphological composition;

e All FAs had amorphous and crystalline phases. The amorphous phases,
represented by broad humps in the XRD patterns, were more prominent
in the siliceous fly ashes.

e All FAs had quartz and hematite phases. The siliceous FAs showed also
some mullite and magnetite phases. The calcareous FAs showed calcium
oxide and anhydrite phases. Some calcareous FAs showed also gehlenite
or C,S phases.

e According to SEM images, all fly ashes had both spherical and angular
particles. The particle size of the FAs ranged from 1 to 150 um. Small
particles with a diameter of 1 um to 15 um were generally spherical in

shape.
In terms of heat evolution of PC-FA pastes;

e Isothermal calorimetry studies on 75%PC-25%FA pastes showed that the
subsitution of PC with FA resulted in retardation of the heat flow peaks

and reduction of the cumulative heat.
In terms of strength development of PC-FA mortars;

o PC replacement with FA led to reduced early-age strengths for all FAs.
The contribution of Class W fly ashes (except AEFA) to the strength
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development is higher than Class V at later ages (28, 90 and 180 days)
possibly due to pozzolanic and cementitious properties of Class W fly

ashes.
In terms of XRD analysis of PC-FA pastes;

e When the XRD patterns of PC-FA pastes were examined over time (2, 7,

28 and 90 days), a significant CH depletion was not observed.

5.2 Future Works and Recommendations

This thesis is a part of an ongoing project between METU and Turkish Cement
Manufacturers Association. The ongoing tasks are listed below:

e The experiments for all of the collected FAs will be completed.

e Different fly ash replacement ratios and water-to-binder ratios will be
used for the tests performed in this study for better understanding of the
fly ash effect on the strength and the hydration reaction.

e In order to precisely quantify the mineral phases Rietveld analysis will be
conducted.

e Durability tests such as alkali silica reaction or corrosion tests will be
performed.

e The acoustical (in collaboration with Mezzo Studio) and radiological (in
collaboration with Mugla Sitki Kogman University) measurements will
be finalized.

e The chemical reactivity indices defined by the standards might be
favorited for other activation methods (such as alkaline activation), but
not for portland cement based systems. The alkali activation tests on FAS
will be completed.

e The life cycle assessment (LCA) analysis on the PC-FA mortars and
activated FA systems will be finalized.

e The experimentally obtained data on the characteristics and performance

of Turkish FAs will be compared to fly ashes worldwide.
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A detailed analysis will be conducted to find a correlation between the
physical, chemical and mineralogical characteristics of the fly ashes and
their performance indicators such as compressive strength, heat of
hydration and global warming potential.

An artificial neural network model will be prepared from the
experimentally obtained data set in conjunction with the data sets
collected from literature to predict the above mentioned performance

indicators from the characterization parameters.

For further research, the following are recommended:

The BSE and EDAX analysis of the collected FAs can be conducted
systematically to see the chemical variation within the FA grains.
Characterization of the coal burnt at the TPP. The burning process used
along with this characterization will provide a better understanding of the
kind of changes or improvements that can be done to obtain better fly
ashes to be used in the cement and concrete production.

The utilization of biomass as a supplementary energy source in coal-fired
thermal power plants has been steadily increasing. The fly ash from the
joint combustion of biomass and coal could be investigated.

In order to better explain the hydration reactions at early ages (from few
hours to few days) and to correlate them to isothermal calorimetry
results, in-situ XRD measurements can be performed at a synchrotron
facility.

The performance of PC-FA systems can be investigated by selecting
various cements from different types and manufacturers.

The in-situ heat evolution tests on PC-FA pastes can be conducted for the
first 3 hours. This might be critical for effective utilization of high SO;
FAs.
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APPENDIX A

SELECTION OF REFERENCES

During the isothermal calorimetry experiments, the total solid amount (FA + PC)
was kept constant for each paste at 4 g. The PC replacement ratio was 25% for
all FAs. Powdered cement was chosen as reference sample. Reference ampoules
which have same specific heat of the paste were prepared according to specific
heat values of materials. The specific heats of PC, FA and water was taken as
0.74, 0.73 and 4.18 J/(g.K) respectively (Bentz et al., 2010). The weight of

reference material was calculated according the formula below:

(Cp(water) * Water) + (Cp(cement) * Weement ) + ( Cp(cement) * Wieserence ) =

Cp(cement) * Wieterence

3%x0.74+1%0.73+4.18 % 2
0.74

wreference = =1131g
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APPENDIX B

XRD RESULTS
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Figure B.1 X-ray diffraction pattern of CFA with major peak labels.
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Figure B.2 X-ray diffraction pattern of T3FA with major peak labels.
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Figure B.3 X-ray diffraction of TS5FA with major peak labels.
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Figure B.5 X-ray diffraction of AEFA with major peak labels.
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Figure B.6 X-ray diffraction of KFA with major peak labels.
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Figure B.7 X-ray diffraction of IFA with major peak labels.
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Figure B.8 X-ray diffraction of YFA with major peak labels.
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Figure B.9 Comparison of the x-ray diffraction of Class W fly ashes.
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