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ABSTRACT

HIGH VOLUME FLY ASH CONCRETES FOR
SUSTAINABLE APPLICATIONS IN CONSTRUCTION

Reducing CO4 emission has become one of the most important subjects that the
world focuses. Various actions are taken to make the construction materials and meth-
ods sustainable since the construction industry has a great contribution to the world’s
CO, emissions. Replacement of cement with alternative binders is considered the most
efficient and practical way to increase the sustainability of concrete. Fly ash usage in
concrete has several effects for increasing sustainability. It decreases the use of cement
and environmental pollution while it enhances some properties of concrete. Increased
level of replacement further decreases environmental damage made by the production
of concrete if targeted performance parameters could be obtained. In this study, the
fresh properties, strength properties, and durability properties of different concrete
mixtures were examined. The structural design of an industrial floor was made by
using these ordinary concrete (PCC) and high-volume fly ash concrete (HVFAC), and
the materials were compared by means of required thickness, environmental impact,
and economic impact. Two replacement levels (40-60%) and two water /binder ratios
(W/B) (0.35-0.50) were considered, and the mechanical properties of the mixtures were
determined. Based on TR34, thickness design for an industrial floor was done for all
concrete series. Environmental and economic impact analysis was done for all concrete
series. Compared to PCC mixtures, lower mechanical properties, higher thickness re-
quirements, and lower environmental impact values were found for HVFAC mixtures.
With decreasing W/B, enhanced performance parameters were obtained for both PCC
and HVFAC mixtures. The results of this study show that the environmental impact
of concrete could be further decreased by increasing the replacement level of fly ash

and still targeted performance parameters could be obtained from industrial floors.



OZET

SURDURULEBILIR INSAAT UYGULAMALARI ICIN
YUKSEK HACIMDE UCUCU KULLU BETONLAR

Artan niifus, enerji ve dogal kaynaklarin harcanma hizi ve CO, salinimlar:
hi¢c olmadigl kadar arttirdi. Insaat sektoriiniin CO, salmmindaki payinm biiyiik ol-
masi, insanliglt bu sektorde kullanilan malzeme ve metotlar1 daha cevreci hale ge-
tirmeye yoneltti. Betonun CO, salinimini azaltmak igin igerisindeki ¢imentonun belli
bir miktar1 yerine farkli baglayici malzemeler kullanilmasi, en etkili ve uygulanabilir
yontemlerden biri olarak goriiliiyor. Cimento yerine ugucu kiil kullanilmasi betonu
bircok yonden daha ¢evreci hale getiriyor: ¢imento miktarinin azaltilmasi, endiistriyel
atiginin hammadde olarak kullanilmasiyla ¢evresel kirliligin azaltilmasi ve beton ozellik-
lerinin gelistirilmesi. Tasarimda ihtiya¢ duyulan ozellikler saglandig: siirece betondaki
ucgucu kiil oraninin artig1 betonu daha ¢evreci ve stirdiiriilebilir bir tiriin haline getire-
cektir. Bu caligmada farkli beton karigimlar: i¢in taze hal, dayanim ve dayaniklilik
ozellikleri test edildi. Ozellikleri belirlenen bu standart beton ve yiiksek ucucu kiillii
betonlar i¢in, endiistriyel zemin tasarimi yapilarak ihtiya¢ duyulan zemin kalinligr ve
bu zeminlerin gevresel etkileri karsilagtirildi. %40 ve %60 olmak tizere iki farkl ucucu
kiil/baglayici orani ve 0.35 ve 0.50 olmak tizere iki farkli su/baglayici orani ¢alisild.
Bu karigimlarin mekanik ozellikleri hesaplanip, TR34’e uygun sekilde endiistriyel zemin
tasarimlar1 yapildi. Tasarlanan bu zeminler icin ihtiya¢ duyulan malzeme miktarlar:
dikkate alinarak, bu karigimlar ekonomik ve gevresel agidan incelendi. Bu caligma
gosteriyor ki, yiiksek ugucu kiillii betonlar, standart betonlara gore daha diigiik mekanik
ozellikler gosterip ayn yiike maruz kalan endiistriyel zeminde daha fazla kalinlik ihtiyac
yaratsa da cgevresel etkisi ve maliyeti daha diisiik kaliyor. Bu ¢aligmanin sonucunda
¢imentonun ugucu kil ile yiiksek oranlarda degistirilmesi ile ayni yiik durumuna hizmet

edecek daha gevreci ve ekonomik beton tasarlamanin miimkiin oldugu gosteriliyor.
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1. INTRODUCTION

Due to the increase in human population and energy usage, reducing the con-
sumption of energy and natural resources, as well as CO, emission has become one
of the greatest challenges of today’s world. Reducing CO, emission is a focusing ob-
ject all around the world due to global warming. Paris Agreement, European Green
Deal, and Kyoto Protocol are some of the international agreements that aim to reduce

environmental pollution.

Since the construction industry is responsible for a considerable amount of the
world’s CO, emissions, various actions are taken to make the construction materials
and methods sustainable. Concrete is one of the main sources of COy mainly because
of the cement it contains. Cement production is responsible for approximately 6% of

overall COy emission worldwide [1].

The cement production process causes a high amount of CO5 emission due to two
main reasons which are chemical reactions and fossil fuel consumption. In the chemical
reaction to produce lime from limestone, reactants are calcium carbonate (CaCOjs)
and heat, products are calcium oxide (CaCO) and carbon dioxide (COs) [2]. The first
source of COy emission caused by cement production can be explained by the chemical
reaction happening while producing lime. It is a known fact that high temperatures
are required in order to produce cement both for producing lime and reacting it with
silica, aluminum, and iron-containing materials. Fossil fuel consumption in order to
achieve these high temperatures can be considered as the second reason for the COq

emission of cement production [2].

Replacement of cement with pozzolanic materials is considered as one of the most
efficient and practical ways to reduce the environmental impact of concrete, and there
are a variety of pozzolanic materials available around the world (fly ash, slag, silica

fume, etc.).



In the scope of this study, fly ash was used to partially replace the cement. Fly
ash is a waste material from coal consumption. According to the “European Green
Deal”, recovering secondary raw materials from wastes is an encouraging subject. Fly
ash usage in concrete has a triple effect for increasing sustainability: decreasing the
use of cement and environmental pollution as well as enhancing some properties of
concrete. Increased level of replacement further decreases environmental damage made

by the production of concrete if targeted performance parameters could be obtained.

The spherical and smooth surface of fly ash particles usually improves the worka-
bility of concrete [3]. However, the use of fly ash as cement replacement material usually
decreases the strength of concrete, especially in the early ages, which is mainly due
to its slower reaction rate of it. Lam et al., (2000) indicated the reducing effect of fly
ash on the compressive strength is especially higher for higher water to binder (W/B)
ratios [4]. In another study, it was shown that it is possible to achieve high strength
with fly ash replacement up to 60% at a lower W/B ratio, regardless of whether fly ash

was class F or class C [5].

In this study, the performance of high volume fly ash concrete (HVFAC) with two
different replacement levels (40-60%) and two different W/B ratios (0.35-0.50) were
measured experimentally, and the results were compared with the control mixtures

without fly ash. Therefore, a total of 6 mixtures were designed and tested.

Then, by using the material properties obtained for 6 mixtures, the structural
design of an industrial floor was made, based on TR34. Lastly, environmental impact
and cost analysis was done for all concrete series. Then, the materials were compared

by means of required thickness, environmental impact, and cost.

This study was a comprehensive study that includes fresh state properties, strength
properties, durability properties, and economical and environmental analysis of high
volume fly ash concrete. It differs from previous studies by including different per-

spectives while studying HVFAC. Also, there was no previous study for freeze thaw



durability of pumpable HVFAC. This study also included freeze thaw durability of
conventional HVFAC.

1.1. What is the Origin of Fly Ash?

40% of global energy was produced by coal-burning at the beginning of the 21
century [6]. There are several coal consumption products (CCP) due to burning pul-
verized coal in thermal plants. And fly ash in one of these CCPs. There is also bottom
ash, boiler slag, and flue gas as CCP. Fly ash is collected with the help of a mechanical

separator or electrostatic precipitators [7].

The total annual coal consumption product (CCP) production is about 800Mt
[6], according to 2010 figures. Most of this CCP obtained is fly ash, which is around
70% of the total [8].

Different types of coals such as lignite, sub-bituminous and bituminous coals,
and anthracite may be used to heat water to drive the steam generators that convert
thermal energy into electricity. The total amount of ash that is obtained from thermal
power plants may change from 6% to 40% (by mass) of coal used. Anthracites have
6% - 15% ash and lignites have 20% - 40% ash [7]. Approximately 650000t fly ash and

bottom ash is obtained from a typical 1000MW thermal power plant, annually [7].

Fly ash is a fine graded solid material with a particle size range of 0.2-200 pm.
The particle size of fly ash mostly depends on the particle size of coal used and the
collection procedure used. When mechanical separators are used, coarser fly ash is

obtained than fly ash obtained with electrostatic precipitators.
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Figure 1.1. Fly ash collection prosses at thermal power plant [9].

Mostly, fly ashes contain silica (SO,), alumina (Al,O3), iron oxide (FeyOg), and
magnesia (MgO) more than 85% of it. Fly ash from the combustion of lignite and sub-

bituminous coals contains more lime than fly ash from bituminous coals and anthracite

[7].

The chemical composition of fly ash varies according to the type and amount of
impurities present in the coal. While fly ashes obtained from anthracite were usually
rich in silica, alumina, and iron oxide, fly ashes produced as a residue from lignite may
contain significant amounts of lime and sulfur trioxide in addition to formers. The fly
ashes obtained from bituminous and sub-bituminous coals, generally result in between
these two [7]. The chemical composition of fly ash is also affected by the composition

method and collection method.



Table 1.1. Chemical composition of fly ash according to the coal it is obtained [10].

% Anthracite | Bituminous | Subbituminous | Lignite
SiO, 47 - 68 7 - 68 17 - 58 6 - 45
Al,O4 25 - 43 4 -39 4-35 6-23
Fe, O3 2-10 2-44 3-19 1-18
CaO 0-4 1-36 2-45 15 - 44
MgO 0-1 0-4 0.5-8 3-12
Na,O - 0-3 - 0-11
K-,O - 0-4 - 0-2
SO; 0-1 0-32 4-16 6 - 30

1.2. Classification of Fly Ash

1.2.1. Early Classification According to SiO,, Al,O3, CaO, and SO3; Content

There are three groups in the early classification of fly ash. The first group is
silicoaliminous, which contains mostly SiO, and Al,O3 and obtain from the combustion
of anthracite and some bituminous coals. Sulpocalcic fly ashes are rich in SO3 and CaO
and are usually obtained from lignites of lower calorific value. Fly ashes containing
a high amount of SiO, and CaO are called silicocalcic and are obtained from sub-

bituminous coals and lignites [7].

And also, a similar classification specifies fly ash in four groups as Type I, 11, III,

and IV. The four types of fly ash content can be found in Table 1.2.



Table 1.2. Classification of fly ash as Type I, II, III, and IV [11].

Amount %
Constituent Type 1 Type 11 Type III | Type IV
SiO, > 50 35-50 <35 Very low
Al,O3 High
Fe, 053 Medium
Al,0O3 + Fe;O3 | Medium
CaO <7 More than Type I | Very high | Very high

1.2.2. According to CaO Content

According to CaO content fly ash is classified as low lime fly ash and high lime fly
ash. While low lime fly ash has CaO content in a lower percentage than 10%, high lime
fly ash contains more than 10% CaO. High lime fly ashes possess some cementitious
value in addition to pozzolanic property while low lime fly ashes only have pozzolanic

property [12].

There are two important standards which are ASTM C618 and EN197-1 that

effected by this classification type.

ASTM C618-12 defines fly ash in two groups which are class F fly ashes and class
C fly ashes. In this study class F fly ash will be used, which is the type of fly ash
that requires the sum of SiO,, Al,O3, Fe;O3 content more than 70% and is generally
obtained from anthracite or bituminous coals. Class C fly ashes are mostly obtained
from lignites or sub-bituminous coals. This type of fly ashes requires the sum of SiOs,

Al;O3, FeoO3 content more than 50% and some of them may contain more than 20%

CaO [13].

EN 197-1 also dived fly ashes in two groups as siliceous (V) and calcareous (W).
At least 25% of siliceous fly ashes mass should be reactive SiO, and at most 18% of



its mass should be reactive CaO. And calcareous fly ash is the type of fly ash at least
25% of its mass should be reactive SiO, and at least 18% of its mass should be reactive

CaO [14].

1.3. Fly Ash Use in Concrete

Fly ashes usually show pozzolanic character which is discovered as early as the
1910s. They also show both pozzolanic and latent hydraulic properties, in case of
high lime content. This information has led to their use as an important ingredient in

concrete since the 1930s [7].

Class F fly ash which is the type of fly ash that will be used in this study con-
tributes to the strength of concrete with secondary hydration reaction to produce
secondary CSH. Secondary CSH is produced with the reaction of CH in concrete with
SiOy in fly ash to produce CSH which is a stronger element than CH [15]. The equation
given below shows the secondary hydration reaction 3 Ca(OH)2 + 2 SiO, + H,0O =
3Ca0.25105.3H,0 [15].

1.3.1. EN 206 Instruction for Fly Ash in Concrete

EN 206 standard specifies that the maximum amount of fly ash used in concrete
should be taken as 33% of cement amount by mass. If used in greater amounts, the
extra part is considered as a filler Standard also specifies the calculation of equivalent
cement amount for the concrete that includes pozzolanic materials as the summation
of cement amount and k times pozzolan amount. In fly ash case k can be taken as 0.2
for CEM I 32.5 cement and 0.4 for CEM I 42.5 and higher types of cement. Equivalent
cement amount is taken into account while checking minimum cement content and

maximum W/B ratio [16].

In literature for HVFAC, the k value mostly was not considered. Since the stan-

dards always stay in the conservative area and staying in this area could be an obstacle



to see the effect of replacement of cement with fly ash in high amount. In the study of
Sen Du et al. [17], and also in the study of Zhifang Zhao et al. [18] k value was not

taken into consideration while designing concrete.

1.3.2. Literature Review

The use of fly ash as pozzolanic material in concrete was reported in 1914 for the
first time [19]. However, the first comprehensive study was made in 1937 at California

University by Davi and his coworker [20].

There are many studies about fly ash in literature. However, no studies were found
for freeze thaw durability of pumpable HVFAC. In this study freeze thaw durability
of HVFAC was examined as a comprehensive study. Fresh state properties, hardened
state properties which are strength and durability properties of HVFAC was tested
and calculated. From the properties obtained from these tests, an industrial floor was
designed for each concrete mixture. For these industrial floors, analyses were made
from both economic and environmental perspectives. In this method, the aim is to

show the effects of high volume fly ash replacement in a real scenario.

1.3.2.1. Fresh State Properties. Fly ash replacement with cement improves the work-

ability and flowability. In this study, for all concrete mixtures, 160-180 mm slump
value range was targeted in order to obtain pumpable concrete to represent real time
situation for industrial floors. To achieve these slump values, a modified polycarboxy-
late base superplasticizer was used. The effect of fly ash replacement on workability
was interpreted according to the change in needed superplasticizer amount. In the
study by Paulo Ricardo de Matos et al., improvement of flowability of SCCs could be
also observed in a reduction in superplasticizer contents [21]. This was probably the
result of the spherical shape and surface smoothness of fly ashes, which can decrease

the friction between particles in the mixture.



1.3.2.2. Strength Properties. In the results of the study by Qian Huang et al. about

the behavior of cement paste with high volume fly ash, compressive strengths at 7 days
were 28.2 MPa and 14.8 MPa, respectively for OPC pastes and pastes with 50% fly
ash replacement ratio. However compressive strengths at 28 days were found out as
46.9MPa and 30.5 MPa respectively. These results also showed that the compressive
strength of pastes decreases with the replacement of cement with fly ash. However,
the difference between compressive strengths of paste 50% fly ash and paste without

fly ash, was smaller at later ages [22].

In the study conducted by P. Jiang and his colleague, the compressive strength
of concrete decreased with the increase in the fly ash volume, even when their cur-
ing temperature history is different. However, concrete with the same fly ash dosage
had different compressive strength in decreasing order as outdoor curing, temperature

matched curing, steam curing, and standard curing [23].

When the high volume fly ash concrete exposed to high temperature was con-
sidered, concrete with 90% fly ash ratio at 400. 600, 800°C had the lowest level of
compressive strength, and concrete with 30% fly ash ratio at 800°C temperature had
the highest level of compressive strength in the Yu, Jim et al. study. This also showed
that higher fly ash ratios result in lower compressive strength and at lower fly ash ratios

higher temperatures result in higher strength [24].

It was also seen that the water /binder ratio was effective in compressive strength
reduction of fly ash addition in the Lam et al. study. In this study, 25% fly ash re-
placement does not have a significant negative effect even at 7 days at a lower W/B
ratio. At a W/B ratio of 0.24, 45% fly ash replacement ratio caused an 8% decrease
in compressive strength at 28 days. However, with 0.3 W/B ratio and 55% fly ash
replacement ratio resulted in a 28% reduction, and with 0.5 W/B ratio and 55% fly

ash replacement resulted in a 38% reduction at 28 days compressive strength [25].
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In the study of Yu et al. when fly ash/binder ratio was lower than 60%, and in
very low water/binder ratio; very high strength could be achieved regardless of fly ash
is class C or class F. However, for the 80% fly ash replacement ratio, concrete with
class C fly ash had slightly higher strength than concrete with class F fly ash, and
for the 96%, fly ash ratio concrete with class C showed a higher strength development
rate. Since class C fly ash has a much higher calcium content, it reacts earlier than

class F fly ash [5].

Also, there are some studies about engineered cementitious composites (ECC)
with high volume fly ash content. In a study, it was observed that the compressive
strength of ECC mixtures was decreased by about 17-20% when the fly ash to binder
ratio increased up to 70%. This might be related to class F fly ash would act as a filler
and reduce the chemical bond development in the matrix due to its low CaO content

126].

In another research about high volume fly ash in engineered cementitious compos-
ites, showed that the addition of fly ash resulted in a reduction in compressive strength
from ECC without fly ash. Also, the compressive strength gaining rate of compos-
ites with high volume fly ash was less than composites without fly ash, at 28 days.
However, at 90 days composites with 40% and 60% fly ash ratios exhibited gain in
compressive strength with 28 days compressive strength of composites without fly ash.
While testing for compression, fracture mechanism in composites with and without fly

ash are found out as similar [27].

In a study by Mohamed Sherir et al., it was seen that when the change in the
bending capacity was more than 43%, the change in flexural strength was significantly
lower, about 25%, regardless of fly ash content. It is also seen that increasing the fly
ash/cement ratio to 2.2 from 1.2 strongly influenced the bending capacity of the ECC

mixture [26].
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Flexural strength of ECC mixtures without fly ash has higher flexural strength
than ECC mixtures with high volume fly ash at 28 days in Arun Kumar Ammasia et
al. study. However, when curing was increased to 90 days, the flexural strength of the
mixture with 40% fly ash increases up to 7% and it is similar for mixture with 60% fly
ash. When the replacement of fly ash increased from 80% to 100%, the flexural strength
decreased. Arun Kumar Ammasia et al. study also showed that ECC increased the

ductility regardless of the presence of fly ash [27].

In the study conducted by Mohamed A.A. Sherir et al., high volume fly ash
ECC showed lesser splitting tensile strength than composite without fly ash at 28
days. However, when curing was increased to 90 days, composites with 40% and 60%

replacement levels showed similar strength to composite without fly ash [26].

In the study conducted by Grzegorz Ludwik Golewski, low calcium fly ash con-
crete with 20% and 30% fly ash ratios was examined. At the age of 28 days, the control
specimen and concrete with 20% fly ash have similar fracture toughness values, and
concrete with a 30% fly ash ratio has a lower fracture toughness value. At the age of 90
days, concrete with a 20% fly ash ratio has the highest fracture toughness while con-
crete with 30% fly ash has the lowest fracture toughness value. In this study fracture
toughness showed similar changes with compressive strength while specimens getting
age [28]. It should be stated that this study is about low calcium fly ash concrete, not
HVFAC.

At 28 days, with increasing fly ash level, there was a decrease in modulus of
elasticity in the study of P. R. de Matos et al. Only with one fly ash type, which was
the one indicating better mechanical performance in compression, did not represent
negative effect up to 60% replacement level. To not observe negative effects for other
fly ashes, the replacement level should have remained less than 40% [21]. Also, in
another study, it could be seen that, with increasing replacement level of fly ash,

modulus of elasticity decreased [26].
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All of the above studies showed that strength properties are affected by fly ash
replacement levels, W/B ratios and the age of specimens since pozzolanic reactions
of fly ash occur at later ages. In this study strength properties of specimens were
examined for two different fly ash replacement ratios, two different W/B ratios and at
two different ages in order to see the effect of these factors. And the strength properties
for all mixtures at all ages were used for the design and were evaluated from different
perspectives. Also, the fracture toughness of six different mixtures was calculated for
both ages. The difference of this study is it examined the fracture toughness of concrete

with high fly ash replacement ratios.

1.3.2.3. Durability Properties. Jiang et al. showed that the porosity of concrete would

decrease up to 50% replacement level but increased at higher replacement levels [21].
In another study, it is also seen that the addition of 50% fly ash, increased the pore

volume within every pore size classification [22].

The water absorption test in the study conducted by A. K. Ammasi and Ragul
resulted that with increasing fly ash replacement, water absorption of ECC decreased.
Which is compatible with porosity results [27]. In another study sorptivity increases

with an increase in the replacement ratio of cement with fly ash [24].

In the study conducted by Ali Mardani-Aghabaglou et al., freeze thaw durability
of roller compacted concrete (RCC) as HVFAC was investigated. The study shows
that freeze thaw durability of concrete decreases with the replacement of cement with
fly ash. On the other hand, the addition of fly ash without removing cement results
in an increment in freeze thaw durability. Also, this study has a parallel result in the
water absorption test that is porosity increment with fly ash replacement and decrease

in porosity with the addition of fly ash [29].

One of the main targets of this study is to examine the freeze thaw durability of
HVFAC since there is a gap in the literature for this property. Porosity is one of the

main reasons for freeze thaw damage, and comments can be made on porosity with the
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water absorption and sorptivity properties of the mixture. This is why in this study,
water absorption and sorptivity tests were conducted along with a rapid freeze thaw
damage test. Also, this study was examined the length change and abrasion behavior of
specimens since freeze thaw damage is mostly seen on roads and, these two properties

are also important for the durability of concrete pavements.

1.3.2.4. Analysis. 85% of the CO, emission of concrete production is from Portland

cement production. So, the increase in the cement replacement level of fly ash reduces
the mean global warming potential (GWP). In the study conducted by Paulo Ricardo
de Matos et al., it is seen that for 40%, 50%, and 60% fly ash content, mean GWP
reduces with the increase in the fly ash level [21]. Also, approximately 70% of total coal
consumption products are fly ash [7]. Since fly ash is a waste material, the replacement
of fly ash with cement decreases environmental pollution while decreasing CO4 emission

due to the production of concrete due to cement use.

In this study, environmental assessments will not be done for mixtures. The anal-
ysis will be made according to the needed material amount for industrial floor design
according to the same loading condition, for each mixture at each age. Also, another
challenge for the convincing industry to use fly ash in high amounts is economical

reasons. Economic analysis also will be made for designed floors in this study.
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2. MATERIALS AND METHODS

2.1. Materials

CEM 1 type Portland cement, crushed stone, crushed sand and, river sand was
used in all concrete series. In the high-volume fly ash concrete series, class F fly ash
was used as a cement replacement material. Additionally, a superplasticizer was used

as a chemical admixture, when it was necessary.

2.1.1. Cement

CEM T 42.5 R type Portland cement (according to TS EN 197-1 [14] standard)
was used in this study. Its chemical, physical, and mechanical properties were given in

Table 2.1, Table 2.2, and Table 2.3 respectively.

Table 2.1. Chemical properties of cement (T'S EN 196-2 [30]).

Chemical Properties Test Results
SiO2 Soluble (%) 18.06
Insoluble Residue (%) 0.35
Al203 (%) 4.84
Fe203 (%) 3.4
CaO (%) 62.7
MgO (%) 1.35
SO3 (%) 3.34
Loss on Ignition (%) 3.7
Cl- (%) 0.0106
Na20 / K20 (%) 0.24 / 0.83
S.CaO - Free lime (%) 0.8
Unknown 1.53
C3S 67.77
CaS 0.73
Mineralogical Composition C3A .08
CaAF 10.35
LSF 1.03




15

Table 2.2. Physical properties of cement (TS EN 196-3 [31] and TS EN 196-6 [32]).

Physical Properties Test Results
Density (g/cm?) 3.13
Initial Setting Time (min.) 131
Final Setting Time (min.) 184

Soundness (Le Chatelier) (mm) 1

Blaine Specific Surface (¢cm?/g) 3900
Pinencss Residue on 45um sieve (%) 3.4
Residue on 90um sieve (%) 0.2

Table 2.3. Mechanical properties of cement (TS EN 196-1 [33]).

Mechanical Characteristic / | Standards | Test Results
Day (MPa) (MPa)
Early Strength / 2 Days > 20.0 30.7
Early Strength / 7 Days - 47.9

> 42.5
Standard Strength / 28 Days <625 58.3

2.1.2. Fly Ash

Class F type fly ash (according to ASTM 618) was used in this study. Its chemical

and physical properties were given in Tables 2.4 and 2.5 respectively.
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Table 2.4. Chemical properties of fly ash (TS EN 196-2 [30] and ICP-OES).

Chemical Properties Test Results
Si0s (%) 55.38
Al,O3 (%) 25.5
Fe, 05 (%) 6.14
CaO (%) 2.02
MgO (%) 2.00
SOz (%) 0.14
NA,O (%) 0.62
K,0 (%) 3.80
NA,O Equivalent Total Alkali (%) 3.12
TiOs (%) 1.20
Cl- (%) 0.0014
Free CaO (%) 0.18
Loss on Ignition (%) 2.74

Table 2.5. Physical properties of fly ash (TS EN 450-1 [34] and TS EN 451-2 [35]).

Physical Properties Test Results
Density (g/cm?) 2.10
Residue on 45um Sieve (%) 28.8
28 Days Pozzolanic Activity Index (%) 87.8
90 Days Pozzolanic Activity Index (%) 97.0

2.1.3. Aggregates

2 types of siliceous crushed stone, 1 type of siliceous crushed sand, and 1 type of
siliceous river sand were used in this study. Physical properties (according to TS EN
1097-6 [36]) and sieve analysis (according to EN 933-1 [37]) results were given in Tables

2.6 and 2.7. The gradation curve that was prepared according to the sieve analysis



result also was given in Figure 2.1 (TS 802 [38]).

Table 2.6. Physical properties of aggregates (EN 1097-6 [36]).

Crushed Crushed Crushed | River
Physical Properties Stone: NO2 | Stone: NO1 Sand Sand
Apparent Particle Density (g/cm?) 2.79 2.78 2.71 2.69
Oven Dried Density (g/cm?3) 2.70 2.69 2.63 2.60
Saturated and Surface-Dried Density (g/cm?) 2.72 2.71 2.67 2.63
Water Absorption (g/cm?) 0.6 0.8 1.6 1.1
Table 2.7. Sieve analysis results of aggregates (EN 933-1 [37]).
Sieve Crushed Stone: Crushed Crushed River
Openning NO2 (passing | Stone: NO1 Sand Sand
(mm) %) (passing %) | (passing %) | (passing %)
31.5 100.00 100.00 100.00 100.00
20 78.32 100.00 100.00 100.00
16 39.28 100.00 100.00 100.00
12.5 12.28 98.01 100.00 100.00
8 0.53 46.06 100.00 100.00
4 0.32 1.59 96.40 99.92
2 0.31 0.25 61.34 96.70
1 0.31 0.24 36.08 90.81
0.5 0.31 0.23 19.96 81.50
0.25 0.28 0.20 9.75 22.56
0.15 0.24 0.17 4.89 4.01
0.063 0.05 0.04 0.22 0.08

17
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Figure 2.1. Gradation curve of the mix of aggregates with respect to reference curves

(TS802 [38)).

2.1.4. Chemical Admixture

A modified polycarboxylate-based superplasticizer was used in this study to

achieve a 160-180mm slump value. The density of the superplasticizer was 1.1 g/cm?.
2.2. Mixture Design
6 different mixtures were examined in this study. Mixtures with 2 different water-

to-cement ratios were produced by using 40% and 60% fly ash replacement levels.

Mixture notations were shown in Table 2.8.



Firstly, aggregates and cementitious materials were mixed for 2 minutes. After

Table 2.8. Mixture notations.

Mixture Water/ Fly
Name Cement | Ash/Binder
w 0.5 fa0 0.5 0

w 0.5 fa40 0.5 40%

w 0.5 fa60 0.5 60%

w 0.35 fa0 0.35 0

w 0.35 fa40 0.35 40%

w 0.35 fa60 0.35 60%

Table 2.9. Mix proportions.

mixed for 3 more minutes. All mix proportions were given in Table 2.9.

the water was added in one minute while the mixer was working, then, mixtures were

Cement | Fly | Water | No.2 | No.1 | Crushed | Natural | SP

Mixture (kg) Ash (kg) (kg) (kg) Sand Sand (kg)
(kg) (kg) (kg)

w 0.5 fa0 420 0 210 443 529 435 342 0.84
w 0.5 fa40 252 168 210 420 502 412 325 0.42
w 0.5 fa60 168 252 210 410 490 403 317 0.00
w 0.35 fa0 420 0 147 471 563 462 364 4.20
w 0.35 fa40 252 168 147 450 539 442 348 3.36
w 0.35 fa60 168 252 147 435 521 427 337 2.94

All specimens were cured in the mold for 1 day and they were kept in the curing

2.2.1. Specimen Curing

tank until their 28" day. Specimens that were tested at age 90 days, were air cured
between days 28 and 90. The temperature of water in the curing tank was set at around

20 + 2°C according to EN 12390-2 [39][39] standard.




20

2.3. Experimental and Calculating Methods

2.3.1. Fresh State Tests

2.3.1.1. Slump Test. Slump tests were performed according to EN 12350-2 [40]. The

slump cone was filled with concrete in 3 layers. Each layer was approximately 1/3 of

the volume of the cone and each layer was rodded 25 times uniformly.

Figure 2.2. Slump test.

2.3.1.2. Fresh State Density Test. Density test performed according to EN 12350-6

[40] standard. Mold with 5-liter volume was filled with concrete in 2 layers and it was
compacted with a vibration table. Mass of the mold with and without concrete was

recorded and the density of concrete was calculated.
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2.3.2. Strength Tests

2.3.2.1. Compressive Strength Test. Cylinder specimens with a diameter of 100 mm

and a height of 200 mm were tested according to EN 12390-3 [39] standard. Specimens
were loaded with a 0.6 MPa/s loading rate. Six specimens were tested for each mixture.
3 of the specimens were tested at the age of 28 days and the other 3 specimens were

tested at the age of 90 days.

Figure 2.3. Compressive strength test.

2.3.2.2. Three-Point Bending Test. Load controlled 3-point bending test applied to

100*100*500 m®3 specimens at 28" days and 90" days according to the JCI-S-001 [41]
standard to obtain flexural strength of materials. For each mixture, 3 specimens were

tested.

Crack mouth opening and applied load data were collected from the experiments

to calculate fracture parameters and flexural strength.
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Figure 2.4. Three-point bending test.

2.3.2.3. Fracture Parameter Calculation. The specimens that were conducted three

point bending test according to JSI-S-001 [41] were analyzed for their fracture behavior.
There are two important material parameters which are unstable fracture toughness
(K;c"™) and initial cracking toughness (K;c™). These two parameters are important
in order to designate the state of the crack. Until fracture toughness of material
reaches initial cracking toughness, it can be said that elastic deformation occurs at the
specimen. When fracture toughness is equal to initial cracking toughness, it means that
crack initiates. In the situation that fracture toughness is more than initial cracking
toughness but smaller than unstable fracture toughness, it can be said that crack
propagates stably. And at last, when fracture toughness of material became more than

unstable fracture toughness, unstable crack propagation occurs [42].

Unstable fracture toughness was calculated based on linear elastic fracture me-
chanics assumptions [43] and initial cracking toughness was calculated double K frac-
ture parameters method [44]. In order to use, double K fracture parameters method,

cohesive fracture toughness (K;c¢) need to be calculated. In this study, it was calcu-
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lated with the help of weight function [45] [44]. All formulas that were used are:

Kj¥ = Kit — K, (2.1)
un 3*Pmax*5*1/aeff Qeff
Kic = 2% bxd? *f (7) ’ (2.2)

where

; (aeff> 199 %05 (1— %) «[215 - 3.93 % 4L 4 2.7+ (“4L)?] (2.3)
d (1— 2% %etr) 5 (1 — Stz ’ '
d d

where P, is the maximum load (N), S is the span length (m), d is the height (m), b
is the width (m), a.yy is the effective crack length,

B * E % (CMOD,)

—0.1135 — H,, 2.4
32.6 % o 0-1135 (2:4)

2
Qefy = — (d+ Hy) * arctan\/

where d is the depth (m), B is the thickness (m), Hy is the 1.75mm, the thickness of
knife-edge used to fix the clip gauge, CMOD., is the crack mouth opening displacement

at maximum load, F is the modulus of elasticity,

E_G*S*ao*\/}(ao)
N C;xbxd?

: (2.5)

where S is the specimen loading span, aq is the initial crack length, C; is the initial

compliance,

0.66

Vi () = 0.76 — 2.28a + 3.87a” — 2.04a° + 5 (2.6)

1—a)
o _(L0—|—H0
T d+ Hy
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and

K§, = \/ﬁ*ml*a[2*50'5+A11*5+§*M2*51'5
+%*52+§*M4*52'5]+A2* 2.8
a? [351° + ML x5 + Low My % 520 4 o5 % My * 530
+%* (1— (%)3—3*5*%” ]
where a is the crack length, ag is the initial crack length,
Qo
=1-—, 2.9
s=1-% (29)
A= 0,xCTOD,, (2.10)
— o, xCTOD,
A, = S o , (2.11)
a — Qo

where o, is the equivalent stress due to the maximum load, a a. is the at peak load,

Qe Gc Qe

2 2770°
CTOD, = CMOD, * [(1 - @) + <1.081 — 1.149 % “—5) [@ - (@) ” (2.12)

Universal weight function parameters are:

]\/fi:ai-l—bi*%, i=2 and 4, (2.13)
1
M; = ————3 *[ai—i-bi*%—kci*(%)Q
1-%)", (2.14)
+di*(%)3+ei*(%)4+fi*(%)5, i=1 and 3,

where D is the depth of beam.

The constant a;, b;, ¢;, d;, e;, f;, and calculate M; values can be found in Table

2.10.



2.3.3.

Table 2.10. The constants a;, by, ¢;, d;, e;, f;, and calculate M; values [45].

i a; b; Ci d; ei f; M,

1 |-0.0008 | 0.6879 0.4943 | -3.2542 | 3.4427 -1.369 | 0.5047
2| 0.7823 | -3.0489 -0.4963
3 | -0.3049 | 13.4187 | -23.3166 | 35.5107 | -34.4410 | 14.1034 | 6.6870
4 | 0.2835 | -7.3784 -2.8108

Durability Tests
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2.3.3.1. Resonance Frequency Test. All specimens that were tested for flexural strength

and fatigue performance were also tested using a resonance frequency test device and

dynamic moduli were calculated. This test was performed according to the ASTM

C215-14 [46] standard. Masses and every dimension of specimens were measured.

Then the resonance frequencies of the specimens were recorded to calculate dynamic

elastic modulus.

Freeze-thaw specimens were also tested with a longitudinal resonance frequency

test device in every reading. These readings were taken in every (at most) 36 freeze-

thaw cycles.

Figure 2.5. Longitudinal resonance frequency test.
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2.3.3.2. Water Absorption Test. Permeable water absorption capacity of specimens

was determined according to ASTM C642-13 [47]. Three specimens were tested at the
age of 28 days and 3 specimens were tested at the age of 90 days for each of the 6
mixtures. 50 mm height specimens were cut from 100 mm height cylindrical specimens

to obtain specimens with a volume of more than 350 cm?.

Specimens were kept in an oven at a temperature of 110 £ 5°C for not less than 24
hours (Figure 2.6-a). They were weighed with 24 hours period until the weight change
was less than 0.5% between two successive values. The lowest value was designated as

oven-dry mass (A).

Oven-dry specimens were kept in the water with a temperature of approximately
21°C for not less than 48 hours (Figure 2.6-b). Masses of the surface dried specimens
were measured every 24 hours until the weight change was less than 0.5% between two

successive values. The highest value was designated as saturated mass after immersion

(B).

Saturated specimens were boiled for 5 hours and waited to cool with natural loss
of heat for not less than 14 hours (Figure 2.6-c). After cooling, surface dried weights

of specimens were designated as saturated mass after boiling (C).

Lastly, specimens were weighed in water, and results were designated as immersed

apparent mass (D) (Figure 2.6-d).
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Figure 2.6. Water absorption test stages- (a) oven drying procedure (b) saturation
after immersion procedure (c) saturation after boiling procedure (d) immersed

apparent mass procedure.

2.3.3.3. Sorptivity Test. Sorptivity test applied according to ASTM C1585-13 [4§]

standard. To obtain the water absorption rate of mixtures, 6 cylindrical specimens for
each mixture with 100 mm diameter and 50 £+ 3 mm height were prepared (3 specimens
for testing at an age of 28 days, and 3 specimens for testing at an age of 90 days). The
specimens tested at 90 days (which were kept in air after the 28" day) were saturated

according to the vacuum-saturation process in ASTM C 1202 [49] standard.

Saturated specimens both at age 28 days and 90 days were weighed and placed

in the desiccator with a saturated solution of potassium bromide inside an oven at
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a temperature of 50°C for 3 days. After 3 days, specimens were placed in separate
sealable containers and waited for at least 15 days at 23 £+ 2°C before the beginning

of the absorption procedure.

After 15 days, conditioned specimens were weighed, and 4 diameters were mea-
sured from the side which will be in contact with water. After measuring them, speci-
mens’ side faces were sealed with paraffine, and top surfaces were closed with a plastic
bag loosely. Sealed specimens were also weighed, and measured weights were recorded

at the nearest 0.01g.

Testing containers were filled with water so that the water level will be 1-3 mm
above the support devices. The water levels were kept constant in these intervals during
the absorption process. Mass of specimens was recorded at 60 + 2 seconds, 5 minutes
+ 10 seconds, 10 4+ 2 minutes, 20 + 2 minutes, 30 + 2 minutes, 60 £+ 2 minutes after
placing the test surface of the specimen on the support device. The measurements
were taken every hour, + 5 minutes, up to 6 hours. Specimens were measured for their
masses once a day for up to 3 days. 3 more measurements at least 24 hours apart were
taken between day 4 and day 7. Final measurements were taken at least 24 hours later
from the measurement on the 7" day. Specimens were measured after surface water

was removed with a wet cloth.

Figure 2.7. Sorptivity test.
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2.3.3.4. Length Change Test. Length change of specimens was measured according to

ASTM C157/C157M - 17 [50] standard. The length of specimens was measured for

initial CRD, which is the difference between the comparator reading of the specimen
and the reference bar at any age after they waited in the lime-saturated water at 23
4 0.5°C for a minimum of 30 minutes after de-molding at age 1 day. After 28 days of
curing in the lime-saturated water at 23 + 2°C, second comparator readings were taken.
From the age of 28 days, specimens were air-stored as it is stated in the ASTM C490
[51] standard. Specimens were stored in a cabinet with 50 4+ 4 % relative humidity at
23 £+ 2°C. Readings were taken at 4, 7, 14, and 28 days, and 8, 16, 32, 64 weeks after
curing according to ASTM C490 [51] standard.

Figure 2.8. Length change measurement.

2.3.3.5. Abrasion Test. Mixtures’ potential resistance to damage by impact and abra-

sion was determined according to ASTM C1747/1747M-13 [52] standard. 3-cylinder
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specimens with 100 mm diameter and 100 mm height were included in the test for
each mixture both for the 28th day and 90th day. Specimens were placed in the Los
Angeles machine and the machine rotated for 500 revolutions with the rate of 30 to
33 rotation/minute. These 3 specimens were weighed together, before and after the

procedure.

Figure 2.9. Abrasion test.

2.3.3.6. Freeze-Thaw Test. Freeze-thaw durability test was proceeded according to

ASTM C666/C666M - 15 [53] standard. Test procedures were started at the age
of 90 days. All specimens were measured for all 3 dimensions. Masses and resonance
frequencies of every specimen were recorded at approximately 4 °C and water saturated.
Specimens were placed at the cabinet and freeze thaw cycles from -18°C, to 4°C were
applied. Masses and resonance frequencies of specimens were measured at every 36

cycles, mostly, until 300 cycles were completed.
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Figure 2.10. Freeze-thaw test.

2.3.4. Design and Analysis

2.3.4.1. Thickness Design of Industrial Floor. Ground supported slab designs were

made for all mixtures with the properties both at the age of 28 days and 90 days
according to TR34 [54] (4" edition) for single point load. Chosen thicknesses were
checked for both bending capacity and punching shear capacity by using the following

formulas and materials properties.
Bending capacity for an internal load is calculated as,

Puo=2xm*(M,+ M,) fora/l=0, (2.15)
41 (M, + M,)

L-(5)

Puyo,g = fO?“ a/l =0.2. (216)
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Bending capacity for an edge load is calculated as,

mx (M, + M,)

P,o= 5 +2x M, fora/l=0, (2.17)
M, + M,) + 4% M,
Puo2= T p;_ (231;_ - for a/l =0.2, (2.18)
R

where a is the equivalent radius of contact area of the load, [ is the radius of relative
stiffness, M,, is the negative (hogging) resistance moment of the slab (kNm), taken
to be that of the plain unreinforced concrete, M, is the ultimate positive (sagging)

resistance moment of the slab (kNm), taken to be that of the reinforced concrete,

P
— [ Exh3
l == . m, (2.20)
M, = —fct’:"g, (2.21)
Ye

where M, is the 0 since no reinforcement used, P applied load, 7 is the tyre pressure
(N/mm?, k& modulus of subgrade reaction (N/mm?/mm, taken as N/mm?), E is the
modulus of elasticity of the concrete (N/mm?), v is the Poisson’s ratio, taken as 0.2,
fewr 18 the concrete flexural tensile strength (taken as average of the flexural strength

of three specimens in this study), 7. = 1.5 for concrete.

Since the modulus of elasticity of specimens were not measured in the scope
of this study, and the values are required to determine the thickness of floors, the
modulus of elasticity values were estimated by using the compressive strength values

of the mixtures, by using the T'S 500 [55] equation given as,

E  =3250 %/ for; + 14000. (2.22)
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For shear at the face of the loaded area,

Py maz = Vmaz * Uo * d, (2.23)
Vmaz = 0.5 % ko * foq, (2.24)
where
fu=22, (2:25)
ks = 0.6 x (1 - ;5’6) . (2.26)

For shear on the critical perimeter,

By = vpaexuy % d, (2.27)

Vrae = 0.035 % k15 % f,°° (2.28)
) 0.5

ks =1+ (%) <2, (2.29)

where, f is the characteristic concrete cylinder compressive strength (taken as an
average of the compressive strength of three specimens in this study), g is the length
of the perimeter of the loaded area based on the effective dimensions of the baseplate,
d is the effective depth (0.75*h for unreinforced concrete), u; is the length of the

perimeter at a distance 2d from the loaded area, h is the thickness of slab.

2.3.4.2. Environmental Analysis of the Industrial Floor. In order to calculate the CO,

emission of a 2000 m2 industrial floor, the volume of material was determined that will
be needed to construct the industrial floor. Then the CO5 equivalents for materials
(Table 2.11) in concrete were obtained from “The Inventory of Carbon and Energy
Database v3.0” [56] of Bath University. From these data, CO5 equivalents for all mix-

tures were calculated for a 2000 m2 slab by multiplying the unit CO, equivalent with
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the amount of material that will be used for each material and summing up the CO,

equivalent from all materials.

Table 2.11. CO4 equivalent of materials.

Crushed | Natural
Cement | Fly Ash | Water No.2 No.1 Sand Sand SP
kg CO2 e/ kg 0.912 0.004 0.00034 | 0.00438 | 0.00438 0.00438 0.00904 1.88

2.3.4.3. Economic Analysis of the Industrial Floor.

While calculating the cost of a

2000 m? slabs, prices taken from a local trader were used for each ingredient of mate-

rial (Table 2.12). Also, current allowance prices for COy equivalents were taken into

account according to the “EU Emissions Trading System (EU ETS)” [57] report. The

total volume needed for the 2000 m? industrial floor was already calculated in order

to determine CO4 equivalent. By using these volumes cost for all materials was cal-

culated, and allowance price for calculated CO5 emission was also added to the total

cost.

Table 2.12. Cost of materials.

Crushed | Natural
Cement | Fly Ash | Water | No.2 No.1 Sand Sand SpP
$ / kg | 0.03226 0.01267 | 0.00092 | 0.00472 | 0.00472 | 0.00472 0.00593 | 0.51843
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3. RESULTS AND DISCUSSION

3.1. Fresh State Test Results
3.1.1. Slump Test Results
All specimens for all six mixtures were poured with three mixing procedures.
For all mixing procedures, slump values were measured. The target slump value was

between 16 cm and 18 ¢m. Table 3.1 shows all measurements for the slump test. Ac-

cording to the table, all mixtures achieved with the targeted value of slump.

Table 3.1. Slump values.

Slump (cm)

w 0.5 fa0 18 16 17
w 0.5 fa40 17.5 18 17.5
w 0.5 fa60 17 18 18
w 0.35 fa0 18 17 18
w 0.35 fa40 | 16.5 | 16.5 | 17.5
w 0.35 fa60 | 16.5 | 18 18

3.1.2. Fresh Density Test Results

Fresh densities were measured, and results can be seen in Table 3.2. Measured
densities were compatible with the theoretical densities that are calculated from mix-
ture proportions. From Table 3.2, it can be seen that the density of concrete was in-
creased with the decreasing W/B ratio. This situation can be explained by increasing
the aggregate amount per volume with the decreasing water content. Since aggregate

has a higher density, its mass was higher than the same volume of water.
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Table 3.2 also shows that increasing fly ash replacement leads to a decrease in
density. This is an expected outcome since cement was directly replaced with the same
amount of fly ash and the density of fly ash is lesser than cement. Also, fly ash with
the same weight represents more volume and this situation leads to less aggregate in
the same volume. Less aggregate and cement, more fly ash in the same volume con-

cludes with less density since the fly ash has a lower density than cement and aggregate.

Table 3.2. Fresh Densities.

Mixture Name | Fresh Densities (kg/L)
w 0.5 fa0 2.38
w 0.5 fa40 2.29
w 0.5 fa60 2.25
w 0.35 fa0 2.43
w 0.35 fa40 2.35
w 0.35 fa60 2.29

3.2. Strength Test Results

3.2.1. Compressive Strength Test Results

Three specimens were tested for each mixture in order to determine the compres-
sive strength of concrete mixtures according to BS EN 12390-3 [39] for both at age of
28 days and 90 days. Average compressive strength for all six mixtures for both 28
days and 90 days were given with their standard deviations in Table 3.3 and Figure
3.1.



Table 3.3. Compressive strength test results.
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28 Days 90 Days
Compressive Standard Compressive Standard
Mixtures
Strength (MPa) | Deviation | Strength (MPa) | Deviation
w 0.5 fa 0 36 0.78 55.8 2.16
w 0.5 fa 40 25.7 0.67 37.7 0.71
w 0.5 fa 60 16.3 2.65 22 1.06
w 0.35 fa 0 50.3 1.9 75 1.26
w 0.35 fa 40 36.9 2.86 57.9 0.94
w 0.35 fa 60 24.2 1.14 38.5 1.03
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Figure 3.1. Compressive strength test results.
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It can be clearly seen that the compressive strength of mixtures decreased with

both replacement of fly ash and increasing in w/b ratio from Figure 3.1. It can be also

seen that compressive strength decrease due to fly ash replacement can be compensated

with decreasing of w/b ratio at the age of 28 days. When “w 0.5 fa 0 - w 0.35 fa 40”

and “w 0.5 fa 40 - w 0.35 fa 60" mixture pairs were investigated, the mixtures in the

pair have similar compressive strength at the age of 28 days. However, when these

mixture pairs were examined at the age of 90 days, it can be concluded that mixtures

with higher fly ash replacement ratios gain more strength by means of compression.
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Compression test results also show that the reduction in strength by replacement
with fly ash occurs at lower percentages in lower W/B ratio, especially in higher fly

ash replacement which is compatible with Lam et al., 2000 study [25].

3.2.2. Three-Point Bending Test Results

Three point bending tests were performed for each mixture in order to determine
the flexural strength of concrete mixtures according to JCI-S-001 [41] standard for both
at age of 28 days and 90 days. Test results for both 28 days and 90 days were given in
Table 3.4 and Figure 3.2.

Table 3.4. Flexural strength test results.

28 Days 90 Days
Flexural Standard Flexural Standard

Mixtures Strength (MPa) | Deviation | Strength (MPa) | Deviation
w 0.5 fa 0 4.87 0.17 6.96 0.41
w 0.5 fa 40 4.15 0.12 6.16 0.37
w 0.5 fa 60 3.15 0.35 3.98 0.24
w 0.35 fa O 7 0.41 7.81 0.45
w 0.35 fa 40 5.17 0.09 7.04 0.48
w 0.35 fa 60 4.1 0.12 5.83 0.76

9

8
€7
s 6 = ==
£, ==
g = =
= = =
n 4 = ‘§ = 28th day
= = =
53 = % = B90th day
g = NE
o 2 = \ =

= NE
PNENE
, NE NE
Q
> id
, SRR
< «

Figure 3.2. Flexural strength test results.
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Based on the results given in Figure 3.2, lower flexural strength values were found
for the mixtures with a high W/B ratio, as expected. Additionally, flexural strength
values were found to decrease with increasing fly ash replacement ratios. At the age of
90 days, all mixtures had gained strength substantially. For mixtures with 0.35 W/B
ratio, it is also clearly seen that the flexural strength of the specimens with a 40% fly
ash replacement ratio almost reached the flexural strength of control specimens at the

age of 90 days.

3.2.3. Fracture Analysis from Three Point Bending Test

Specimens tested according to JSI-S-001 [41] standard for three point bending
test examined according to their fracture behavior. From the data that were obtained
from tests, cohesive toughness of concretes was calculated with weight function[45]
and initial cracking toughness was found with the difference between unstable fracture
toughness and cohesive fracture toughness according to the double K parameter method

[44]. They can be found in Table 3.5.

Table 3.5. Cohesive, initial crack, and unstable fracture toughness values of mixtures.

KIC’C KICun KICimL
(MPa \/m) | (MPa /m) | (MPa /m)
w 0.5 fa 0 0.3532 0.8257 0.4725
w 0.5 fa 40 0.2808 0.6949 0.4141
w 0.5 fa 60 0.2174 0.5266 0.3091
w 0.35 fa 0 0.2511 1.0971 0.846
28th day
w 0.35 fa 40 0.2504 0.8297 0.5793
w 0.35 fa 60 0.2437 0.6735 0.4298
w 0.5 fa 0 0.3781 1.1452 0.7671
w 0.5 fa 40 0.2622 0.987 0.7248
w 0.5 fa 60 0.1818 0.6312 0.4494
w 0.35 fa 0 0.4347 1.2859 0.8512
90th day
w 0.35 fa 40 0.4917 1.2156 0.7239
w 0.35 fa 60 0.3022 0.9533 0.6512
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Figure 3.3. Initial cracking toughness.
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Figure 3.4. Unstable fracture toughness.

From Figure 3.3 and Figure 3.4, it is observed that both initial cracking toughness
and unstable fracture toughness increased a decrease in W/B ratio. Also, while the
fly ash replacement ratio was increasing, both initial cracking toughness and unstable

fracture toughness were decreasing.
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Figure 3.5. Relation between flexural strength and initial cracking toughness and

unstable fracture toughness.

If the fracture toughness of concrete was smaller than the initial cracking tough-
ness, elastic deformation continues until the crack initiates, and at the moment that
they become equal crack initiates. But if fracture toughness was between initial crack-
ing toughness and unstable fracture toughness that means the crack expands stably.
When fracture toughness became the unstable fracture toughness, the crack propa-
gation became unstable and when it exceeds unstable fracture toughness, the crack

propagates unstably [42].

Higher initial cracking toughness means that the specimen shows better perfor-
mance until cracking occurs while it is still in the elastic region. Higher unstable
fracture toughness means that the mixture shows better performance until crack prop-
agation became unstable. Figure 3.5 shows that there is a strong relationship between
flexural strength and both initial cracking toughness and unstable fracture toughness

with a very high coefficient of determination.
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3.3. Durability Test Results

3.3.1. Resonance Frequency Test

Averages and standard deviations of resonance frequency test results according
to ASTM (C215-14 [46] can be seen in Table 3.6. For every mixture, at every age three

prism specimens were tested before they were tested for flexural strength.

Table 3.6. Dynamic modulus of elasticities calculated from resonance frequency tests

results.
28" day 90" day

Mixtures R Standard Standard

verage | poviation | AVerage | Deviation
w 0.5 fa 0 38.59 1.22 37.72 0.77
w 0.5 fa 40 34.03 0.56 33.3 1.76
w 0.5 fa 60 29.21 0.61 28.78 0.59
w 0.35fa 0 44.76 0.29 45.7 0.81
w 0.35 fa 40 41.71 0.82 41.07 0.71
w 0.35 fa 60 37.83 0.90 38.90 1.19

It is seen that between age 28 days and 90 days there was no remarkable change
in dynamic elastic modulus for all mixtures. However, it is clearly seen that increase
in fly ash replacement ratio and a decrease in W/B ratio causes a decrease in dynamic

elastic modulus.
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Figure 3.6. Relationship between compressive strength and dynamic modulus of

elasticity calculated from resonance frequency test results.

Figure 3.6 shows that the dynamic modulus of elasticities calculated from reso-
nance frequency test results has a strong relationship with the compressive strength
of the mixture with a high coefficient of determination. It can be said that dynamic
elastic modulus results have been changed parallel to change in compressive strength

between mixtures at the same age.

Resonance frequency tests were applied to the specimens before the three-point
bending test was applied to them. So, the specimens tested for resonance frequency and
flexural strength were exactly the same specimens. In this part of the study relationship
between the slope of the elastic part of the bending test results and the dynamic

modulus of elasticity calculated from the resonance frequency test was investigated.
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Figure 3.7 and Figure 3.8 show that there is a strong relationship between the
dynamic modulus of elasticities calculated from resonance frequency test results and
the slope of the elastic region of bending test results with a relatively high coefficient
of determination at both the 28th day and 90th day. It can be said that the dynamic
elastic modulus and the elastic modulus that can be calculated from the slope of the

elastic region of bending tests represent the same relation between mixtures.

3.3.2. Water Absorption Test Results

Water absorption tests were applied to three specimens with a diameter of 100
mm and a height of 50 mm for each mixture according to ASTM C642-13 [47] standard.
Test results can be seen in Table 3.7.

Table 3.7. Volume of permeable pore space (voids, %) calculated from water

absorption tests readings.

28 Days 90 Days

Volume of permeable Standard Volume of permeable Standard
Mixtures pore space (voids),% Deviation | pore space (voids),% Deviation
w 0.5 fa0 16.4 0.32 15.3 0.3
w 0.5 fa 40 17 0.51 16.6 0.25
w 0.5 fa 60 18.9 0.24 18.2 0.53
w 0.35 fa 0 10.6 0.3 10.5 0.42
w 0.35 fa 40 12.1 0.56 11.2 0.4
w 0.35 fa 60 13.4 0.45 13.4 0.22

Table 3.7 shows that replacing cement with fly ash caused an increase in perme-
able voids volume. Also, an increase in the W/B ratio led to an increase in permeable
void volume percentage as expected. Voids were slightly decreased with the increasing

age of specimens.
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Figure 3.9. Relationship between volume of permeable pore space (voids), %, and

compressive strength (MPa) for mixtures prepared with 0.5 W/B ratio.
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Figure 3.10. Relationship between volume of permeable pore space (voids), %, and

compressive strength (MPa) for mixtures prepared with 0.35 W/B ratio.

From Figure 3.9 and Figure 3.10 it can be said that permeable pore space per-

centage has a relationship with compressive strength of mixture for same W/B ratio.
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Replacing cement with fly ash leads to an increase in permeable voids in concrete and
results with a decrease in the compressive strength for the mixtures with the same
W /B ratio since voids caused discontinuities that leads to lower strength. Change in
W /B ratio shifts the relation at Figure 3.9 and Figure 3.10, that is why the mixture
with different W/B ratios should be considered separately. However, the slope of the
trendline for the mixture with both W/B is very similar. This shows that, for the dif-
ferent W/B ratios, the same void ratio changes caused by fly ash have a similar effect

on compressive strength.

3.3.3. Sorptivity Test

The rates of absorption of six different mixtures were calculated according to
the test results that are done according to the ASTM C1585-13 [48] standard. Three
cylindrical specimens with a diameter of 100 mm and a height of 50 mm were tested

for every mixture at each age which are 28" day and 90" day.

According to the ASTM C1585-13 [48] standard, if the data between 1 minute
and 6 hours or 1 day and 7 days do not show a linear relationship, the initial or sec-
ondary rate of absorption cannot be determined. For the 90th day data of w/c 0.35 fa
40 and w/c 0.35 fa 60, the coefficient of regression of data between 1 day and 7 days
was smaller than %98. According to standard, the coefficient of regression less than

98% is interpreted as a secondary rate of absorption and cannot be determined.
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Table 3.8. Initial and secondary rates of absorption for six different mixtures at two

different ages (28 day and 90" day).

Initial Rate of Secondary Rate of
Absorption (mm/\/s) | Absorption (mm//s)
28" day | 90" day | 28" day 90" day
w 0.5 fa0 0.002 0.0021 0.0009 0.0011
w 0.5 fa40 0.0034 0.0048 0.0016 0.0006
w 0.5 fa60 0.0016 0.0054 0.0014 0.0005
w 0.35 fa0 0.0006 0.0008 0.0004 0.0005
CANNOT BE
w 0.35 fa40 0.001 0.0011 0.0005 DETERMINED
CANNOT BE
w 0.35 fa60 | 0.0008 0.004 0.0005 DETERMINED
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Figure 3.11. Initial rate of absorptions.
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Figure 3.12. Secondary rate of absorptions.

From Table 3.8, Figure 3.11 and Figure 3.12, it is clear that mixtures with a
lower W/B ratio had lower initial and secondary rate of absorption than the mixtures
with a higher W/B ratio. With the increase in the W/B ratio, the void ratio was also
increased according to Table 3.7. Therefore, an increment in the W/B ratio results

with an increase in the rate of absorption too.

On the other hand, there was no linear relationship between fly ash replacement
ratio and rate of absorption. For control mixtures with both W/B ratios, the initial
and secondary rate of absorption didn’t change considerably with an increase in age,
since the hydration reaction of cement mostly happen in the first 28 days. However,
the initial absorption rate of the mixtures, with fly ash replacement, increased with
age, since secondary reaction due to fly ash occurs at later ages. With secondary
reactions in concrete, voids become more capillary, and the initial rate of absorption

was increased with the capillarity.

Secondary rates of absorption values for all mixtures were very smaller compared
to initial rates of absorption. For the 0.5 W/B ratio, it can be said that with the

fly ash replacement secondary rate of absorption was increased due to an increase in
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permeable porosity. Similarly, for both fly ash replacement levels, secondary rates of
absorption were decreased with age since the void ratios were decreased. For 0.35 W/B
ratio, since there was no linear relationship between the data in 1 day to 7 days, no

comment can be made.

3.3.4. Length Change Test

Length change of specimens was measured according to ASTM C157/C157TM -
17 [50] standard. After 28 days of curing in the lime-saturated water at 23 £ 2°C,
specimens were air-stored as it is stated in the ASTM C490 [51] standard. Results of

the length change test can be seen in Figure 3.13.
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Figure 3.13. Length changes for all six mixtures.

From Figure 3.13, it is seen that there was a dramatic increase in the rate of length

change after 28 days of water curing, until the 8" week at air storage. This situation was
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expected since 50% humidity air storage is a more favorable environment for shrinkage
to occur rather than water. After the 8th week, the rate of length change started to
slow down and after the 16" week, the change in length has become nearly zero. It
can be stated that most of the shrinkage has occurred in the first sixteen weeks. This
behavior was similar for all mixtures. No significant difference was observed between

the specimens with different fly ash replacement levels.

3.3.5. Abrasion Test

Abrasion and impact resistance of concrete mixtures for both 28" day and 90
days were determined according to ASTM C1747/1747M-13 [52] standard. Even
though this standard is stated for pervious concrete, there is a study [58] in litera-
ture which was used this standard in order to determine the abrasion resistance of

roller compacted concrete too.

Table 3.9. Percentage of mass losses due to impact and abrasion.

Mass Loss (%)
28th day | 90th day

w/c 0.5 fa0 15.6 10.7
w/c 0.5 fa40 21.9 14.6
w/c 0.5 fa60 34.7 29.1
w/c 0.35 fa0 11.8 8.7
w/c 0.35 fa40 15.6 11.2
w/c 0.35 fa60 22.2 14.6

From Table 3.9, it can be stated that increasing fly ash replacement and increasing
W/B ratio results in an increase in mass loss due to impact and abrasion. Also concretes
at younger ages results in a higher percentage of mass losses. No standard deviation was
shared in Table 3.9 since three specimens were tested and weighted together according
to the testing procedure. This procedure concludes with obtaining only one data from

three specimens.
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Figure 3.14. Relationship between flexural strength and mass loss which represent

abrasion level of concrete.

Figure 3.14 shows that there is a strong relationship between flexural strength
and mass loss due to impact and abrasion. Concrete with lower flexural strength losses
more mass because of impact and abrasion. That leads to the result that concrete
structures that have higher flexural strength are most likely to resist abrasion more

than structures with lower flexural strength.

3.3.6. Freeze-Thaw Test

Resistance of concrete to rapid freezing and thawing cycles determined according
to ASTM C666/C666M - 15 [53] standard. Relative dynamic modulus of elasticity
and durability factor were calculated for all mixtures according to ASTM C215-14 [46]
standard and they can be found in Figure 3.15 and Table 3.10.
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Figure 3.15. Relative dynamic modulus of elasticity.

Table 3.10. Freeze thaw durability factor.

Durability Factor | Average | Standard Deviation
w 0.5 fa 0 14 1.83

w 0.5 fa 40 13.2 0.3

w 0.5 fa 60 1.7 1.35

w 0.35 fa O 44.1 5.46

w 0.35 fa 40 24.2 12.63

w 0.35 fa 60 78.5 3.36

For mixtures with a 0.5 W/B ratio, it can be said that increasing fly ash replace-
ment level causes decreases in freeze thaw durability factor. Especially, with a high
W/B ratio and higher fly ash replacement level, specimens showed no resistance to

freeze thaw damage.

On the other hand, for the 0.35 W/B ratio, there was no meaningful relation

between freeze thaw durability and fly ash replacement ratio. The mixture with the
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highest freeze thaw durability was at the 60% fly ash replaced mixture. In order to un-
derstand the reason for this difference, microstructural investigations are recommended

as a further study on the same specimens that will be exposed to freeze thaw cycle.

In the light of these results, it can be said that the mixture with a 0.35 W/B
ratio and 60% fly ash replacement ratio showed the best resistance against freezing
and thawing cycles. And mixtures with a 0.5 W/B ratio were not durable enough for
freezing and thawing since they lost more than 40% of their initial dynamic modulus
of elasticity before 300 cycles were completed. All mixtures with a 0.35 W/B ratio,
completed 300 freeze thaw cycles. However, the best performance was achieved with a
60% fly ash replacement ratio and the worst performance was obtained with a 40% fly

ash replacement ratio.

3.4. Design and Analysis

3.4.1. Thickness Design of an Industrial Floor

For all six mixtures, the thickness design of an industrial floor was made with
the guidance of the TR 34 [54] report. While calculating thickness, a single point
load condition was considered. Wheel load was taken as 40kN and with wheel contact
dimension of 165mm*40mm from the example in TR 34 [59] (3rd edition). And modulus
of subgrade reaction was taken as 0.5 N/mm3. Since wheel load is a dynamic load,
the partial safety factor was taken as 1.6, and the required load capacity has been

calculated as 64kN (40*1.6).

In order to find required thicknesses moment capacities and punching shear ca-
pacities were checked at critical locations. Required thicknesses and ultimate load

capacities can be found in Table 3.11.



Table 3.11. Ultimate load capacities for given thicknesses.

Moment Punching Shear
Capacity Capacity
Pu (kN) Pu (kN) Pp,max
Mixture h (mm) | (internal load) | (edge load) (kN) Pp (kN)
w 0.5 fa 0 165 158.18 64.379 312.85 174.853
w 0.5 fa 40 180 161.469 65.336 255.047 166.502
w 0.5 fa 60 205 161.109 64.603 192.067 159.337
w 0.35 fa 0 140 160.783 66.414 345.998 165.538
28 days w 0.35 fa 40 160 157.223 64.19 309.179 169.576
w 0.35 fa 60 180 159.602 64.615 242.23 161.744
w 0.5 fa 0 140 159.951 65.986 372.966 174.258
w 0.5 fa 40 150 163.296 67.139 295.079 157.066
w 0.5 fa 60 185 164.01 66.27 228.434 160.196
w 0.35 fa O 135 166.95 68.908 435.859 192.613
90 days | (.35 fa 40 140 162.009 66.803 383.278 | 177.658
w 0.35 fa 60 155 165.965 67.964 310.703 166.073

During the determination of required thickness values, it
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was seen that for all of

the material cases moment capacities of the slabs at the edge load location were found

as the most critical case.

It can be stated that the required thickness is increasing with a decrease in

flexural tensile strength properties from Figure 3.16 as expected. Figure 3.16 shows

the strong relationship between flexural tensile strength and thickness with a very high

coefficient of determination. An increase in thickness requirement was an expected

outcome. However, thickness increment not necessarily means an increase in cost or

environmental impact.
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Figure 3.16. Flexural tensile strength and thickness relation.

3.4.2. Environmental Analysis for 2000 m2 Industrial Floorl

COy equivalents for materials (Table 2.11) in concrete were obtained from “The
Inventory of Carbon and Energy Database v3.0” [56] of Bath University. From these
data, CO4y equivalents for all mixtures were calculated for a 2000 m2 slab with the

designed thickness. Results were given in Figure 3.17.
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Figure 3.17. CO, emissions for 2000 m? industrial floor with design thickness.

It can be clearly seen from Figure 3.17 that the CO, emissions were decreasing
with an increase in fly ash replacement level despite the increase in the required thick-
ness. This decrease is caused by the enormous difference in the CO5 equivalent values
which is a standard unit for measuring carbon footprints, between cement and fly ash
(Table 2.11). It was also decreasing with the decrease in the W/B ratio, due to the

decrease in the required thickness with increment in strength.

3.4.3. Economic Analysis for 2000 m? Industrial Floor

While calculating the cost of the 2000 m? slabs, prices taken from a local trader
were used for each ingredient of material (Table 2.12). Also, current allowance prices
for CO4 equivalents were taken into account according to the “EU Emissions Trading

System (EU ETS)” report.
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Figure 3.18. Cost for 2000 m? industrial floor with design thickness.

When Figure 3.16 and Figure 3.18 were examined together, it can be seen that
despite the increase in required thickness, replacement of cement with fly ash in high
amounts yields a considerable reduction in cost, and amount of decrease in cost in-
creases with an increasing amount of replacement. However, for the “w 0.5 fa 60”
mixture this statement was not valid, the cost of this mixture was very similar to the
“w 0.5 fa 40”7 mixture at the age of 90 days. Since the strength of this mixture is
very low, the required thickness was found very high even when 90 day strength value
was considered. However, it can be said that costs were decreased with an increase in
fly ash replacement level, except low strength concrete mixture. Also decreasing the
W /B ratio causes a decrease in cost since a thinner slab is required for higher strength

material.
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4. CONCLUSION

This study was conducted in order to understand fresh state behavior, strength
properties and, durability behaviors of high-volume fly ash concrete. After that, the
effect of fly ash replacement by means of cost and COy emission was examined for the

same load condition.

- An increase in fly ash replacement level resulted in an increment in the slump.
This can be interpreted as higher workability. Since all mixtures were aimed to
be produced in the same workability class, mixtures with higher fly ash required
less superplasticizer. This situation concluded less cost than other mixtures.

- Compressive and flexural strength of specimens were decreased with increasing
replacement levels of fly ash. However, this decrement can be compensated with
a reduction in the W/B ratio.

- There is a strong relationship between flexural strength and both initial cracking
toughness and unstable fracture toughness. Similarly, these were also decreased
with increment in fly ash replacement ratio, and this decrement can be compen-
sated with W/B ratio adaptation.

- The dynamic modulus of elasticity results showed that the elastic modulus of
concrete did not change with age. An increase in fly ash percentage caused a
decrease in elastic modulus parallel to compressive strength. However, the effect
of the W/B ratio change was slightly more than the effect of fly ash amount
change. So, the decreasing elastic modulus effect of the fly ash replacement ratio
can be eliminated by a small decrease in the W/B ratio.

- From water absorption test results, it was seen that fly ash increment concluded
concrete with a more permeable void. This situation caused a discontinuity in
concrete and led to a decrease in strength.

- There was no meaningful relationship between the rate of absorption and fly
ash replacement. However, the initial rate of absorptions was increased for all

mixtures and the secondary rate of absorptions was decreased for the mixtures
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with fly ash.

- Fly ash replacement ratio or W/B ratio differences did not affect length change
remarkably. All specimens get shorter in the first days, then their length change
became slower and stopped.

- The damage created by abrasion on specimens had a reverse relation with flexural
strength. Fly ash replacement caused a decrease in flexural strength and an
increase in abrasion damage. It can be concluded that abrasion resistance was
also increased with an increment in flexural strength.

- No constant relationship was observed between fly ash replacement level and
freeze-thaw durability. None of the specimens with a higher W/B ratio could
achieve a 300 freeze thaw cycle. The best performance was achieved with the
concrete with a low W/B ratio and the highest fly ash replacement level in this
study.

- An increase in fly ash level led to an increase in thickness for the industrial floor
since it caused a decrease in flexural strength. However, an increment in thickness
does not necessarily mean an increment in cost. While increment of fly ash level
decreased total COs emission due to lower CO5 equivalent of fly ash than cement,

this study also showed that it also led to decrease in cost.

The main purpose of this study was to examine the effect of high amount cement
reduction in concrete by replacing it with fly ash. This study showed that high volume
fly ash concrete at a low W/B ratio is an alternative to conventional Portland cement
concrete. The outputs of this study showed not only HVFAC is an alternative for PCC

but also it is more economic and more environmentally friendly.
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