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ABSTRACT

COMPARISON OF TEST METHODS ON THE
COMPRESSIVE STRENGTH OF FLY ASH BLENDED CEMENTS

Tung, Hasan
M.Sc., Department of Civil Engineering
Supervisor: Prof. Dr. ismail OzgiirYaman

Co-Supervisor: Prof. Dr. Mustafa Tokyay

June 2014, 54 pages

In Turkey the compressive strength of cements are determined according to TS EN
196-1. That standard suggests the use of a constant water-cement ratio of 0.50 in
preparation of mortar specimens for all types of cements. On the other hand, in USA
cement producers use ASTM C 109 to determine the compressive strength of
cements, which is based on a constant consistency of cement mortars for blended
cements only. The main difference of these methods is the needed amount of water to

produce cement mortar.

When a constant w/c is used to prepare mortar specimens as specified by TS EN 196-
1, especially for certain blended cements insufficient compaction may occur and
compressive strength may not be obtained in a standard repeatable manner. On the
other hand, when ASTM C 109 is used, higher amount of water may be used to
obtain a constant consistency and the compressive strength can be lower. Therefore,
in this study, unlike EN 196-1 and ASTM C 109, a constant water/cementitious by

volume method is suggested to prepare mortar specimens to determine their strength.



The aim of this thesis is to demonstrate the variabilities that can be confronted with
the determination of compressive strength of fly ash blended cements. For this
purpose, portlant cement clinker was replaced with fly ash (FA) at 20 %, 35 %, 55
% replacement levels, by using three different methods which are acquired by the
constant water/cementitious by mass (EN 196-1), constant flow (ASTM) and
constant water/cementitious by volume methods,7-day and 28-day compressive
strength of mortars were obtained. Then, coefficient of variation (CoV) of the results

obtained by three different methods were compared.

After the experimental study, it was observed that a less deviation in the compressive
strength results were obtained by constant water/cementitious by volume method and
ASTM C109 method. However, for the constant water/cementitious by mass method
(EN 196-1), higher deviance in the compressive strength results were obtained. As a
result, it was determined that the constant water/cementitious by mass method (EN

196-1) is not proper for fly ash blended cements.

Keywords: Fly Ash, Compressive Strength, Coefficient of Variation, Mortar
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0z

TEST YONTEMLERININ UCUCU KULLU CIMENTOLARIN
BASINC DAYANIMLARI UZERINDEN KARSILASTIRILMASI

Tung, Hasan

Yiiksek Lisans, insaat Mithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Ismail Ozgiir Yaman

Ortak Tez Yoneticisi: Prof. Dr. Mustafa Tokyay

Haziran 2014, 54 sayfa

Tiirkiye’de basing dayanimlart TS EN 196-1 gore belirlenmektedir. Bu standard
biitiin ¢imento tiplerinin hazirlanmast i¢in sabit 0,50 su-¢imento oranini
onermektedir. Diger taraftan Amerika ¢imento iireticileri basing dayanimlarinin
belirlenmesi i¢in sabit kivam degerini esas alan ASTM C 109 kullanmaktadir. Bu

methodlar arasindaki ana fark har¢larin hazirlanmasinda gerekli olan su miktaridir.

Katkil1 ¢imento harci iiretmek igin TS EN 196-1 kullanildigi zaman yetersiz
sikistirma problemleri olusabilir ve basing dayanimlar1 standardta istenilen sekilde
elde edilemeyebilir. Diger taraftan ASTM C 109 yontemi kullanildiginda sabit bir
kivam elde etmek icin yiiksek su miktar1 kullanilabilir ve bu durum basing
dayaniminin azalmasina neden olabilir. Belirtilen sebeplerden dolayi, bu tezde TS
EN 196-1 ve ASTM C 109 yontemlerinden farkli olarak dayanim numunelerinin

hazirlanmasi i¢in hacimsel sabit su-¢imento orani 6nerilmektedir.

Bu tezin amaci ugucu kiillii katkili ¢imentolarin basing dayanimlarinin 6lgiimiinde
karsilagilabilen degiskenlikleri gostermektir. Bu amag i¢in ugucu kiil iceren katkili

¢imentolar kullanilmistir. % 20, % 35, % 55 ucucu kil iceren katkili ¢imentolar

vii



hazirlanarak kiitlece sabit su/baglayict oran1 (TS EN 196-1), sabit yayilma degeri
(ASTM) ve hacimce sabit su/baglayici orani olarak 3 farkli yonteme gore 7 ve 28
giinliik basing dayanimlar1 elde edilmistir. Daha sonra, ii¢c yontemden elde edilen

basing dayanim sonuglarinin varyasyon katsayilari karsilagtirilmigtr.

Deneysel calismalar sonrasinda, hacimsel sabit su-¢imento oran1 ve ASTM C 109
yontemiyle elde edilen har¢larin basing dayanim sonuglarindaki sapmalar daha diisiik
olarak goézlemlenmistir. EN 196-1 yontemleriyle elde edilen harglarin basing
dayanim sonuclarindaki sapmalar daha fazladir. Sonug olarak katkili ¢imentolar i¢in
kiitlece sabit su/baglayict oran1 yonteminin (TS EN 196-1) kullanilmasimin uygun

olmadig1 sonucuna varilmistir.

Anahtar Sozciikler: Ugucu Kiil, Cimento Basing Dayanimi, Varyasyon Katsayisi,

Harg
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CHAPTER 1

INTRODUCTION

1.1. General

Portland cement is the basic ingredient of concrete. Concrete is used in large
quantities almost everywhere mankind has a need for infrastructure. Turkey has a
large construction industry and has one of the largest cement industries in the world.
According to the Turkish Cement Manufacturers’ Association (TCMA) Turkey
produced 73.8Mt of cement in 2013 as shown in Figure 1.

80,0 -

70,0 -

10,0 - I | I I I I I
2006 2007 2008 2009

=]
(=}
[=]

wu
=]
[=]

Production (Mt)
w =
S S
= (=]

[
(=]
[=]

0,0

2010 2011 2012 2013
TIME

Figure 1 Yearly Cement Production in Turkey [1]



The cement production is an energy intensive industry. Its energy cost represents a
significant part of total production costs. Generally, natural resources are used to
produce cement. In 2011, the European cement producers consumed an energy

equivalent of about 18 Mt of coal, fossil fuel, for the production of 196 Mt of cement

[2].

The main constituent of cement is clinker. The clinker granulating stage uses
approximately one-third of the energy needed to manufacture one ton of cement [3].
Since these stages consume excessive energy based on natural resources, the cement
industry not only needs to care about the environmental sustainability but also to

lower the cost of its product.

In order to produce environmentally friendly products, cement producers
manufacture blended cements to decrease the clinker content. In blended cement
production, part of the clinker is replaced with alternative constituents such as fly

ash, natural pozzolan, etc [4].

In Turkey the compressive strength of cements are determined by TS EN 196-1, that
is based on constant water/cementitious ratio for all types of cements. On the other
hand, USA cement producers use ASTM C 109 standard to determine the
compressive strength of cements, which is based on constant flow for blended
cement. The main difference between these two methods is the amount of water to

produce cement mortar.



1.2. Objective and Scope of the Thesis

The aim of this research is to show the variabilities that can be confronted with the
determination of compressive strength of blended cements. For this purpose, fly ash
(FA) blended cements were used. Portland cement clinker was replaced with fly ash
(FA) at 20 %, 35 %, 55 % replacement levels and cement morters were prepaired by
three different methods. The water content of each mortar was changed by using

different amounts of water as follows;

¢+ Constant water/cementitious by mass (EN 196-1)
¢ Constant flow (ASTM),

++ Constant water/cementitious by volume

Then, coefficient of variation of the results obtained by three different methods were

compared.

This study consists of five chapters:

In Chapter 2, role of the cement in concrete is briefly mentioned. Then, according
to TS EN 197-1 cement types are defined. Then general classifications. Moreover,
fly ash used in the cement production and effects of fly ash on the properties of
cement are briefly explained. Finally, the quality control applications for cements are
outlined and two different compressive strength test methods (ASTM C 109 and EN
196-1) are compared.

In Chapter 3, the properties of materials used in the study and the details of mixture

preparation are given. Then evaluation procedure of strength test data was presented.



In Chapter 4, the compressive strength test results of cement types FA20, FA35,

FAB5 are presented. Also, results are statistically analyzed and evaluated for all

methods.

In Chapter 5, the conclusions and recommendations for further studies are provided.



CHAPTER 2

THEORETICAL CONSIDERATIONS

2.1. Production of Portland Cement

The clinker is main component of cement. Clinker is produced from raw materials,
such as limestone and clay, which are crushed and fed into a rotary kiln. The clinker
burning takes place at a material temperature of 1450°C which is needed to form the
new compounds. Clinker mainly consists of calcium, silicium, aluminium and iron-
oxides. The next step is handled in a cement grinding mill. Gypsum and other
additional materials (such as slag, fly ash, natural pozzolanas, etc.) are added to the
clinker. All constituents are ground leading to a fine and homogenous powder called

cement [5].

In Turkey and European zone, Harmonized EN 197-1 is used, which has 27 different
main types of cement according to its chemical composition. Specifically, Turkish
harmonized standard (TS EN 197-1) not only contains portland cements but also
includes blended cements [6]. However, in USA there are three different types of
standards which are ASTM C 150 for Portland cements, ASTM C 595 for blended
cements and ASTM C 1157 for hydraulic cements.



2.2 Main Constituents of Cement

Cement and concrete producers have to evolve in the terms of the environment
within a sustainable development perspective, which means that more mineral
components will be blended with clinker and water/cementitious ratio will be
lowered if they want to increase the life cycle of concrete structures and lengthen as

much as possible the use of hydraulic binders and aggregates [2].

As the cement types alter, the percentage of these main constituents in cements
change. Composition of main constituents of the cements in TS EN 197-1 is given in
Table 1.



Table 1 Percentage of Cement Composition [6].

Composition (percentage by mass®)
Main constituents
Main Notation of the 27 products ] Blast | cica Pozzolana Fiy ash Bumt Minor
types (types of common cement) Clinker | fumace | shale | UMestone | additional
siag natural "at.“ra' siliceous calca- constituents|
calcined regus
K s Db P Q v W T L il
CEMI Portland cement CEM | 95-100 - - - - — — - - — 0-5
Portland-slag CEM IFA-S 80-94 6-20 - — — - - - - - 05
cement CEM IVB-S 65-79 21-35 - — — - - - - - 05
Portland-silica fume CEMIVAD 90-4 _ 610 _ _ _ _ _ _ - 05
cement
CEMIVA-P 80-94 = - 6-20 - - - - - - 05
Porland-pozzolana CEMIiB-P 65-79 - - 21-35 - - - - - - 0-5
cement CEM IiA-Q 80-94 = - - 6-20 - - - — — 05
CEMI/B-Q 6579 = - - 21-35 - - - — - 05
CEMIVA-V 80-94 = - - - 620 - - - — 05
CEMII Portland-fly ash CEM IiB-V 65-79 - - - - 21-35 - - — — 05
cement CEM /AW 80-94 - - - - — 6-20 - - — 05
CEM I/BW 6579 - - - - - 21-35 - — - 05
Poriland-bumt CEMIVA-T 80-94 - - - - — — 6-20 — — 05
shale cement CEMIB-T 65-79 - - - - — — 21-35 — — 05
CEM IVA-L 80-94 - - - - - - - 6-20 - 05
Portand- CEM I/B-L 65-79 - - - _ - - — |2135| - 05
limestone
cement CEM IVA-LL 80-94 - — — — - _ _ _ 520 05
CEMIVBLL | 6579 - - - - - - _ 2135 05
Portland-compaosite CEM IVA-M 80-88 12-20 05
cementC CEM IVB-M 6579 21-35 -
CEM 1I/A 3564 36-65 - — — - - - - - 05
CEMIN Blast fumace CEM /B 20-34 66-80 - — - - - — — — 0-5
cement
CEM lIVC 519 81-95 - — — - - - - - 05
CEMIV Pozzolanic CEM IVIA 65-89 - < 11-35 = - — — 0-5
cement® CEM IViB 4564 - < 36-55 = - - - 0-5
CEMV Composite CEMVIA 4064 | 1830 - < 18-30 > - - - - 05
cement® CEMVIB 20-38 | 3149 - < 349 > - - - - 05
8 The values in the table refer to the sum of the main and minor additional constituents.
b The proportion of silica fume is limited to 10 %.
¢ In Portland-composite cements CEM I1I/A-M and CEM IVB-M, in pozzolanic cements CEM I'V/A and CEM IV/B and in composite cements CEM V/A and CEM
WIB the main constituents other than clinker shall be declared by designation of the cement (for examples, see Clause 8).

2.2.1 Fly Ash (FA)

Fly ash is produced in furnaces of coal burning power plants. Fly ashes are very fine
predominantly spherical glassy particles collected in the dust collection systems from

the exhaust gases of fossil fuel powder [3].

Specifically, in the power plants, coal is first pulverized in grinding mills before
being fed into the burning zone of the boiler. In this zone the coal combusts

producing heat with temperatures reaching approximately 1500°C.



At this temperature the noncombustible inorganic minerals (such as quartz, calcite,
clay minerals) melt in the furnace and fuse together as molten droplets. These
particles are carried from the combustion chamber of a furnace by exhaust gase. The
droplets cool to form spherical glassy particles which is called fly ash then the fly ash
Is collected from the exhaust gases by mechanical and electrostatic precipitators [4].

Schematic layout of process can be seen at Figure 2.

Steam output
to turbines:
both high- and
low-pressure
steam

Coal from blending plant

Fly ash
Furnace

S, S
To storage silos
or conditioners

Coal pulverisers Furnace Electrostatic Exhaust stack
bottom precipitators
ash

Figure 2 Process of Fly Ash Production [4]

As noted earlier, fly ash is part of coal ash, and is obtained during the combustion of
coal in electrical power plants. Depending on the source and properties of the coal
being burned, the components of fly ash vary considerably, but all fly ash includes

substantial amounts of silicon dioxide (SiO2) and calcium oxide or lime (CaO) [7].

The classification of fly ashes according to their chemical composition are
determined following the ASTM C 618 in USA and EN 197-1 in Europe.



Two classes of fly ash are defined by ASTM C 618: Class F fly and Class C fly
ashes. The main difference between these classes is the amount of calcium, silica,
alumina, and iron content in the ash [8]. Table 2 shows the chemical composition of
fly ash classes. On the other hand, EN 197-1 defines fly ashes into two groups;
namely, siliceous and calcareous fly ashes, depending upon the required fly ash

content [6].

Table 2 Typical Chemical Composition of Fly Ash [8]

Percent of Composition

Typical

Chemical Typical Typical Portland

Composition Class C Class F Cement
CaO 24 9 64
SiO; 40 55 23
Al,O3 17 26 4
Fe,O3 5 7 2
MgO 5 2 2
SO3 3 1 2

In addition, color is one of the important physical properties of fly ash in terms of
estimating the lime content qualitatively. It is suggested that lighter color indicate the

presence of high calcium oxide and darker colors suggest high organic content [9].
2.2.1.1 Class F Fly Ash
Class F fly ash is normally produced from burning anthracite or bituminous coal.

Class F fly ashes meet the chemical requirement Equation 2.1. This type has low-

calcium (< 10 % CaO ). This class of fly ash has pozzolanic properties [8, 10].



SiO, + AlL,O3 + Fe,03>70 % (2.1)

2.2.1.2 Class C Fly Ash

Class C Fly ash is normally produced from lignite or sub-bituminous coal. This class
of fly ashes meet the chemical requirement Equation 2.2. Class C fly ashes contain
lime contents higher than 10% (> 10 % CaO). Moreover, this type of fly ash, in
addition to having pozzolanic properties, also has some cementitious properties [8,
10].

SiO, + AlL,O3 + Fe,03 > 50 % (2. 2)

2.2.1.3 Fly Ash Chemistry

Chemical constituents of fly ash are generally reletad on the chemical composition of
the coal. However, fly ash that are produced from the same source and which have
very similar chemical composition, can have significantly different ash mineralogies
depending on the coal combustion technology used. When the maximum temperature
of the combustion process is approximately 1200° C and the cooling time is short, the
ash produced is mostly glassy phase material. Where boiler design or operation
allows a more gradual cooling of the ash particles, crystalline phase calcium

compounds are formed [11].

The factors that influence the mineralogy of a fly ash are [12]:

» Chemical composition of the coal.

» Coal combustion process including coal pulvarization, combustion, flue gas

clean up, and fly ash collection operations.

» Additives used, including oil additives for flame stabilization and corrosion

control additives.

10



2.2.1.4 Effects of FA on Concrete Properties

As mentioned early fly ash is a pozzolanic material with a finely amorphous siliceous
or siliceous and aluminous material with varying amounts of calcium. The material
reacts with the calcium hydroxide released by the hydration of portland cement to

produce various calcium-silicate hydrates (C-S-H) and calcium-aluminate hydrates.

2.2.1.4.1 Workability and Water Demand

The term workability refers to the ease with which fresh concrete can be mixed,
placed, molded, consolidated and finished. A well-proportioned fly ash concrete
mixture improves workability when compared with a portland cement concrete of the
same slump [13], which means fly ash concrete flows and consolidates better than a

conventional portland cement concrete when vibrated.

The use of fly ash with a high fineness and low carbon content reduces the water
demand of concrete, thus the use of fly ash permit the concrete to be produced at
lower water content when compared to a portland cement concrete of the same
workability as depicted in Figures 3. Despite the fact that the same amount of water
reduction varies generally with the nature of the fly ash and other parameters of the
mixture. It is stated by Thomas (2013) that each 10% of fly ash approximately allow

a water reduction of at least 3% [14].

11
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Figure 3 Effect of fly ash fineness on water demand for equal slump [15]

The use of fly ash also improves the cohesiveness and reduces segregation of

concrete.

2.2.1.4.2 Strength

A concrete is proportioned to achieve a certain minimum strength at a specified age
(typically 28 days). For fly ash blended cements, this can be achieved by selecting
the suitable water/cementitious materials ratio. As a matter of course water-to-
cementitious materials ratio needed vary depending on the level of fly ash
replacement. If the specified strength is required at 28 days or earlier this will usually
require lower values of w/cm when using higher levels of fly ash. A lower w/cm can
be achieved by a combination of reducing the water content by either taking
advantage of the lower demand in the presence of fly ash or by using a water-

reducing admixture or both and increasing the total cementitious content of the mix.

12



Figure 4 states the effect of fly ash replacement for the same water-to-cementitious
(w/cm) and strength development of concrete. As the level of replacement increases
the early-age strength decreases. However, as seen in Figure 4 long-term strength
development is improved when fly ash is used. The age at which strength parity with
the control (portland cement) concrete is achieved is greater at higher levels of fly
ash. The ultimate strength achieved by the concrete increases with increasing fly ash
content, at least with replacement levels up to 50%. Generally, the differences in the
early-age strength of portland cement and fly ash concrete are less for fly ash with

higher levels of calcium, but this is not always the case [16].

Moist-cured concretes at equal W/CM

/’—

Increasing levels
of fly ash

Compressive strength ——

] T L] ] L] 1 L

Age ——p

Figure 4 Effect of Fly Ash on Compressive Strength Development [16]
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CHAPTER 3

EXPERIMENTAL STUDY

3.1 General

In the preparation of the blended cements, portland cement clinker, fly ash and
gypsum are used. Then portland cement clinker was replaced with fly ash at 20 %, 35
%, 55 % replacement levels, namely describing CEM Il and CEM IV in EN 197. The
blended cements used were prepared by TCMA-R&D laboratory and in order to
perform the compressive strength test of fly ash-cements the Construction Materials
Laboratory of Turkish Standard Institute (TSE) was chosen. Then, compressive
strength of mortars for each fly ash-cement types were obtained by the constant
water/cementitious by mass (EN 196-1), constant flow (ASTM) and constant

water/cementitious by volume methods.
3.2 Materials

The clinker that used in this study is obtained from Oyak Bolu Cement Plant. Fly ash
was taken from Seyitomer power plant. In this research fly ash and clinker were
separately ground. The chemical composition of the materials which were used in
this study is presented in Table 3. The fineness of the ingredients which are clinker,
gypsum and mineral additives (FA) were selected as 3500 + 200 cm?/g, 4000 + 200
cm?/g and 3850 + 200 cm?/g respectively. Ingredients which were used in mixture
were stated in Table 4. Amount of gypsum was selected as 4 % for 20 % and 35 %
fly ash cements and 3 % for 55 % fly ash cements. The blended cements used in
study were labeled as FA 20, FA 35, FA 55 according to additive amounts.

15



All of the cements and CEN Standard Sand conforming TS EN 196-1 were obtained
by TCMA-R&D laboratory.

Table 3 Chemical Composition of the Materials

Chemical
Composition | Fly Ash | Clinker | Gypsum
(%) (FA) ©) G)
SiO, 54.30 20.43 2.26
Al,O3 16.80 5.73 0.08
Fe 03 10.50 3.25 0.28
CaOo 7.70 65.50 32.16
MgO 4.50 2.67 0.68
SO3 1.20 0.42 42.68
Na,O 0.50 0.37 0.34
K,0 1.70 0.58 0.12
CI - 0.0098 -
Loss on Ignition 2.30 1.02 21.54

Table 4 Proportions of Ingredients

Label Mix Proportions, by mass
Clinker | Gypsum | Fly Ash
(©€) (G) (FA)
FA20 80 4 20
FA35 65 4 35
FA55 45 3 55
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Generally, the particles of fly ash are mostly glassy spherical solids, range in size
from 1 to 100 microns (0.1mm). The average size is about 20 microns, which is
similar to portland cement average particle size [17]. ]. When fly ash with spherical
shape is added into the concrete, the workability of the mix is improved during
pouring. This is due to the spherical shape of its particles. Fly ash in the mix allows
concrete to flow and pump better than 100% Portland cement concrete. Moreover,
the improved workability can be achieved with less water. The amount of water in
the mix is decreased in direct proportion to the amount of fly ash added to the mix

[18]. Figure 5 shows the surface morphology of typical fly ash particles.

Figure 5 Typical Class F fly ash sample as viewed via SEM at 2000x magnification
[19]

The particle morphology (shape) and the size distribution of fly ash are related on
coal origin, the state of combustion of the coal, pulverization conditions (temperature
and oxygen level), the uniformity of the combustion process and the type of powder

collection system [20].
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As can be seen from Figure 6 fly ash particles used in study are not spherical. Fly ash
with non-spherical particles dont have the same effect on the workability, they
increase water demand in mix because while fly ashes with spherical shape swarm
around individual sand grains, and act as “ball bearing” during the flow, non-
spherical particles have angular, rugged shapes thus resulting in an increase in water
demand [21].

PP
EHT=15 .88 kU

iepn  p—ro Photo No. =299

c) FA 55

Figure 6 SEM of Cements Used In Study at 1250 x Magnification
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3.3 Mixture Preparation of Mortars

For the experimental study 3 different blended cements were used and for each
blended cements different water/cementitious ratios were calculated and
consequently, different mortar mixtures were prepared. Table 5 presents the

ingredients used in mixture of the cement mortars.

Table 5 Ingredients Used In Mixture of the Cement Mortars

Amount of Each Ingredient (g)
Cement

Type Method Cement Water Sand wic
C-Mass 450 225 1350 0.50

C-Volume 450 248 1350
FA 20 095
C-Flow 450 300 1350 0.67
C-Mass 450 225 1350 0.50

C-Volume 450 265 1350
FA 35 059
C-Flow 450 350 1350 0.78
C-Mass 450 225 1350 0.50

C-Volume 450 289 1350
EA GBS 0.64
C-Flow 450 400 1350 0.89

As can be seen from Figure 7, for the same consistency the w/c ratio increases
linearly. This is attributed to the non-spherical surface morphology of the fly ash

used in this study.
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Figure 7 w/c Ratio for Fly Ash-Blended Cements

The water/cementitious ratios used in this study were selected as follows:

» Constant Water/cementitious by mass method: Mortars were prepared
according to the TS EN 196-1 standard, which suggests the use of 450 ¢

cement, 1350 g standard sand and 225 g water.

» Constant Flow value method: Mortars were prepared based on the ASTM
C109 standard. The amount of water needed was determined by the flow
method which is based on 25 drops in 15 seconds and flow value of the
mortar will be equal to 110%. Moreover, 450 g cement and 1350 g standard

sand were used to follow the TS EN 196-1 standard.

» Constant Water/Cementitious by Volume method: For this method, 450 g
cement and 1350 g standard sand were used to follow the TS EN 196-1
standard. Table 7 gives the amount of water needed for volume method. The

amount of water needed was calculated by the flowing formula:
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Volume Equivalence Formula

p
(pt+o)
1

Gp , 1
1+22 (1)

Fv =

w
w GC?

(c+p) ~Gc 1-Fv + Gp Fv

Where,

w: Water content (by mass)
c: Cement content (by mass)

p: Pozzolan content (by mass)

Gp: Specific gravity of pozzolan

G.: Specific gravity of cement

Fw: Pozzolan/total binder (by mass)

Fv: Pozzolan/total binder (by volume)

(3.1)

(3.1.1)

(3.1.2)

(3.1.3)

In the formula, specific gravity of pozzolan and cement was given in Table 6.

Table 6 Specific Gravity of Ingredients

Clinker + Gypsum

Fly ash

3.19

2.09
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Table 7 Water Content for C-VVolume Method

% of Ingredients
Cement Clinker +
Fly ash water
Type Gypsum Fw Fv | w/(c+p) ©
C 105.0 0.0 .
FA20 84.0 20.0 0.19 | 0.27 | 0.55 248
FA35 68.3 35.0 0.34 | 044 | 0.59 265
FA55 47.3 55.0 054 | 064 | 0.64 289

3.4 Compressive Strength Test Procedure

In order to obtain compressive strength test results from three different test method
three batches of cement mortar were used for each test method and for each batch
three prismatic specimens were prepared. Therefore, for each test method total of 9
specimens were used. The compressive strength results were determined from two
measurements for 1 specimen, consequently a total of 18 compressive strength

results were obtained for each test method.

In order to determine compressive strength test results prismatic specimens of
40x40x1600 mm were used. The calculation of compressive strength was achieved

by the flowing formula:

o= (3.2)

F
A

Where, G is the Compressive strength [N/mm?], F is the maximum force applied [N]

and A is the area [mm?] which is equal to 1600 mm? .
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3.5 Comparison of Test Methods

The determination of compressive strength is carried out according to the TS EN

196-1 which describes exactly the same procedure for all types of cement. Hence, In

order to fulfill the experiment, 40 x 40 x 160 mm prism that is described in TS EN

196-1 was used. However ASTM C109 proposes different specimen molds to

determine the compressive strength of concrete which is 50 mm cubic mold and

ASTM C 109 describes three different methods of specimen preparation for ordinary

portland cement, air-entrained portland cements, and blended cements.

The main differences between the two standard methods are the amount of water

used and the process of the fresh mortar preparation. Table 8 shows the differences
between TS EN 196-1 and ASTM C109.

Table 8 Comparison of ASTM C 109 and EN 196-1.

Standars EN 196-1 ASTM C 109

Cement Label All Cement Blended Cement Portland Cement

Cement 1 1 1

Sand 3 2.75 2.75

Water 0.5 flow 0.485

WI/C 0.5 flow 0.485

Mold 40x40x160mm 50 mm cube 50 mm cube
prism

Tamping 2 layers & tamping 2 layers & hand 2 layers & hand

Loading Rate

by device tamping

(2400 £200) N/s | (900-1800) N/s

tamping

(900-1800) N/s
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 General

In this study, three different types of blended cements namely, FA20, FA35, FA55
were used. For each type of cement, three different cement mortars were prepared
and for each type of mortar three molds were cast and compressive strength of these

mortars were tested at 7 and 28 days.

4.2 Compressive Strength Test Results

Three different Fly ash-blended cements labeled as FA20, FA35 and FA55 are

separately analyzed.

4.2.1 20 % Fly ash-Blended Cement (FA20)

The results of 7 and 28-day compressive strength test results of FA 20 mortar are

given in Table 9.

According to Table 9 the results of C-Mass mortar for 7 day compressive strength
vary in between 3.5 MPa and 6.3 MPa. The results for C-Volume 7 day compressive
strength vary in between 13.9 MPa and 18.5 MPa and the results of C-Flow mortar
for 7 day compressive strength vary in between 14.3 MPa and 17.6 MPa. Difference
between upper and lower compressive strength results of C-Mass method is 2.6 MPa,
C-Volume method is 4.6 MPa and C-Flow method is 3.3 MPa.
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According to Table 9 the results of C-Mass mortar for 28 day compressive strength
vary in between 6.8 MPa and 14.5 MPa. The results for C-Volume 28 day
compressive strength vary in between 18.6 MPa and 27.6 MPa and the results of C-
Flow mortar for 28 day compressive strength vary in between 21.7 MPa and 26.3
Mpa. Difference between upper and lower compressive strength results of C-Mass
method is 7.7 MPa, C-Volume method is 9.0 MPa and C-Flow method is 4.6 MPa.

Even though the difference between maximum and minimum values are higher for
C-Mass test method, strength obtained for this method is also low. Therefore, a better
way of intergreting the data is to obtain a dimensional parameter by dividing the

variation to the mean value as presented in Figure 8.
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Figure 8 Max-Min Compressive Strength Test Results of FA 20

As seen from Figure 8 highest variation in the compressive strength test results are
obtained for C-Mass method. On the other hand, lowest variation in the compressive
strength test results are obtained for C-Flow method.
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Another way to look at these variabilities is to statistically analyze the data coming
from the experimental study. For this purpose, the compressive strength test results
are assumed to be normally distributed. Then, Probability distribution function(pdf)
of the data were obtained and the variation in the results are visually plotted. This is
plotted in Figure 9.

In Figure 9 where, Xi is Individual compressive strength test results (MPa) and

Xmean is average compressive strength test result for each method (MPa).

Figure 9 (a) shows the probability distribution of 7-day compressive strength results.
As observed from Figure 9 (a) the least deviation in the compressive strength results
were observed for speciments prepared by C-Flow method. Then C-Volume method
has less deviation. However, for the C-Mass method which is prepared by constant
water/cementitious, it was observed the highest deviation in the compressive strength

results.

Similar observations were determined for the 28-day compressive strength results, as

seen from Figure 9 (b).
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Figure 9 Probability Distribution Function (pdf) of FA 20-Blended Cements
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As shown in Figure 10, it is generally accepted that for a concrete mix when
water/cement ratio decreases, the strength of concrete increases. However, when
water/cement ratio decreases from a specific value, concrete cannot be fully
compacted because of dry consistency of concrete. Thus at very low water/cement

ratios, concrete strength may decrease as shown in Figure 10 [5].

Hand compaction

Fully compacted
concrete

Compressive strength ——s
— —

/
{
| Insufficiently
! i compacted concrete

Water/cement ratio —»

Figure 10 Relation Between Strength and Water/Cement Ratio [5].

In this study as can be seen in Figure 11 as the w/c ratio increase compressive
strength, contrary to classic wi/c theory, increases. Since fly ashes used in study are
not spherical particle they need more water to have a good consistency for full
compaction. In C-Mass method mortars were prepared by constant wi/c ratio, which
is 0.5 and the C-mass method has the lowest compressive strength value, on the other
hand in C-flow method mortars were prepared according to constant flow, in spite of
an increase in the water content compressive strength increases because of having

good workability.
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Figure 11 Compressive Strength Test Results of FA 20-Blended Cement

Figure 12 shows the three different pictures of FA 20 mortars. As seen from those

figures, the mortar prepared by C-Flow method has a higher consistency than the

other two.

31




F20-28-Y2-K3

a) C-Mass Mortar b) C-Volume Mortar

c¢) C-Flow Mortar

Figure 12 Consistency of FA 20 Blended Cement Mortars

In probability theory and statistics, the coefficient of variation (CoV) is a normalized

measure of dispersion of a probability distribution or frequency distribution.

As seen in Figure 13, C-Flow method has the lowest coefficient of variation (CoV),
C-Volume method has smaller CoV value than C-Mass method. Finally C-Mass
method has the highest CoV.
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Figure 13 Coefficient of Variation (CoV) of Compressive Strength Test Results for
FA 20-Blended Cement

4.2.2 35 % Fly ash-Blended Cement (FA35)

The results of 7 and 28 day compressive strength test results of FA 35 mortars were

given in Table 10

According to Table 10 the results of C-Mass mortar for 7 day compressive strength
vary in between 1.5 MPa and 2.9 MPa. The results for C-Volume 7 day compressive
strength vary in between 3.9 MPa and 6.4 MPa and the results of C-Flow mortar for
7 day compressive strength vary in between 7.3 MPa and 9.1 MPa. Difference
between upper and lower compressive strength results of C-Mass method is 0.6 MPa,
C-Volume method is 2.5 MPa and C-Flow method is 1.8 MPa.
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According to Table 10 the results of C-Mass mortar for 28 day compressive strength
vary in between 2.4 MPa and 3.2 MPa. The results for C-Volume 28 day
compressive strength vary in between 7.1 MPa and 13.2 MPa and the results of C-
Flow mortar for 28 day compressive strength vary in between 12.6 MPa and 15.7
MPa. Difference between upper and lower compressive strength results of C-Mass
method is 0.8 MPa, C-Volume method is 6.1 MPa and C-Flow method is 3.1 MPa.

As seen in Figure 14, although compressive strength test results are below 3 Mpa for
C-Mass, C-Volume method has the highest variation test results according to 28-day
compressive strength test results in comparison with C-Mass method. However, for
7-day and compressive strength test results C-Mass method has the highest variation
in the compressive strength test results. C-Flow method has the lowest variation in

the compressive strength test results.
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Figure 14 Max-Min Compressive Strength Test Results of FA 35-Blended Cements
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Figure 15 (a) shows the probability distribution of 7-day compressive strength
results. As can be seen from Figure 15 (a) the least deviation in the compressive
strength results were observed for speciments prepared by C-Flow method. Then C-
Volume method has less deviation. C-Mass method has the highest deviation in the

compressive strength results.

Figure 15 (b) shows the probability distribution of 28-day compressive strength
results. Figure 15 (b) shows that C-Flow method has the least deviation in the
compressive strength results. On the other hand, C-Volume method has the highest

deviance in the compressive strength results.
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Figure 16 shows that; As w/c ratio the increase compressive strength increases. For
S35 cement C-Flow morters have the biggest compressive strength test results, then
C-Volume morters have higher compressive strength test results than C-Mass
method and C-mass method has the lowest compressive strength test results because
of does not supply enough water to have good workability. Figure 17 shows the three

different pictures of FA 35 mortars.
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Figure 16 Compressive Strength Test Results of FA 35-Blended Cement
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a) C-Mass Mortar b) C-Volume Mortar

c¢) C-Flow Mortar

Figure 17 The Consistency of FA 35 Blended Cement Mortars

According to the Figure 18, for 7-days compressive ctrength test results C-Flow
method has the lowest CoV, C-Volume method has smaller CoV value than C-Mass
method and C-Mass method has the biggest CoV. For 28-days compressive strength
test results, C-Flow method has the lowest CoV then C-Mass method has smaller
CoV value and C-Volume method has the biggest CoV.
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Figure 18 Coefficient of variation (CoV) of Compressive Strength Test Results for

FA 35-Blended Cement

4.2.3 55 % Fly ash-Blended Cement (FA55)

The results of 7 and 28 day compressive strength test results of FA 55 mortars were

given in Table 11.

According to Table 11 the results of C-Mass mortar for 7 day compressive strength
vary in between 0.4 MPa and 0.8 MPa. The results for C-Volume 7 day compressive
strength vary in between 1.1 MPa and 2.4 MPa and the results of C-Flow mortar for
7 day compressive strength vary in between 2.8 MPa and 3.9 MPa. Difference
between upper and lower compressive strength results of C-Mass method is 0.4 MPa,
C-Volume method is 1.5 MPa and C-Flow method is 1.1 MPa.
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According to Table 11 the results of C-Mass mortar for 28 day compressive strength
vary in between 0.4 MPa and 1.3 MPa. The results for C-Volume 28 day
compressive strength vary in between 2.1 MPa and 3.8 MPa and the results of C-
Flow mortar for 28 day compressive strength vary in between 4.7 MPa and 7.4 MPa.
Difference between upper and lower compressive strength results of C-Mass method
is 0.7 MPa, C-Volume method is 1.7 MPa and C-Flow method is 2.7 MPa.

As seen in Figure 19, C-Mass method has the highest variation in the 28-day
compressive strength test results. On the other hand, C-Volume method has the
highest variation in the 7-day compressive strength test results, though compressive
strength test results are below 1 Mpa for C-Mass method. As expected, C-Flow

method has the lowest variation in the compressive strength test results.
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Figure 19 Max-Min Compressive Strength Test Results of FA 55-Blended Cements
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Figure 20 (a) shows the probability distribution of 7-day compressive strength
results. As can be seen from Figure 20 (a) C-Flow method has the least deviation in
the compressive strength results. Then C-Mass method has less deviation. C-Volume

method has the highest deviation in the compressive strength results.

Figure 20 (b) shows the probability distribution of 28-day compressive strength
results. Figure 20 (b) shows that C-Flow method has the least deviation in the
compressive strength results. C-Mass method has the highest deviation in the

compressive strength results.

43



4 & C-Mass
= 35
£ A B C-Volume
2 3
=E A A C-Flow
2 25 A A
Z
T 2 A AS
=2
2 15
E
E 1
2
=
0.5
0 T T T T T T T 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Xi/Xmean
a) 7-day Compressive Strength
3.3 & C-Mass
3 B C-Volume
25 é .
E‘ AC-Flow

Probability distribution function

b) 28-day Compressive Strength

Figure 20 Probability Distribution Function (pdf) of FA 55-Blended Cements
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As given in Figure 21, Compressive Strength Test Results of C-Mass method are
below 1 MPa. As can be seen in Figure 22 C-Mass mortars are not normal mortars
they had severely compaction problem during experiment especially at 7-day test
results because of the constant w/c ratio. Though, in C-volume method it was
observed same problem 7-day test results generally, for all methods as the wi/c ratio
increase compressive strength increases. C-Flow mortars have the highest
compressive strength test results, then C-Volume morters have higher compressive
strength test results than C-Mass method and C-mass method has the lowest

compressive strength. Figure 22 shows the three different pictures of FA 55 mortars.
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Figure 21 Compressive Strength Test Results of FA 55-Blended Cement
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Figure 22 Consistency of FA 55 Blended Cement Mortars
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According to Figure 23, for 7-day compressive strength test results C-Flow method
has the lowest CoV, C-Mas method has smaller CoV value than C-Volume method
and. For 28-days compressive strength test results C-Flow method has the lowest
CoV, then C-Volume method has smaller CoV value and finally C-Mass method has
the biggest CoV.
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Figure 23 Coefficient of Variance (CoV) of Compressive Strength Test Results for

FA 55-Blended Cement

4.3 Comparison of the Compressive Strength Test Results for FA20, FA35 and
FA 55 Blended-Cements

As can be seen from Figure 24, for 7-day and 28-day compressive strength test
results, generally as the fly ash content increases compressive strength decreases and
as the w/c ratio increases compressive strength increases. Mortars need more water to
have a good workability, since particle shape of fly ashes used in study are angular,

rugged shapes which was shown in Figure 6.
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Figure 24 Compressive Strength Test Results of Fly Ash-Blended Cements

These type of fly ash particles increase the demand of water of mixture. Specifically,
within same cement type the smallest compressive strength value was observed for
C-Mass method prepared by constant w/c ratio because of not having a good
consistency. And as expected, the highest compressive strength value was observed
for C-Flow method prepared by constant flow, because of having good workability

despite of increase in the water content.

4.4 Comparison of Coefficient of Variance for Different Test Methods

According to Figure 25, for FA20 C-Flow method has the lowest variability, C-Mass
method has the biggest variability. Then for FA35 C-Flow method has the lowest
variability, C-Mass method has the biggest variability. Finally for FA55 C-Flow
method has the lowest variability and as expected, C-Mass method has the biggest

variability
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Figure 25 Coefficient of variance (CoV) of Compressive Strength Test Results for
Fly ash-Blended Cements
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 General

For the determination of compressive strength of blended cements, three different
methods which are acquired by the constant water/cementitious by mass (EN 196-1),
constant flow (ASTM) and constant water/cementitious by volume methods were
used. For this purpose, fly ash (FA) blended cements were chosen. Then, fly ash-
blended cements were tested at TSE Construction Materials Laboratory and 7-day
and 28-day compressive strength of mortars was obtained. The results obtained from

mortar tests were examined. The outcomes of the analyses are as follows:

1) According to the experimental test results the fly ash used in this study
increased the water demand of the blended cements to bring the mortars to

the same consistency which is needed.

2) For all cement types highest variability was observed for C-Mass method.

This was attributed to the surface morphology of the fly ash.

3) According to results of compressive strength, as the w/c ratio increases
compressive strength increases. This was attributed to the fact that cement
mortars were not fully consolidated. Since fly ashes used in this study are not
spherical particle which have angular, rugged shapes, they need more water

to have a good workability.
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4) According to results of three different methods, the constant
water/cementitious by mass (TS EN 196-1) method is not an appropriate test
method for fly ash blended cements based on the higher variabilities
encountered in the tests, since constant water to cement ratio is not

appropriate to have a homogenous mix.

5.2 Recommendations for Further Studies

Considering the results obtained from this study, the following recommendations
could be made for researchers for future studies.

1) The fly ash used in this study has a narrow range in the blended cements. As
a result of this study, the studies should be continued with using different

blended cement types.

2) In this study, only a limited number of specimens were tested. Therefore, it is

suggested to increase the number of specimens.

3) Better characterization of the fly ash alone would have been helpful for this
kind of experimental study.
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