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ABSTRACT
The construction of different infrastructures like buildings, bridges, roadways, and

railways is increasing from time to time in the construction industry. To fulfill this
construction demand, a large amount of concrete is required. Concrete is a mixture of
cement, sand, coarse aggregate, water, and different additives. In this study, the
capability of Metakaolin as a partial substitute for cement in C-25 concrete production
with 0%, 10%, 20%, and 30% replacement of Ordinary Portland Cement (OPC) by
Metakaolin (MK) with 0.49 percent water to cement ratio is investigated. The study
examines; the chemical properties of MK, Physical properties of cement paste,
workability, compressive strength, water absorption, density, sulfate attack, and
microstructure by Fourier transformed infrared spectroscopy (FTIR) and
Thermogravimetric analysis (TGA) of concrete. The chemical composition of
Metakaolin was examined and the summation of SiO2, AlO3, and FeO3 is 93.9% and
the ash was classified as class N Pozzolan. The normal consistency percent of water
increased from 27% to 35 as the Metakaolin replacement amount increased from
MKO0% to MK30% and both initial and final setting time rang increased as the MK
replacement amount increased. the workability of Metakaolin concrete become
decreases by 30mm-20mm with Metakaolin content increase from MKQ0% to MK30%,
Concrete containing 10% of MK replacement shows better compressive strength it
increases by 0.43%, 1.27%, 3.14%, and 4.24% at 3%, 7",28" and 56" day respectively,
with the conventional concrete but the density, sulfate attack decrease with an increase

of the Metakaolin content.

Kay Words: -Physical Properties, Compressive Strength, Metakaolin, FTIR, TGA,
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CHAPTER ONE

1. INTRODUCTION

1.1. Background
The construction of different infrastructures like buildings, bridges, roadways, and

railways is increasing from time to time in the construction sector. To fulfill this
construction demand, a large amount of concrete is required. Because it is a basic
material for construction whose demand increases globally and due to expected growth
in population each year, the concrete industry produces approximately 12 billion tons
of concrete and uses about 1.6 billion tons of Portland cement (PC) worldwide (Rashad,
2013). Zeb et.al (2019) studded that cement production will be enhanced annually by
0.8-1.2 percent, reaching to 3.7—4.4bn tons in 2050 (Zeb et al., 2019)

The cement industry plays a major role in improving living standards all over the world
by creating direct employment and providing multiple cascading economic benefits to
associated industries. Despite its popularity and profitability, the cement industry faces
many challenges due to environmental concerns and sustainability issues (Mishra &
Siddiqui, 2014). Now a day’s cement factory became the main issue for the whole world
due to environmental sequences; it is an energy-intensive and a significant contributor
to climate change. The cement industry accounts for 5-8% of worldwide CO2
emissions. Not only CO2 is released from cement manufacture but also SO3 and NOx
which can cause the greenhouse effect and acid rain (Rashad, 2013). Indeed the cement
subsector consumes approximately 12-15% of the total industrial energy (Shen et al.,
2017)

Several types of research have been undertaken to replace cement by adding new
materials. These materials are mainly pozzolanic (Fly ash, Rice husk ash,) and a wide
range of natural pozzolanas, such as volcanic ash, calcined clay or shale, calcined
kaolinite (MK), and diatomaceous earth. The addition of these additive materials in
concrete provides alternative ways to replace cement with low-cost locally available
materials. Supplementary cementitious materials (SCMs) currently serve as one of the
primary tools for reducing carbon dioxide emissions associated with concrete

production.



MK (Al203:2Si02) is a natural pozzolan produced by heating/calcining of kaolin-
containing clays over a temperature range of about 6000—-9000 C. The calcination of
kaolinite clay to make a Metakaolin SCM, has a thermal energy input of 0.35 GJ/t clay,
only 10% of that of Portland cement clinker.

This kaolinite clay is available in the various local areas of the Amhara region specially
Debre Tabor and Addis Zemen sites in huge quantity but the exact coverage area is not
known. Until now these materials are only used for the traditional house utilities like a
kettle, small house furnace for cooking purposes and coffee ceremony (jebena,
fermello, machesha), etc. in local name and as house painting purposes in rural people

of the local area but the material has a good pozzolanic property.

So, the main purpose of this study is to investigate the effect of using this material as a
cement replacement in concrete production and using it as cement to overcome the

above-mentioned problems.

1.2. Statement of the problem
The production of cement consumes a high amount of energy and materials. This

production process causes environmental degradation due to the consumption of a huge
amount of natural resources (raw materials) and hurts the environment through harmful
gases released into the air. For every one ton of cement produced, one ton of carbon
dioxide is emitted into the atmosphere which causes depletion of the ozone layer
F.N.Okoye and O.1 Odumodu (2016).

Sustainable development of construction materials involves recycling waste materials
to compensate for the future scarcity of natural materials and to conserve of
environment. Since the current construction industry needs to look for alternative low-
cost materials, the reuse of waste materials is an important option to provide cheap

materials. These enforce us to find alternative cementitious materials.

In Ethiopia there are different types of soil from those soil types kaolinite clay is one of
the abundantly occurring in Amhara Region. Though the application of kaolin in the
form of Metakaolin after calcination in our county is limited to traditional house
utilities. But there is a lack of information on the utilization of concrete-making material
as cement replacement at a different level of replacement. The concept of the use of

kaolinite in the form of Metakaolin as a cement replacement in developed countries is



widely understood but, in our country, at the time of collection of data for this study,
no research worked on this idea and there are no any studies on the importance of
Metakaolin in construction purpose. The chemical analysis result obtained from the
Ethiopian geological survey laboratory in Addis Ababa gives the percentage of oxide
content that is different from the result of other researchers’ investigations in the same
field of study. This expected that the difference in oxide content affects the mechanical

and microstructural properties of concrete itself

1.3. Research Questions
a) What are the physical and mineralogical properties of Metakaolin (MK)?

b) What is the optimum percentage of replacement that gives optimum
Workability, setting time, and compressive strength of concrete?
c) What is the effect of MK on the Mechanical, Microstructural, and Durability

properties of concrete?

Generally, what is the effect of using Metakaolin as a partial replacement of cement in
concrete?

1.4. Objective
1.4.1. General Objective

This research aims to study the effect of partial replacement of cement with Metakaolin

(MK) on fresh, Mechanical, and Microstructural properties of concrete.

1.4.2. Specific Objectives
The specific objectives of this study are:

+ Study the physical and mineralogical properties of Metakaolin (MK)
+ Study the effect of MK on fresh and mechanical properties of concrete

+ Examine the effect of MK on microstructure and durability

1.5. Significance of the study
Metakaolin is widely available in Ethiopia and the Amhara region, especially in south

Gondar around the rural area of Debre-Tabor and Addis-Zemen city. Thus,
incorporating these materials in the cement replacement initiative will reduce cost,
release CO2, and intensive energy usage of concrete production. This study has vital
importance in providing low-cost and eco-friendly cement to the construction industry,
introducing new material to the scientific world, and providing information for

academicians and researchers for further study.



1.6. Scope and limitation of the study
The study is focused on the partial replacement of cement with locally available

Metakaolin from the Debre-Tabor local area. OPC 42.5N cement is used for all mixes.
Locally available sand crushed coarse aggregate and tap water is used for this study.
Kaolinite clay (Metakaolin) is crushed by using hand mill for size reduction to get
standard fineness, the furnace is used to burn/calcining the kaolinite change to
Metakaolin (MK). A durability test should be conducted to test the effect of Metakaolin
replacement on weathering and chemical effects in concrete, only water absorption, and
Sulphate attack tests are worked in this study, but there is no other Durability testing
device in Bahir Dar Institute of Technology material laboratory.

1.7. Organization of The Thesis
This thesis is arranged into five chapters. An introduction section is provided along with
the statement of the problem, the significance of the study, research objective, scope of
the research, and limitations in the very first chapter. Chapter two comprises a thorough
review of related topics from the scientific world. Chapter three entirely describes the
materials and methods used in the study. This chapter describes material properties,
mix proportions, method of mixing, casting up to curing, and, data analysis techniques.
Chapter four contains all the test results of each test. The last chapter, Chapter five
contains the conclusion and recommendation of the study. Finally, there is a list of

references followed by appendices showing the results of individual tests.



CHAPTER TWO

2. LITERATURE REVIEW

2.1. Introduction
Concrete is one of the supreme plentifully used construction materials on the earth and

contains cementitious materials, water, and coarse and fine aggregate. Both coarse and
fine aggregates occupy around 75% to 80% of concrete. Cement is a tremendously
essential construction material used for housing and infrastructure development and a
basic to economic growth it accounts for 11% of concrete volume and incorporates 45%
of the total concrete cost (Abrham H, Emer T, 2018). Cement demand is straight
associated with economic growth and many rising economies are motivating rapid
infrastructure development which emphasizes the remarkable growth in cement
production it is difficult to imagine a modern life without cement (Mishra & Siddiqui,
2014).

However, there are upsetting signs showing that the environment becomes in danger
due to cement manufacturing because it is a highly energy exhaustive process and
substantial provider to climate change, which involves exhaustive fuel consumption for
clinker making and resulting in emissions. Nearby Fuel consumption, the calcining
process is a main source of releases such as NO2, SO, CO», particulate matters (Mishra
& Siddiqui, 2014).

Consequently, the environmental traits of Portland cement are a growing apprehension,
as cement manufacturing is accountable for about 2.5% of total worldwide releases
from industrial sources (Glineyisi & Mermerdas, 2007). One of the effective ways to
reduce the environmental influence is to use natural pozzolans and/or supplementary
cementing materials, as a partial cement replacement. This strategy will have the
potential to reduce costs, conserve energy, and reduced waste volumes. Metakaolin
(MK) are widely used the cementing materials in concrete constituents. It is produced

by controlled thermal treatment of kaolin. (Glineyisi & Mermerdas, 2007).

According to K. Pandurangan and R. Arunpandian we can use Metakaolin (MK) as a
constituent of structural concrete up to 20% replacement of cement. This chapter is,
therefore, devoted to discussing cement, performance criteria of concrete, pozzolanas,

and MK. The overall summary of literature is discussed in the following subchapters



2.2. Materials for concrete production

2.2.1. Cement
Cement is a finely grounded powder, which is used as a binder in the production of
concrete. The two most commonly used cement types are Ordinary Portland Cement
(OPC) and Portland Pozzolana Cement (PPC). Portland cement is hydraulic cement
composed primarily of hydraulic calcium silicates. Hydraulic cement set and harden by
reacting chemically with the water and maintaining its stability underwater. Hydraulic
cement includes Portland cement and blended cement. Portland pozzolan cement is
manufactured by blending pozzolanic material with Portland cement. As we compare
it with that of ordinary Portland cement pozzolan Portland cement gains strength early
(Kosmatka, S, and Wilson, M, 2011).

The principal raw materials used in the manufacture of cement are: -

1. Argillaceous or silicates of alumina in the form of clays and shales.

2. Calcareous, or calcium carbonate, in the form of limestone, chalk and marl

which is a mixture of clay and calcium carbonate.

The basic ingredient of concrete is a closely controlled chemical combination of
calcium, silicon, aluminum, iron, and small amounts of other ingredients to which
gypsum is added in the final grinding process to regulate the setting time of the concrete.
Lime and silica make up about 85% of the mass. Common among the materials used in
its manufacture are limestone, shells, and chalk or marl combined with shale, clay, slate
or blast furnace slag, silica sand, and iron ore. Each step in the manufacturing of
Portland cement is checked by frequent chemical and physical tests in plant
laboratories. The finished product is also analyzed and tested to ensure that it complies
with all specifications.
During the burning operation in the manufacture of Portland cement clinker, calcium
combines with the other components of the raw mix to form four principal compounds
that make up 90% of cement by mass. Gypsum (4% to 6%), or other calcium sulfate

Sources.



Table 2. 1Portland cement chemical composition

Egl;tz:r:’(ijngzrrg/e:zmpounds in gefnrjr;:nate chemical Abbreviations
Tricalcium silicate 3Ca0eSiO, CsS

Dicalcium silicate 2Ca0-SiO2 C2S
Tricalcium aluminate 3Ca0-Al203 CsA

Tetra calcium alumino ferrite 4Ca0e+Al;03Fe203 C4AF

forms of calcium sulfate

Anhydrous calcium sulfate CaS0O4 = Ca0+S0O3 CS
Calcium sulfate, dehydrate (gypsum) |CaSQOs «2H,0 = _
CSH2
Ca0+S032H.0
Calcium sulfate hemi-hydrate CaS04 « 1/2 H,0 = CSH1/2

Ca0+S03°1/2 H20

Gypsum, calcium sulfate dehydrate, is the predominant source of sulfate used in
cement. C3S and C2S in clinker are also referred to as elite and elite, respectively. Elite
constitutes 50% to 70% of the clinker, whereas belite accounts for only 15% to 30%.
Aluminate compounds constitute about 5% to 10% of the clinker and ferrite compounds
5% to 15% (Taylor, 1997).

2.2.2. Metakaolin
Kaolinite is a naturally occurring clay mineral that provides the plasticity of the raw

material and changes during firing to produce a permanent material the main constituent
of kaolinite is a hydrous aluminum silicate of approximate composition
2H20AI,032Si02.The raw material input in the manufacture of Metakaolin (Al2Si>O7)
is kaolin clay. Kaolin is a fine, white, clay mineral that has been traditionally used in
the manufacture of porcelain. Kaolinite is the mineralogical term that is applicable to
kaolin clays. Kaolinite is defined as a common mineral, hydrated aluminum disilicate,

the most common constituent of kaolin (R.Siddique and M.l.Khan, 2011).

MK (Al>03:2Si0) is a natural Pozzolan produced by heating kaolin-containing clays
over a temperature range of about 600-9000C. MK can be used in mortar and concrete

to improve their properties. In addition, MK which consists of silica and alumina in the

7



active form reacts with calcium hydroxide (CH) at room temperature. Metakaolin reacts
with Ca(OH)2 and produces calcium silicate hydrate (CSH) gel at ambient temperature.
Metakaolin also contains alumina that reacts with CH to produce additional alumina-
containing phases, including C4AH13, C2ASHs, and C3AHe (R.Siddique and M.1.Khan,

2011) and Also MK can be used as a source of cementing materials in alkali activation

or geopolymer (Rashad, 2013).

A. Natural Kaolin Clay B. Kaolin Clay after Hand Mill
Figure 2. 1 Natural Kaolin Clay

A. Production of Metakaolin
Metakaolin is produced by heat-treating of kaolinite natural clay mineral, with a

temperature between 650°C and 800°C Pillay et al., (2020). Moghaddam et al., 2015
studied the production of Metakaolin which thermal treatment of kaolin at 700 to 800°C
by dihydroxylation causes partial and complete cessation of mineral matrix
arrangement making alteration phase shapeless structure with high pozzolanic

reactivity.

B. Physical Properties

Metakaolin units are tremendously small with an average particle size of 3um. Its color
is off-white. Some physical properties of Metakaolin are given in Table 2. According
to A. Rashad (2013) and R. Siddique and M.I. Khan, (2011) studied the high-purity
whitish powder of MK produced has the following (typical) physical properties.



Table 2. 2 physical properties of Metakaolin (MK) (sourced from Rashad, (2013) and
(R.Siddigue and M.l.Khan, 2011)

A.Rashad | Poon, etal. | Al-Akhras ,et | Tafraoui ,et
Property (2013) 2001 al.(2006) al, (2009)
(2001)

Specific Gravity 2.6 2.62 2.5 2.5

Bulk Density (g/cm?®) 0.3-0.4

Fineness (m?/g) _ 12,680 12,000 15,000-
30,000

Physical Form powder _ _ _

Color Off-white | _ White _

Average particle _ _ 1.0 12

size (um)

GE Brightness 79-82 _ _ _

Dinakar, et.al. (2013) establish that Metakaolin (MK) another type of Pozzolan, formed
by calcination has the ability to replace silica fume as a substitute material, which means
concrete mixture incorporating high-reactivity MK contributed equivalent performance
to silica fume mixtures in terms of strength, permeability, and chemical resistance. Due
to its high pozzolanic activity, the inclusion of MK greatly improves the mechanical
and durability properties of concrete. Unlike industrial by-products such as fly ash,
silica fume, and blast-furnace slag, MK is refined carefully to lighten its color, remove
inert impurity, and control particle size. The early (1-7 days) and long (up to 120 days)
term compressive strength of the concrete incorporated with Metakaolin was about 5—
23% and 10-30% greater than that of the conventional concrete respectively

(Pandurangan & Arunpandian, 2017).

C. Chemical Composition

The main elements of Metakaolin are silica oxide (SiO2) and alumina oxide (Al203).
Other components contain ferric oxide, calcium oxide, magnesium oxide, potassium

oxide, etc. The typical chemical composition of Metakaolin is given in Table 2.3



Table 2.3 Chemical properties of Metakaolin (MK) (sourced from (Ambroise et al.,
1994)&(R.Siddique and M.l.Khan, 2011)

c(?mpounds Ambroise, et al. | Wild and Khatib Tafraoui ,etal. | Thomas
(SI/OC))z 51.52 52.1 58.1 52
Al2O3 40.18 41.0 35.14 45
Fe203 1.23 4.32 1.21 0.6
Cao 2.00 0.07 1.15 0.05
MgO 0.12 0.19 0.20 _
K20 0.53 0.63 1.05 0.16
SO3 - - 0.03 _
TiO> 2.27 0.18 _
Na20 0.08 0.26 0.07 0.21
L.O.l 2.01 0.60 1.85 0.51
Sum of 92.3 97.42 94.45 97.6
(Si-Al-Fe)

D. Mineralogical Composition

Metakaolin should meet the requirements of ASTM C618, Standard Specification for

Coal Fly Ash and Raw or Calcined Natural Pozzolan for use as a mineral admixture in

Concrete, Class N, with the following modifications as given in Table 2.4

Table 2.4 Mineralogical Composition of Metakaolin (sourced from Siddique, 2008)

Modified specification requirements

ltem Limit
Silicon dioxide (SiO2) plus aluminum oxide (Al203) plus iron oxide (Fe203) | Min 85%
Available alkalis Max 1.0%
Loss on Ignition Max 3.0%
Fineness: amount retained when wet-sieved on 45um sieve Max 1.0%
Strength activity index at 7 days (% of control) 85
Increase of drying shrinkage of mortar bars at 28 days Max 0.03%
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The pozzolanic nature of Metakaolin, when used with cement as a partial replacement,
means it is bright to react with portlandite which is formed by the cement hydration to
shape supplementary calcium-silicate-hydrate gel as highlighted by Fayadh et al.,
(2020). Metakaolinite is considered good natural pozzolanas as it reacts with lime and
produces hydrate components of Ca and Al silicates in the presence of water. The
quality and abundance of clay minerals in the raw material, the calcination status, and
the final product fineness affect the development of pozzolanic properties as indicated
in a different study by Kakali et al. (2001). The main chemical reaction product of the
activation of Metakaolin with highly alkaline solutions in the presence of calcium
hydroxide is a sodium alumino-silicate, the same as that produced when Metakaolin is
activated without calcium hydroxide. In addition, the formation of CSH gel as a by-
product is also observed (Alonso & Palomo, 2001).

E. Metakaolin as Supplementary Cementitious Material

Today ecological and environmentally friendly construction materials play a vital role
in every aspect of human activities. Sustainability is the main worldwide concern for
future generations. Khatib et al., 2018 study that Cement is the costliest and most energy
exhaustive ingredient of concrete that 0.5 to 1 ton of carbon dioxide had emitted into

the atmosphere in each and every ton of cement.

Universally, per year over 10 billion m3 of concrete square quantity is used. Such
volumes need huge amounts of cement production. it's anticipated that one ton of
cement production releases much amount of carbon dioxide. Hence, 7% of it is
generated from the cement trade alone. Traditionally cement production is terribly
energy difficult. this demand of about 4 (four) GJ per ton. Finally, worldwide used over
1 trillion gallons of water in the concrete industry each year, and this does not even

include wash water and curing water (Meyer, 2014).
F. Fresh Properties of Concrete Containing Metakaolin

Moghaddam et al., 2015 Explained that within the given water content slump of
Metakaolin concrete was greatly reduced. Wild et al. (1996) studied the workability of
Metakaolin concretes. Ordinary Portland cement (OPC) Replaced with 0, 5, 10, 15, 20,
25, and 30% Metakaolin (MK) at 0.45 water-binder ratio (w/b). OPC concrete mixture
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proportion was 1:2.3:3.4. Workability results (slump, compacting factor and Vibe time)
are given in Table 2.5
Table 2.5 Workability of Metakaolin concretes (sourced from Wild et al., 1996)

Metakaolin Super Slump Compacting Vebe time
(MK) (%) plasticizer (mm) factor (Sec)
(%).
0 0 5 0.81 26
5 0.6 10 0.84 15
10 1.2 15 0.88 10
15 1.8 25 0.89 9
20 2.4 75 0.89 7
25 3.0 75 0.89 4
30 3.6 90 0.90 5

Brooks and Johari (2001) reported that concrete containing 0, 5, 10, and 15%
Metakaolin (MK) slump and setting times. Control concrete 1:1.5:2.5 mixture
proportion with water-binder ratio of 0.28.the results are given in Table 2.6. It can be
seen that with the increase in MK content, slump decreased and setting times increased.

Table 2.6 Workability, setting times of MK concretes (sourced from (Brooks & Megat
Johari, 2001).

Concrete mixes Slump Initial setting Final setting time
(mm) time (hours) (hours)

OPC 100 5 7.7

MK5 30 6.42 8.82

MK10 20 6.98 9.42

MK15 5 6.45 9.31

G. Properties of Hardened Mortar/Concrete Containing Metakaolin

In an investigation by Khatib et al. (1996), pore size distribution and porosity of
modified concrete were observed with partial replacement of ordinary Portland cement
by Metakaolin at 0, 5, 10, and 15% and a w/c ratio of 0.55. The samples were under
moist curing for a period of up to 12 months. It was found that the rate of large pores

in the concrete paste reduces with an increase in Metakaolin percentage and curing
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time. Partial replacement of cement by Metakaolin up to 20% reduces the water

absorption by capillary effect due to the filler effect of fine Metakaolin particles.

Previous studies, as reported by Bredy et al. (1988), showed that when the partial
replacement with Metakaolin was below 20%, the total porosity of the concrete
decreased. Beyond 30%, the porosity of the modified concrete increased, which could
be due to the use of Metakaolin, which required more water/cement ratios due to the
high reactivity of the pozzolanic components in Metakaolin. The development of the
strength quality of the hardened concrete made by partial replacement of cement by
Metakaolin is influenced by three elementary effects.

Table 2.7 28"-day compressive strength of MK concretes (sourced from Wild et
al.1996)

Concrete mixes 28-day compressive strength (MPa)
OPC 87

MK5 91.5

MK10 104.0

MK15 103.5

The inclusion of MK has been reported to refine the pore structure of the cement paste
matrix of concrete (Wild et al., 1996). In addition, the incorporation of MK can increase
resistance to acids and sulfates, reduce porosity, reduce oxygen permeability, reduce
chloride ion diffusivity, prevent or minimize the risk of alkali-silica reaction and reduce

the unsightly effect of efflorescence (Brooks & Megat Johari, 2001).

Guneyisi et.al, (2007) improved the bond between the cement paste and the aggregate
particles and also the density of the cement paste, which in turn significantly improves
the compressive strength of the concretes and the degree of strength enhancement due
to MK in direct relation to the parameters of age, curing condition, and the amount of
MK present. The increase in compressive strength with increasing age was observed to
increase up to approximately 11% and 20% for the plain and MK-modified concretes,

respectively
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In general MK concrete performed better than the control concrete and marked
improvements in terms of the concrete properties like (strength, sorptivity coefficient,

depth of chloride penetration at 28 & 90 days, and chloride penetration coefficient)

According to Wild, et.al, (1996) finding, the main factors that affect the contribution of
MK in strength are

a) the filling effect,

b) the dilution effect, and

c) the pozzolanic reaction of MK with CH
Poon, et.al, (2006) proved that the enhancement of mechanical and durability properties
of concrete incorporating MK also depends on the w/b ratio, the Metakaolin
replacement resulted in a higher strength increase for concretes with a higher w/b ratio
than with a lower w/b ratio. It was observed that the strength of concretes incorporated
with Metakaolin was up to 30%greater than that of the plain concretes, depending
mainly on the replacement level of Metakaolin, w/cm ratio, and testing age
(Rashiddadash et al., 2014).

2.2.3. Fine Aggregate
Fine aggregate is the type of aggregate that is used as a concrete ingredient and passes

a 4.75 mm sieve. Requirements of ASTM C 33 permit a relatively wide range in fine
aggregate gradation. The most desirable fine aggregate grading depends on the type of
work, the richness of the mixture, and the maximum size of coarse aggregate. As
(Kosmatka, Steven H.; Wilson, 2011)Fine-aggregate grading within the limits of
ASTM C33 is generally satisfactory for most concretes. There are also other
requirements of ASTM C 33.

a) The fine aggregate must not have more than 45% retained between any two-
consecutive standard sieves.

b) The fineness modulus (FM) must be not less than2.3 or more than 3.1, and not vary
more than0.2from the average value of the aggregate source being tested. If this
value is outside the required 2.3 to 3.1range, the fine aggregate should be rejected
unless suitable adjustments are made in proportions of fine and coarse aggregate. If
the FM varies by more than0.2 adjustments may need to be made about coarse and
fine aggregate proportions as well as the water requirements for the concrete

mixture.
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c) The amounts of fine aggregate passing the 300 um (No. 50) and 150 pm (No. 100)
sieves affect workability, surface texture, air content, and bleeding of concrete.
Most specifications allow 5% to 30% to pass the 300 um (No. 50) sieve. The lower
limit may be sufficient for easy placing conditions or where concrete is
mechanically finished, such as in pavements. However, for hand-finished concrete
floors, or where smooth surface texture is desired, fine aggregate with at least 15%
passing the 300 pum (No. 50) sieve and 3% or more passing the 150 um (No. 100)
sieve should be used.

2.2.4. Coarse aggregate
Aggregates constitute a skeleton of concrete. Approximately three-quarters of the

volume of conventional concrete is occupied by aggregate. A constituent occupying
such a large percentage of the mass should inevitably contribute important properties
to both the fresh and hardened product. Aggregate is usually viewed as an inert
dispersion in the cement paste. However, strictly speaking, aggregate is not truly inert
because physical, thermal, and, sometimes, chemical properties can influence the
performance of concrete (Zongjin Li, 2011).

Coarse aggregate is one of the main concrete ingredients and aggregates having a size
of 4.75 mm and above can be considered as coarse aggregate. The grading for a given
maximum size coarse aggregate can be varied over a moderate range without an
appreciable effect on cement and water requirement of a mixture; if the proportion of
fine aggregate to total aggregate produces concrete of good workability. Mixture
proportions should be changed to produce workable concrete if wide variations occur
in the coarse-aggregate grading. Since variations are difficult to anticipate, it is often
more economical to maintain uniformity in manufacturing and handling coarse
aggregate than to reduce variations in gradation.

The maximum size of coarse aggregate used in concrete has a direct bearing on the
economy of concrete. Usually, more water and cement are required for small-size
aggregates than for large sizes, due to an increase in total aggregate surface
area(Kosmatka, Steven H. and Wilson, Michelle L., 2011). The maximum size of
aggregate that can be used generally depends on the size and shape of the concrete
member and on the amount and distribution of reinforcing steel. Requirements for limits

on the nominal maximum size of aggregate particles are covered by (ACI, 2008).

15



2.2.5. Water
Water is a key ingredient in concrete, that when mixed with Portland cement, forms a

paste that binds the aggregates together. Water causes the hardening of concrete through
hydration. Hydration is a chemical reaction between cement and water to form

cementitious hydration products( Kosmatka, S. and Wilson, M., 2011)

ASTM C1602 includes provisions for:

+ Potable water — that which is fit for human consumption;

+ Non-potable water — other sources that are not potable, that might have an
objectionable taste or smell but are not related to water generated at concrete
plants. This can represent water from wells, streams, or lakes;

+ Water from concrete production operations — process (wash) water or storm
water collected at concrete plants; and

+ Combined water — a combination of one or more of the above-defined sources

recognizing that water sources might be blended when producing concrete.

All requirements in the standard apply to the combined water as batched into concrete

and not to individual sources when water sources are combined
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CHAPTER THREE

3. MATERIALS AND METHODS

3.1. Introduction
This study was focused on the effect of partial replacement of Metakaolin (MK) with

cement in concrete performance. In this chapter construction materials used; equipment
used for tests, methods (procedures), material properties, and design standards were
briefly described. kaolinite clay was collected from the Debre-Tabor quarry site are
used for the study, it has crushed by a hand mill with a maximum size of 30 mm or it
passes a 75um sieve and was calcined at a temperature of 650°C for 2hr. All tests are
done according to ASTM standards specification procedures. For this research C-25,
Mpa strength conventional concrete was selected. The experimental studies were
conducted on Blended Portland cement (OPC) with MK in the percentage of 10%, 20%,
and 30% by weight of cement. All standard practices for making and curing concrete test
specimen’s tests were followed according to ASTMC192 as a laboratory procedure. The

main task done in this research were summarized by the following Figure 3.1.

Problem identification
v

| Literature’s review

I
I
1
Formulate m‘éthodology |
L

L 2
v
Collecting Kaolin clay Collect cement and aggregate
v ]
Drying, grinding and calcining of Kaolin Sample preparation
v ¥
Chemical analysis Physical properties test
I I
v
Mix design and mix proportion for 0%, 10%,20% and 30% of MK by cement
Lveight
v

Cast concrete cubes for each percentage

Test for (compressive strength, density, water absorption, sulfate attack and
microstructure) ofconcrete

i

Conclusion and recommendation

Figure 3. 1Methodology flow chart of the thesis
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3.2. Combination method of materials

The experimental studies were conducted on Blended Portland cement (OPC) with
Metakaolin in the percentage of 0%, 10%, 20%, and 30% by weight of cement. All tests
were conducted on the hardened and fresh properties of C-25 concrete. 0% replacement
was used as a control mix and the others were used to analyze the effect of Metakaolin

on the hardened and fresh properties of concrete...

3.3. Materials required

3.3.1. Cement
Derba Ordinary Portland cement (OPC-42.5R) available in Bahir Dar market, was used

and it conformed to the requirements of ASTM-C150/C150M

3.3.2. Coarse Aggregate
The coarse aggregates shall consist of crushed rock and shall be clean, hard, durable,

and free from dust. Aggregates for this study were taken from the china camp Bahir
Dar quarry site. A coarse aggregate is a crushed stone of a maximum size of 20 mm to
a minimum of 2.36 mm The physical test result shows that the coarse aggregate has a
dry rodded having unit weight of 1663.43kg/m?, 1.32% moisture content, 1.93% water
absorption, a fineness modulus 2.5 and specific gravities of 2.9 were used as per ASTM
C33/C33M-11a.

3.3.3. Fine Aggregate
Aggregate passing through a 4.75 mm sieve is defined as fine. They may be natural

sand deposited by rivers collected from the Lalibela quarry site; depending upon the
particle size, fine aggregates are described as fine, medium, and coarse sands having
unit weight of 1865.2kg/m?, 2.98% moisture content, 3.5% water absorption, a fineness
modulus 2.6 and specific gravities of 2.8 were used as per ASTM C33/C33M-11a

3.3.4 Water
water is used for a proper chemical mix where tap water, is free from injurious amounts

of oils, acids, alkalis, salts, organic materials, or other substances that may be harmful
to concrete. Water: tap water.
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3.3.5. Metakaolin (MK)

The Metakaolin (MK) used for this study was taken from the Debre-Tabor quarry site,
Ethiopia. 2 Sack of Kaolin clay soil were collected from the source and stayed sun-
dried till natural moisture was released and Crushed by hand mill to reduce the size and
to safe for calcination processes in an electric furnace and so Kaolin clay soil was
calcined in a furnace for two hours (2hr) at 650°C for after it was ground till it becomes

less than 75 um size.

3.4. Tests on Concrete

3.4.1. Tests for Ingredients

The physical properties of concrete ingredients are the natural properties of each
material, i.e., cement, fine aggregates, coarse aggregates, and Metakaolin. All the tests
worked for each material. All the results put in the appendix part of this document and
their specific standards are put on table 3.1 of the next sub section Design standards and
Mixing Methods.

3.4.2. Fresh Properties
a) Setting Time: -. This test is for the determination of the initial and final setting

times of cement pastes. The test will determine the amount of water required to
prepare hydrated cement pastes used in the study. The consistency was measured
using manual Vicat apparatus, using a 10-mm diameter plunger fitted into a
needle holder. The measurements of the standard consistency and initial and final
setting time will be carried out according to ASTM C403.

b) The Slump Test: The slump test shows the workability of concrete. Workability
measures how easy the concrete is to place, handle, and compact. The concrete
slump test measures the consistency of fresh concrete before it sets. It can also be
used as an indicator of an improperly mixed batch. The measured slump must be
within a set range, or tolerance, from the target slum. The slump test is used to
ensure uniformity for different loads of concrete under field conditions. So the
slump test in this paper will be evaluated as per ASTM C143 for different

replacement levels.
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3.4.3. Mechanical Properties of Concrete

3.4.4. The Compression Test: The compression test shows the best possible strength

concrete can reach in perfect conditions. The test is had be done by taking
standard concrete mold 150mm x 150mm x 150mm cube compressive strength
tests on 37" 28" and 56" days. Three specimens for each percentage of
replacement from each mixture were tested at each testing age according to
ASTM C39.

3.4.5. Micro Structural Properties

The microstructural study of concrete is a unique technique to find out the

morphological features of concrete. Thermo-Gravimetric analysis (TGA) and Fourier

transformed infrared spectroscopy (FTIR) is the general technique used to visualize the

microstructural behavior of concrete during the hydration process.

a)

b)

Thermo-Gravimetric Analysis (TGA): - the reduction in the strength of concrete
subjected to elevated temperatures is mainly because of dehydration and
decomposition of elements. The changes in the composition of the structure can be
evaluated by using thermal analysis such as differential scanning calorimetric and
Thermo-Gravimetric (TG). TGA was performed on heated and unheated samples
to determine the mass loss. Mass loss was found as a function of temperature
ranging from 100° to 1,000°C. The heating rate was maintained at 10°C/min. The
samples were crushed and powdered to carry out the TGA.

Fourier transformed infrared spectroscopy (FTIR): - FT-IR stands for Fourier
Transform Infrared, the preferred method of infrared spectroscopy. In infrared
spectroscopy, IR radiation is passed through a sample. Some of the infrared
radiation is absorbed by the sample and some of it is passed through (transmitted).
The resulting spectrum represents the molecular absorption and transmission,

creating a molecular fingerprint of the sample.

3.4.6. Durability Properties

a)

Rate of Water Absorption: - Measurement of the rate of absorption of water was
made according to ASTM C1585-04. This test method determines the rate of
absorption of water by measuring the increase in the mass of a specimen due to
water absorption when only one surface of the specimen is exposed to water.

Concrete cubes (150mm*150mm*150mm) of all the mixes were cast and moist
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b)

3.5.

cured for 28 days. ASTM C1585-04 recommends conducting the investigation at
the age of 28 days.

Sulphate Resistances: - Sulphate attack on concrete is a chemical breakdown
mechanism where Sulphate ions attack components of the cement paste. The
compounds responsible for Sulphate attack on concrete are water-soluble Sulphate-
containing salts, such as alkali-earth (calcium, magnesium) and alkali (sodium,
potassium) sulfates that are capable of chemically reacting with components of
concrete. similar cubes specimens as those used for the Sulphate Attack test were
prepared and moist cured for 28 days, the initial weight was recorded and the cubes
were then immersed in 5% NaSO, for 28 days all the specimens should be cleaned
using a brush, to remove any loose material before testing and the mass of each

specimen will be weighed and recorded.

Design standards and Mixing Methods

This study uses ASTM and ACI standards for testing concrete mix materials.

Table 3. 1 Design standards of concrete mix materials ASTM and ACI

No. Material type Types of tests Standards used
1 Cement Initial and Final Setting Time ASTM C403
2 Fine aggregate Absorption ASTM C128
Free Moisture content ASTM C566
Silt content ASTM C117
Unit weight ASTM C29
Gradation ASTM C33
Sieve analysis ASTM C136
3 Coarse Gradation ASTM C33
aggregate Absorption ASTM C128
Unit weight ASTM C29
Free moisture content ASTM C566
Sieve analysis ASTM C136
4 Metakaolin Initial and Final Setting Time ASTM C403
Complete mineralogical
analysis

21



3. 1 Design Standards of Concrete

No Laboratory Tests ASTM Test Method | ASTM Specification
1 Compressive Strength ASTM C-109 ASTM C-39

2 Slump or workability ASTM C-143 ASTM C-143

3 Sulphate attack ASTM C-1012 ASTM C-1012

4 Unit weight or density of concrete | ASTM C-138 ASTM C-138

5 Water absorption ASTM C-140 ASTM C-642
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CHAPTER FOUR

4. RESULT AND DISCUSSION
4.1. Metakaolin

4.1.1 Preparation of Metakaolin (MK)

The kaolinite clay used for this research was collected from Amhara Region, a Rural
area around Debre Tabor City. The first step was to dig out the kaolinite clay soil from
the natural earth and then transport it to Bahir Dar, sun-dried until natural moisture was
released, and size reduced using a small hand hammer to make it easy for burning in
Muffle Furnace. Secondly, burn the dried kaolinite clay soil in a Muffle Furnace at
6500C for 2 hours and then cool it inside the furnace. Finally, it was sieving using 75

pm standard sieves and ground the coarser ash using a milling machine.

4.1.2 Physical Properties of Metakaolin
The MK has a specific gravity of 2.6, which is less valuable than the value of cement

(3.1 to 3.6 g/cc) after the kaolinite clay soil was calcined up to 6500C for 2 hours in the
furnace. The fineness of the ash retained on the 75 um sieve is 31.6% which is less than
the maximum value of 34% specified by ASTMC 618. The density of MK is found by
dividing the mass by the volume of the container. The density of MK is 1317kg/m3.
The result of the physical properties of MK used for this study is shown in Table 4.1.

Table 4.1 Physical Properties of MK

Parameter Result
Color white
Specific gravity 2.6 g/cc
Fineness 31.6%
Density 1317kg/m"3
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4.1.3 Chemical Properties of Metakaolin

the chemical composition of the MK was conducted by Ethiopia Geological Survey in
Addis Ababa. The analytical result shows the percentage element by mass of major and
minor oxides which is present in Metakaolin. The result of the chemical composition
of MK used for this study is shown in Table 4. 2.

Table 4. 2 Chemical Composition of MK

Oxide Si02 | Al203 | Fex03 | CaO | MgO | Na2O | K:O | H2O | MnO | P2O3 TiO:

Lol

Percentage | 62.62 | 29.38 | 1.9 <0.01 | <0.01 | <0.01 | 1.98 | 0.78 | 0.02 | 0.12 0.16

2.16

S+A+F=93.9%

The sum of Silicon dioxide (SiO2), aluminum oxide (Al203), and iron oxide (Fe203) is
93.9% which is greater than the 70% set (ASTM C 618 — 08, 1993) for pozzolanic
material. According to this standard, the Metakaolin is classified into class N pozzolan.
The H20 content of 0.78% and 2.16% of Lol value also complies with the ASTM
standard, which sets the maximum value at 3% and 10% respectively. SiO2 was the

most common component of MK in this study, followed by Al203, K20, Fe203, H20,
TiO2, P203, Na20, and CaO.

4.2. Cement
Derba brand of Ordinary Portland with grade 42.5R cement was selected for this
research. Before using cement, it was subjected to a series of tests, including

consistency, setting time, and soundness

4.2.1. Consistency of Paste

The consistency for cement and MK homogenized blend was done in the laboratory.
The traditional consistency of cement pastes and MK homogenized blend paste was
conducted following the ASTM C-187 standard. Here, ASTM C-595 recommends the
conventional consistency check of homogenized cement to be done using the ASTM
C-187 methodology. The traditional consistency of the paste was measured by the Vicat
equipment. Cement pastes were ready with the partial replacement of OPC with
Metakaolin 0% (reference mix) 10%, 20%, and 30%. The water content was varied for

each of the pastes made till a standard consistency is achieved. Here, the results of the
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traditional consistency of cement paste and MK homogenized cement paste as shown
in Table 4.3.

Table 4. 3 Consistency of Cement paste and MK

No Designation code Consistency % (ASTM C-187)
1 MKO 27
2 MK10 29
3 MK?20 31
4 MK30 35

The normal control paste had a 27 percent consistency. The mixed cement paste had a
greater consistency than the control paste. The consistency of MK mixed cement paste
was within the normal range. According to Ethiopian standards, the typical range of

water percentage for cement consistency is between 26% and 33% of cement.

4.2.2. Setting time
ASTM C-191 standard was used to test cement paste setting time and the Metakaolin
blended cement paste.

Table 4. 4 Shows the result of the setting time of cement paste and Metakaolin paste.

Designation | Initial setting | Final setting | Setting time min ASTM

code time (mm) time (mm) | C-191 Remark
initial final

MKO 135 295 49- 202 185-600 Ok

MK10 165 320 49-202 185-600 Ok

MK20 180 335 49-202 185-600 Ok

MK30 185 350 49-202 185-600 Ok

The initial and final setting times of cement paste should not be shorter than 45 minutes,
and the ultimate setting time should not exceed 10 hours, according to Ethiopian
standards. The setting time was within the specified limit and therefore it is acceptable
to use. Based on the result, the setting time of cement paste increases as the MK
replacement level increase; this is because of the lower cement content and fineness of

MK. To improve this argument, as the MK replacement level increase the setting time
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of MK blended paste increases due to the water absorption of MK over its surface and

lower cement content in the paste. The MKO mix has a short setting time than all 10%
MK to 30% MK mixes.

400

350 4

200 4

Setting Time (Min)

100

—a— MK % vs Initial Setting Time | |

—o— MK ve Final Setting Time

........................

T
MK-0%

i
MK-10%

H
K- 20%

Metakaolin Content (¥2)

Figure 4. 1Setting Time of Metakaolin Blended Paste

4.3. Mix proportion
For C-25 the mix proportion of concrete ingredients was done following ACI 211.1 mix

T
MK-30%

design practice. As mentioned in the previous chapter a total of 74 cubes were prepared.

Here 18 mixes were prepared for control mix OPC without the addition of MK, whereas

the remaining 56 concrete mixes were prepared by partial replacement of OPC with

different percentages of Metakaolin. The water-cement ratio of all series of concrete

mixes was kept constant at 0.49. The summaries of the mix proportion of all series of

concrete mixes are shown in Table 4.6.

Table 4. 5 Summaries of the mix proportion of all series of concrete mixes.

Designation | Quantity of material by cubic meter (kg/m”3) WI/C Ratio
code

Cement | MK Water | FA CA
MKO 387 0 201.02 | 904.16 1079.06 0.49
MK10 348.3 38.7 200.98 |838.65 | 1079.06 0.49
MK?20 309.6 77.1 200.94 | 832.9 1079.06 0.49
MK30 270.9 116.1 200.9 | 824.36 1079.06 0.49
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4.3. Fresh Properties of Concrete

One of the most essential qualities of fresh concrete is its workability. The slump test
is the simplest workability test for concrete, due to its low cost, and also provides
immediate results. Concrete should be workable enough to cast, consolidate, and finish;
The Ethiopian standard makes no mention of a workability test. The slump test is
carried out as per the procedures mentioned in ASTM C143. ASTM 143 reports that
the slump value is measured in terms of an inch (millimeters) to the nearest 1/4 inches

(5 mm) of subsidence of the specimen during the test.

Table 4. 6 Summaries of the slump test

S.NO Mix Code WI/C Ratio slump
1 Control MKO 0.49 30
2 MK10 0.49 25
3 MK20 0.49 20
4 MK30 0.49 20

As shown in Table 4.6 and Figure 4.2, as the replacement percentage of MK increases,
the slump value goes down. Therefore, the probable reason mainly was due to MK
being a porous material it absorbs more water than cement, the high reactivity MK,
fineness, and its large specific surface area also other factors are constant (Swaminathen
et al., 2021). Finer particle requires more water to wet their larger specific surface area
(Duna Samson et.al, 2016). But up to 10% replacement level, the slump is still in the

estimated range of 25mm to 50mm.

30

Slump (mm)
(3]
wn

T T T T
MK0% MK10% MEK20% MK30%
Metakaolin Content (%)

Figure 4. 2 Slump of Metakaolin Blended Concrete
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4.4 Hardened Properties of Concrete
In this section, the compressive strength, water absorption, sulfate attack, and micro-

structure of hardened concrete will be discussed and analyzed.

4.4.1 Compressive Strength of Concrete

The compressive strength test of concrete is the main test conducted on the properties
of hardened concrete. Here, the test was done for all of the concrete cubes on the 3,
7w, 28", and 56 day after the casting date using a compression testing machine. For
each of the results, the average values of three cubes were taken as their compressive
strength. The overall compressive strength test result for all the concrete cubes is shown
in Table 4.8

Table 4. 7 Summaries Compressive Strength Test

The average compressive % Reduction in Strength due to MK
Mix WIC strength value Increase

code Ratio
(%)

39day | 7"day | 28" 56t 3rd 7hday | 28" 56t
day day day day day

Result | Result | Result | Result | % % % %
(Mpa) | (Mpa) | (Mpa) | (Mpa)

MKO | 0.49 16.3 22.84 37.87 39.35 0.00 0.00 0.00 0.00

MK10 | 0.49 16.37 23.13 39.06 41.02 +0.43 | +1.27 +3.14 | +4.24

MK20 | 0.49 15.04 19.56 32.78 34.36 7.73 14.36 13.44 12.68

MK30 | 0.49 13.83 17.38 29.95 31.85 15.15 | 23.91 20.91 19.06

From Table 4.7. The compressive strength of concrete was checked by taking
Metakaolin (MK) as a partial replacement for cement up to 30%, and Concrete
containing 10% of MK replacement shows better compressive strength it increases by
0.43%, 1.27%, 3.14%, and 4.24% at 37" 28" and 56™ day respectively, with the
conventional concrete this is due to the reason Metakaolin contains much amount of
silica and alumina that are active and it reacts with free lime in cement to form C-S-H
and alumina-silicates which greatly improve the strength (Ganesh et al., 2017) ( Duna
Samson et.al, 2016). It also achieved the target mean strength of 33.5Mpa after 28"
days; however, the mix designations for MK20% and MK30% did not. However, the
compressive strength value of MK20% and MK30% were 32.78Mpa and 29.95Mpa
respectively, they attain the characteristic strength of 25Mpa on the 28th day.
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Figure 4. 3 Compressive Strength of Metakaolin concrete

As we can see from the table and figure it is obvious that the compressive strength is
reducing due to an increase in MK content by 13.44 & 20.91 from the controlled
concrete at 20%, and 30% replacement levels respectively at 28" days of curing.
Whereas at 10%MK replacement increased by 0.43%,1.27%,3.14, and 4.24 at the age
of 3,7, 28" and 56 days respectively (Ganesh et al., 2017). the above result concluded
that beyond 10% MK replacement, the percentage of replacement increases there is an
increase in compressive strength reduction. This is due to the cement content decreasing
as the MK content is increasing and hence it would retard the pozzolanic reaction that
would be carried out between cement and water but the water content is increasing due

to the absorption capacity of the MK.

4.4.2 The Density of Hardened Concrete

The Density of hardened concrete is determined based on the volume and the weight
of the concrete cube. However, the weight of the specimens was measured just before
the compressive strength testing was conducted. The unit weight/density values used
for the analysis of this section were measured from the concrete cubes sample after the
3rd day, 7th day,28" day and 56" day of curing in the curing tank. the result is shown
in table 4.8. From the results, it was found that there was a significant reduction in unit
weight while MK replacement increased.
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Table 4. 8 Density of hardened concrete

Mix code | Density of hardened concrete (Kg/m”3) Reduction (%)
(%) d h h h d h h h
39Day | 7"Day | 28" Day | 56" 3 Day | 7" 28M | 56"
day Day Day | day
MKO 2594.81 | 2659.06 | 2641.64 | 53g¢ | 0.00 0.00 0.00 | 0.00
MK10 2587.27 | 2647.01 | 2635.40 | o501 | 0.29 0.45 0.24 | 0.47
MK20 2582.66 | 2629.63 | 2631.01 | o5gs | 0.47 1.11 0.40 | 2.01
MK30 2548.33 | 2552 2575.98 | 94707 | 179 4.03 2.49 | 6.29

As shown in the above Table 4-8 when 10 % of MK added the density of control
concrete resulted in the reduction of density within 0.291%, 0.453%, 0.24% and 0.474.
And the reduction continued up to 6.287% when MK30% at 56" days of curing.

4.4.3 Sulfate Attack Analysis
The effect of MK replacement on sulphates resistance examined after 28 days curing

age. As specified in previous section, the MK blended concrete sulfate resistance result

is expressed in terms of compressive strength loss. The result is presented in Table 4.10.

Table 4. 9 Strength loss due to sodium sulfate (Na2.S04) attack

28" Day compressive Strength (Mpa) Strength loss
. (%)
Mix Code In Water In 5% Na2S04
Control 37.87 35.32 6.734
MK10 39.01 36.836 5.902
MK20 32.78 30.372 7.346
MK30 29.95 26.957 9.995
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Figure 4. 4 Strength Loss due to Sodium Sulfate (Na2SO4) Attack

The compressive strength loss due to sodium sulfate attack after immersed the
specimens for 28" days in the 5% sodium sulfate solution for control mix (MKO0%) was
assessed 6.734%. As referring, Table 4.9 the MK blended mix, MK10%, MK20% and
MK30% suffered, 6.864%, 7.346% and 9.995% strength loss at their age of 28" day.
Maximum strength loss was experienced in MK30%, whereas minimum loss noticed
in MK10%. Loss of strength increased with increase of MK content as the replacement.
Metakaolin blended cement concrete at 10% replacement performed well in Na2SOa
solution almost the same that of OPC concrete cured in the same medium solution at
28 day curing age. The OPC concrete in Na2SOa4 solution shows sign of strength loss
from 37.87to 35.32 it experiences 6.734% strength loss in Na2SOa solution this is due
to the fact that Sodium sulphates reacts with calcium hydroxide and hydrated calcium

aluminates.

4.4.4 Water Absorption
Water absorption is used to determine the amount of water absorbed under specified

conditions which indicates the degree of absorptive capacity of a concrete. Based on
ASTM C-140 *’Standard Test Methods for Sampling and Testing Concrete Masonry
Units and Related Units’’ laboratory test was conducted to determine Water absorption
of concrete. In this study the test was conducted at the curing age of 28. The overall

water absorption test result for all of the concrete cubes is as shown in Table 4.11 below.
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Table 4. 10 Water absorption of MK blended cement concrete

Mix code Water absorption (%)
Control 3.32

MK10 6.01

MK20 6.64

MK30 10.62

As you can see from the table the water absorption is increasing as the MK percentage
is increases from 3.32% to 6.01% at 0%-10%, 6.64-10.62 replacement level at 28 days
it was found that, the percentage of water absorption increases as the percentage of MK
increased. This may be due to the fact that as MK is more porous water fills the pores
which increase the water absorption rate (Khatib & Clay, 2004). the high reactivity MK,
fineness and its large specific surface area also other factors are constant. Finer particle

requires more water to wet their larger specific surface area (Swaminathen et al., 2021).
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Figure 4. 5 28" Day Water Absorption of MK Concrete
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4.4.5 Regression and Correlation Between Variables

In regression analysis, the value of at least one independent variable is used to predict
the value of a dependent variable. It explains how changes in an independent variable
influence the dependent variable. The dependent variable in this case was compressive
strength, while the independent variable was density. Origin Pro 2021 was used to
calculate the linear regression equation and correlation simultaneously. The degree of
association (linear relationship) between two variables is determined using correlation
analysis. It's all about how strong the relationship between variables is. The sample
correlation coefficient ‘r’ is a measure of the strength of the linear relationship between
the sample observations. Pearson correlation coefficient(r) is unit free; it ranges

between -1 and 1.

4.4.5.1 Density and Compressive Strength

The linear equation drafted in this studies have two variables (X and Y). For three cube
specimens, X is stands for the average density of concrete, in different MK content, Y
stands for the average compressive strength of concrete. The sample correlation
coefficient is a measurement of the strength of the linear relationship between the

experimental results of the studies.
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Figure 4. 6 Regression of 28" Day Compressive strength and density Result

33



Figure 4. 6 Compressive strength and density regression at 28" Days, the result shows
that the compressive strength of concrete increases with curing age as the density of the
concrete also increases. It proves that the compressive strength and density of concrete
are directly related variables. The 28th day compressive strength has a significant
positive correlation (0.8276) as related to the 28th day concrete density, as shown in
Figure 4. 6. As indicated in the previous sections, the Pearson correlation coefficient (r)
is between -1 and +1. Based on this, the correlation coefficient is +0.8276, which is
nearly positive one, this convinced that the compressive strength and density at 28" day

have direct relationship.

4.4.5.2 Water Absorption and Compressive Strength

The sample correlation coefficient is a measurement of the strength of the linear
relationship between the experimental outcome and the sample correlation coefficient.
The average of all mix compressive strength and water absorption value at 28th curing
age used to calculate the correlation. In this study a two-variable linear equation X and
Y was used to calculate the correlation. X stands for the average value of the three cube
samples of water absorption result at 28" day curing and Y represents the average
compressive strength of concrete in the same curing period at different MK content.

42 -

7] [P L] L] o
[ E=Y (=31 [==] =
1 1 1 1 1

28™ Day Compressive Strength (Mpa)

[#5 )
=
1

& 28T Day Water Absorption vs Conpressive Strength

(5]
=]

[ ]

28" Day Water : tion (°
ay Water Absorption (%)

Figure 4.7 Regression of 28" Day Water Absorption and Compressive strength
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From the regression graph of Figure 4.7 Compressive strength and water absorption
determines that, the compressive strength of concrete decreases as the water absorption
of the concrete increases. It proves that the compressive strength and water absorption
of concrete are inversely proportional variables. The 28" day compressive strength has
a significant negative correlation (-0.8302) with the 28" day water absorption (%). This
correlation analysis gives that, water absorption and concrete compressive strength had
negatively strong relationship. This study showed that as a water absorption percent
increase the compressive strength decreases.

4.4.5.3 Water Absorption and Density of Concrete

The average of all the three mix of Density of Concrete and water absorption value at
28" Day curing age was used to calculate the correlation. In this study a two-variable
linear equation X and Y was used to calculate the correlation. X stands for the average
value of the three cube samples of water absorption result at 28" day curing and Y
represents the average Density of concrete in the same curing period at different MK

content.
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Figure 4.8 Regression of 28" Day Water Absorption and Density
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According to the regression analysis demonstrated in Figure 4. 9, the density of concrete
decreases as the water absorption of the concrete increases. It indicates that concrete
water absorption and density are inversely related variables. Referring to Figure 5. 9,
the 28" day concrete density has a considerable negative connection (-0.9362) with the
28th day water absorption percentage. According to this finding, there is an inverse
relationship between water absorption and density of concrete. As a result, the study

demonstrated that as the percentage of water absorption increases, the density
decreases.

4.4.5.4 Sulfate Attack and Water Absorption

The average of all mix strength loss by soaking the concrete cube in sodium sulfate and
water absorption with varying percentage of MK replacement levels were used to
calculate the correlation. The formula is a linear equation with two variables (X and Y).
The average water absorption of 28" day cured concrete is X for three cube samples,
and Y reflects the average strength loss caused by soaking the concrete cube in sodium

sulfate for different percent of MK replacement levels.
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Figure 4. 8 Regression of 28" Day Water Absorption and Sulphates Attack
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The strength loss due to sulfate attack on concrete increases as the water absorption of
the concrete increases, according to the regression analysis shown in Figure 4.8. It
implies that the water absorption and sulfate attack effects of concrete are directly
proportionate. Figure 4. 8, Referred that concrete water absorption has a substantial
positive relationship (0.9302) with the percentage of strength loss caused to sulfate
attack percentage. There is a positive relationship between water absorption and sulfate
attack strength reduction, according to this correlation. According to this study the
result shows that, the percentage of strength loss because of sulfate attacks increases as

water absorption increases.

4.5. Microstructural Analysis of Hardened Concrete

4.5.1 Fourier Transform Infrared Analysis (FTIR)

The result of FTIR on cement paste replaced by Metakaolin on 28" day hydration time
is given in Figure 4.9. Table 4. 11 gives the position of infrared bands and functional
group in Fourier transform infrared spectroscopy (FTIR) spectra of cement paste. In
this research, silicate and aluminate phases have been used to identify infrared
vibrations bands previous to study the Metakaolin blended cement paste. Table 4. 11

gives that the wave number and the associated functional group.

Table 4. 11 Functional Group in FTIR Spectra of Cement Paste

Weave number (cm-1) Functional group References
600-1200 Si-O-Si (Si-O-Al),
1400-1500 C-O (COs%) (Fernandez-Carrasco et al.,
2012) (Delgado et al., 1996)
1600-1700 H20
3000-3650 OH, CA(OH):
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Figure 4.9 FTIR of Metakaolin Concrete on 28" Day

Referring to Table 4. 11 and Figure 4. 9 above, the bending vibration of Si-O-Si (Si-
O-Al) is evident in the 600-1200 cm™ range. Moreover, compared with the control,
after the addition of the Metakaolin (MK), the absorption peak of Si-O-Si (Si-O-Al)
shifts toward a higher wavenumber. The peak stretching vibration of the control mix
(0%MK) on the 28" day hydration time is 995.09 cm™, whereas the 10%MK, 20%MK
and 30%MK is 1004.73 cm™?, 1104.05 cm™ and 1091.41 cm™ respectively. This
indicates that the aluminum phase and silicon phase in the MK changes the ratio of

(Ca)/ (Si) in C-S-H because of the SiO2 amount is rise as the MK content is increased.

Figure 4.9 referring that the ultimate absorption of Ca(OH): is caused by the stretching
vibration of O — H (3000-3650 cm™). It can be seen that the peak of Ca(OH) decrease
with the increase of the MK content for all mix, compared to the control mix (OPC
control). In the studies of Dwivedi et al., (2006) investigate, pozzolanic material
reduces the amount of Ca(OH). and increases the amount of C-S-H bond. FTIR analysis
proved that Metakaolin decreases the amount of Ca(OH).. Similarly, compared to
control, after the addition of the Metakaolin (MK), the peak of Ca(OH); shifts toward
a lower wavenumber. The peak stretching vibration of the control mix on the 28th day
hydration time is 3452.92cm?, while the 10% MK,20%MK and 30%MK are
3441.35cm™,3440.39 m* and 3430.74cm™ respectively.
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The FTIR analysis on concrete after the 28th day hydration time proved that 10% MK
replacement improve the C-S-H gel formation. This is the reason that for the 28" day
compressive strength attains the target mean strength for 10%MK replacement. Table
4. 8 has shown that the compressive strength attains the target mean strength 33.5Mpa
on 10% (39.06) MK replacement. The bands in the 1400-1500 cm™ range correspond
to the distorted stretching of COs? (Subasi & Emiro}lu, 2015)-

Referring to the figure, the concentration of the undissolved peak of the MK combined
cement paste was higher than that of the control mix (0% OPC), due to the Metakaolin
silica oxide concentration which is good for the formation of C.S, hence C,S react
slowly. This result is worthy covenant with the compressive strength result in Table 4.
8, above 10%MK, the compressive strength decreases as the MK content is increasing.
Likewise, for all mixes, the concentration of the undissolved peak increases noticeably
with increasing MK content, due to the higher SiO> content of the MK leading to the

slow hydration reaction.

4.5.2. Thermogravimetric Analysis (TGA)
To obtain qualitative and quantitative details on the effects of various heat treatments

on materials of all kinds, for example, the hydration of concrete one can use thermal
analysis methods such as differential scanning calorimetry and Thermogravimetric
(TG). The following table gives a temperature range for different phases.

Table 4. 12 Temperature ranges of different phases (Deboucha et al., 2017)

Region Temperature range (°C)
Dehydration of water 105-400
Dihydroxylation of CH 400-600

Decarbonation of CaCOs 600-1000

The result of TGA curve at a rated temperature of 20°C/min on cement paste replaced
by Metakaolin on 28" day hydration time is given in, Figure 4. 10. The mass loss values
have been obtained from Thermogravimetric experiment (TGA) performed on blended

cement paste. These values are presented in Fig 4.10 and Table 4.13.
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Figure 4. 10 TGA curves of Metakaolin Concrete paste on 28" Day

Table 4. 13 Mass loss values during TGA tests on 28" Day

Mass loos at each range of temperature on 28th day
Mix hydration time Total
code Dehydration Dihydroxylation Decarbonation Mass Loss
105-400 400-600 600-1000
MK0% 4.863 1. 213 0.392 6.468
MK10% | 4.861 1.100 0.339 6.300
MK20% | 5.569 1.095 0.358 7.007
MK30% | 5.755 1.177 0.353 7.285

The TGA curve shows three significant weight loss steps. The first at about 105°C -
400°C has to do with the dehydrating (capillary pore residual water) and/or with the
drying out of ettringite. The corresponding peaks overlap each other because of the
dynamic heating process. Table 4. 13 referring that the first major decline is associated

with the dewatering/dehydration process, which generates a 4.863% weight loss in the
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temperature ranges from 105°C - 400°C for control mix (0%MK). The weight loss is
increasing for 10%MK (6.3%), 20%MK (7.007%) and 30%MK (7.285) as compared
to the control mix on 28th day hydration time.

The second weight-loss step is at about 400°C - 600°C is due to the dehydration of CH.
It can be seen from Table 4. 13, that there is a decrease in % weight loss with an increase
in Metakaolin content. Referring to Figure 4.10, the temperature gradient of mass loss
(TGA) exhibits a high peak at about 400°C - 500°C, which represents the dehydration
of CH. The dehydration of CH can be determined by the edge of that peak. Based on
this the 10% MK replacement have dehydrated the CH earlier at a temperature of
420.22°C, while the 0% MK, 20% and 30% MK replacement dehydrate the CH at
433.18°C, 428.12°C and 427.82°C respectively. The third weight loss step is at about
600°C-1000°C can be attributed to the de-carbonation of CaCO3. The total CaCO3
content was observed from the weight loss recorded in the TGA curve between 700°C
and 800°C, whose intensity increases with the addition MK; the loss of weight caused
by the CO2 effect is due to the decarbonization of CaCO3.

8.0

—m— 28" Day Mass Loss

7.5 4
7.285
-

Mass Loss (%)
~]
o
|

631 6-4_68\
6.3
6.0 T T T T T T T
MK 0% MK 10%0 MK20%0 MEK30%0

Metakaolin (%o)

Figure 4. 12 Mass loss of Metakaolin concrete Paste
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Figure 4. 12 explained that the % weight loss of MK blended cement paste is decreased
as the curing age increase, while the weight loss decreases for 10% MK replacement
for 28th Day curing ages. The % weight loss increased by 20% and 30%MK
replacement. The TGA analysis on MK concrete has found that 10% MK replacement
was more thermal stable than the control mix (0 % MK), while the 20% and 30%MK
replacement is not thermal stable as compared to the control mix. Based on this analysis

partial replacement of cement improve the thermal stability of concrete.
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CHAPTER FIVE

5. CONCLUSSION AND RECCOMENDATION

5.1 Conclusion
The main objective of this study was to investigate the partial replacement of cement

in concrete production using Metakaolin powder (MK). The workability, Compressive

strength, water absorption, Sulphate resistance, and microstructural (FTIR, TGA) tests

were conducted. The mechanical property and effective replacement of concrete

containing Metakaolin were determined. Based on experimental results, the following

conclusions are drawn concerning Metakaolin blended concrete.

*

AS ASTM C 618, the summation of Si-Al-Fe oxide content in the chemical
composition of MK in this study becomes 93.9% it grouped into class N
pozzolanas.

The percentage of replacement of MK increase the setting time, and the
soundness of cement paste are within the recommended range. Whereas the
workability of concrete was decreased from 30mm to 20mm at MK0% and
MK30% respectively, hence more water is required to maintain uniform slump.
On the 28th and 56th day, the compressive strength of concrete made with partial
replacement of cement by up to 10 shows good results it increases the compressive
strength by 3.14% and 4.24 % respectively.

28th day the density and Sulphate resistivity of concrete reduced but water absorption
increased with the MK replacement increase.

10% MK the TGA analysis result shows was more thermostable than the control mix
(0 % MK), while 20% and 30%MK replacements were not.

MK replacement increase throughout the mixture FTIR result examined that, the
concentration of Ca(OH)2 reduces. This concluded that Metakaolin has good

pozzolanic properties.

5.2 Recommendation
In this study, the following key points are highly recommended to get focus for further

study and make the construction-industry environmentally friendly...

+*

As the level of replacement increases, the concrete needs more time to gain its
full strength. Hence, this work may be extended by incorporating some
admixtures which would help the concrete to get early strength.
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+ Admixture was not used in this study, but considering the importance of
admixture it is expected that it will improve the properties of the concrete result
obtained in this study, it would be good for admixture to be included in the
future study
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APPENDIX A: AGGREGATE QUALITY TESTS

1. Coarse Aggregate Quality Tests

The following tests are done for natural aggregate based on respective ASTM standards.

a) Gradation Test
According to ASTM C-136, the term coarse aggregate is used to describe particles

larger than 4.75mm sieve (sieve No. 4), and the term fine aggregate is used for particles

smaller than 4.75 mm.

Observations and Calculations:

Table 1: Sieve Analysis and Gradation of Natural Coarse Aggregate

; . Cumulative . |ASTM C136 limits
sieve Size | WO | Sjeve + Weight | percent percent Cumulative g Rermak
(mm) |FS1EVE@) | weight of of | retained retained percintpass
Samp|e (g) Sarn.ple (%) (%) ( /0) Min Max
retained
()

375 713.5 7135 0 0.0 0.0 100.0 - - ok
25 712 712 0 0.0 0.0 100.0 100.0 ]100.0 ok
19 713.5 1010.58 297.08 1.427 7.427 92.573 90 100 ok

125 658.5 2720.7 2062.2 51.555 58.982 41.018 20.0 55.0 ok
9.5 682 1928.44 1246.44 31.161| 90.143 9.857 0.0 15 ok

475 751 1008.32 257.32 6.433 96.576 3.424 0.0 5.0 ok

2.36 750 875.5 125.5 3.138 99.714 0.286

Pan 236.5 2475 11 0.277 99.991 0.0 - -

Total 3999.45
FM=25
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Figure 3. 2 Gradation Curve Result for Coarse Aggregate

b) Specific Gravity and Absorption Test

According to ASTM C 127-07, specific gravity is the ratio of the mass of a unit volume
of material to the mass of the same volume of water at stated temperature while water

absorption is the increase in the weight of aggregate due to water in the pore of the
materials.

Observations and Calculations:

The following data were found from the test.

Description Variable | Weight in [g]
The weight of oven dry sample in air A 19715
The weight of saturated-surface dry in air B 2009.5
The weight of saturated-surface dry sample in C 1315
water

Bulk specific gravity (SSD) =— — )=2009.5-12009.5 —1315)=2.89

Absorption, % =(( — )~ ) 100 =((2009.5 — 1971.511971.5) 100%=
1.93%
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Discussion of Results:
The relative density (specific gravity) range in between 2.4 to 3.0 and the absorption is
0.5% to 4%. The sample absorption and specific gravity are all with the range and can

be used for concrete production.
¢) Moisture Content Test

According to ASTM C 566-13, moisture content test is the test that shows the amount

of water or moisture in coarse aggregate.

Observation and Calculation:

The following data were found from the test.

Description Variables | Weight in (g)
Weight of original sample (tarred) M1 2000
Weight of the oven dried sample (tarred) M2 19735

Moisture content=(( 1— 2)/ 1) 100 = ((2000 — 1973.5)/2000)
100 =1.32

Discussion of Results:
Here, the moisture content is smaller than the absorption of the coarse aggregate.

Accordingly, the aggregate will absorb the mixing water without adjusting. As result,
the mixing water needs to be increased to account for absorption of aggregate. This

clearly shown in the mix design calculation.
d) Bulk density (Unit weight of aggregates)

According to ASTM C 29, bulk density is the weight of aggregate in a given volume of

graded aggregate. It is a density measurement and known as bulk density.
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Observation and calculation.

Description Variables Weight in (g)
weight of sand sample + container (g) A 16522.5
weight of container (g) B 4878.5
Volume of container (m®) C 0.007m?
Bulk density (Kg/m3) = (( — )/ ) =((16.5225 — 4.8785)/.007) =
1663.43Kg/m3

Discussion about the result

The approximate bulk density of aggregates commonly used in normal-weight concrete
ranges from about 1120 t01920Kg/m3. Hence, 1663.43Kg/m? falls in the range and is

suitable for concrete production.

2. Fine Aggregate Quality Test Results
a) Gradation and Fineness Modulus of Fine Aggregate Test

According to ASTM C 136, particle size distribution of sand can be done based on
different sieve size less than 4.75mm. This test method covers the determination of

particle size distribution coarse andall in aggregates by sieving.

Observations and Calculations:

As of the coarse aggregate, the fine aggregate also sieved and the same sieve sizes are
collected and proportioned to get a constant well-graded fine aggregate for all types of
concrete mixes and to minimize the varying effect of particle size distribution on the

properties of concrete mixes.
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Discussion of Results:

Table 3: Sieve Analysis and Gradation of Fine Aggregate (Natural Sand)

Sieve | Weight of| Sieve + | Weight of | Percent Cumulative Cumulative .
. . . . percent ASTM limits
Size |sieve(q) weight of| sample | retained . percent | o Remark
(mm) sample (g) | retained (g) | (%) retained pass (%) (/.0)
(%) Min Max
9.5 683.5 | 683.5 0 0.0 0 100.0 100 | 100 ok
4.75 724 793 69 3.45 3.45 96.55 95 100 ok
2.36 7495 | 918 168.5 8.425 | 11.875 | 88.125 80 100 ok
1.18 620 837 217 10.85 | 22.725 | 77.275 50 85 ok
0.6 605.5 | 1081.5 476 23.8 | 46.525 | 53.475 25 60 ok
0.3 579 1185 606 30.3 | 76.825 | 23.175 10 30 ok
0.15 571 924 352 17.67 | 94.495 | 5.505 2 10 ok
0.075 537.5 | 620 825 4.125 | 98.620 | 1.38 0 5 ok
Pan 260.5 | 287.5 27 1.350 | 99.97 | 0.0 - - -
Total 1999 99.97
Total sample weight before
sieving (9) 2000 FM=2.6
% difference 0.03%
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Figure 3. 3 Gradation Curve Result for Fine Aggregate

Here, the sieve analysis was done for the samplewhich sourced from the site. After all,
without doing more the fine aggregate gradation satisfies the ASTM minimum and
maximum limits. In addition, the fineness modulus of 2.6 is acceptable for normal
strength concrete design which requires fineness modulus to be in the range of 2.5 to
3.0, according to ACI 211.4R.

b) Bulk density Test

According to ASTM C 29, bulk density helps to determine the weight of sand in a given
volume of graded sand. It is a density measurement. It includes the aggregate and the

void between the aggregate.
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Observation and Calculation:

Description Variables Weight in (g)
weight of sand sample + container (g) A 8556

weight of container (g) B 2960.5
Volume of container (m?) C 0.003

Bulk density = ( ——) 22— % _1865.17Kg/m?

Discussion of Results:
The bulk density of the fine aggregate lies within an acceptable range.

c) Specific Gravity Test
According to ASTM C 128 to test the ratio of the mass of a unit volume of material to

the mass of the same volume of water.

Observations and calculations

Description Variables  Weight in (g)
The weight of saturated-surface dry sample in A 4775
water of the sand, SSD (g)
Pycnometer + water (Q) B 1623.5
Pycnometer + sand+ water (g) C 1928.5
Bulk specific gravity of sand (SSD basis) =
_ 4775 _
+ —  4775+16235-19285 217

Discussion of Results:

The specific gravity of suitable fine aggregates ranges from 2.6 to 2.8. Consequently, the

sample having a bulk specific gravity of 2.7 is suitable for concrete production.
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d) Absorption Capacity Test
According to ASTM C 128 to test the increase in the weight of aggregate due to water

in the pore of the material.

Observations and calculations

Description Variables  Weight in (g)
The weight of SSD Sample in the air (tarred) A 500
The weight of the oven dried sample in air (tarred) B 483

Absorption (%)=

(=) 0= 5 —483 % =3.52%
483

Discussion of Result:

Absorption is a measure of the total pore volume accessible to water. It also is useful
for mix design moisture adjustment. The absorption of 3.52% is well within the
maximum limit of 4%.

e) Moisture Content Test

According to ASTM C 566-13 to test the covers the amount of water or moisture

content in coarse aggregate by the oven-dry method.

Observation and Calculations:

Description Variables Weight in (g)
Weight of original sand sample M1 500
Weight of the oven dried sample M2 485.5

Moisture content =
(1- 2/ 2 =( — )M/ ) = . %

Discussion of Results:

It is important to maintain the water-cement ratio constant at its correct value. The
amount of added water should be adjusted to compensate for any observed variations
in the moisture content. The sample of sand is in damp condition because it has free
moisture, so the free moisture should be subtracted from the mix water requirement as

shown in the mix design.
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f) Silt Content Test

According to ASTM C 117 to determine the amount of coated dirt, silt or clay on the
sand. This test would be conducted based on the mass method of silt determination

rather than Jar method.

Observation and Calculations:

Description Variables  Weight in (g)
Amount of silt deposited above the sand (ml) A 0.20

Amount of clean sand (ml) B 4.70

Silt content (%)= ( / ) =(./7.) =

Discussion of Results:

The fine aggregate is thoroughly washed before use to minimize the effect of silt content
on compressive strength and workability of concrete. ASTM C 33, “Concrete
Aggregates,” limits the percentage of material finer than a 75um (No. 200) sieve to 3%
for fine aggregate subject to abrasion, 5% for fine aggregate used in any other concrete
and the limit can be increased up to 5% to 7% for crushed sand if it can be proved that
those particles passing 75um are not silt. Beyond this limit, the sand should be washed
before using for concrete making. The sample is natural sand and the silt content of

4.25% can be taken as acceptable.
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APPENDIX B: MIX DESIGN
A) Natural Aggregate Concrete Without Metakaolin

The mix proportioning of the ingredient for C-25 non-air entrained normal strength
concrete is done as per ACI 211.1. The data from the test results, which are important

for mix design, are listed in Table 1

Table 1: Properties of Natural Coarse and Fine Aggregate

properties Coarse Fine
Aggregate Aggregate

Nominal Maximum Aggregate 20mm _

Size

Unit Weight 1663.4 kg/m? 1865.1Kg/m*

Specific Gravity 2.89 2.77

Absorption 1.93% 3.53%

Moisture Content 1.32% 2.98%

Fineness Modules 2.5 2.6

Silt Content - 4.25%

Step 1: Slump

A slump of 25 - 50mm is selected for the current investigation.

Step 2: Determination of maximum size of aggregate: Nominal Maximum
aggregate is 20mm.

Step 3: Calculation of Target Mean Strength (TMS)

For the specified 25 MPa compressive strength; if there is no test data available, a
margin of 8.5MPa shall be added to the specified compressive strength to get the target

mean strength.

TMS =25+8.5=33.5MPa
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Step 4: Selection of W/C ratio

Table 2: W/C Ratio of the corresponding Design Strength

Compressive strength at

Water-cementitious materials ratio by mass

28 days, MPa Non-air-entrained concrete  Air-entrained concrete
45 0.38 0.30
40 0.42 0.34
35 0.47 0.39
30 0.54 0.45
25 0.61 0.52
20 0.69 0.60
15 0.79 0.70

From the above table, for 30 MPa W/C ratio is 0.54 and for 35 MPa

W/C ratio is 0.47. The required W/C ratio for this case can be found by

interpolation as follows:

_ (0.54—0.47)

30—-35

(335—30) +054 =049

Step 5: Mixing water and air content

Table 3: Water content in one meter cubic of Concrete for Indicated

Size of Aggregate

Slump

Water, kilograms per cubic meter of concrete, for indicated sizes of aggregate

9.5 mm 125 19mm | 25mm | 37.5 | S0mm| 75mm | 150 mm
(mm) mm mm
25to 50 | 207 199 190 179 166 | 154 130 113
7510100 | 228 216 205 193 181 | 169 145 124
150 to 175 | 243 228 216 202 190 | 178 160 —
Air content | 3 2.5 2 1.5 1 0.5 0.3 0.2
(%)
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For maximum size of aggregate of 25mm, slump 25 to 50mm and non-air entrained

concrete the mixing water requirement can be calculated as:

Mixing water content = 190 kg/m3
Entrapped air content = 2%
Step 6: Cement Amount

The cement content can be found by dividing the mixing water content to a

water/cementitious materials ratio.

Cement content = 190/0.49 = 387kg/m3

Step 7: Course aggregate amount

Table 4: Fineness Modules for the Corresponding Size of Aggregate

Maximum Size of Fineness Modules
aggregate, mm(in)
24 2.6 2.8 3

9.5 (3/8) 0.50 0.48 0.46 0.44
12.5 (1/2) 0.59 0.57 0.55 0.53
19 (3/4) 0.66 0.64 0.62 0.60
25 1) 0.71 0.69 0.67 0.65
37.5 (11/2) 0.75 0.73 0.71 0.69
50 ) 0.78 0.76 0.74 0.72
75 3) 0.82 0.80 0.78 0.76
150 (6) 0.87 0.85 0.83 0.81

For Fineness Modules of 2.6, using linear interpolation the amount of
dry bulk volume would be 0.61.
Dry bulk volume = 0.64
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Coarse aggregate amount = 0.64*1663.4= 1065 kg/m?
Step 8: Fine aggregate amount:

Volume computations can be

Water=—2_ = 0.190m?

1 1000
_ 387 _ 3
Cement—sl15 1000 — 0.122m
_ 1065 _
Coarse Aggregate—z'89 1000 — 0.369

- _i — 3
AlIr T 0.02m

Fine aggregate = 1 — (0.190+0.122+0.369+0.020) =0.299m?

Weight of fine aggregate = 0.299*2.77*1000 =828 kg/m?®

Step 9: Moisture correction

In one m3 of concrete, the following adjustments were done on the

ingredients used for concrete production.

Cement = 387Kg/m3

Cement Water Fine Agg. |Coarse Agg Total
3
Kg/m?® Kg/m?® Kg/m?® Kg/m Kg/m
Per m? 387 190 828 1065 2470
Moisture - - 2.98 1.32 -
content
Adjustment - FA:2.98-3.53=-0.55% 828*1.0298| 1065*1.013
CA:1.32-1.93=-0.61%
Adjustment - [190+(828*0.55) + (1065*0.61) | 852.67 1079.06 2132.78
per m®
=201.05
Trial 15.67 8.14 34.53 43.70 102.04
(0.0405)
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Step 10: Trial Mix
In this mix design, the mix will be prepared for twelve 15*15*15

cubes having the total volume of 0.00338 m3 of concrete.

Here, considering the shrinkage and wastage of concrete mixing of 30%,

the final trial mix of volume would be 0.00439m3 of concrete.

Description Cement Water Coarse Fine Agg. (Kg)
K K
(Kg) (Kg) Agy (Ka)
1m?3 387 201.02 1028.39 904.16
Trial for three 20.39 10.58 44.89 56.81

cube=0.01317m?
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B) Concrete in Different Percentage of Metakaolin

The mix proportioning for C-25 non-air entrained normal strength concrete is done as
per ACI 211.1. The data from test results, which are important for mix design, are

shown in Table 1

Table 1: Properties of Coarse and Natural Fine Aggregates

Properties of Coarse Aggregate Properties of Fine Aggregate

(CA) (FA)

Nominal Maximum Aggregate Size  20mm Unit Weight 1865.1 Kg/m?
Unit Weight 1663.4 kg/m® |Fineness Modules [2.6

Specific Gravity 2.89 Specific gravity 2.77
Absorption 1.93 % Absorption 3.53%
Mooistu:e Sontent 1.32% Moisture content  [2.98%

| FETECY
Stepti-Simp

A slump of 25 - 50mm is selected for the current investigation.

Step 2: Determination of maximum size of aggregate

Nominal Maximum aggregate size is fixed to 20mm.

Step 3: Calculation of Target Mean Strength (TMS)

For the specified 25 MPa compressive strength; if there is no test data available, a
margin of 8.5MPa shall be added to the specified compressive strength to get the target

mean strength.

TMS =25+8.5=33.5MPa
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Step 4: selection of wi/c ratio
Table 2: W/C Ratio of the corresponding Design Strength

Compressive strength at Water-cementitious materials ratio by mass
28 days, MPa Non-air-entrained concrete | Air-entrained concrete
45 0.38 0.30
40 0.42 0.34
35 0.47 0.39
30 0.54 0.45
25 0.61 0.52
20 0.69 0.60
15 0.79 0.70

From the above table, for 30 MPa W/C ratio is 0.54 and for 35 MPa W/C ratio is 0.47.

The required W/C ratio for this case can be found by interpolation as follows:

w _ (054-047)

T " 30-a: (33.5—30) + 0.54 = 0.49 Here by this water to cement ratio

The slump of trial mix would be 28mm and satisfy the minimum rage of slump. Hence

it tries to fix the water to cement ratio would be 0.49.

Step 5: Mixing water and air content

Table 3: Water content in one meter cubic of Concrete for Indicated Size of Aggregate

Water, kilograms per cubic meter of concrete, for indicated sizes of aggregate
Slump 195 | 125 19 25 375 50 75 150
(mm) mm mm mm mm mm mm mm mm
25t050 | 207 199 190 179 166 154 130 113
7510100 | 228 216 205 193 181 169 145 124
150to 175 | 243 228 216 202 190 178 160 —
Air content | 3 2.5 2 1.5 1 0.5 0.3 0.2
(%)
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concrete the mixing water requirement can be calculated as:

Mixing water content = 190 kg/m3

Entrapped air content = 2%

Step 6: Cement Amount

For maximum size of aggregate of 20mm, slump 25 to 50mm and non-air entrained

The cement content can be found by dividing the mixing water content to a

water/cementitious materials ratio.

Cement content = 190/0.49 = 387kg/m3

Step 7: Course aggregate amount

Table 4: Fineness Modules for the Corresponding Size of Aggregate

Maximum  Size of Fineness Modules
aggregate, mm(in)
2.4 2.6 2.8 3
9.5 (3/8) 0.50 0.48 0.46 0.44
12.5 (1/2) 0.59 0.57 0.55 0.53
19 (3/4) 0.66 0.64 0.62 0.60
25 (1) 0.71 0.69 0.67 0.65
37.5 (11/2) 0.75 0.73 0.71 0.69
50 (2) 0.78 0.76 0.74 0.72
75 (3) 0.82 0.80 0.78 0.76
150 (6) 0.87 0.85 0.83 0.81

For Fineness Modules of 2.6, using linear interpolation the amount of dry bulk volume

would be 0.66.

Dry bulk volume = 0.64

Coarse aggregate amount = 0.64*1663.4= 1065 kg/m3

Step 8: Fine aggregate amount: Volume computations can be

190

Water—1 1000

= 0.190m?
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) 0 __ 3483 _ 3
Cement with 10% MK =315 1000 0.111m

387

— 3
25 1000 . 0-016m

MKsp.10%=

309.6

_ 3
315 1000 0.098m

Cement with 20% MK =

774

— 3
75 1000 0.031m

MKsp.20%=

270.9

_ 3
315 1000 0.086m

Cement with 30% MK =

116.1

_ 3
25 1000 0.046m

MKsp.30%=

1065
2.89 1000

L2 3
Alr—100 = 0.02m

= 0.369m?

Coarse Aggregate=

Fine aggregate with 10% MK = 1 — (0.190+0.111+0.016+0.369+0.02) =0.294m?
Weight of fine aggregate with 10% MK = 0.294*2.77*1000 =814.4 kg/m®
Fine aggregate with 20% MK = 1 — (0.190+0.098+0.031+0.369+0.02) =0.292m?
Weight of fine aggregate with 20% MK = 0.292*2.77*1000 =808.8 kg/m?
Fine aggregate with 30% MK = 1 — (0.190+0.086+0.046+0.369+0.02) =0.289m?

Weight of fine aggregate with 30% MK = 0.289*2.77*1000 =800.5 kg/m



Step 9: Moisture correction with different MK content
I.  10% MK Replacement

In one m3 of concrete, the following adjustments were done on the ingredients used for

concrete production.

Cement| MK Water Fine Agg. |Coarse Agg.|Total
10%
Kg/m?® Kg/m?® Kg/m?® Kg/m?® Kg/m?®
Perm® | 348.3 |38.7 190 814.38 1065 2456.38
Moisture - - 2.98 1.32
content
Adjustment| - FA:2.98-3.53=-0.55% 814.38*1.0298| 1065*1.01
CA:1.32-1.93=-0.61%
Adjustment| - 190+(814.38*0.55) +(1065*0.61) 838.65 1079.06 2118.69
per m?
=200.98
Trial 14.11 | 1.57 8.14 33.97 43.70 101.49
(0.0405)

Step 10: Trial Mix

In this mix design, the mix will be prepared for twelve 15*15*15 cubes having the total

volume of 0.00338 m3 of concrete. Here, considering the shrinkage and wastage of

concrete mixing of 30%, the final trial mix of volume would be 0.00439 m3

Fine aggregate with 10% MK = 1 — (0.190+0.111+0.016+0.369+0.02) =0.294m?

Fine aggregate content = 0.294m%m

3

Weight of fine aggregate = 0.294m3*2.77*1000 =814.38 kg/m3

of concrete.
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Il.  20% MK Replacement

Cement| MK Water Fine Agg. |Coarse Agg.|Total
10%
Kg/m3 Kg/m3 Kg/m3 Kg/m®  |Kg/m?
3 309.6 | 77.4 190 808.8 1065  [2450.8
Per m
Moisture 2.98 1.32
content
Adjustment FA:2.98-3.53=-0.55% 808.8*1.0298 |1065*1.0132
CA:1.32-1.93=-0.61%
. 832.90 1079.06 [2108.9
Adjustment 190+(808.8*0.55) +(1065*0.61)
per m?
=200.94
. 1254 | 3.13 8.14 33.73 43.70  |101.08
Trial
(0.0405)

Step 10: Trial Mix

In this mix design, the mix will be prepared for twelve 15*15*15 cubes having the total

volume of 0.00338 m3 of concrete. Here, considering the shrinkage and wastage of

concrete mixing of 30%, the final trial mix of volume would be 0.00439 m3 of concrete.

Fine aggregate with 20% MK = 1 — (0.190+0.098+0.031+0.369+0.02) =0.292m?

Weight of fine aggregate with 20% MK = 0.292*2.77*1000 =808.8 kg/m?
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30 % MK Replacement

Cement | MK Water Fine Agg. | Coarse Agg. [Total
30%
Kg/m?® Kg/m?® Kg/m?® Kg/m®* |Kg/m?®
3 270.9 | 116.1 190 800.5 1065 2442.5
Per m
Moisture 2.98 1.32
content
Adjustment FA:2.98-3.53=-0.55% 800.5*1.029(1065*1.0132
CA:1.32-1.93=- 0.61%
: 824.36 1079.06 2104.32
Adjustment 190+(800.5*0.55) +(1065*0.61)
per m? =200.90
. 10.97 | 3.13 8.14 33.39 43.70 99.33
Trial
(0.0405)

Step 10: Trial Mix

In this mix design, the mix will be prepared for twelve 15*15*15 cubes having the total

volume of 0.00338 m3 of concrete. Here, considering the shrinkage and wastage of

concrete mixing of 30%, the final trial mix of volume would be 0.00439 m

3

Fine aggregate with 30% MK = 1 — (0.190+0.086+0.046+0.369+0.02) =0.289m?

Weight of fine aggregate with 30% MK = 0.289*2.77*1000 =800.5 kg/m?

of concrete.
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APPENDIX C: CHEMICAL ANALYSIS OF METAKAOLIN
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