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ABSTRACT

Concrete is the major component of construction industries used extensively as a building material. Cement is one
of the basic component of concrete used as binding material. With the increasing demand of concrete demand of
cement is also increasing throughout the world. The production of cement is accompanied with huge energy con-
sumption and emission of harmful gases that results in environmental pollution. In order to overcome these prob-
lems, it is necessary to reduce the use of cement in concrete by its partial replacement by some supplementary ce-
ment products. Based on recent researches and studies it has been observed that the use of metakaolin as a supple-
mentary cementing material in concrete improves not only the properties of concrete but also reduces the environ-
mental pollution. Metakaolin react with Ca(OH), and convert into CSH gel which result in improve the strength
properties. This paper reviews the use of metakaolin as a supplementary cementing material in concrete. The paper
incorporates detailed literature investigation based on the topic and detailed here.
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INTRODUCTION

Concrete is the most extensively used material in civil engineering and is the primary component in most infrastruc-
tures. According to Portland cement association about 3.8 billion m® concrete is produced annually. Cement is a
main binding material which is used in concrete production. With increasing demand of concrete, demand of cement
is also increasing in all over the world. Portland cement production is one of the major cause of CO; and oxides of
other harmful gases emission in environment [1-2]. These oxides emission in the cement production is due to the
calcinations of CaCO3; and combustion of fossil fuels [3]. Moreover, a large amount of energy is also consumed in
the cement production [4]. There is required to produce sustainable concrete by using other pozzolonic materials.
Strength of concrete is most important, it is also very much needed that the concrete should be durable, workable
and provide a good service life [5]. In the past few years, many research & modification has been done to produce
eco-friendly concrete modified with cementing materials such as fly ash, silica fume rise husk, ballast furnace etc.

Metakaolin is a pozzolonic material which is derived from natural mineral and manufactured specially for cementing
applications [6]. Some researchers show that metakaolin can be used in concrete as a partial replacement of cement.
It improves properties of concrete as similar to other supplementary cementing materials. Calcium hydroxide reacts
with the added pozzolans resulting in formation of additional calcium silicate hydrate because of these technical
advantages this can be used as a partial replacement of cement. Concrete can be modified with addition of this ce-
menting material which improve the microstructure as well as decrease concentration of Ca(OH), through the poz-
zolanic reaction and it also allows the reduction of the cement consumption. This paper reviews on the use of me-
takaolin as a partial replacement of cement to produce concrete.

PROPERTIES OF METAKAOLIN AND CONCRETE MODIFIED WITH METAKAOLIN

Metakaolin is an artificial pozzolanic material which is obtained from thermal treatment or calcinations of kaolin
clay at temperature around 700-850°C [7]. Due to its high pozzolanic activity, the inclusion of metakaolin improves
the mechanical and durability properties [8]. Hence the environmental problems can be reducing and the life of
buildings also increase by the use of metakaolin. When metakaolin is used in concrete as a partial replacement of
cement it reacts with Ca(OH), which is byproduct of hydration reaction of cement and results in additional CSH gel
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which results in increased strength [9]. The use of Metakaolin becomes ample ingredients in the production of con-
crete of more than 40Mpa or where service environments, exposure conditions or life cycle cost considerations dic-
tate the use of High Performance concrete. For High Strength Concrete Silica Fume/Micro Silica can be used. When
these are replaced by metakaolin, concrete of equivalent strength and durability properties developed along with
several additional features like reduced water permeability and workability [6].

Properties of Fresh Concrete Utilizing Metakaolin

It is generally noticed that metakaolin make adverse effects on the workability of concrete. Ding et al [10] observed
the effect of metakaolin and silica fume and it noticed that metakaolin offered a much better workability than silica
fume for a given mixture proportion. Slump was increase up-to 10% when replacement level was 10%. Concrete
mixtures modified by metakaolin less high-range water reduction admixture than silica fume mixtures to achieve
similar workability at same W/C ratio [11]. Metakaolin decrease the workability of concrete.

Properties of Hardened Concrete Utilizing Metakaolin

On hardened concrete compressive, tensile, and flexure strength tests have been observed and reported below -

Compressive Strength

There have been many studies on the strength development of concrete containing metakaolin. These studies have
demonstrated clearly that with intelligent use considerable improvement in strength, especially at early stage of cur-
ing, can be produced. Caldarone et al [11] produced concrete with 5% and 10% metakaolin which showed increased
strength. They reported that metakaolin —pozzolana cement exhibited strengths, which were slightly more than silica
fume-pozzolana cement mixtures at the same level of cement replacement by the pozzolana. Similar influences of
metakaolin on the strength of concrete have been reported by researchers [12]. From this investigation there are
identify three factors, which influence the contribution that metakaolin makes on properties of concrete. These are
(a) the filler effect, which is immediate (b) the acceleration of pozzolana cement hydration, which occurs within the
first 24 hours (c) the pozzolanic reaction, which has its maximum effect within the first 7-14 days for all metakaolin
levels between 5% to 30% with 5% incremental order. John [13] analyzed the effects of metakaolin on strength of
concrete. An experimental investigation carried out to find the suitability of metakaolin in production of concrete.
The referral concrete M30 was made using 53 grade OPC and the other mixes were prepared by partial replacement
of cement with metakaolin in range of 5% to 20% in 5% incremental order at water cement ratio 0.45. Various ex-
periments were carried out to find the strength. Results showed that strength improved up to 15% replacement of
cement by metakaolin. Jian-Tong Ding et al [10] Investigated the effects of metakaolin and silica fume on the prop-
erties of Concrete. Cement was partially replaced with high reactive metakaolin and silica fume in range of 0% to
15% in 5% incremental order at w/c ratio 0.35. Results show that the strength of metakaolin modified concrete in-
creased at all ages. Cement replacement up-to 12% with metakaolin leads to increase in compressive strength for
M35 grade of concrete [14]. Metakaolin improve compressive strength of concrete within the replacement range of
10-12%.

Split Tensile Strength

Concrete mixes were prepared to investigate the mechanical behaviour of concrete. Cement was partially replaced
with metakaolin and the replacement level was 0% - 20% with 5% incremental order at 0.4 wic ratio. Split tensile
strength test was performed on cylindrical specimen after 28 days of curing. The tensile strength value of concrete
increases with increases percentages of cement replacement with metakaolin up to a percentage of 15% [15]. Other
investigation was carried out to investigate the behaviour of concrete with different replacement level of metakaolin
for M20 and M25 grade of concrete and found that specimen get higher strength at 15% replacement level for both
grade of concrete. Strength of concrete increase as the percentage of metakaolin increased till 15% [1]. The split
tensile strength increases with increasing amount of metakaolin upto 15% replacement of cement.

Table-1 Chemical Properties of Metakaolin

Chemicals composition Anbarasan et al Aiswarya et al Narmatha et al Nova john Sawant et al

Sio, 51.52 62.62 54.3 52-54 51.52
Al,O4 40.18 28.63 38.3 44-46 40.18
Fe;0s 1.23 1.07 428 0.6-1.2 1.23
MgO 0.12 0.15 0.08 0.03 0.12
CaO 2.00 0.06 0.39 0.09 2.00
Na,O 0.08 157 - 0.10 0.08
K0 0.53 3.46 0.50 0.03 -
TiO, 227 0.36 - 0.65 -

LOI - 2.00 0.68 -
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Flexural Strength

Flexure strength was performed on for each mix, total 12 number of beam specimen of size
100mmx100mmx500mm. Replacement level was 0-20% with 5% incremental order. Test was performed in flexure
testing machine. Flexure strength of the specimens which content metakaolin was compared with control specimen.
The flexure strength at the replacement 5%, 10%, 15% and 20% was increases 4.76%, 11.11%, 14.28% and 7.94%
respectively as compare to controlled mix. Specimen which content 15% metakaolin show better flexure strength
[15]. Same investigation was carried out by John [13]. Results of flexure strength at 28 days of curing were com-
pared with control mixes. The flexure strength at 28 days of curing for control mix achieved 5.84Mpa and for other
mixes which containing 5%, 10%, 15% and 20% of replacement got a strength gain of 4.79%, 8.22%, 15.24%, and
10.45% respectively in comparison with control mix. Kulkurni et al performed the flexure strength test on specimen
which containing 0%, 5%, 10% and 15% replacement of cement with metakaolin for M20 and M25 grade of con-
crete [16]. Literature showed that flexural strength increased up-to 10 % replacement of cement with metakaolin.

Durability Properties of Concrete Utilizing Metakaolin
Durability is the important factor to judge the life of concrete, Water absorption test, rapid chloride test is reported to
study the durability properties of concrete utilizing metakaolin as a partial replacement of cement as below:

Water Absorption

Investigation was carried out by Dinkar et al [17]. Absorption test and rapid chloride test were carried out to deter-
mine water absorption capacity and chloride permeability of concrete specimen. Results shows that the water ab-
sorption also reduced as the metakaolin replacement levels increased and all the concrete samples containing me-
takaolin showed very low chloride permeability.

Sulphate Resistance

Investigation was carried out by Khatib et al to determine the effect of metakaolin on the sulphate resistance proper-
ties of concrete. It was observed that expansion was decreased with increase in metakaolin within range of 5 to 20%.
Metakaolin based concrete showed more chemical resistance as compared to plane portland cement based concrete
[18]. It was observed from studies that significant reduction in the average pore size is obtained when the cement
was replaced by 20% metakaolin. Metakaolin influence the pore structure in pastes and mortar and produces sus-
tainable pore refinement. This leads to significant modification to the water transportation properties and diffusion
rates of harmful ions. It was reported that metakaolin reduces the volume of capillary pores of sizes. Metakaolin
produce a long term reduction in pore solution hydroxide ion concentration [12,18-19]. However, although there
was a reduction in pore solution pH, from which it can be concluded that inclusion of up to 20% metakaolin will
have little effect on the risk of chloride induced corrosion of embedded steel [12].

CASE STUDIES
Concrete utilizing metakaolin has been generally used for high strength concrete —

Case Study I: Strength Properties of Metakaolin Admixed Concrete [13]

In this case study the suitable % of metakaolin was investigated so that we can replace an optimum amount of ce-
ment with metakaolin. The results of study were carried out to investigate the effects of metakaolin on strength of
concrete for that a referral concrete M30 was made using 53 grade OPC and the other mixes were prepared by par-
tial replacement of cement with metakaolin. The replacement level was 0% to 20% by weight with 5% incremental
order at water cement ratio 0.45. The compressive strength test, tensile strength test and flexural strength test were
carried out to investigate the effect of metakaolin on various properties of concrete. The results were compared with
reference mix.

The compressive strength test was carried out at 7 and 28 days of curing whereas split tensile strength and flexural
strength were carried out at 28 days as per IS: 516 - 1981. The concrete specimens were tested for compressive
strength and tensile splitting strength in a compression testing machine of capacity 2000KN and flexural Strength
was tested in flexure strength testing machine. The development of compressive strength with age for all mixes indi-
cated that the metakaolin admixed mixes attains higher compressive strength as compare to the control mix. The
compressive strength development depends upon the metakaolin dosage and age of concrete. Concrete utilizing 15%
replacement had maximum ultimate strength 41.19 N/mm? and 51.56N/mm? after 7 and 28 days of curing respec-
tively. It has a higher proportion of the strength-enhancing calcium silicate hydrates (CSH) than concrete made with
Portland cement only, and a reduced content of free lime, which does not contribute to concrete strength. The tensile
strength of concrete specimen was increases with increase in percentage of metakaolin. The tensile strength was
found maximum as 3.04 Mpa for 15 % metakaolin content and as the metakaolin content exceeds the value of 20%,
the split tensile strength decreases to 2.95 Mpa. Concrete containing 15% of metakaolin had maximum value of split
tensile strength. The flexural strength test was performed at 28 days of curing and the results shows that the flexural
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strength of concrete mix increases with increase in metakaolin. The flexural strength at 28 days curing for control
mix was 5.84 Mpa and for other mixes M1, M2, M3 and M4 it was 6.12Mpa, 6.32Mpa, 6.73Mpa and 6.45Mpa re-
spectively. Result indicated a strength gain of 4.79%, 8.22%, 15.24% and 10.45% respectively in comparison with
control mix. The maximum value of flexural strength was obtained for 15% replacement of cement with metakaolin.
The inclusion of metakaolin results in faster early age strength development of concrete and the test results indicated
that use of metakaolin as a partial replacement of cement in concrete has improved performance of concrete up to
15% replacement.

Results encourage the use of metakaolin, as pozzolanic material for partial cement replacement in producing high
strength concrete. Utilization of supplementary cementitious material like Metakaolin in concrete can useful for en-
vironmental, technical and economic issues which are related to cement production.

Case Study 2: Evaluation of Strength of Plain Cement Concrete with Partial Replacement of Cement by Metakaolin
& Fly Ash [16]

This study was carried out to investigate the optimum percentage of metakaolin and fly ash which can be used in
concrete as a partial replacement of cement. The compressive strength and flexural strength tests were performed to
determine the optimum percentage. The experimental investigation was divided into four phases. Concrete mix de-
signed as per 1S 10262-2009 for M20 and M25 grade of concrete. Cement was partially replaced in range of 0% to
15% with 5% incremental order for both metakaolin and fly ash. Casting of specimens and then curing of cubes and
beams for 7 days and 28 days and after that testing of specimens were carried out. The beam specimens were simply
supported with a concentrated load applied at mid span. Load was applied by using UTM of 40 tons capacity in
40kg increments up to failure load. At each load increment cracks were inspected, marked, and photographed. Con-
tinuous monitoring was carried out all through the testing. Compression test was performed after 7 and 28days of
curing period, the specimens were taken outside from the curing tank and tested under a compression testing ma-
chine of 200-ton capacity. The crushing load was noted and the average compressive strength of three specimens
was determined. There were forty-eight cube samples of size 150x150x150mm for different percentages of me-
takaolin and fly ash in partial replacement of cement, casted to determine the compressive strength. 48 beam speci-
mens of size 750mmx150mmx150mm were cast for flexural strength test. Average of three cubes was taken for
compressive strength and average of three beams were taken for flexural strength. Strength of concrete M20 and
M25 was 19.11 N/mm? and 19.55 N/mm? respectively after 7 days of curing for 10% replacement of cement. Simi-
larly, for 15 % replacement of cement it was 19.15 N/ mm?, and 19.60 N/ mm?2. Strength of both concrete samples
after 28 days of curing was 19.78 N/mm? and 24.70 N/mm? for 10 % replacement of cement and 19.85 N/mm?,
24.71 N/mm? for 15% replacement of cement. The flexural strength test was performed according to B.S. 1881: part
118, 150x150x750mm specimens were tested. Strength for concrete M20 and M25 was 9.7 N/mm? and 10.17
N/mm? respectively at age of 7 days for 10% replacement of cement. Similarly, for 15 % replacement of cement it
was 9.9 N/mm?, 10.35 N/mm? after 7 days of curing. The strength of both samples M20 and M25 was 10.16 N/mm?,
10.25 N/mm? for 10% replacement of cement and 10.27 N/mm?, 10.77 N/mm? for 15% replacement after 28 days of
curing. Metakaolin and fly ash mixed concrete showed improvement in flexural strength as compare to conventional
concrete. Plain concrete is a brittle material and fails suddenly and test results indicated that addition of Metakaolin
& Fly ash to concrete changes its brittle mode of failure into a more ductile one and improves the concrete ductility.
The compressive strength and flexural strength of concrete increases with metakaolin & fly ash content up to 15%
replacement of cement. if there further increases in replace of cement by more than 15% strength its starts reducing.
Result indicated that if cement replaced by metakaolin and fly ash up to 10-15% there is increased in compressive
strength as well as in flexural strength for concrete. Therefore, it always preferable to use metakaolin & fly ash with
10% replacement of cement and it gives us better result.

Case study 3: Effect of Metakaolin Content on the Properties of High Strength Concrete [17]

This study shows the influence of metakaolin on the mechanical and durability properties of high strength concrete
for 0.3 water cement ratio. Metakaolin containing concrete with cement replacement of 5, 10 and 15 % were de-
signed for target strength of 90 Mpa and slump of 100 + 25 mm. Trials mixtures were prepared to obtain target
strength of more than 90 Mpa for the control mixture at 28 days and the water cement ratio for all the mixtures were
kept constant at 0.30. Four different mixtures (MKO0, MK5, MK10 and MK15) were employed to examine the influ-
ence of low water cement ratio on the mechanical and durability of concrete containing MK. The control mixture
(MKO) did not include MK. In other mixes MK5, MK10 and MK15, cement content was partially replaced with 5%,
10%, and 15% MK (by mass) respectively. Three 100x100x100mm size cubes were cast for the compressive
strength. Three 100x200mm cylinders were cast for the splitting tensile test. Three cylindrical samples of size
150x300mm were cast for the modulus of elasticity test. Two samples of size 100x100x100mm were cast for water
absorption study. Two samples of size 150x150x150mm were cast for water permeability test. Three cubes of size
150x150x150mm were cast for the water penetration depth test and two cylindrical samples of size 100x200 mm
cylinders for the rapid chloride penetrability test. The workability of the fresh concrete was measured by the standard
slump test apparatus. The compressive strength test was performed, at a loading rate of 2.5 KN/s at the age of, 3, 7,
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28 and 90 days on 3,000 KN capacity machine. The split tensile strength was also tested on the same machine at the
age of 28 days. The elastic modulus was determined at the age of 28 days. The specimens were placed vertically
between the plates of the compression testing machine and tested. This test conforms to ASTM C 469 (ASTM
2006c¢) for static modulus of elasticity of concrete in compression. Permeability characteristics of the concrete were
assessed at 28 days using Water Permeability Test. The compressive strength results of samples show that all the
concretes made in this study are high strength, as even the seven-day compressive strength varied between 78 and 80
Mpa. The 28-day strength varied between 91Mpa to 99 Mpa, and the 90-day strength varied between 101Mpa to
106Mpa. The 15 % replacement MK mixture had exhibited lower strengths comparatively than the other MK per-
centages, but comparable strength at all the ages to that of control concrete. All the concrete samples including the
control had achieved their target strength of 90 Mpa at 28 days and at 90 days all the concrete samples achieved
strength of more than 100 Mpa. Results shows that the compressive strength was highest for the mix containing 10%
metakaolin achieved strengths of 102.5Mpa and 106Mpa at 28 and 90 days respectively.

The average value of the 28-day tensile strength for the concretes made was about 4.85 Mpa, which corresponds to
5.15% of the compressive strength for the same concrete. From the results it can be concluded that similar to com-
pressive strength the splitting tensile strength also exhibited the highest strength at MK 10 mixture. It observed from
results that as the compressive strength increases, the tensile strength also increases. Using MK as a partial replace-
ment for cement decreased the plastic density of the mixtures. The results indicated that by utilizing local me-
takaolin and cement designed for a low water cement ratio of 0.3, high strength and high performance concrete can
be developed and compressive strength of more than 100 Mpa can be obtained. The optimum replacement level of
OPC by MK was 10 %, which gave the highest compressive strength in comparison to that of other replacement
levels. This was due to the dilution effect of partial cement replacement. These concrete also exhibited a 28-day
splitting tensile strength of the order of 5.15 % of their compressive strength and showed relatively high values of
modulus of elasticity. Splitting tensile strength and elastic modulus results was also followed the same trend to that
of compressive strength results showing the highest values at 10 % replacement. As far as the durability properties
are concerned, local metakaolin found to reduce water permeability, absorption, and chloride permeability as the
replacement percentage increases.
CONCLUSION

Metakaolin is an artificial and eco-friendly cementing material. The review of past studies shows that metakaolin is
a very effective pozzolonic material and results in improved strength at earlier stage as well as long term strength.
The concluding remarks for the use of metakaolin as a partial replacement of cement are as follows:

= Workability of concrete decrease with increasing % of metakaolin.

o Metakaolin improve compressive strength of concrete within the replacement range of 10-12%.

¢ Flexural strength of concrete increases with increase in replacement level of metakaolin up-to 10 %.

e Maximum split tensile strength achieved at 15% replacement of cement with metakaolin.

o Metakaolin improve the durability properties. It reduces the permeability of water and also reduces the chloride

diffusion rate.

The production of metakaolin requires less energy demand and will also reduce the emission of greenhouse gases.
Therefore, utilization of metakaolin in production of concrete will solve the various problem and challenges associ-
ated with the production of cement and approaches towards sustainable development.
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