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Abstract

In recent years, there has been a growing interest in the use of supplementary cementing
materids and polymers tproduce higkperformance concrete. Utilizirgmineral substance

as cement replacement in concrete has less environmental po#lotiogreatly increases

the service life of the concrete structude® to improve the most of concrete properties in
compared with conventional concreféde aim of thigproject isan experimental sudy of
high-performance concrete usingetakaolin (MK) additive as partial replacement of
cement and additioof the StyreneéButadiene rubber (SBR) and Polyvinyl acetate (PVA),

to conduct a novel research to investigate the effectiveriese additives materiatsnthe
performanceof concretelt also invesijates the effect of additional recycled plastic and

glass fibre as reinforcements used in the modified concrete.

Firstly, trial mixes of 460 cubes, 24 cylinders and 30 prisnte wede to study theetting

time, workability mechanical propertiesnd water absorption of the concrete to find the
optimum netakaolin to cement ratio (MK/C), polymer to cement ratio (P/C), water to
cement ratigW/C), andthe best curing method among the wet, dry and moist, respectively.
The designed concrete mixes have a cedament/sand/gravel proportion of 1:1.5:3. The
trial mixtures were tested fosetting time, slump of fresh concrete mix, mechanical
properties, including compressive, splitting and flexural strengtti, veeter absorption
capacity at age up @8 days. Thre polymesto cementatios, whichare 2.5, 5 and 7.5%

and five netakaolin replacement ratio for the cement, which are 10, 15, 20, 30 and 40%,
were studied, respectively. For these mixtures, five W/C ratios, which are 0.35, 0.38, 0.40,
0.45, and 0.50, reectively, were compared. The use of recycled plastic and glass fibre
reinforcements took 5% of the total cement weightl tested for splitting and flexural
strength testesThe first phase workasshown clear improvement of theerformance of
concrete modified by partial replacement of cement by metakaolin and adding polymers
admixture together. The optimised mix was identified to be that of 5% added pslymer
included80% SBR an®0% PVA, 15% netakaolin replacement for cement, 0.45 W/C ratio,
and usingimestoneaggregate as a coarse aggregates and osigj curing methoés a

curing condition for the concrete

Secondly, the optimum mixture identified in the trial study was further investigated for its
mechanicalncluding compressive, flexurahnddeformable proprieties at proloeg ages

up to 545 days. In addition,specific durability propertiesf concretancluding water and

gas permeability, carbonation penetration, chloride penetration, chemical attack resistance



water absorption, rate ofater absorptiomnd the corrosion rate of the steel reinforcement

in the concreteThe results show thaignificant improvement irmechanical properties
including compressive, splitting, flexural strength and deformation propefiss, the

results showimprovement indurability properties including chemical resistance, water
absorption, rate of water absorption, carbonation depth of penetration, chloride ion
penetration, water penetration under pressure, water permeability, gas penetration and steel
comrosion resistanc& he optimum mix of 15% partial replacent of cement by metakaolin,

5% polymer 0.45 W/C ratio and moist curing condition of the modified cong@eiduced
high-performance concretaore environmental friendly due to improveserall of the

mechanical and durability propertiesthe concrete.

Finally, microscopic composition of the hydration products and the correspondirgy pore
structure have been investigatedthe optimisednixes based on the material composition
analysis and microspic images obtained using saarg electronic microscog&EM)and

the computd tomography scannéCT) technologies. @trelation between the mechanical,
durability properties ahthe microscopic phaséss been investigated and discussed for a
deepundestanding of the mechaniswf the optimum mixtureSEM and CT scanner
technologies providqualitative and quantitative descigot of the concrete propertids.t 6 s
also,provedthat the concrete modified by both of metakaolin and two types of polymers
havea significantchangein the pores structure of concrete compared with other mixes
Scanning electron microscopy and computecshography scanneaesults show that the
approach can be effectively applied igh-performanceconcreterelated studies and

provide further evidence on mechanical and durability propestiesncrete
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CHAPTER 1
INTRODUCTION

1.1 Background and problem

Concrete plays a vital role in building constructamd industry. The preeminent properties of
strength, durability, workability ahthe ability of concrete to lermed in various structural
shapes make it the material of choice for various uses in the construction industry. It is used
more than all otheconstruction materials put together and attractive in many applications,
including buildings, roads, concrete bridges, tunnels, tamfsgstructures and sewerage
systems(Neville and Brooks, 1997 Nevertheless, te premature deterioration of concrete
structures in aggressive environments has led to the development-pEnighmance concrete.

The production of high performance concrete involves appropriate selection and proportioning
of the constituets to produce a composite mainly characterised lieiteloped strengttiow

porosity and fine pore structur&ccording to Buyukozturk and Lau (2004). In order to improve

the concrete performance, the following three aspects are considered: (a) #techgdment

paste should be strengthened, (b) the porosity in concrete should be lowered, and (c) the
interfacial transition zone should be tougheriech e r e f or e, t h-perfemapce e s s |
concreted became more and maral anproventtrt inythe u s e d
properties of this new family of concretes modifieddaytial replacement of one or maré
thesupplementary cementing materiateladdition ofpolymers Aitcin, 2011).For thathigh-
performance concretis definedas a concret has been designed to be more durable and

stronger than conventional concrete according to Nawy (2001).

However, pactices for manufacturing concrete play a significant role in all aspects of modern
environmentalife, as they bring about increased atpiveric cacentrations of carbon dioxide
Consequentlycement production is responsible for 5% of global amisi@rton dioxid€COy)
emissions and 7% of industrial energy resources consumption (Habert, 2013; Nicholas, 2012).
The environmental concerns, stemming from thigh-energy expense and CGOemission
associated with cement manufacture have brought about pressures to decrease cement
production according tdohn et al. (2012)One of the significant strategies foduetion of

environmental impacts during the cement fabrication process is principally to redaghthe
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energyconsumption in order to provide greater sustainability in the construction industry by
Guneyisi et al. (2012 hereforejf the usingof fossilfuel energy sources is reduced by using
alternative environmentally friendlymaterials such as SCMsthis will reduce the high
environmental destruction associated with the production process, with significantly reduced
CO, emissionsin addition to produe concrete with high performan¢Suhendro, 2014
Neverthdess, it is clear that by using less Pamtl cement, concrete cantnere environment
friendly. In recent years, various efforts have been made by researchers to develop more
sustainable cementitious systems such as supplementary cementing materials (SCMs) in order
to address the negative environmental impacts and deterioration of concrete esructur
associated with ordinary Portland cement (OEpJiethoff, 201QProops et al., 203 Hossain

et al., 2015 The utilisation of SCMsas partial replacement of cement in concrete, such as fly
ash (FA), silica fuméSF), rice husk ds(RHA), andmetakaolin (MK),s considered effective,

as it allows foreductionof the cement consumption while improving the concrete strength and
durability characteristice produce high performance concrbieTargana et al. (2002Most

of thesupplementary cementimgaterials have potential tmprovethe microstructurgystem

of the concrete, such as permeability and pore size distribution, as well as the mechanical
properties such asompressive, splitting, flexural strength, drying shrinkageeep and
modulus ofelasticity(Siddique and Khan, 201 Patil et al., 2018

In addition concrete deteriorates when exposed to aggressive conditions, which significantly
effects itsservice behaviour, design life and safety. However, high porosity, cracking of
concrete, low resistance to some aggressive chemical adewtsabrasion resistance,
inadequate cover of steel reinforcements, and the overall general quality of the structural
concrete are the major factors that encourage the transport mechanism of aggressive agents,

such as chlorigs and sulphate, into concrete.

Partialreplacement of cemehy metakaoliras SCMsn concretecauses chemical combination

of the pozzolanic compemts of metakaolin with calcium hydroxide Ca (Q@Hhe of the by
products of the hydration reaction of cement in thesence of aigh water demand. This
reactionproduce stable calciumiBcates hydrate (CSH) gel, whidtas cementitious properties

and results in enhanced concrete stremgith durability propertiesMoreover, according to
Zhang and Malhotra, (1995) in an experimental study observed that the metakaolin material is

highly poxzolanic and can be used as aptementary cementing material to produce high
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performance concretélowever,incorporation ofmetakaolinin concrete demand more water
and reduce the workabilitfhereforefo achieve adequate workability, as well as high strength,
the use of a water reder, such as polymers, is required to improve the flow and workability

of the modified concrete miiNeville, 2011 Aiswarya et al., 20L;Ravikumar et al., 2093

However,Polymers, such as styrebeatadiene rubber (SBRImulsionand polyvinyl acetate
(PVA) emulsion hag been commonly used as admixtures in concrete prdétikms et al.,
1991 Konar et al., 2011 Polymer admixtures areecognisedto modulate the physical
properties of cement pastes by reduagimacrevoids and improving the bond strength of the
polymer cement mortars to aggegesand improve workabilityof the concrete mixdue to
retardthe setting and the hydration of Portland centgrthe polymer film(Su et al, 1991)

The current research is designed to provide further understanding of the effect of the partial
replacemat of cementisingmetakaoliras the supplementary cementing materials and addition

of polymers orthe mechanicaldurability and microstructuréeatures of concrete, aiming to
preserve the environment by reducing x&nissions in addition to the improvemeof the
concrete propertiedt also investigates the effect of additional recycled plastic and glass fibre

as reinforcements used in the modified concrete.

1.2 Aim and Objectives

The main goal of the current study is to investigate sustainable approaches to enhance the
properties ofconcrete.This gudy aims to derivehe optimum ratio of metakaolin to cement
percentage (MK/C), polymer to cemgrdrcentage (P/C), water to cement ratio (W/C) for the
concrete. It investigates the effect of the pattieeplacement of cement usingjfferent
proportions ofmetakaolinand addition ofstyrenebutadiene rubber (SBR) and polyvinyl
acetate (PVARs a watereducerwith different percent and proportigrend the use &% of

glass fibre (GFand 5% ofpolypropylene fibre (PFo improve the tension strengginoperty

of the concrete. This project has been conducted irstags:

(i) Made trail mixes to optimse concrete mix propodns, in terms of the workability,
mechanical and water absorptiprnopertiesat ageup to 28 days (i) to understand these
improvements in terms ahechanical and durability properties for age up to 545 days and
microscopic and hyrated product composition analysgng SEMEnergy Dispersive »Rays

analysegEDX) and CT scarechnologiesip to 270 days.

3
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The planned experimental studies include:

U Study theeffect of curing condition®en compressive strength of the concretefind
the most suitable curing methéar the modified concretasingdifferent proportions
of the metakaolin and polymers and compared with control concrete

U Study the optimunratio of metakaolinto cementpercentaggMK/C), polymerto
cementpercentag (P/C), water to cement ratio (W/@)r the concrete

0 Study the setting time of the cement pastedified by partial replacement of cement
by metakaolin and addition &tyreneButadiene rubber (SBR) and Polyvinyl acetate
(PVA) togetherand compared witthe setting time of theonventionatement pastby
usingtheVicat apparatus

0 Study the effect afiifferent proportions gbartial replacement of cement by metakaolin
an additiondifferent proportionsof StyreneButadiene rubber (SBR) and Polyvinyl
acetate (PVApn the concrete workabilithy measure the slump values for the fresh
concrete

0 Study the mechanical, durability and deformation characteristics of concrete and the
corrosion rate of the steel reinforcement in the modified conbyatising15% partial
replacement of cement by metakaolin and addition of 5% of polymers

U Study the effect of additionf 5% of glass fibre (GF) and 5% of polypropylene fibre
(PF)on the flexural and splitting strength propertiéshe concrete.

0 Studythe effect ofpartial replacement of cement b§% ofmetakaolinand addition of
4% StyreneButadiene rubber (SBR) arido of Polyvinyl acetate (PVAJogetheron
the microscopic structure of the modified concrete ussmgnning electronic

microscopgSEM), EDX analysesindcomputed tomography saaer (CT scan) tests.

1.3. Contributions to Knowledge

So far, there has been little discussion about the performance of polymer cement concrete with
supplementary cementy materialsSCMs such as metakaolin. However, there isaegé
volume of published studies describing that the partial replacement of cement by weight of the
metakaolin without adding polymershowed animprovementin concrete propertiesn
addition, it foundthat while the presence of metakaolin in the cementiete mix improved
concreteproperties metakaolinreduced the workability of concrete aretjuiredmorewater

for the pozzolanic reaction©n the other hand, many studies have stigated polymer

4
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modifiedconcretavithoutmetakaolirand demonstrated clear impsmments irworkability and
durability properties of concrete

To extend the investigation, this study aims to investigate experimeptalperties ofthe
concrete modified by using both partial replacement of cement metakaolinandaddition

of polymers together covering the most important characteristics of the concrete for long term
In addition to, this studyiming to produce higiperformance concrete appropridte the
applications, which are subject to aggressieaditions, particularly in hydraulic concrete
structures such asdamsand sewage treatment planEirthermore, produce concrete more

environmental friendly by reduce G@missions.

1.4 Content Organisation
The thesis is organised inBachapters:

U Chaper 1 presents a brief introduction on the necessity of produnmdjfied and
sustainableoncreteo be used as construction materials for concrete structures that are
directly exposed to aggressive conditions. It also outlines the problem statement, aims
and objectives, contributions to knowledge and organisation of the study.

U Chapter 2 provides a review of the literature involving SCMimcretemetakaolinin
concrete, polymer in concrete, styrdmgadiene rubber (SBR) in concrete, polyvinyl
acetatein concrete (PVA), durability of concrete, steel reinforcement corrosion in
concrete, fibre in concreteeoncrete microstructure propertiaad summary of the
literature.

U Chapter 3 presents the proposed methodology of the research, including premaring th
materials, test procedures, and collecting data.

U Chapter 4 concentrates on the results oftth mixes and mechanical propertiek
concrete ofhestudy.

U Chapter 5 concentrates on the resultsuséhlility propertiesests ofthe study.

U Chapter 6presents the microstructustudy including image processing of scanning
electronic microscopy images by tMat lab progranme, IBM-SPSS programmand
CT scannetest

U Chapter Presents the discussion ttesults ofthe study.

U Chapter &lisplay the concision of the present study and recommendation for the future

work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Cement may beure Portland cement, ormade from Portland cement mixed with other
materials that also haxementitious properties such as supplementary cementing materials.
SCMs are important and necessary components for modern concrete strioigtpreduce
high-performance concrete (Aitcin, 201The mortar and concrete properties, both in fresh
and hardeed cases, can be enhanced by cement composed of mixtures of Portland cement
with these other additives, which have been usedmore and more concrete projects
(Zongjin, 201). The outgrowth of suchhigh-performance concretdéas brought the
fundamental need for additives, both chemical and supplementary cementing materials, to
enhance the concrete paspies. Concrete enhancement worldwide has been corroborated by
continuous improvement of theadditives(Murthy et al., 2012 Hence, SCMs have become

a complementary gt of highperformance concrete mix desigh.is including natural
materials, byproducts, and industrial wastes from other manufacturing processes. Several
attempts have been made to develop sustainable binders through th&sGddsafs partial
replacenent of cement in concrete, such as slag, fly ash (FA), palm oil fuel ash (POFA), silica
fume (SF), rice husk ash (RHA), ground granulated blast ¢erskag (GGBFS), metakaolin

(MK) etc. These SCMs have been utilised very commonly as pozzolanas meteoalsrete

and have showed a considerable effect to improve the mechanical and durability properties of
concretgSiddique and Klaus, 2009

Metakaolinis one of the SCMs considered asanironmentally friendlynaterial in contrast

to the environmental impact of cemetitis created from kaolite claythat is calcined at
temperatur es dKlimasan dnd Bdy,0l808&iddlgaeC200y, which is much

less than the temperature required to produce cement which is around 1450°C. Actually,
production of 1 kg of cement releases aboub®§ of CQ, while production of 1 kg of
metakaolin releases about 0.1 kg oficholas, 2012Habert, 2013Torgal et al., 2011

Kaolinite is the most common clay mineral, and entire clay deposits can be composed of this
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mineral. There are many commercial Kaolinite mines where this mineral is mined in large
volumes for its variousndustrial usesHence, partial replacement of cement by metakaolin
contributes to reducing the G@&mission in addition to improving concrete properti@smar

et al., 2012 According toMehta (2010)pointed out that consmption of less cement in
concrete mixtures, consumption of less concrete for new structuretessmhsumption of

less clinker in the cementing material are the main ways to reduger@Ssion. Previous
work has found that while theresence ofmetakaolinin the cement concrete mix improved
concrete strength, concrete modified itmgtakaolinrequired a water reducer, such as a
superplasticiser or polymer, to offset the water demand by the reactionsméthieaolin
component with theementhydration products. Reducing the cement to water ratio leads to
an improvement in strength as long as there is suffisvatgr available to fully hydration of

the cement phase present. The amount of water reducer added to the concrete micis in dir

proportion to the amount of metakaolin replacengf@itd et d., 19969.

On the other hand, in practice, polymers have also been used as additive materials in concrete
to improve binding and adhesion of aggregates. Thedbagh molecules of polymers raise

the longrange bonding network in the hardened concr&tea result, polymemodified
concrete usuallydisplays improved concrete mix workability, compressive, flexural and
tensile strength, when comparedciantrol concrete. Some of the polymers provide higher
tensile and flexural strength for concrete coredao compressive strength. In addition, they
provide good resistance to physical damage such as abrasion, erosion, and impact of chemical
substances attack by reducing the porasgiiam et al., 2011 In particular, the commercial
polymer latexes widely used globally @8R, chloropreneubber (CR), plyacrylic ester

(PAE) and polgthylenevinyl acetate) (EVA) copolymers. Most commercial polymer latexes

for polymerbased admixtures contain proper antifoaming agents and can be generally used
without the addition of antifoaming agents durmging (Ohama, 1998 SBR andPVA are

two polymers commonly used in concrete with the effect of reducing the pore spaces and

connection.

Furthermore the use of limestone Portland cement in concrete also cotesbto
environmental conservation because the incorporation of limestone in cement manufacturing
contributes to reducing the emissions of L@ addition to its improvement in concrete

properties as compared with using ordinary Portland cement. Thedimestments indicate



ChapterTwo Literature Review

appropriate strength but in general demand less water than the ordinary Portland cements. The
incorporation of limestone enhances the clinker reaction and the exploitation of its hydraulic
potential. The Portland limestone cements datk competitive concrete properties and
improve the corrosion performance of the concrete as mention@ditwilis et al. (2002)

Finally, incorporation offibres into concrete improves the mechanical strengttiuding

pexural strength, compressive strength, toughness, splittisdeestrength ananprove the
long-term durability of concretas compared to conventional concrdidres contribute to
improve performance of concrete as fibmegy perform its functions of networking, bridging

cracking and toughening to reinforcencrete.

This chapter presents fundamental information about using ty@iCills in concrete,
including metakaolin polymers,PLC and fibres. Results of studies utilising metakaolin as
partial replacement of cement, polymers as additives substancesingéhfdrmation about

the stel reinforcement corrosion, armiscussed. In addition, information regarding the
durability of concrete properties, including chemical attack and permeability and the

microstructure of concrete compositions, is presented.

2.2 Supplementary cementing materials (SCMs)

High-performance concre(@PC)has long been a subject of great interest in a wide range of
concrete industry field$n particular,reinforced concrete related contemporary construction
practices have generallgén in need of high performance concrBtghancingstrength with
improveddurability of the concretis the most important criteria sought for high performance
concrete. High performance concrete is defined as the concrete, which possesses superior
mechaircal and durability propertie§suneyisi et al., 2012)The incorporation of different

types of SCMs either as ingredients in blended cement or as separately batched constituents
in mortar and concrete mixtures has been demonstratédwide by a significant number of
researches, giving encouraging results regarding the mechanical and durability properties of
mortar and concret@apadakis et al., 20p2SCMs or mineral admixtures can lead to many
improvements in the fresh and hardened properties of mortar and concrete, including
improved workability, increased lortgrm strengttand improved durability in an aggressive
environment, and controlled cracking and reduced heat generation to a certain degree
(Papadakis and Tsimas, 2005The presence of SCMs can significantly enhance
microstructure and improve disconnected capillary pores in concrete accordinignia et



ChapterTwo Literature Review

al. (2012) The composition of cement hydration output is modified when aS€Msed to
partially replace the ceme(@uchesne and Be, 1995 he high pozzolanas effects of SCMs
rapidly remove CH from the system and accelerate cement hydration as repdftdd by

al. (1996) The limestone fillers and reactions of the S0Ontent of thgpozzolanic material
during the cement hydration generally increase the contehe &fSH gel at the expense of
the CH giving higher strength and durability even at levels of replacement of up to 20% as
investigated byDhir and Dyer (1999) The typical chemical compositions of particular
samples of SCMs are shown in Table 2.1. SGihen used as a partial replacement for
cement, contributes to propedi of the hardened concrete through hydraulic activity (e.g.,
slag) or pozzolanas activity (e.g., metakaolin), ohh@tg., high calcium fly asijhomas
(2013)

Table 21: The chemical composition of some typical SCMs Thomas (2013)

Chemical Low-CaO High-CaO Silica .
Composition Fly Ash Fly Ash Slag fume Metakaolin
SiOz 56 32 36 97 52
Al20s3 28 18 10 0.52 45
FeOs 6.8 5.2 0.5 0.14 0.6
CaO 15 30 35 0.58 0.05
SG; 0.1 2.6 3.5 0.01 -
MgO 0.9 5.2 14 0.13 -
NaO 0.4 1.2 0.35 0.04 0.21
K20 2.4 0.2 0.48 0.42 0.16
Loss on Ignition 2.8 0.6 1.7 15 0.51

According to Guneyisi et al. (2012), two series of control mixtures with W/C ratios of 0.25
and 0.35 were designed. The Portland cement was patrtially replaced with 5% and 15% silica
fume and metakaolin for both series. The results show that the compstssngth improves
systematically with increasing of the silica fume and metakaolin percentage. There is an
improvement in the earlier age mechanical properties as well using these mineral additives.
At 28 days, the compressive strength gains of 43%, 3®%oaeplacement and 59%, 44%,

at 15% replacement of silica fume and metakaolin with W/C ratio of 0.35, respectively.

9
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Whilst, 27%, 39%, 18%, artb% compressive strength gains were observed for the concrete
group with W/C ratio of 0.25 in compared withsfirseries. The bond between the cement
paste and aggregate particles is enhanced by the addition of metakaolin into the concrete mix.
The increase in the density of the modified cement paste remarkably improves the
compressive strength of the concrete. 3imenkage of the normal concrete samples developed
faster and was greater than the shrinkage strain in metakaolin or silica fume modified concrete.
Moreover, increasing the level of silica fume and metakaolin resulted in significant improved

the pores syem leads to decreasing in permeability of concretes.

In addition, the pore system of concrete, which includes air voids, capillary pores and gel
pores, contributes significantly to the properties of concrete; the pore structure has an
important role affeting the mechanical, durability and transporting liquids agents properties
of concrete (Duan et al., 2013a). Utilisation of supplementary cementing materials such as
metakaolin silica fume and slag improves the microstructure of concrete as found hy Dua

et al. (2013b).

FurthermoreDing and Li (2002ktudied the effects ahetakaolin and silica funn corcrete
properties. Experimeat comparison of seven concrete mixtures of 0, 5, 10, and 15% by
weight replacement of cement withetakaolin or silicaat a wateto-cement(W/C) ratio of

0.35 andhefine to coarse aggregatatio of 40% All mixtures contained% of a naphthalene
sulfonatebased high range watezducing admixture by mass of binder and 0.25% of a
retarder by mass of binder. The findings of this study showed the effeststakaolin or
silica on the workability, strength, shrinkage, and resistance to chloride perretcti
concrete. The use of bothetakaolin and silican concrete was found to increase the strength
of the modified concrete and reduce the {degng shrinkage and restrained shrinkage

cracking width.The chloride penetration depth also decreased gignify.

Similarly, Justice et al. (2005tudied the effect of replacing 8% of cement witatakaolin

and silica fumédy mass, as supplementary cementing materials, on the mortar and concrete
properties. The addition ohetakaolinconsiderably impved strength and durability, and
exhibited improvements in shrinkage properties compared with the conventional and SF
mixtures. The averag@ozzolanic reaction and Cébnsumption irmetakaolinsystems have

been observed to be higher thasiiica fumemodified systemsCorral et al. (2011 )studied

partial replacement of Portland cementhwivo types of supplementary cementing materials

10
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of fly ashandsilica fume They studied the effect of the curing and supplementary materials
on the deterioration of the concrete and reinforcement corrosion when the concrete exposed
to 3.5% NaSOQs solution. The results indicate that the incorporation of fly ash or silica fume

in concrete contributed to the refinement of the pores system in the cementing matrix, which
reduces the easy penetration of sulphate ions into concrete. The other action of ihegse SC
decreasing the impact of sulphate attack iCtHeonsumption during the pozzolanic reaction

that means the amount of formed gypsum can be smaller in the mixes withc8@idared

with the conventional Portland cement concrete. Nevertheless, pcazohaterials, such as
metakaolin are defined as siliceous or siliceous and aluminous materials. The pozzolanic
action depends on a number of significant factors, such as the chemical and mineralogical
composition of the additive, amorphous phase cortemtjegree of dihydroxylation, specific
surface area, content 6H in the cement paste, the mineral admixture percentagévand

ratio in the total mixturéShvarzman et al., 20D3Pozzolanic material requir€H in order

to form strength products, whereas a cementitious raéitself contains quantities of calcium
oxide (CaO) and can display a sefmentitious activity. Usually, the CaO content of the latter
material is insufficient to react with all the pozzolanic compounds. Thus, it also exhibits

pozzolanic activity.

Supdementary cementing materialemponents are often used in combination with Portland
cement, which contains, essential for their activati@id which producdrom its hydration,

as mentioned bRapadakis and Tsimas (200Rpzzolanas materials in the presence of water
chemically react withCH at normal temperatures to forcomponents with cementitious
properties, while it has a little or no cementitious content. It is also often used asastow
replacement for more expensive sand for concrete production, as a fine aggregate in high
performance lightweight concrete aadimig to Targana et al. (2002The propedies of fresh
concrete and the strength development of hardened concrete are affected by physical
properties of natural pozzolanasich as the fineness, specific surface area, the shape of
particles, and densityRamezanianpour and Jovein, 2D1Zhe pozzolanic activity of
metakaolinites related to the crystallinity of the original kaolinite, and metakaolinite reacts
with CH and water to yield hydrated compounds of (Ca and Al ) sili¢géa&ali et al., 2001

Bich et al., 200%

11
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Kakali et al. (2001)studied the mineralogy of Greek kaolin and one commercial product. The
outcomes showed that the pozzolanic activity of metakaolisitelated strongly to the
crystallinity of the ariginal kaolinite. Kaolinite igransformed into less reactive metakaolinite.
The crystallinity of kaolinite can be evaluateaksed orX-ray diffraction, differential thermal
analysis, and infrared spectroscopy studies of raw kaolin. The effect ohlentolenanite

waste coalfly ashand coal bottonfly ash on the properties of cement and concrete was
investigated byTargana et al. (2002)They examined the setting time, bending strength,
volume expansion, andmpressive strength and water consistgmoperties.The results
showed that setting time of the cement \aaselerategdenerally when bentonite replaced a
part of the cement. Bentonite exhibited a significant retarding effect when used in combination
with colermanite wastein Portland cement at lower replacement levels and showed an
accelerating effect at higher replacement levels. Although the inclusion of bentonite at
replacement levels of 5% to 10% resulted in an increase in compressive strengyheassarl

it decreased the compressive strength when used in combination with other materials.
Wainwright and Rey (2000konducted an experimentalagwation of the effect ofround
granulated blafitrnace slagon thebleedingof concrete. Their results suggested ttiegt
addition of slag atdth levels of 55% and 85% resulted in an increase in workability from 15
mm slump to between 20 and 40 mm for the slag mixes compared with control mix. The
partial replacement of cement with up to 55% ground granulated blastfurnace slag increased
the bleedcapacity by 30% but had little effect on the bleed rate. Increasing the slag level to

85% had no further significaeffect on bleeding compared to the OPC control.

In addition, the tests implemented kiyn et al. (2007confirmed thametakaolinconsttutes

a promising material as a substitute for the cost prohilstica fume In 2010, Moser et al.,
published a papen which they described the potential for binary and ternary blends of
metakaolinwith two differing particle size distributions, and class C fly ash to mitigate-alkali
silica reactions (ASR) with a highly reactive fine aggregate. The results showed that using
metakaolindecreased th€H content. The relative effectiveness roetakaah primarily
results from the smaller particle size, higher degree of reactivity, and chemical composition.

The use ofmetakaolinn concrete was more effective thiiynash

Using of SCMs, such adly ash, silica fume and metakaoln, in addition to proprties

improvement, adds sustainability to concrete and reduces the growing challenges in

12
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conserving raw materials and power sources, as well as decreasing:ism@Sion, as
mentioned byNath and Sarker (2011)Accordingly, the use of alternative materials has
already increased significantly in recent years. The use of such materials, as a partial
replacement for cement where reduction of the clinkering process is involved, leads to a
significant reduction in C@emissions per ton of cementitious materials and is also a means
to utilise byproducts of industrial manufacturing processes, accordihgtteenbach et al.
(2011) In addition,Muthupriya et al. (2011fpund that adding botftly ashandmetakaolinn

fresh concrete is more cohesive and less inclined to segregation. The utilisation of SCMs, such
asfly ash and metakaolin enhances the concrete properties. It was also demonstrated to
decrease the rate of water absorption of the modified specimens compared to that of normal

concrete.

Research birajamma et al. (20123lso suggestithat mixes containingietakaolinrenhance
strength properties more than mixes containing biorfiyasshonly. In a different study, by
Ravikumar et al. (2013)he influences of partial replacement of different pozzolanic materials
in mortar mixes were investigated. Different pozzolanic materials, suity a&sh rice husk

ash silica fume calcined clay (Graogandground granulated blastfurnace staglaced a12%

of ORC, were experimentally investigated for the strength and durability properties, in the
modification of OPC mortar mix. The utilisation of 12% of pozzolanic material to cement
mortar mixes showed that pozzolanic materials have a potential, in additigiotesvaortars,

as cement replacement materials from the point of view of strength, durability and

sustainability aspects.

Generally, thesCMsimprove concete properties bgnhancing concretaicrostructure due

to the filler effect of additive materialsybacceleratingof cement hydration due to the
pozzolanic eaction with CH andby refiningpores systerof the concreteThe effectiveness

of the supplementary materiala concrete propertias in the sequencenetakaolin> silica

fume> slag.metakaolinpresents the most distinct improvement effects on the microstructure

of concrete compared to the other supplementary materials, such as silica fume and slag, due
to the higher pozzolanic activity ahetakaolin(Duan et al. 2013®). Metakaolin could
effectively serve as an alternative to silica fume and ground granulated blast furnace slag in
the countries where these are either not available or economicalhywerdentVejmelkova

et al. (2010)

13
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The last finding is consistent with the study Ayub et al. (2014)which presented a
comprehensive review of the role of diéat mineral admixtures on the mechanical properties

of concrete, as the performance of concrete can be evaluated from mechanical properties. The
conclusion in this review emphasised that incorporation of mineral admixtures reduces pore
size with increasig pore size distribution andpnsequentlyreduces porosity, permeability,
shrinkage and creep. The porosity of concrete is inversely dependent on the cement
replacement content and age of the concrete. Incorporation of a mineral admixture develops
the canpressive strength of concrete. Howebr,ashandground granulated blastfurnace
slagare those mineraldmixtures thaimprove the later age compressive strength due to their
slow pozzolanic reactivity and/or lesser surface area instezatly age irprovements, as in

metakaolin due to high pozzolanic reactivity.

Recently, Hossain et al. (2016yave a comprehensive review ore tkevelopment of
sustainable binders through the uspadzolanianaerials, such as slaffy ash palm al fuel

ash metakaolinsilica fume rice husk asletc., as partial replacement in cement. SCMs have

an important role, when combined into a cement system in a certain proportion, in the mortar
and concrete properties. Based on the outcomes of the reviewed research, it is observed that
the partial replaceentof SCMs improves mortar and concrete properties by refinement of

the pores system and thezzolaniaeaction. As consequence, concrete exhibited significant
enhanced reinforcement corrosion, and chemical and sulphate resistance, and reduced chloride

and carbon dioxide penetration.

A study byPalou et al. (2016hvestigated the effects of four compound systems consisting

of Portland cement and three SCM8ica fume blast furnace slag, amdetakaolin on the
hydration progress. The pozzolanic activity of the SCMs increased thgtbkti@operties of
blended concrete and thus overcame the dilution action especially when cured for a long term.
The quadrilateral blended mixture showed formation of more thermal stable hydration
products in comparison with conventional Portland cemerdning the SCMs can be
considered as promising materials for the enhancement of special camuietkso, for

hydrothermal applications.

Recently, in vitro studies liguzielova et al. (201 Mave investigated the correlation between
porosity and mechanical properties of Portland cement replacement of 25, 30 and 35% of

systemsconsisting of slagsilica fume and metakaolin The development of the porous
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strucure and its effect on mechanical strength were investigated for an age of up to 365 days
of curing. The refinement of the pores structure is dependent on both the reaction of the used
SCMs and the level of Portland cement replacement. The componentblehitied materials
affected the porosity in comparison with conventional Portland cement without replacement
during all the curing times. In contrast, partial replacement of SCMs increased the gel pores
percentage and the strength characteristics ahtii#fied system increased asesult of the

total porosity decrease.

2.3 Metakaolin

Metakaolin (MK) has been commercially available since the-&880s. It has become one of

the new materials, which has been used recently as a SCM in the field of cinéerty
applications, that conforms to ASTM C 618, Class N Pozzolanas Specifications as shown in
Table 2.2(Siddique, 2007 Ramezanianpour, 2014The use ofnetakaolinin concrete is
relatively new, and it is being investigated becaus¢sdiigh pozzolanic properties, making

it possible to modify the concrete properties to suit the desired application, as analysed by
Moiseas and Joseph (2000)

Nevertheless, the édmetad prefix in the term
the change that is taking place is dehydroxylisat#iddique, 2007Ramezanianpour, 2014

Kaolin clay is the raw material input in the production of metakaolinSi4D7). Kaolin is a

fine, white, clay mineral that has been used in the production of porcelain. Kaolinite is the
mineralogicalterm that is applicable to kaolin clays. Kaolinite is defined as a mineral, with
desilicated hydrated aluminium being its most common component. The average size of the
metakaolin particles is quite small, being arotiméteum. Its colour is oHwhite. Plysical
properties of metakaolin are shown in Table 2.3. The main contents of metakaolin are silica
oxide (SiQ) and alumina oxide (ADs), in addition to ferric oxide, calcium oxide, magnesium
oxide, potassium oxide, etc. The chemical contents of metakadi shown ifrable 2.4
(Siddique and Khan, 2Q).
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Table 22: Requirements of metakaolin (ASTM C 618) (Siddique, 2007)

Modified specification requirements Limit
ltem

Silicon dioxide (SiQ) plus aluminium oxide (ADs) plus iron oxide Min 85%
Availablealkalis Max 1.0%
Loss on Ignition Max 3.0%
Fineness: amount retained whensiegtved 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%

Table 23: Physical properties of metakaolin (Siddique and Khan, 2011)

Property (Poon et al., 2001 (Al-Akhras, 200 (Tafraoui et al., 2009
Specific gravity 2.62 2.5 2.5
Average patrticle 1 12

Fineness

(m?/kg) 12680 12000 1500630000

Colour White

Table 24: Typical chemical composition of theetakaolin

Ambroise Wild and Tafraoui

Chemical Thomas
et al. Khatib et al.
composition (2013)
(1994) (2997) (2009)
SIO, 51.52 52.1 58.10 52
Al203 40.18 41.0 35.14 45
FeOs 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
SGs - - 0.03 -
TiO2 2.27 0.81 - -
NaO 0.08 0.26 0.07 0.21
L.O.l 2.01 0.60 1.85 0.51
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In addition to the work ofGruber et al. (2001 previously,Zhang and Malhotra (1995)
indicated thatetakaolins a silicabased product that, when reacted with Ca(Optduces
CSH gel. Metakaolin also contains alumina that reacts with CH to produce more alumina

phases, including 8H13, C;ASHg, and GAHe. He et al. (1995)also showed similar results

The pozzolanic action of the additive is includedha concretenixesfor engineeringand
economic reasons. Tip®zzolanic nature of metakaolin, when used with cement as a partial
replacement, means it is able to react with portlandite which is produced by the cement
hydration to shape supplementary calcisificatehydrate gel, similar in components and
structure © the cement hydration productions, as highlightedTbyrence et al. (2000)
Metakaolinite is consideremigood ynthetic pozzolanas as it reacts, especially 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 #ect the development of pozzolanic properties as indicated in a different study by
Kakali et al. (2001)The main reaction product of the activation of metakaolin with highly
alkaline solutions in the presence of calcium hydroxide is a sodium aluminosilicate, the same
as that produced when metakaolin is activated without calcium hydroxide. In addition, the
formation of CSH gel as a kyroduct is also observéélonso and Palomo, 20D1The by
products of the metakaolin action with the cement hydration product reduce the cost of the
concrete due to decreasing the quantity of the cement used. In additiodrtodity
properties of concrete improve, consequently, due to the rgfafithe pores system by the
secondary hydratg€hadbourn, 1997 Another important advantage of the partial replacing

of cement by metakaolin in concrete is the contribution to significantly reducing the emissions
of CO; and thus environmental pollutionetakaolinhas been used to replace some parts of
the cement of concrete to increase the strength properties and reduce the permeability of the
concrete in order to enhance the service life of concrete structures, as carriedGuibiey

et al., 2001 Aiswarya et al., 2013&Khatib et al., 2014

2.4 Metakaolin in concrete

The reaction between cement particles and water is the main chemical and physical process
in the hydration of ement. Theroperties of fresh concrete and hardeoewlcrete, suchs

setting, hardening, and strength are the direct results of the process of hydration. The
mechanism of cement hydration is the reaction of the main two calcium stdaraponents
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of the cement. These hydrations are similar in terms of the chemical reaction, differing only
in the amount of calcium hydroxide formed, the heat released and the reaction rate. Typical

reactions are shown in the following equati¢Nsville, 2011:
2CsS+6HY CsSHg+3 CH € é &xééerééeeé eé e (2)
2CS+4HY CsSHg+CH éééééééécééééééécééeé.ééé..2

The principal hydration product iss&Hs. It is a widely held view that G% is themajor

strength provider for Portland cement concrete due to its amount and small size. Nevertheless,
the other product of the cement hytilva isCH. This product is a good crystalline with a plate
shape in most cases. CH is formed in solution by crysasithin and occupies about 25% of

the structural component of cement paste. CH can bringHwalue to over 12 and it is good

for corrosion protection of steel. From a durability of the concrete point of view, CH may lead

to leaching due to its solubilitgarbonation due to its reaction with carbon dioxide, alkali
aggregate reaction due to its high pH value, or sulphate attack due to its reaction with sulphate.
Hence, in contemporary concrete technology concepts, there has been a trend to reduce the
amoun of CH in concrete as much as possible. However, a minimum amount of CH is needed

to keep the high alkali environment in concrete as conduct&omgjin (2011)

Supplementary cementing matesjaduch as metakaolin, when used as a partial replacement
substance for cement in concrete, has high pozzolanic properties which are similay in ma
aspects to those of Portland or blended cement systems, as menti@e8ibwa and Glasser
(1993) It reacts with Ca(OH)and results in an addition@SH gel which results in increased
strength. Metakaolin also reduces the hardened cement permeability to liquids and gases,
resulting in an increase in the service life of buildings. The chemical reaction as shown below
becomes important within the interfattransition zone located between the aggregate and

paste fractiongJustice et al., 20Q0Riswarya etal., 2013
Cement+ Water = G%gel+Ca(OH)e e é é e é éé e éée .eée. .éeé e (23
Ca(OH)+ Metakaolin=C8H gel eéécéecétécccecéceée .ééce . (29

The experimental study of a partial replacement of cement by metakaolin showed that cement
hydration products represented @i crystals are quickly consumed, and the microstructure

of the cement mortaappears with a high level of EiSand stratlingite (@ASHs), the pore
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size distribution tends towards a smaller siaad the CH content was considerably reduced

as mentioned bpmbroise et al. (1994)They investigated the effects of partial replacement

of metakaolin by cement. Four mortar mixtures were prepared at 0, 10, 20 and 30% metakaolin
replacement. It was found that after 7 days of cutigcompressive strength of modified
pastesbecomes higher than that of the conventional mix for 10% and 20% of metakaolin
replacement. However, utilisation of high contents of metakaolin increases the demand for
water needed to reach the same workatalgyn a plain cement moue to high reactivity of
pozzolanic materials in metakaolin (Siddique and Khan, 201l)essential to use
superplasticisers in conjunction with metakaolin in the cement paste to reduce the water
demand. The increasenmetakaoln content leads to a displacemehpore diameters towards
smaller values. This explanation of properties improvement is also put forwsvddogt al.

(1996) in their study which showed that the filler effect, the acceleration of cement hydration,
and the pozzolanic action ofetakaolinwith CH are the factors which affect the contribution
made by metakaolin to improving the strength when it partially replaces some of the cement

in concrete.

A previous work byWild et al. (1996)illustrated the effect of partial replacement of
metakaolin at 5, 10, 15, 20, 25, and 30% on the workglufitthe concrete mixture. The
modified concrete mix proportion was 1:2.3:3The optimised mix is that of 20%ement

replacementby metakaolin using 0.45W/C ratios The effect of metakaolin on the
workability is shown in Table 2.5. The effect of th@erplasticiser on the workability can be

clearly seen, even though increasing the metakaolin level.

The research study Bhang and Malhotra (199%resented the results of the physical and
chemical properties of a thermally activated alunsili@ate materiainetakaolinand deals

with the properties of fresh andrdaned concrete incorporating this material. The results of
this limited study show that the thermally activated aluminosilicate material is highly
pozzolanic and appears to have excellent poteagtiabupplementary cementing materiai
improving concete propertiesand produce higiperformanceconcrete The concrete
incorporating 10%metakaolinrequired more superplasticiser and-entraining admixture

and improved the strength up to 180 days of curing compared with the conventional concrete.
Incorpomtion of metakaolin improved the resistance to chloride diffusionpeosd to

conventional concrete.
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Table 25: Workability of the concrete modified by metakaqfild et al., 1996

Superplasticiser Slump  Compacting

Metakaolin (%) Vebe time (s)
(%) (mm) factor
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

In an investigation by Khatib et all9496), 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 w/c ratio 0.55. The samples were under moist curing for the period
up to 12 months. It was @imd that the rate of large pores in the concrete paste reduces with
increase in metakaolin percentage and curing time. Partial replacement of cement by
metakaolin up to 20% reduces the water absorption by capillary dtfedb the filler effect

of fine metakaolin particlesPrevious studies, as reportedBredy et al. (1989)showed that

when the partial replacement with metakaokas below 20%, the total porosity of the
concrete decreased. Beyond 30%, the porosity of the modified comresgsed, which

could be due to the using of metakaoliaguired morewater/cemenratios due to high
reactivity of the pozzolaniccomponentsn metakaolin The development of the strength
guality of the hardened concrete made by partial replacement of cement by metakaolin is
influenced by three elementary effects. ¥tare the filler influence, acceleration dhe
hydration of cement, and thestakaoin pozzolaniceffect with CHas observed bwild et al.

(1996) This is consistent with the investigationKifatib and Wild (1998who performed
experimental investigations on the influence of metakaolin on the sulphate resistance of
mortar. Cements of highs& and intermethte GA were used, with partial replacement of
cement by metakaolin at 5, 10, 15, 20 and 25%. Prisms of size 25 x 25x% 285 mm were moist
cured in air for two weeks, and their length was measured before immersing in2S% Na
solution. The result showed tlexpansion and deterioration decreased significantly with
increase in metakaolin level for both typescement. At least 15% metakaolin replacement
with cement is the optimum replacement to provide good sulphate resisthrses. in good
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agreement wittsimilar work on metakaolin replacement Wild and Khatib (1997)They
observed that removal of CH by pozzolanic action reached a maximum at about 14 days. This
is critical, as CH can be detrimental to the durability of concrete and does not significantly
contribute to concrete strength; the reduction of the CH by the secondary reaction with the
metakaolin greatly improves the concrete strength. The alkali activatioretakaolin is a

way to improve strength of cementitious materials, as mentionBaloyno et al. (1999)

Moiseas and Joseph (2006pserved the degree of hydratioh martial replacement by
metakaolin at 0, 10, 15, 20, and 25% of cement by weight, Wit ratio 0.55. The degree

of hydration of metakaolin pastes was specified in terms of total amount of calcium present
in the hydrated process. The calcium hydroxideg@®age at different times up to 360 days

is shown in Figure 2.1. This shows that the calcium hydroxide amount in specimens generally
decreased with the increase of metakaolin level. For the mixe/o&at0 15% metakaolin
replacement, an inflexion poiat 56 and 90 des, respectivelywas observed. Aftehis point,

the calcium hydroxide content increased again. The variation of calcium hydroxide content
was due to different hydration meclgmns: the increase in the Gélelis due to the cement
hydration, while the diminishing in the values is related to the pozzolanic effects of
metakaolin. The inflexion points (for 10% and 15% metakaolin) represent the end of the

pozzolanic reaction, due to the total consumption of meliskao
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Figure 21: Calcium hydroxide content as a function of tifiMoiseas and Joseph, 2000

Similarly, Sabir et al. (2001)showedmetakaolinrefinement of the pore structure in cement

paste, mdar and concrete and extremely that it enhances resistance to the penetration of water
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and diffusion of harmful ions which lead to deterioration of the microstructure system of
cement concrete. However, other researchQign and Li (2001) has also shown that
increasing replacement levels of metakaolin increases the tensile strength amstrgrak
There is a significant increase in compressive strength at early ages, and higkernong

strength.

Courard et al. (2003)investigatedthe sulphate resistance ofodified mortars by partial
replacement of cement by ®,10, 15 and 20% metakaolin. The specimens of mixtures were
cast with 1:3 cement/sand with w/c ratio 0.50. Regarding behaviours of modified mortar in
comparson with conventional mortar, an inhibition of sulphate attack was observed. The
optimum percentage of the metakaolin replacement seemed to be between 10 and 15%
regarding the low decrease of workability, the best mechanical performainoes 19.9%
compaed with control concrete at 15% metakaolin replacempaoteasing thenetakaolin

level up to 20% contributed to a decrease in absorption by capillary action. There is a link
between the water absorption, modulus of elasticity, and strength and porestsikatmn
according tKhatib and Clay (2004)

A study byBatis (2005) suggests there the increase of the partial cement replacement using
metakaolin reslts in a considerable increase in the required water for the hydration process.
The results show improvement in compressive strength about 19.5% with partial replacement
of metakaolin of 10% at age 28 daysing metakaolin as a sand or cement replaceopent

to 20% and 10% by weight respectivadphances the corrosion resistance of mortar samples.
However, Justice (2005) studied the effect of using metakaolin as a supplementary
cementitious materian the concrete propertied/ith respect to workability and setting time,

the use of metakaolin generally required more superplasticiser to achieve adequate concrete
workability, because metakaolin caused the highest reductions in workedb#ity the filler
influence, acceleration of the hydration of cement, and the metakaolin pozzolanic effect
Metakaolin also shortened setting time of cement paste-bp%bas compared to the control
cement paste. In addition, compared to the control sample, the samples of metakaolin had the
improvementof 42%, 9.5% and 10% in compressisplitting tensile flexural strengths
respectivelyover controls for W/Cof 0.4Q respectivly. This finding is consistent with
findings of past studies b$adr et al. (2007) which found that metakaolin improves

compressive strength and reduces shrinkage compared with the conventional specimens, and
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the optimum percentage of replacement is between 10 and 20%. Furthermore, in the same
vein,Khatib (2008)showed that the wikability reduced with an increasemktakaolinevel,

as reported before, as the results showed the slump reduce from 17 mm to O mm when the
metakaolincontent increasérom 0% to 20% respectilye The maximum contribution of
metakaolinto strength was at 14 days and the optimum percentagetakaolinwas 15%.

The increasé& metakaolincontent of up to at least 20% leads to a decrease in shrinkage and
an increase in expansion after 56 dayswing. This is supported by thigai and Gailius
(2009)which revealed that partial replacement of cement by metakaolin significantly affects
consistency and early strength of cement paste. Due to high pozzolanic reactivity of the
metakaoln and specific surface, water demand increases with increased metakaolin content
in the concrete mixture. Meanwhil§iddique and Klaus (2009eviewed the available
literature on the effect of metakaolin on the mortar and concrete characteristics. Siuniiigr res
were found to those mentioned above. The literature reviewed clearly demonstrates that
metakaolinis an effective pozzolanas and concludes iinetiakaolinimproves the early age
strength as well as the loitgrm properties, and reduces the permeghilitthe mortar and
concrete. Incorporation ghetakaolinin a cement system causes a significant change in the
chemical composition of the cement hydration products and partial replacement of 10% and
15% metakaolinexhibited exckent durability propertis, such as resistance to chemical

attack.

In addition, according to&/ejmelkova et al. (2010Yhe durability properties of concrete
modified by metakaolin were improved. Its frost resistance was better as compangiimPo
cement high performance concrete. The chemical resistaneg@faolirconcrete in distilled

water and HCI was better than for Portland cemertontrol concrete.ln another study,
Anupama et al. (20113¥tudied the effect of partial replacement of cement by 0%, 10%, 15%
of metakaolin using different W/C ratios are 0.35, 0.4, 0.45 and 0.50 at ages 3, 7, 28, 56 and
90 days. The resulshowed that using metakaolin in concrieterease the ratef earlyage
strengthof the concrete paste pmum partial replacement was found to be 15% metakaolin

at age 90 daysCompressive strength enhane@th an increase of metakaolin levdlhe
maximum density of modified concrete was achieved at 0.45 w/c ratio andn&@8kaolin

replacement.

23



ChapterTwo Literature Review

This is supported by thBeulah and Prahallada (201&udy which investigated the partial
replacement of cement by metakaolin at 0, 10, 20 and 30%. It was observed that the addition

of metakaolin increases the resistance ofctrecrete to acid attackhe results also, show

that the compressive strength improved by 11.62610% replacement of cement by
metakaolin This is consistent with a study urthy et al. (2012which investigated the

influence of partial replacement of 7.5, 10, 12.5, 15 and 17.5% metakaolin by weight of
cement on the modulus of elasticity of concrete. Cylinders of size 150 mm diameter and 300
mm height at various percentages of metakaolin were used to determine the modulus of
elasticity after curing for 28 d¢eacedagesdfar i at
met akaolin was compared with conventional c
elasticity increases with metakaolin replacement up to 10% then decreases with further
metakaolin increasdn addition there was an improvement in cprassive strength of the

concrete mix up to 8.6% at age 28 days for 10% metakaolin replacement by weight of cement.

Khatib et al. (2012pbserved that the 20% replacement of cemdhitiwetakaolinresulted in

a substantial improvement in the compressive strength of mortar. The compressive strength
increased by approximately 50% compared to that of conventional concrete. When using over
30% metakaolin However,the compressive strengsitarted tadecreases shown in Figure

2.2. Furthermore,Shelorkar and Jadhao (201B\vestigated the influence of metakaolin
replacement on strength properties and rapid chloride permeability of concrete. Specimens
with partial replacement of cement by metakaolin at 0, 4, 6 and 8% were prepared. It was
observed that there was a remétkaenhancement in compressive stremdgbut 9%, 13.2%

and 226 for 4%, 6% and 8% cement replacement by metakabfia.percentage reduction in
chloride permeability values in coulombs was 48.57 %, 51.88 % and 56.43% for metakaolin
content of 4%, 6% and 8%spectivelyNova (2013) also provided a study of the effects of
partial replacement of cement by metakaolin at 5, 10,nt528% on concrete. The results
showed the partial replacement with metakaolin admixture effectively improved the
mechanical properties of the concrete. It was found that the mechanical properties increased
up to 15% metakaolin replacement and then deedeas metakaolin was increased further.

In contrast with conventional concrete, the percentages of the increase in the mechanical

strength were 39.2, 8.90 and 15.2 for compressive, splitting and flexural strength respectively.
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In a different studySrinivasu et al. (2014gliscussed the significant relationship between the
metakaolin level and the concrete properties. It was emphasised that the inclusion of
metakaolin in the concrete led to a 25% increase in strength and enhanced durability.
Metakaolin ircreases the density of the concrete, which displays a low water permeability and
sorptivity. It is alsamprovingthe acid resistance of the concrete and decreases the chloride
penetration. In another studghatib et al. (2014 x ami ned t hat the o6t he
ash paste activated by lime and metakaolin, are affected by the metakaolin level and curing
time, compared with the paste without metakaolin. Meanwhile, and with the same objective,
Kannan and Ganesan (201ghowed similar results. Results of experimental research by
Marinos et al. (2015&lso point towards improvement in strength and durability of concrete

by the partial replaceemt of cement by metakaolin by mass. Partial replacement of 10% of
cement by metakaolin resulted in decreased chloride permeability and increased compressive
strength. At a higher level of replacement, chloride penetration further decreased, at the
expenseof compressive strength. The higher the volume of pozzolanic materials, like
metakaolin, in the binder, the higher the carbonation of the micro concrete, due to the low

available amount of Ca(OHin the matrix.

Recently, Narmatha and Felixkala (2017have shown an increased interest in using
metakaolinin concrete structures due to its effect on improving concrete properties. The
increase inmetakaolin content improves the compressive strength and splitting tensile
strength up to 15% cement replacement. The results encourage the use of metakaolin, as a

pozzolanic material for partial replacement in producing high performance concrete.

2.5 Uses of metakaolin in concrete

Metakaolin is used in the following conteeapplications as mentioned by (Siddique and
Khan,2011 Bapat,2012)

A High performanceonceete high qualityconcrete and lightweight concrete
Precast concrete for architectural, civil, industrial, and structural purposes

Fibre cement and Ferro cement products

A
A
A Gl ass ybre reinforced concrete
A Repair material, pool plasters

A

Improved finish abity, colour and appearance.
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Figure 22: Compressive strength of mortars containing varying amountsetdkaolinat 28
days of curinKhatib et al. (201p

2.6 Advantages of metakaolin in concrete

There are four major advan&sgyto using metakaolin in concrete, they(&ddique and Khan,
2011 Bapat,2012)

A Increased compressive and flexural strengths

A Improvedthe early agstrengh of concrete

A Improved durability by reducing permeability and improving the resistance to
chemical attack

A Reduced shrinkage due to particle packing and increased concrete density

A Reduced effects of alkatillica reactivity

2.7 Disadvantage®f metakaolin in concrete
A Reduced workability of concrete mix with increased metakaolin level in concrete
A The reaction between the metakaolin component and tpeduolucts of the cement
hydration process requires more water than the hydration cement in the conventional

concrete
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A Partial replacement of cement by taieolin requires uperplasticiseras a water
reducerto improve mix workability and amends the water cement ratio for cement
hydration progresses

A Decreasing the strength properties with increagie MK contents over 20%.

2.8 Polymer

The termof polymer is used to indicate the compounds consistimgany repeated structural
units. The prefixpoly meansmany and mer means part . Each repeated structural unit

in the compound is called a monomer. A polymer consists of numerous monomers which are
linked together in a chailink structure andhte chemical process which causes this linkage is
called polymerisation. The number of repeating units in the chain linkage is called the degree
of polymerisation. If more than one kind of monomer is used, the process is called
copolymerisation and the rd8nog substance is a copolymer. The monomeric units may
combine with each other into a macromolecule to form polymers of linear, branched or cross
linked (threedimensional) structures. The term linear polymer is used for polymers in which
the carbon atomare joined together as a continuous sequence in a chain polymer, and also
have crosdinked or space network structures and they have -tireensional systems
(Bolton, 1998. However, there are two molecular factors that govern the mechanical
properties of the polymer, the first is the length of the moleeutkch is proportional to the
degree of polymerisation and proportional to the molecule size, or relative molecular mass.
The second factor is the shape of the molecules. The chemical reactivity of a polymer is
dependent on the reactivity of its molecudamponentgMcCrum et al., 1997

In general, the properties of the polyna¢so depend upon the form and arrangement of its
macremolecules. The critical factors are the molecular weight (which depends on the degree
of polymerisation), the extent of branchirmgpsslinking or network structure and the degree
and crystallinity ®the macremolecules according t©ara and Umare (2010)

2.9 Classification of polymers

Polymers caie classified according to their response to thermal treatment as thermoplastics,
thermosets, and elastomers. The simple methods by which thermoplastics and thermosets can
be distinguished is when heat is applied. With thermoplastics, the material softeeating

and become plastic so that it can be converted to any shape by moulding. On cooling, they
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become hard and rigid. On reheating, they soften again and the material can be remoulded to
any desired shape. The chemical structure or the moleculgintvegithe thermoplastic resins

are not changed during the heating or moulding operations. Examplessrobplastics are,
polyethylene, polystyrene, polyvinyl artiylics. However, thermosetting resins almse,

which set upon heating arehmot bereformed once they are set. Thermosetting resins have

a threedimensional network structure and have very high molecular weights. When these
materials are moulded, additior@bsslinkingis formed between the long chains leading to a
further increase in moletar weight. Examples of these materials include phenol
formaldehyde, urea and melamine formaldehyde, polyester, epoxy, and silicone, etc.
(Nicholson, 200k

On the other hand, an elastomer is a class of polymers classified according to the application
and physical properties. Its structure allows reversible considerable extensions; elastomers
shows very large strain when subject t@ss and return to their original dimensions when

the stress is removed. The elastomer structure is that of linear chain molecules with some
crosslinking between chains, examples include natural rubber and synthetic rubber,-styrene
butadiene rubber and lyarethane, etqGhash, 2002.

2.10 Polymer in concrete

Mortar and concrete made with Portland cement have been popular construction materials
globally for the past 170 years and more. However, some of the drawbacks of concrete
structures, are low tensile strength, larggrdy shrinkage, low chemical attack resistance and
delayed hardening. In order to minimise these drawbacks, several attempts have been made to
utilise polymers in mortar and concrete. Research and development of pahdidied
concrete have become a@in many countries, particularly in Japan, the USA, Germany and
the UK. The notion of a polymdrydraulic cement work is not new, and in 1923 the first
patent of the system was issued by Cresson, as publisti@tboya (1995)It has been found

that the propertiesfgpolymermodified concrete significantly depend on the polymer to
cement percentage on concrete and mortar mixtures or polymer contents of ingredients
(Ohama, 1998 The incorporation of polymers into cementocancrete materials in order to
enhance the bond adhesion, flexibility and workability of the resultant composite first took
place in the 1930s where natural rubber was used. A wide variety of polymers has been
investigated to modify mortar and concretegtsias epoxy (EP), styrefmitadiene rubber
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(SBR), polynnyl acetate (PVA), Polyacrylester (PAE), polypropylene (PP)dachloroprene
rubber (CR) etc. according Miller (2005). According to American concrete institute (ACI)

committee (1986), polymanodified concrete can be classified as follows:

2.10.1Polymer-impregnated concrete (PIC):

To make PIC, conventional Portland cement concrete is dried and subsequently saturated wit
a liquid monomer, which is subsequently polymerised in situ. In general, almost any shape,
size, configuration orientation and quality of hardened Portland cement concrete can be
impregnated with the monomer to some degree, provided the monomer hadaticewvoid

space within the concrete.

2.10.2Polymer concrete (PC):
PC is a composite material formed by a polymerised monomer and aggregate mixture. The
polymer acts as a binder for the aggregate. The composites do not contain a hydrated cement

casehowever Portland cement can be used as a filler.

2.10.3 Polymer Portland cement concrete (PPCC):

PPCC is a premixed material in which polymer and cement are added together to a fresh
concrete mix in the form of a liquid, powder or dispersed phase, lwekd to cure. The

mixing and handling of PPCC are similar to conventional Portland cement concrete.
Generally, polymer latexes used as concrete modifiers are not toxic, and are safe substances

to handle. Consequently, they require no special precaftomder, 1983 Ohama, 1996

Polymermodified Portland cement concrete and mortar are widely incorporated in civil
applications because the production method is not difficult artd eos lower compared to

the other polymer concrete categories, sash PIC and PG@ccording toRamakrishnan
(1992) Previous studies have primarily concentrated on the effect of polymers on concrete
propertiesOhama (198) mentioned the significant relationship between the pore structure
and polymer content in concrete. It has been shown that the pore structure-ofddtged
concrete is a#ficted by the polymer to cement (Pf&tio. The porosity or pore volume deul

upon the polymer content, which maguce th@permeability and durability of latemodified
concrete. With the same objectiviearbi and Bijen (1990)ndicated that there are two
suggested ideas for the action of polymer dispersions in concrete. The first theory explained

that there is no chemical reaction between the petyparticles and the cement hydration
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compositions. During the cement hydration progress, the polymer particles build up together
to form a film and gradually form a threfmensional network that contributes together with
cement hydration products to ingwe the strength of the concrete. The second theory suggests
that there is a chemical interaction between the polymer particles and the cement hydration
products. These interactions result in the formatiorcahplexes, whictoften retard or
accelerate the hydration of the cement system and affecotioeete properties. Meanwhile,

in a different studyl.ewis and Lewis (1990notedthat the final distribution of the polymer

into the concrete matrix could be considered as being between the two extremes of: i) a
completely homogeneous-ooatrix, in which both polymer and cement gel are continuous,
and ii) a matrix including only ceme hydration gel, with coalescence of polymer as a
disperse phase within that matrix, either randomly distributed within the gel, or localised, for

example, in pores or at aggregate matrix interfaces.

The above finding is consistent with the studyAkins et al. (1991yvhose results proposed
that there is a different level of chemical interactbetween some types of polymers and
Portland cement hydration components. SBR Rolyvinyl alcohol(PVA1) appear to have
very little chemical interaction whilBolyvinyl acetateshowsfull interaction. Acrylicbased
polymers are observed to partiallyeract with Portland cement. Regarding the rate of cemen
hydration, calcium hydroxidéirecting in the interfacial zone, and midnardness of the
composites were investigated 8y et al. (1991)The results showed that there is a significant
retardation in setting time and the hydration of cement for the modified cementyoyer
due toan overlay of polymefilm over the cement grainshich restricts access of water to
the cement.

FurthermoreOhama et al(1993) concluded that polymer cement ratios of 5 to 10% are
considered optimum for the preparation of such polymedified cement (PMC) mortars
using epoxy resin without any hardener. Research findingakgi and Sugita (1995lso

point towards the observation of the microstructure and composite mechanism of PMC mixed
with polymers in two cases of emulsion and powdee fdsults showed an improvement in

the bending strength of PMC is attributed to the polymer particles reinforcement action when
distributed in the hardened cement matrix, and the formation of a film in the interface with
other materials increased the adhesess of PMC to other materials. All the above findings

are consistent with the study Byamachandran (1994j was found that most of the polymers
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significantly improved concrete properties, such as strength, chloride ion penetration,
cabonation and drying shrinkage, compared to those of conventional concrete. The major
kinds of polymer in use are SBR, EVA, PAE, PVA and PE. Furthern8uest al. (1996)
concluded the microstructure system of styrenglaie polymer modified cement pastes
during hydration of cement at the early ages. Based on the environmental scanning electron
microscope (ESEM) observations, the results concluded that the polymer affects the
microstructure system by at least two methdts first one is that some of the polymer is
absorbed on cement grains directly after mixing and take the shape of a film that slows the
reactions, and the second is that the remaining part of the polymer is dispersed in the pore
water and forms a filmfeer the free water is sufficiently removed during the hydration process

and evaporation.

In 1997,(Ohama presented a comprehensive review of the progress of developments in
concrete polymer composites, which are cfassinto three types: polymenodified mortar

(PMM) and concrete (PMC), polymer mortar (PM) and concrete (PC), and pelymer
impregnated mortar (PIM) and concrete (PIC). Polymedified mortar and concrete have
significant attraction due to their processchnologies being very similar to those of
unmodified cement mortar and concrete. The hydration products of cement and the polymer
film progress considerably to yield a monolithic matrix phase with a network structure in
which the cement hydrate phase @otiymer phase interact. In polymerodified mortar and
concrete, coarse and fine aggregates are bound by such a monolithic matrix phase, and are the
reason for the development of properties compared with conventional concrete composites,
according to Ohamg@l998). In a different studyllitrault et al. (1998)ndicated tlat use of

polymer in concrete shifts the pore size distribution towards smaller values.

In another study, in 1998pwlerreviewed a vision of polymeniconcrete for the Zcentury.

These substances have been used for concrete repairing and coating, and to improve properties
of precast concrete. Meanwhifgchulze (1999ublished a paper and described the influence

of the water cement ratio and cement content on the properties of pehedédred mortars.

It was found that the properties of polymmodified mortar such as compressistrength,
shrinkage and water absorption were influenced by the different levels otovegenentand
cementamountsimilarly to unmodified mortar. On the other hand, flexural strength was

improved in comparison to the unmodified mortar and slighdlgreiased with increasing

31



ChapterTwo Literature Review

water cement ratio after 28 and 90 days of normal climate curing while it significantly
decreased with increasing water cement ratio after wet curing. Generally, the water adsorption
and permeability of laterodified concretes areonsiderably reduced with the increase of

the polymer level in concrete, because the larger pores can be filled with a polymer or sealed
with the continuous polymers films. Furthermore, investigation of the mechanical properties
and durability charactetiss of nine polymerand cemenbased repair mortars was carried

out byAl Zahrani et al. (2003)t was conclusively shown that the inporation of silica fume

and acrylic latex polymer admixture contribute to improve the mechanical and durability
properties of cement mortar. In a different study, in the same péadj et al. (2003)
performed experimental investigations on the effect offyrper in cement mortar by
comparing the coalescence of polymer particles in powder and aqueous modified mortars.
Specimens were prepared by varying the polymer cement level and tested for the properties
of polymer films by applying a scanning electron ragcope (SEM) after 28 days of curing
condition. It is concluded from the test results that mortar modified by powder or liquid
polymer particles is succinctly joined due to the formation of polymer films, consequently,
forming a dense structure with enlbbad mechanical and durability properties compared with
unmodified mortar which has a loosely joined structure due to the absence of polymer films.
FurthermoreDo and Soh (2003)evaluated the basic properties of delfelling materials

using polymer dispersions as a type of styseagdiene rubber latex, a Polyacrylic ester and

two poly(styrenebutyl acrylate) St/BA emulsions. It is concluded that polymedified self

levelling mortar can be used in the same manner as comvalnthermosetting resin floor

finishing materials in practical applications.

Barluenga and Hernand&livares (2004)also studied the effect &//C ratio and level of
polymer contenibn the setting time, and mechanical properties of mortar modified by a
styrenebutadiene rubber latex at different ages. The results showed that incorporation of
polymer in frek concrete mix improves the consistency and reduces the water cement ratio
required to improve the workability. Nevertheless, the mechanical properties of polymer
modified mortar can be display as a function of dosage parameters and physical properties
obtained using nomdaptive testing methods such as the ultrasonic velocity pulse test.
Beeldens et al. (20053liscussed the significant relationship between cement hydration and
polymer film formation and the influence of the presemd the cement particles on the
polymer film formation process as shown in Figure 2.3. The formation of the polymer film
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significantly influences the modification progress of cementitious mortar and concrete. The
relative humidity of the curing method has important effect on film formation and
especially on the drying rate. The hydration of the cement is retarded when the
polymer/cement ratio is increased. Meanwhile, the compressive and flexural strengths after 7
days of dry curing, reduced and increseespectively, in comparison to the unmodified

mortar strength.

Aggarwal et al. (2007)carried out an experimental study of the characteristics of cement
mortar modified by an epoxy emulsion commhwnéth an acryliemodified mortar. The results
showed that the polymenodified mortars have significant improvement in strength
properties and enhanced resistance to carbonation and chloride ion penetration and improved
workability. Nevertheless, with theame level of polymers, epoxy emulsion showed better

improvement properties than the acrylic emulsion.
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Zhao et al. (2009eported thatin experimental study dfe incaoporation of PVAemulsion

in lightweight concrete clearly improves the mechanical ptegsefor longterm curing
beyond 180 days. The result shows that the compressive strength increased u@tne20%
180 days of curing. Flexural strength of modified lightweight concrete at 28 days was around
10% higher than that of the unmodified conerelue to the development of the bond between
the cementing materials and the polymer film of polyvinyl acetate. To determine the effects
of incorporation of the polymer into the mixtures in order to improve the strength of pervious
concreteHuang et al. (201®valuated the properties of pervious concrete through an air void
test, permeability test, compressive strength test, and splitting tensile strength test. Three types
of limestore aggregates were used, and $BR/merwas incorporated to modify the pervious
concrete propertiesThe polymer and sand decreased the porosity and permeability of
pervious concrete and increased the compressive strength of pervious concrete. However, onl

the addition opolymercould increase the splitting tensile strength of pervious concrete.

In 2015, Bothra and Ghugal reviewed thesygpplication, classification and microstructure

of polymer in concrete. This review presented a better understanding of the mechanism of
coagulation of polymer in cement paste. Firstly, after adding polymer into fresh concrete mix,
polymer particles arsuspended and dispersed throughout the cement paste, meanwhile,
cement components start to hydrolyse and form solution of CH, and generate ettringite and
CH crystals in the zone adjacent to aggregates and probably a calcium silicate layer on the
aggregatePolymer particles sediment on the gel products and on the unhydrated clinker
particles. With the demand of water during the hydration process, and the increase of
hydrationproducts,the polymer particles gradually concentrate in the capillary pores, and
forming a close packed layer on the gel product surfaces, on the unhydrated cement grains
and on the developing silicate layer over the aggregates. Further consumption ofywater b
hydration or drying leads taalescing polymer particles on the gel produatd in the voids
coalesce into continuous films or membranes, producingraatox intermingled with the
hydrated cement paste and binding the hydrates to each other and to the aggregates. Some
polymers participate in chemical reactions with the cefmmgairtation products to the detriment

of the composite. There is a considerable variation of polymer application in the construction
industry. Polymers in concrete are mostly used as overlays on roadways and bridges, both as
new construction and as repaifseaisting deteriorated structures, ar@used in floorings,

water tanks, swimming pools, septic tanks, silos, drains, pipes and ship decks. A relatively
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new application, which is proving to be very promisimgjts use in combination with fibre

reinforcing.

Momtazi et al. (2015)reviewed and emphasised the positive effect of petyom concrete
properties, and displayed the three types of polymer in concrete: pelpmegnated
concrete (PIC), polymer concrete (PC) and polymedified concrete (PMC). Polymers
enhance mechanical and durability properties of concrete includingasext compressive
strength, flexural and tensile strength as well as excellent improvement in chemical resistance
and reduction of corrosion and permeability of concrete. MoredNguyen et al. (2016)
carried out an experimental study on the influence of the chemical nature of polyvinyl alcohol
on early hydration of Portland cement. The result showed that polymer incorporatidadetar

the hydration of €S, and the heat measurement flow data for the first 24 hours showed that
the chemical nature of polyvinyl alcohol has significant influence on the hydration process of
Portland cement due to both the fully hydrolysed PVA and thagetbacetates. An increase

in the degree of polymerisation of the polymer reduces the dispersing effect of the polymer
and, therefore, increases the retardation of cement hydration. Mear@ihé&yzzi (2016)
evaluated the use of different typek pmlymer to modify the functional and mechanical
properties of pervious concrete mixes. Four polymers with various chemical propentees
incorporated in the mixtures and several tests were carried out on cement grouts and mortars,
firstly, and on penaus concrete mixes, secondly. Results generally showed that some of the
polymers were beneficial to enhance the durability of the material. Specifically, it is concluded
that polymemmodified mixes showed enhanced ability to be denser by means of a lower
compaction energy to obtain a specific void level and polymers demonstrated to retard the
cement hydration process and thus developing strength fotéomgcuring. In addition, the
increase in flexural strength, stiffness, and durability properties wasustty observed.
However, it is seen that the addition of polymers in different forms can greatly enhance
concrete properties, reducing the drawback of unmodified concrete properties, along with the
increased adhesion to steel and/or old concrete, conrossistance, impermeability, etc. The
cement particles are better dispersed in the polymer modified cement mixture and a more
homogeneous material is formed. In most cases, a better fluidity of the fresh mix and a lower

mixing water demand is noticed Byakash et al. (2016)

36



ChapterTwo Literature Review

Finally, polymer modified concrete and mortars with different types of polymer will possess
different characteristics during their fresh and hardened sk&tss.of the works reported on

the enhancement of workability during the fresh state and promising strength at higher
strength grade. The characteristics of polymer modified concrete and mortars such as high
performance, effective adhesive, mdithctiond and widely market available cause its usage

to be more favourable. The current application with the incorporation of environmental
friendly and natural sources as part of the composition shows a good sign of polymer

innovation as revieadby Tukimat et & (2017).

2.11 Styrenebutadiene rubber (SBR)

SBR is generapurpose synthetic rubber produced by d{mmperature emulsion
polymerisation of butadiene and styreid¢wele (2000)The chemical structure of SBR is
shown in Figure 2.4 as demonstrateddiyama (1995)The use of styrerleutadiene rubber
(SBR) emulsionsn mortar ad concrete have been increageduilding construction and
repair due to benefits in flexure strength, adhesion and permeability. Shyretkene rubber
provides an excellent bond strength to concrete, and results in the enbahoé flexual
strength and reduce tipermeability characteristics. Styrebatadiene has been found to be
excellent for exterior exposure or wet environments as referrédwier (1999)

nCH;=CH-CH=CH; + xCiHs—CH=CH: ——p

Butadi Sty
utadiene Styrene CqH5

|
—-(CH2—CH=CH=CHy),——(CHy~CH),~

Styrene- Butadiene rubber

Figure 24: Chemical structure atyrenebutadiene rubbglOhama, 199b

Accordingto Lewis and Lewis (1990}he workability of SBRmodified concretes was much
higher than that of normal concrete, and rapidly increasesanithcrease of theolymer
content. The time during which the mixes remain workable is greatly reduced compared with
the unmodified concrete. Similarly, in another stu@gssignolo and Agnesini (2002)

examined the influence of styrebeatadiene rubber on lightweight aggregate concrete
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(LWAC) in the fresh and hardened cases. In the fresh Htatpplymermmodified concrete is
very workable and workability improves as the polymer content is increased. However, SBR
modified LWACs showed a high structural efficiency. SBRdified concrete shows a

considerable enhancement in the tensile and fléstrengths.

Furthermore,Wang et al. (2005)nvestigated the physical and mechanical properties of
styrenebutadiene rubber emulsianodified cement maars of different P/Gatios using a

constam W/C ratio of 0.40. Two curing methods were studied. The first one was a wet cure
for 2, 6 and 27 days by i mmersing in 20eC \
days by i mmersing in 20eC water followed b
(RH). The results showed that the mixed cure is the best method to improve the mortar
properties, as shown in Figure 2.5. A possible mechanism for polymer modification and the
relationship between the physical and mechanical properties was proposed basathong

electron microscopéSEM) analyses and the development of polymer film formation with
increased polymer content in concrete, as shown ur&ig.6. An interpenetrating structure
between the polymeric phase and cement hydrates formsRiGQlé 8% and fully develops

at aP/Cof 10%. The properties of the polymmodified mortars are affected by the polymer

film and cement hydrates.

70

wet cure, 3d
wet cure, 7d
wel cure, 28d
mixed cure, 28d
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Figure 25: Compressive strength of polymerodified mortars with dierent P/C ratios
(Wang et al. 2005)
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Figure 26: Fracture surface of 28ay wetcured polymemodified mortars at p/c ratio of
(a) 0%, (b) 1%, (c) 5%, (d) 8%, (&%, (f) 15% and (g) 20 YNang et al. 2005)
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Yang et al. (2009)conducted an experimental study to evaluate the chloride permeability and
microstructure of SBRnodified Portland cement mortars. They studied various
polymer/cement mass ratios under a constant water/cement falid5 and a constant
sand/cement ratio of two. This work brought new insights into the interaction mechanisms
between cement hydration and SBR latex modifiers. It provided an improved understanding
of the effect of admixed SBR latex on the microstructahemistry, ionic permeability and
chloride binding behaviour of Portland cement mortar. Such knowledge is expected to
contribute to the effort of searching for effective measures to improve the durability of cement
mortar and concrete in a chloritllenenvironment. In another studf)-Nu'man andAl -

Hadithi (2009)investigated the behaviour of SBRodified reinforced concrete beams. The
SBR-modified concrete showed a considerable enhancement in the tensile and flexural
strengths. The polymer modified concrete beams had a stiffer responsedrotdtexural
strength, an increas# ductility. Cracks of beams made of polyraodified concrete are

finer in distribution and shorter in length compared with referenceshigixighting the

applicability of SBR polymer to enhance the properties ofoeied concrete beams

FurthermoreBhikshma et al. (201&howed that polymer addition can improve the properties
of concrete such as increasing the strengthraddcing watepermeability. The polymer
levels used were 5%, 7.5%, and 10% of cement weligivias found that stenebutadiene
rubbercouldincrease the workability of concrete when the SBR content incrédseslump
values increased from 45mm to 60mm with addition ratios 0% to 10% of Polyraedition,

the strength of concrete was improved with the increpelgmer content in the concrete.
There is an increase in compressive strengttootrete grade 20M20) concrete by 15.94,
29.61 and 33.33% for 5, 7.5 and 10% polyraddition respectively, compared to control

concrete without polymer.

However, from tle mechanical point of view, hardened mortar or concrete products are porous
materials. Incorporation of SBR polymer into such pores obviously reducescoiunection

of the voids. This is the basic concept of refinement voids structure. In additionistia@re
interaction between the SBR latex particles and the cementitious matrix of the cement
hydration compositions. These findings are consistent with a stu#ohbgr et al. (2011)

which found that the formation d&BR film network provides excellent bonding between the

aggregate and the cement particles in comparison to the normal mortar. The igopéasin

40



ChapterTwo Literature Review

porosity due to the increase of the SBR latex content had a large influence on the compressive
strength and actually a low impact on the flexural strength, indicating the useful impact of
SBR latex on the interface properties, with the latter maiohtrolling the flexural strength

of the considered types of mortar, as mentionedhng et al. (2011)

On the other handRadhakrishnan et al. (201@xamined experimentally the performance of
SBR as a concrete repair substance in tropical climatic conditions. SBRs&f repair
substance in the case of spalled roof slabs with exposed steel reinforcement, as the SBR
modified cement mortar showed excellent reduction in the water penetration resistance.
Moreover, the results showed that SBR as a bonding agent hesv@dpensile strength
comparedto cement paste. Consequently, SBR is an excellent choice in repairthg
resurfacing concrete in the tension zone of a flexural member. Meanwhileed et al.
(2012)illustrated that the use of polymers in mortar and concrete as admixture can improve
the physical and mechaniqaroperties, such as higher strength and lower permeability than
conventional concrete. The styrelgtadiene latex was specifically designed for use in
cement composites. Similarly, the study showed an improvement in the compressive and
flexural strength of the cement mortar with 8% polymer content added. The compressive
strengths at 3, 7, and 28 days were increased by 13.5%, 8.35% and 9.12%, respectively,
compared with conventional mortar, while the maximum increase in flexural strength at 8%
polymer catent was 11%. The incorporation of SBR emulsion in concrete construction and
repair work has been increasing as a result of its improving the flexural strength and adhesion,

and reducing the permeability as mentioned in an investigatidfabyand Ge (2012)

Essa et al. (2012used SBR as a modified bonding layer between old and new concrete. An
increase wasbserved in the compressive and flexural strengths of the modified specimens
with a modified bonding (SBR), for the ages of 7, 28 and 60 days, compared with the new
concrete bond with the old concrete without using the polymer as a bonding.

According toShafieyzadeh (2013j)he effect of SBR increasing the workability of concrete,
and the compressive strength of modified mortar was equal to and even slightly higher than
that of the normal cement mortar aP#C ratio of 5% due to the filling effedf the SBR. It
seems that at B/Cratio of 5% the polymer film formation is shown through tiny bridges on

a limited number of spots. Although the structure between the polymer film and cement

hydrates is developed aP&Cratio of 10%, the compressiveetgth of concrete is decreased
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in comparison to normal concrete. In other wondsorporation ohigh percent oSBRlatex

in concrete decreases the compressive strength, due to a lower mechanical capacity of polymer
film with respect to cement paste. 8evhile,Ukrainczyk and Rogina (2013jnention the
significant relationship between the properties improvement and the polymer film formation
of the SBR modified calcium aluminate cement mortar. SBR latex significantly retarded the
cement hydration procesnd caused a slight decrease in the compressive strength and
remarkable increase in the flexural strength with polymer addition, as compared to
conventional mortar. Utilising SBR contributed to a reduction in the connected pores. This
can be attributed tihe filling of pores by coalescence SBR polymer particles as well as to the
greater air stimulation by polymers and surfactants in the latex. The polymer film formation
due to the coalescence SBR particles and air bubbles contributes to disconnegtooé the

system.

However,Jamshidi et al. (2014howed that the polymer admixtures caused a decrease in
water permeability of the concrete and improvement in barrier efficiency against water
absorption of a latemodified concrete with an increment of latpgrcentage. The latex

modified concrete specimens were cast ug#i@ ratio of 0.35 and 0.45. These samples were

left for 48 hours in moulds under wet conditions and cured in a humidity chamber (at 95+5%
relative humidity and a?dmngfpr2i days inJabodatory air, f o
conditions. MoreoverKhan and Deulkar (2016pund that SBR content percentage has a
significant effect on the concrete properties and required quantity of sand, gravels and water,

and unit cement content.

2.12 Polyvinyl acetate in concret (PVA)

Polyvinyl acetate is a thermoplastic resin produced by the polymerisation of vinyl acetate
monomer [CHCOOCHCH] in water producing an emulsion with a solids content e55%
(Ebewele (2000)PVA, a synthetic organic chemical composite, when applied as an admixture
with Portland cemat, has been noted to obtain excellent bonding of fresh mortar to old
concrete, and to improve several properties of concrete. The chemical structure of PVA is

shown in Figure 2.7 as referred Ghhama (1995)
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Free radical vinyl
Polymerisation
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Figure 27: Chemicalstructureof the polyvinyl acetate (Ohama, 1995)

The earliest investigation work for incorporation of polyvinyl acetate in a cement system to
improve Portland cement mortar was carried ouGlyst et al. (1953)When diluted with
adequate water, it possibly acted as a dispersing agent for the cement particles arftesand. T
compressive strength of mortars with a RibAcement ratio of 0.2 under dry curing
conditions was more than three times greater than that of conventional mortar, due to reduced
water evaporation by PVA. Polyvinyl acetate cement mortar showed maximuovengent

in properties when cured in air at ordinary temperatures and low hunXdihg etal. (2001)
investigated sulphuric acid resistance of soluble soda-gtagsinyl acetate latex modified
cement mortar compared with polyvinyl acetate modified mortar, soluble glass modified
mortar and unmodified mortar. The outcomes showed that thewsid acid resistance of the
soluble glasgpolyvinyl acetate modified mortar was remarkably higher than that of the other

mixtures of mortars.

FurthermoreArooj et al. (2011¥ytudied the availability and use of polynmaodified concrete

under local conditions in Pakistan. Various polymer compostwith subsidiary chemicals

were prepared in the laboratory. The results showed that the tensile strength of the-polymer
modified concrete made with PVA emulsion showed excellent bonding with old concrete.
Meanwhile,Ismail and AtHashmi (2011pbserved the effect of adjusting the water/cement
ratio with 0.30, 0.35, 0.40, 0.45 and 0.50 of polyvinyl acetate wastewater (PVAW) on the
strength properties, the sluropfresh concrete, and the colour and density of hard concrete.
Although there was a slight increase in the compressive strengths of the PVAW concrete
mixes using 0.40 PVAW/C ratios compared with the control concrete mix at the same W/C

ratios, compresses strength was reduced with increasing PVAW/C rafiocording to
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Edmonds and Majumdar (1989) the addition of a wabduble polymer such as partially
hydrolysed polyvinyl acetate permits the formation of a workable paste containing very little
water; thepolymer acts as a lubricant facilitating close packing of the cement grains, which
are then held tightly together as the polymater gel dehydrateBlexuralstrength tended to

exhibit the same behaviour as compressive strength. Theadeof the stragth values can

be attributed to the inhomogeneity and insufficiency of water content available for cement
hydration. Good adhesion of polymer and higher tensile strength of peigoufied self
compacting concrete caused increasing in the bond streeytiedn steel reinforcement and
polymer concrete. The bond strength between steel and concrete, especially for deformed steel
bars, is significantly affected by concrete tensile strength. The bond strength increases with

increasing concrete tensile strengthconducted bAliabdo and Abd_Elmoaty (2012)

Tomas (2013)also investigated the influence of polymer fibre on thengfth of concrete.

The study was carried out by mixing dissolved polymer fibre (polyvinyl alcohol, polyvinyl
acetate) into concrete mixes. The compressive strength test was conducted for the hardened
concrete after 7, 14 and 28 days. The polymedified oncrete of 2%P/C showed the

highest compressive strength and that of BAG displayed a similar result to that of the

conventional concrete.

2.13 Advantages of polymers in concrete

In recent decades, the polymer in concrete has been one of the magstimgeresearch
subjects due to its significant effect on the mortar and concrete properties including
improvement workability, retarding or accelerating setting time, and enhancement of strength
and durability properties. The main reason for incorporgimlgmer materials into concrete

and cement based compounds is to improve the mechanical properties of the mortar and
concrete materials. The addition of the polymer into the cementitious system enables its use
in more complex structures and applicaticd@ement hydration products together with film
formation of the polymer within the matrix must occur in harmony in order to achieve the
maximum benefits of polymenodified cement improvements. A considerable amount of
literature has shown that mixing of goler emulsions such as styremetadiene rubber,
acrylics, epoxy and polyvinyl acetate etc. with cementing materials generally, contributes to
improving the properties of mortar and concrete, in the following w&sama, 1995
Halliwell, 2002 Fowler, 2003 Miller, 2005):
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1- Reduced appearance of cracking in the hardened structure due to structural movement
or as a consequengéexpansion and contraction motivated by changes in surrounding
temperature;

2- Enhancement in the workability and bond adhesion along with improved flexural and
tensile strengths and excellent bonding to steel reinforcement and to old concrete;

3- Improveddurability properties by reducing the permeability, improving resistance to
chemical attack and resistance to penetration by water and salt, and excellent durability
under freeze¢haw cycling;

4- Enhanced abrasion resistance when polymedified mortar is usd in conjunction

with concrete.

2.14 Application of polymer in mortar and concrete

Nowadays, the use of polymers in mortar and concrete components is commonplace for a
wide range of applications. Polymer admixture can improve concrete properties. During the
hydration process, the products of hardened materials include a continuoesnimeted

matrix of coalition polymer particles which fill up pores in the cement structure and enhance
the formation of the chemical bond between the polymer and hardened cement and hence
improve the bonding between aggregates and the cement pasteluhisspolymer network
formation, polymemodified mortars have low permeability, good fréghaw resistance,
relatively higher flexural strength and adhesion strength to old concrete substrate, which
makes these materials extremely suitable for usepasr nmaterials for concrete buildings,
concrete bridges, highway covering materials and waterproof materials. There are many
potential applications for the future related to materials processing and applications, which
will ensure these materials will comaie to be important in the construction field. In 1956, the

first polymermodified bridge overlay was produced by blending an SBR into the concrete
mortar, which was subsequently applied to the Cheboygan Bridge in Michigan, USA.
Incorporation of polymersnto cement materials is a way to overcome or combat the
disadvantages of Portland cement materials, such as rigidity when cured, and low tensile and
flexural strength. Analysis of polymenodified cementitious materials has clearly shown an
improvement inflexural strength and impact resistance of the final pro@@bama, 1995
Halliwell, 2002 Fowler, 2003 Miller, 2005. Some important applications of polymer in

concrete are:
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1- Modified cementing material such as SBR used in applications such as the resurfacing
of roads, making the surface more harelaring and less likely to crack;

2- The polymer in concrete applied for breddecking, dam outlets, offshore structures,
underwater oil storage vessels and ocean thermal energy plants;

3- Polymer cement concrete applied for maintenance in hydraulic structures surfaces
subjected to a highelocity water flow;

4- Polymermodified mortars widely incorporated as higperformance, lowcost

construction materials, particularly for finishing and repairing in cement mortar works.

2.15 Combined polymemodified concrete andSCMs materials

Although extensive research on the evaluation of theteffgaolymer and partial replacement

by SCMs by cement on the mortar/concrete properties separately has been conducted, little
research data on their combined use in concrete/mortar are available in the literature.
Nevertheless, this section of the liten&t review attempts to provide more detailed
information on investigations regarding the effectthefcombination of polymers and partial
replacement by SCMs on the mortar/concrete propef@ieskraborty et al. (2000¥tudied

the effect of silica fume modified polymer cement mortar incorporatingytpsas of polymer
emulsions, an acrylic based copolymer and SBR latex. The results showed that silica fume
enhanced the compressive strength, capability of resisting acid attack and other fresh

properties of the polymanodified cement mortar.

In 2002, Gao et al., investigated the influence of combined of Polyacrylic ester (PAE)
emulsion and partial replacement by silica fur@€)(on the mortar mechanical strength and
durability properties. The pozzolanic effect of SF and the wathrcing and filling effect of

the polymer decreased porosity and increased the density of cement mortars. Flexural and
compressive strength and #ance to chloride penetration improved which was attributed to
the high reduction in porosity, increasing the density and interfacial adhesion between
aggregates and the cement paste. In another #glrdgjda and Sichieri (Mineralogical study

of polymer modified mortar wh silica fume 2006gxperimentally studied influences of a
combination of styrene acrylic polymer with silica fume on the mineralogical composition of
pastes of higlearly-strength Portland cement cured to 28 days. The interaction between
polymers andement hydration products, and the progress of the pozzolanic reaction of silica
fume in the cement paste was investigatde results showed that the incorporation of silica
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fume and polymer reduced the portlandite production and was attributed toldieirde
Portland cement hydration and pozzolanic interaction. Similaklyneida and Sichieri
(Thermogravimetric analyses and mineralogical study of polymer modified mortar with silica
fume 2006)confirmed findings consistent with findings of theevious study. Furthermore,

this is also supported by th&meida andSichieri (2007)study which revealed that the
combination of polymer and silica fume produced mortars resulted in developed properties.
The adhesion strength between the mortar and the porcelain tile was improved due to the
greater area of contact beten tiles and cement paste and lower porosity that was attributed
to the reduction of the pore diameter due to the effect of the polymer film and pozzolanic

reactions of silica fume.

In the last decade, some researchers have presented results showitige thalymer
combined with the mineral additions can produce a considerable decrease in the thickness of
the matrixaggregate interfacial transition zone (ITZ), in addition to the densification of this
region, leading to an enhancement of the mechanicahgth and concrete durability
properties.Rossignolo (2007)investigated the effect of silica fume and SBR latex on the
microstructure of the ITZ between Portland cement paste and aggregates, using a scanning
electron microscope (SEM) equipped with energy dispersirggy »analysis system (EDX).

The microstructural analyses of the concrete showed that the highest valuethiwkiiess
reduction of the ITZ were for the concretes with incorporation of both silica fume and SBR
latex. The reduction was of 54% and 64% for concretes RWith= 5% and (silica fume to
cement) SF/C10%, and forP/C 10% andSF/C 10%, respectively, in coparison to
conventional concrete. The finding is consistent with findings of previous studies by
Rossignolo (2009)which, similarly, found thatncorporationof both SFand SBR latex
obtained the highest values of the thickness reduction of the ITZ for the concretes.
FurthermoreBarbuta et al. (2009tudiedthe effect of combining FA and S4s a filler on

the mechanical properties of epoxy polymer concrete. The results showed that this
conbination increased the compressive strength and splitting tensile strength, while the

flexural strength slowly decreased.

An investigation, byAhmed (2011) studied the mechanical and durability properties of
mortars modifed with combined polymer and SGMrindings suggested that the combination

of the polymer (SBR, PAE, and EVA) with slag and SF respectively, led toremesment
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in the mechanical properties, such as compressive strength and flexural strength, and a
reduction in the water absorption, carbonation and chloride penetration values. The
improvement of the modified mortar/concrete properties was attributed tetveloped bond
strength between cement hydrates and aggregates, reduction of the pores size and increasing
density, due to polymer film formation and the pozzolanas reaction of SCMs. In addition, the
finding is consistent with findings of previous steslbylLho et al. (2012)which investigated

the effects of polymebinder ratio and slag content on the strength properties of autoclaved
SBR-modified concrete using GGBS and SBR latex.

However, in 2013(Shafieyzadehinvestigated the influences of partial replacement by SF
combined with SBR on the compressive strength of concrete. The compressive strength of
concrete with 5% SBR and cementlesgment up to 7.5% by SF improved, due to filling and
pozzolanas effects. In other researctshgfieyzadeh (2015t was observed that the flexural
strength of concrete with 5% SBR increases remarkably similarly to the compressive strength,
as menwned in the previous research, and cement replacement up to 7.5% with SF improves
the flexural strength to its maximum vall&erur and Patil (2015)lso studied the effect of
utilising SBR polymern concrete ambined withFLY ASH and SF Similarly, as mentioned

in the previous studies, although the replacement with one or more mineral admixtures
improved the mechanical strength, the combination with the polymer showed greater

improvement in workability and meahical strength.

More recently, (Al Menhosh et al.,2016, 2016), investigated the effect of different
proportions of a combinationf dwo different polymers, metakaolin, and recycled fibre
reinforcement, on the setting time, water absorption and mechanical properties for an age up
to 28 days. The results showed that metakaolin will accelerate the setting time of cement
pastes and deasee the fluidity of concrete. However, the polymer has an inverse influence
on the two properties. The addition of 5% optimised polymer and 15% cement replacement
by metakaolin generates an optimised concrete mixture for both strength and durability.

Finally, Jiang et al (2017)experimentally investigated the effects of different amounts of
polyacrylic ester and silica fumes the compressive strength, splitting tensile strength,
bonding strength, and abrasion resistance of the cement mortar. The combination of
polyacrylic estempolymer andsilica fumeded to remarkable improvement in the mechanical

strength of cement mortar compared with the normal cement mortar.
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It should be noted from the above literature review, however, that limited studies are available
on thecombination of polymemodified concrete with partial replacement of cement by one

or more SCMs generally, and metakaolin especially, to modify concrete properties. This has
motivated the present study to investigate the effect of partial replacemennentcky
metakaolin combined with two types of polyrmaodified concrete to produce high quality

concrete properties appropriate for applicationkighly aggressive conditions.

2.16Durability of modified concrete

Durability is the ability to last a long time without significant deterioration. A durable material
helps the environment by conserving resources and reducing wastes and the environmental
impact of repair and replacement. One of the main characteridtiosnicing the durability

of concrete is its permeability to the ingress of water, oxygen, carbon dioxide, chloride,
sulphate, and other potential deleterious substances. The durability of concrete depends
fundamentally on the degree of cement hydratiorgmass, and the microstructure of the

hardened concref®ewman and Choo, 200Bleville, 2011.

A considerable amount of literature has been published to study tHemtaeat of durability
properties of mortar and concrete by incorporation of chemical additives such as polymers
SCMs as partial replacement of cement suchFlaé ASH, SF, GGBS, RHA and MK.
However, they have argued that the utilisation of both SCMspahgners contributes to
enhancing the mortar and concrete properties in addition to consumption of less energy, and
has a lower environmental impact because of the reduction in carbon dioxide rbbzmesk

of the reduction in the manufacture of Portl@edhent. This part of the present study reviews

the effect of using supplementary cementitious materials and polymers on the durability

properties of concrete.

According toAndera et al. (2001)the durability characteristics, including permeability,
conducivity and chloride penetration, wemaproved wth increased metakaolin contdnit

with decreased water cement ratio. This is consistent with the laboratory evalu&iatef

et al. (2001) which showed that the incorporation of metakaolin significantly reduced the
chloride ion penetration coefficient of con@eCompared with the conventional concrete
diffusion the average reduction was 50% for 8% replacement and 60% for 12% replacement

of cement. This reduction has important influence on the service life of the concrete structures
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in chloride conditions. Thewdability characteristics of the concrete materials can be evaluated
by measuring chloride permeability, electrical resistivity, depth of carbonation, water
absorption and chemical attack resistance, accordidd Zahrani et al. (2003)The latter
evaluated the mechanical properties and durability characteristics of nine polymer and
cementbased repair mortars. The results showed that thasea reduction in the elastic
modulus of the polymebased repair mortars compared to that of the cetvesed repair
mortars. This resulted in a reduced drying shrinkage cracking in the pebased repair
mortars compared to the cemduatsed repair nrtars. The electrical resistivity of cement
based repair mortars was less than that of poRpased repair mortars. Such a trend was not
noted in the chloride permeability data. The chloride penetration in all the repair materials
was very low. Improvemerin carbonation was noted in some of the polytresed repair

mortars.

Furthermore, research IBatis et al. (2005plso found that the performance of concrete
depends on durability whicgenerally can be reduced and influenced by the corrosion
resistance properties, and the former depends mainly on the environmental conditions,
microstructure and chemical composites of the concrete. The corrosion resistance can be
improved by incorporationf 10% or 20% of metakaolin as partial replacement of cement or
sand, respectively, due to the high pozzolanas reactivity and consumption of £af@dH)

reduction of the main pores size, leading to decreased porosity of the mortar.

Durability and transport properties of concrete are influenced by the permeability porosity
features. Durability is associated to considerable deterioration processes driven by the
transport characteristics of concrete accordingafiuddin and Hearn (2005However,
incorporation of metakaolin as partial replacement of cement improves the durability of
concrete due to the influence of pozzolanas and chemistry action on the microstructure and
chemical compositionfahe concrete, causing reduced capillary porosity of the cementing
materials making the system less permeable to aggressive agents. This is supported by a
Shekarchi et al. (20103tudy which investigated the transport properties and durability
characteristics of concrete containing different levels of metaka®ater penetration, gas
permeability, water absorption, electrical resistivity, chloride ingress, and iaikaa
reaction potential were studied. Compressive strength increased by 20% and water penetration

improved by 50% with an MK level of 15%. Siarly, gas permeability, water absorption,
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electrical resistivity and ionic diffusion had ingvements of up to 37%, 28%,%5and 47%,
respectively. As far as the durability properties are concernedyétakaolinused reduced

water permeability, absaiipn, and chloride permeability as the partial replacement
percentage ofmetakaolinincreased. This is due to the filler effectragtakaolinparticles

which basically decrease the permeability or porosity of the concrete, according to a study by
Dinakar et al. (2013)A more recent study has confirmed that the durability of concrete
represents the ability to prevent the ingress of aggressive cheagarais Kameche et al.
(2014) presented an experimental study on relative gas and water permeability of ordinary
concrete with its saturation degree. The results shoveesh&asurements of liquid water and

gas permeability of concrete specimens of different sizes as well as those of the degree of
saturated liquid water found by mass weighing. The outcomes showed the effect of the

saturation degree of concrete on the vaabf water and gas permeability.

2.161 Concrete permeability

One of the most significant current discussion points in concrete technology, concerning the
main reason for concrete deterioration, is permeability. Generally, permeability is defined as
theproperty that governs the rate flow of a fluid into a porous solid material. Permeability can

also be defined as the ability of materials to bear environment action, chemical attack,
abrasion, or any process of deterioration.

The water or gas permeabilibf concrete can be obtained by means of a simple laboratory

test, but the results are fundamentally proportional. The side surfaces of a concrete sample are
sealed and water under pressure is applied to the top or bottom side surface only. When steady
stae status is approached the quantity of water flowing through a given thickness of concrete

in a specific time and temperature is computed. The permeability is expressed as a coefficient
of permeability, K, gi ven by atibrahetweedthe gasq u at |
and water permeability for any concrete, although they are both generally dependent on the
W/C ratio and the curing time of the concrete as mentioneddwlle and Brooks (1987)

However, a considerable amount of literature has been publisheduatevand measure the
permeability of concrete for gas and water according to the Darcy equation for liquid flow.
The coefficient of permeability, K, of concrete for steatigte flow of fluid through a

specimen of concrete f dythedolosvingequatonsdos | aw as
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dq/dt:K—yééééééééééé.ééééééééééééééé. . e 2
Where
dg/dt = rate of flow of fluid through the sample (Q)
A = crosssectional area of the sample

&eh = drop in hydr aumpiec pressure through t

L = Length or thickness of the sample.

K= eeééeééceceéeecéeeceéeecéeecéeeéeecéece. (62

Concrete of high quality and low water permeability enhances durability by preventing
diffusion of an aggressive solution, such as chloride ions, from penetrating to the steel
reinforcement. Improvement of concrete properties requires combining the eonithebne

or more of the SCMs and utilising a low w/c ratio accordingGrber et al. (2001)
Meanwhile, in an experimental study Bpsta and Appleton (2001jesults showed that
chloride penetration and carbonation can play an important role in the deterioration process.
In a different studyi.oosveldt et al. (20023)erformed experimental investigations on the gas
and water permeability of mortar. The measure of permeability considered was in accordance
with the generalisedDac y 6s | aw. The experimental outcor
was systematically lower than gas permeability. This is generally attributed to the chemical
activity of unhydrated cement particles with water during the period of water pressure
applicaton. According torsivilis et al. (2003)utilising Portland limestone cement in concrete
results in lower gas permeability values than those of ordinary Portland ceamerdte. The

water permeability and absorptivity of concrete are enhanced with limestone cement addition.
Furthermore, according tohang and Chen (20Q@henolphthalein indicator can be used to
obtain the carbonation penetration in concrete, as shown in Figure 2.8. Carbonaties reduc
the hydroxide concentration in the pore solution, destroying the passivity of the embedded
reinforcement bars. The effective passivation due to Ohs is adversely affected by
carbonation of the concrete and the presence ofio@s, which actually reluces the

concentration of OHons.
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The pore structure properties of concrete are the essential factor controlling chloride ion
diffusion and the dissolution of Ca(O+§ugiyama et al. (2008T he permeability of concrete

is a function of cocrete porosity in addition to the size, distribution, shape, tortuosity and
continuity of the pores. The high permeability of concrete is one of the main reasons for the
deterioration of concrete structures, due to penetration of aggressive materraj ceesnal
stresses and reaction with cement hydration products such as chloride ions, carbon dioxide,
and some chemical substandésville (2011) Siddique and Kadri (2011)nvestigated the

effect of partial replacement of 5%, 10%, and 15% of cement by metakaolin in conjunction
with foundry sand at 20%n the near surface characteristics of concrete Wit@ of 0.45.

Tests considered the initial surface absorption, sorptivity, water absorption and compressive
strength at the ages of 35, 56, and 84 days. Test results showed that the initial surface
absoption and sonivity decreased with increase tife amount ofnetakaolinfrom 5% to

15%, and the compressive strength showed an inverse relationship with sorptivity.

L

Figure 28: Measureof carbonation for a split concrete cylinder specint&mang and Chen

(2006)

FurthermoreGuneyisi et al. (20123tudied the effect of silica fume and metakaolin on the
sorptivity coefficient of concrete. It was observed that water absorption coefficients decreased

regularly with the decrease in tit/C ratio,and the gradients of the sorptivity had a tendency
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to decrease with increased replacement levehetbkaolinandsilica fume Furthermore, it

was evident that there was an inverse proportionality between the sorptivity values and
mechanical properties. eRneation of chloride ions into the coete structure is
fundamentally described in terms of the pore matrix of the concrete. Thus chloride
penetrability can be explained as being influenced bWit&ratio of the concrete mix which

is influenced by theitilisation of SCMs, which may disconnect the pore structure, and the
degree of hydration, whicimay beaccelerated or delayed by adding SCMs, consequently
affecting the chloride penetratiohhmad and Kumar (2013Moreover, seicompacting
concrete(SCC) containingice husk ashmetakadin, and a combination aghetakaolinand

rice husk ashshowed significant improvement in durability properties compared to

conventional SCC, according kmannan and Ganesan (2014)

Furthermoreli et al. (2016)investigated wadr permeable performance in concrete using a
threedimensional (3D) finite element (FE) algorithm. This FE model captured the three
dimensional mesostructure consisting of coarse aggregates, mortar matrix, and the ITZ which
is in practice modelled by theerathickness interface element. It showed that the effects of
aggregates are prevalent for the overall water transform of concrete reduces with the combined
effect of aggregates and ITZ. Nevertheless, ITZ plays an important role in the permeability
propeties of concrete due to its lower density and higher porosity, hence, the incorporation
of SCMs and polymers in concrete has a significant influence in the concrete permeability due
its effect on the ITZ.

2.162 Corrosion of steel embedded in concrete

The major economic losses in reinforced concrete structures are caused due to corrosion of
steel reinforcement in the concrete. However, a number of studies show significant effects of
the partial replacement by SCMs on the resistance of steel reinfortgeioreexample,
Cabrera (1996)sed laboratory data to investigate the effects of corrosion rate on cracking
and bond strength loss. It wslsown that there is an inverse relation between steel bar cover
and degree of corrosion. Crack intensity increases with increasing depth of cover and this can
be numerically related to the degree of corrosion expressed as weight loss per Wiitarga.
(2000) observed thathe admixture enhances the corrosion resistance of steel reinforced
concrete. Silica fume as the admixture is particularly effective for improving the corrosion

resistance due to the decrease in permeability of the concrete.
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Moreover,Parande et al. (2008)bserved the mechanical property and corrosion conduct of
carbon steel on modified concrete. With partiplaeement by metakaolin at 5%, 10%, 15%

and 20% of cement by weight, compressive strength, resistivity;pultsg velocity, open

circuit potential, and water absorption and weight loss were investigated. The results showed
that the optimum percentage wis% replacement of cement by metakaolin; beyond this
percentage the modified concrete properties decreased. Concrete samples were cast using
1:3.3:6.9 mix with a w/c ratio of 0.45. The compressive strength of the modified concrete
increased by up to 15%here was an enhancement in resistance to corrosion of carbon steel

with partial replacement of metakaolin up to 15%, as shown in Table 2.6 and Figure 2.9.

Table 26: Compressive strength of modified concrete utiisvater/cenentratio of0.45
(Parande et al., 2008

Compressive strength (Mip

Curing time (days)
System 3 7 28 90
OPC + 00% MK 31 41.6 54 65
OPC + 05% MK 34.1 48.1 59.1 68
OPC + 10% MK 35.2 53.4 63.4 72

OPC + 15% MK 28 59 70 80
OPC + 20% MK 26.1 43.2 57 67
0.002 - Weight loss(Concrete)
= 0.0018 -
o
£ 0.0016 | -
£ 0.0014 O CONTROL
& ooo12-| i i .| W 5%MK
= 0.001F ' [110%MK
% 0.0008 - 15%MK
© 0.0006
= %
3 0.0004 - ol
0.0002 -
o- - L ,

90Days 150Days 210Days 270 Days
Time(days)

Figure 29: Weight loss measurement for concrete specimensmetikaolin(Parande et
al., 2008
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Triana et al. (2013ronducted an experimentalsearch to study the corrosion of steel
reinforcement in mortar using electrochemical impedance spectroscopy (EIS). In order to
accelerate the steel corrosion progress, all the specimens were cured in a 3% NaCl solution
with an applied constant anodic elgl potential. The EISresults showed that the partial
replacement of 20% of the ordinary Portland cement by metakaolin improved the corrosion
resistance of sel reinforcement in concretspecially 8 W/C ratio of 0.5than samples
containing only ordiary Portlandcement and modifiedamples by 20%netakaolin witha

WI/C of 0.6.The result show thatn increase in the matrix impedance occurred at higher and
intermediate frequencies, which was more noticeable in samples blended with a w/c of 0.5
and was a result of the cementitious mater.]
embedded in th®PC matrix with a w/c of 0.5 exhibited improved protection compared to the
corresponding sample with a w/c of 0.6, the bar embedded meatakaolinsample at a w/c

of 0.5 exhibited greater instability of its passive film than that at a w/c of 0.6.

2.17Limestone cement and aggregate

The use of Portland cements, particularly those including limestone, seems to have many
advantages, such as technical, economic and environmentdrifisle Standard EN 181
(2000)identifies two types of Portland limestone cement (PLC ) contair2@p6 limestone

(type II/A-L) and 21235% limestone (type II/R.), respectively. In general, the limestone
cements require a lower quantity of paste water than the ordinargnte and the water
demand reduction is mainly influenced by the clinker type and limestone characteristics. The
setting time and soundness of Portland limestone cements are satisfactory and similar to those
identified in ordinary Portland cemer{issivilis et al., A study on the parameters affecting the
properties of Portland limestone cements, }3998ivilis et al. (Theeffect of clinker and
limestone quality on the gas permeability, water absorption and pore structure of limestone
cement concrete 1999gxamined the effect of clinker and limestone quality on the air
permeability, water absorption and pore structdrerestone cement concrete. It was found

that the limestone cement concrete achieves lower air permeability and water absorption on
average compared with Portland cement concrete. Using limestone cement in concretes
resulted in reduced resistance to fiegzand thawing compared with the pure cement
conaete. Portland limestone cemgnbntaining 20% limestonavas shown to provide the
optimum protection against reinforcement corrosion. Furthermore, the limestone additions

reduce the carbonation depth ahe total porosity of the mortarsivilis et al. (2000) In
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another studyTsivilis et al. (2003)performed experimental investigations on the effect of
limestone incorpation on the gas permeability, water permeability, sorptivity, and porosity

of limestone cement concrete. It was observed that the PLC concrete exhibits properties
competitive with thosefadhe OPCconcrete. Moreover, the limestone addition has a positive
action on the water permeability and sorptivity of the concrete accordifgetbaFalla et &

(2015)

Antoni et al. (2012)studied the ncorporation of 30% metakaolin combined with 15%
limestone into Portland cement mortar improves the mechanical properties at 7 and 28 days
compared with the 100% Portland cement mortar. This improvement is due to the extra
alumina provided by the metakaohvhich will interact with more limestone, resulting in the
improved properties. The reactions of metakaolin and limestone consume calcium hydroxide,
which may be completely absent in blends with high levels of substitution at later ages. The
metakaolin isshown to interact faster in the system with limestone than in the blend of
metakaolin and Portland cement alone. Also, the limestone is shown to react faster in the
system with metakaolin than in the blend of limestone and Portland cement. In a different
study, Nagrockiene et al. (2013hvestigated the influence of cement type and plasticiser
addition on concrete properties. Research has shown that plasticiser type and dosage play a
significant role in successful cement application in concrete. Tease of polycarboxylate

ester (SP) level up to 1.2% in concrete with limestone cement after 7 and 28 days of hardening
increases the density, and subsequently the compression strength of the specimens, except for
samples containing maximal SP where tbenpression strength after 28 days of curing is
reduced. The density and compression strength of concrete with normal cement, in contrast to
concrete with limestone cement, after 7 and 28 days of curing, was seen to be slightly reduced.
Moreover, the emisshn of CQ increases the pressure faced by the concrete industry which is
providing increased motivation to minimise the consumption of ordinary Portland cement.
There is interest in using limestone (CafzGn abundant mineral, to reduce the clinker
factors of OPC, and thus OPC use in concrete. Metakaolin is able to enhance the reaction of
limestone in cementitious systems leading to an increased consumption of Cat@Hjore

CSH to be provided. PLC substitution for OPC is the most significant improveiment
concrete sustainability with current technology. When OPCs with up to 5% limestone are
replaced with PLCs containing 10% to 15% limestone, the resulting impact per million tons
of cement produced equates to 443,000 to 664,000 million BTU less cliplerargy used
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and 189,000 to 283,000 tons reduction of.@missions and it is seems to have superior

durability and environmental performance.

On the other hand, the concrete strength is mainly determined by the properties of the mortar,
coarse aggregai@nd the interface. For the same quality mortar, different types of coarse
aggregates with different shape, texture, mineralogy and strength may result in different
concrete strengths. The relationship between aggregate types and concrete mix components
hasbeen widely investigatetb studying the effect of the type of coarse aggregate on the
concrete properties. According to an investigatio®yuran and Cecen (1991he effect of

the type of coarse aggregate on the strength of concrete is more considerable in high
performance concretes. For the high strength concretes, about 10 to 20% higher compressive,
flexural and splittingensile strengths are gained with basalt and limestone coarse aggregates
compared to normal gravel coarse aggregate. The relative higher strength of the concrete made
with limestone may be due to interfacial chemical reactivity between the cement pkiste an
coarse aggregate particles. Furthermgesar et al. (2004hvestigated the effects theW/C

ratio and coarse limestone aggregate type on the compressive strength of concrete. It was seen
that the compressive strength of concrete depends updiV/tbeatio and aggregate size.
However usingof limestone in the construoh industry has é&en increasedue to benefits

as aggregate. Some of these benefits include good strength, low possibility of alkali silica
reaction and the decrease in drying shrinkaiyeoncrete Aquino et al. (2010¥tudied the

effects of limestone aggregate on concrete properties and found that the coarse limestone
shrinks about 27% less than the normal grdamejeneral, the shrinkage can be reduced mainly

by three components; admixtures, cement, and aggregate. Even though the aggregate makes
up about 80% of the concrete mix, it is still the cheaper raw material. Consequently, limestone

could be useful as a dng shrinkage reducer agent.

2.18 Fibre in concrete

Concrete is weak in tension and has a brittle character. The concept of incorporation of fibres
to improve the properties of construction materials is very old. Early applications include
addition of staw to mud brickshorsehaito reinforce plaster and asbestos to reinforce pottery.
Use of reinforcement in concrete increases strength and ductility. Addition of fibres to

concrete makes it a homogeneous and isotropic material. When concrete cracks, the randomly
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orientedfibres stat functioning, arrest crack formation and propagation, and thus improve
strength and ductility (Wafa, 1990).

Research on the influence of fibres with various sizes and propmrtibe concrete properties

can still be a promising work as there is alwayseed to overcome the problem of brittleness

of conaete. kbres have been widely used in concrete to improve its engineering properties
and performance. These ybres include met al
i norgani c ybr e s.(PFPRaod glass fibmep(GH) arenpepuwaesused in the

concrete industry. Investigations have been carried out into the mechanical properties of PF
and GF reinforced concrete. Studies have f
compressive tsength, toughness, splitting tensile strength and -teng durability of
concrete. Additionall vy, it has been gener al
net wor ki ng, bridging cracking and tougheni
improves the toughness of cementation matrices, performs as a bridge at the cracking section
and thus takes part or even all of the tensile stress to resist the spread of cracking as mentioned
by Sun and Xu (2009)Polypropylene fibres in particular have gained popularity in recent

years for use in concrete, mainly to enhance the shrinkagarggaesistance and toughness

of plain concrete (Alhozaimy et al., 1996).

Meanwhile, a reduction in bleeding is observed by the addition of glass fibres in the glass
fibre concrete mixes and this reduction enhances the surface integrity of concretgysdevelo
its homogeneity and decreases the probability of cracks, as mentioG&dugramouli et al.
(2010) Glass fibre can control shrinkage cracks e&igkor and Pimplikar (201L1Karahan

and Atis (2011) studied the drying shrinkage of 0%, 15% and 30% fly ash concrete samples
containing 0%, 0.05%, 0.10% and 0.20% polypropylene fibFes. result show that the
addition of polypropylene fibres in concrete or fly ash concretece=ddrying shrinkagef

1%, 4% and 11% when compared to fly ash concrete made without polypropylene fibre,
respectively.Moreover according tokene et al. (@12), incorporation of glass fibre into
concrete improves the mechanical strength as compared to conventional concrete without
fibre.

Zhang and Li (2013) conducted an experimental study to investigate the effect of
polypropylene fibre on the workabifitand durability of the concrete containing 15% fly ash
and 6% silica fume. Four different fibre level of 0.06%, 0.08%, 0.1% and 0.12% were
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investigated. The decrease of the slump and slump flow were determined as 7.7% and 10.7%
for the concrete with 0.12%bre volume respectively. As the fibre fraction of polypropylene

fibre is increased from 0% to 0.12%, the maximum dry shrinkage strain and carbonation depth
and the length of water permeability of @0a yage decreases 24%, 37.5% and 20%
respectively. Tie results of XRD test reveals that both Ca(CO)3 and Ca(OH)2 have not
changed significantly after adding PP fibres. This occurrence may prove that fibres could not

participate in any chemical reactions according to Ramezanianpour et al. (2013).

Furthermoe, compressive strength, flexural strength and splitting tensile strength are
developed by adding fibre, as reviewedmivasu et al. (2014)Jsing glass fibre in concrete
increases strength properties at age 28 days by 20 to 25% for compressté sinel 15 to

20% for flexural and splitting strength. However, accordingito(2015) a methodology has

been developed to produce recycled polypropylene fibre with optimum mechanical properties
for reinforcing concreteAfroughsabet and Ozbakkaloglu (2015) show that incorporati
0.15%, 0.3%, and 0.45% of polypropylene fibres, hagaificant increasedhe splitting
tensile strength of theoncrete byl 3%, 16%, and 20% at 28 days respectivEhere is great
potential for using these fibres in different concrete applicatsutd as footpaths and precast

concrete elements. This also provides an attractive avenue for recycling plastic waste.

The applications of fibres in concrete industries depend on the designer and builder in taking
advantage of the static and dynamic chiaméstics of this new material (Wafa, 1990he
main area of fibres applications in concrete are: runway, aircraft parking, pavements, tunnel

lining, slope stabilization, thin shell, dams and hydraulic structure.

2.19Microstructure of concrete

The microsructure of hardened concrete has the main effect on concrete properties such as
strength, shrinkage and permeability. Consequently, an understanding of the pore structure
would give an insight into the mechanisms of concrete properties improvementatametr

of harmful solutions into the concrete system is the major cause of deterioration of concrete
structures, which takes place through the porous microstructure. Therefore, the penetration of
aggressive agents depends on the pore structure, porosityi@odtructure of the concrete
system. In addition to the pore geometry considerations, the reaction with penetrating

aggressive solutions such as chloride ions and carbon dioxide, influences physical and
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chemical concrete properties. It is believed fh@bsity, and in particular capillary porosity,
influences concrete permeability. Factors such as interconnectivity, and volume and surface
area of the voids influence transport processes. A sensible target in the production of high
durability concrete matials would be lower permeability and pore sizeseffect lower
penetrating flow. A detailed description of the pore size distribution of a paste is unlikely to
be sufficient for properties prediction. Some measure of pore volume, surface area,
distribution and connectivity will be required for prediction of permeability, while mechanical
properties of the solid phases and their bonds may be needed for prediction of strength and
deformation The wide range of microscopic techniques availalble muctio contribute to

the study of cementitious materials the of cement and concrete, before and after hydration
such as, optical microscopy, Transmission electron microscopy (TEM), Scanning electron
microscopy (SEM), computing tomographscanner accordingo Scrivener, 1997).
Moreover,Edmonds and Majumdar (198®wvestigatecchemicalreactions opolymer with
cement hydration products by using the techniques of conduction calorimetgy X
diffraction, electron probenicroanalysis andnfrared spectroscopto study in detail the
hydration of a calcium aluminate cement with various typgsobf (vinyl alcoholacetate)

added, and they found evidence for a chemical reaction between cement and polymer.

However, supplementary cementing materials such as meatgka®lmentioned before, are
often used in concrete mixes to reduce cement contents, increase strength and enhance
durability through hydraulic or pozzolanic activity. Utilisation of such products in mortar and
concrete enhances the properties of condretbe fresh and hardened states. The calcium
hydroxide produced from the cement hydration is consumed rapidly and effectively by partial
replacement by metakaolin and additional to CSH, phasesk8H (stratlingite),CsAH 13

and GASHs (hydrogarnet) pyduce a refinement to the pores due to their pozzolanic activity.
Badogiannis and Tsivilis (2009) observed a reduction in the diffusion rate of aggressive ions
therefore the penetration of water and other harmful chemicals is positively restricted.
Furthemore, Gopalakrishnan and Govindarajan (2011), by compressive strength and
scanning electron microscopy, investigated the cement hydration products, and microstructure
of paste with partial replacement of cement by metakaolin. The results showed thdidhe pa
replacement of Portland cement by metakaolin decreased the level of CH, while the level of

CSH gel increased, causing increased density of the structure and improvement of the
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microstructure, subsequently improving the strength and durability piepeftthe cement
paste.

It is fundamental that each concrete construction should continue to perform its design
functions, maintaining the required quality and serviceability, during the specified or
traditionally expected service life. It follows thatnmoete must be able to withstand the
processes of deterioration to which it can be expected to be exposed. Such concrete is said to
be durable as referred by Neville (2011). However, a number of studies show that there is a
significant relation between thmetakaolin content in concrete, and the microstructure
durability properties of mortar and concrete, in addition to the mechanical strength.
Ramezanianpour and Jovein (2012) investigated the influence of incorporation of metakaolin
on the performance obacrete mixtures, in terms of compressive strength, water penetration,
sorptivity, salt ponding, Rapid Chloride Permeability Test (RCPT) and electrical resistivity,

at 7, 28, 90 and 180 days. The partial replacement of cement by metakaolin are 0%, 10%,
125% and 15% by mass. The W/C ratios are 0.35, 0.4 and 0.5. The microstructure of the
metakaolin cement pastes was observed by XRD and SEM tests. Scanning Electron
Micrographs (SEMs) of cement pastes reveal that the microstructure of the metakaolin cement
paste is more uniform and compact than that of the ordinary Portland cement paste. The results
showed that the strength properties improved with increasing metakaolin percentage. In
addition, the durability of concrete was enhanced and chloride diffusiangedThere is an
exponential relationship between chloride permeability and compressive strength of modified
concrete and a significant linear relationship between chloride penetration and salt ponding

results.

SEM has been a fundamental tool in the exatnon of the complex internal structure of
mortar and concretes and hydrated cement pastesent decades.ocrete is a complex
engineering material. Its properties depend omnitsrostructure and vary extremely. The
microstructure changes with timeut also varies with the cement type, mix proportions, heat
treatment or other special processing, curing or lack of it, use of supplementary cementing
materials, and many other variables. Furthermore, concretes in the application field are subject
to deerioration by different processes, all of which can affect thérostructureas well as

their end use characteristics accordin@tamond 2004o).
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SEM techniques have the feature of focusing a-kigbcity electron beam on a highly fine

spot on the surface afsample, and then causing the focused beam to execute a raster pattern
over the limited region of the sample surface to be imaged. Howbiemond (2004a)
attemptedd provide a o6vi sual primerd explanatio
hydration paste, both in separate preparations and in concrete, by backscatter scanning
electron microscopy (SEM). Backscattaonde SEM is one of a number of different SEM
imaging techniques. In addition to SEM techniques, the enedigpersive Xray
spectroscopy (EDX) systems, which can almost promptly supply specific chemical
compositional information on any required spospecific sectionn the image being tested

by SEM. This characteristic assistakesbackscatter SEM an extremely powerful and
informative technique in concrete studi€gng et al. (2004)Estimated hydration of plain
Portland and blended cement pastes containing fly ash or slag by a scanning electron
microscope pointounting technique. The results referred to that the SEM -pountting
technique can be a rdiike and effective analysis tool to estimate the degree of hydration of

the Portland cement and reaction of mineral admixtures in blended in Portland cement pastes.

Sahu et al. (2004)as advanced a methodology to determine the w/c ratio in hardened cement
concrete by a scanning electron microscope. The capillary porosity of the concrete quantified
by using image analysis program and setting graguiate threshold of the grsgale. The

w/c ratio, which is directly related to the capillary porosity as shiovFigure 210. The image

on the left is the backscattered electron image at 800 times magnification, and the image to
the right is the matching binary image. The results showed that the w/c ratio of hardened
concretecouldbe determined by scanning dgl@n microscopy with associated backscattered
electron imaging and image analysis software. Furthernsdtoézman (2004pbserved that

the backscattered electron SEM, combined wHra)Ximaging provides the foundation for a

quantitative estimation dhe phases in Portland cement.

On the other hand, computed tomography (CTpws the analysis of the internal
microstructure in a nedestructive manner. Also the ambience of pores and cracks can be
taken into consideration with CT scanner. CT in combination with appropriate image
analysing software is a powerful tool to suppb# investigations on deterioration processes

in concrete specimens naiestructively. Compared with other investigation methods, often

describing only one feature, CT provides spatial information about the internal structure,
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which plays a crucial role ithis contextKim et al. (2013)demonstrate the applis#ity of

3D X-ray CT imaging in studying the change in void microstructure system, and the initiation
and spatial configuration of fractures that develop in cement compdtewever, ore
samples, which were often used in the field of building matesting, are mostly appropriate

for CT examination according tdeinel et al. (2014)Generally, computed tomography is a
well-known technique to measure porosity in concrete, however, this usually involves time
consuming scans and complex analysis procedures and mainly required software or

programming proceduréBu Plessis et al., 2016
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Figure 210: Comparisons of 28 days old Portland cement concrete and matching binary

image with a different w/c rati@ahu et al., 2004
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2.20 Summary of the available literaturereview

Generally, some of the available literatures identified that both SCMs as partial replacement
of cement and use of Portland limestone cement in the concrete significantly contribate to th
production of environmentallyiendly concrete, by reducirtge CQ emission. Incorporation

of SCMs improves most of the mortar and concrete properties such as the microstructure of
the concrete, as well as improving the mechanical and durability properties. In particular, a
considerable amount of literature haseb reviewed regarding the partial replacement of
cement by metakaolin weight. It has been shown to improve mechanical and durability
properties of concrete, such as compressive, flexural and splitting strength, reduce
permeability, increase resistancedoemical attack, and reduce alksilica reaction and
concrete shrinkage. Most improvements in the properties of concretes and mortars have been
attributed to the effect of fillers and the pozzolanic reactivity with the cement hydration
products in the msence of water. However, increasing the replacement of metakaolin content,
increases water demand due to its high chemical reactivity and high specific surface area.
Water reducers have been incorporated in combination with the SCMs to reduce the negative
impact of the high level of water on concrete strength and to improve the workability while
conserving the high strength of the concrete. Most of the studies suggest that the optimum

percentage of metakaolin replacement in concrete varies from 10% to 20%.

The effectiveness of the supplementary materials on concrete properties is in the sequence:
MK > SF > slag.Metakaolin presents the most distinct improvement effects on the
microstructure of concrete compared to the other supplememargnting materia) such as

silica fume and slag, due to the higher pozzolanic activity of metakadtilisation of high

contents of metakaolin increases the demand for water needed to reach the same workability
as in a plain cement mix. It essential to use superplsstscin conjunction with metakaolin

in the cement paste to reduce the water demand. Supplementary cementing materials, such as
metakaolin, when used as a partial replacement substance for cement in concrete, has high
pozzolanic properties which are similar many aspects to those of Portland or blended
cement systemBable 2.7 summarizes the findings of previous research on the caotat

and concrete modified by metakaolin.

On the other hand, the polymer modified concrete showed clear improveméetsamerete
durability, and some of the mechanical properties (such as water absorption, chemical attack,
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chloride penetration, carbonation, and flexural and splitting strength), in addition to increasing
concrete workability. Also, the using of admixtuire concrete enhances the corrosion
resistance of steel reinforced concrete by improving the impermeability of the concrete.
Nevertheless, the general aims of adding the polyaderixture are to enhance workability

and reduce water demand to improve stieragid durability of concrete properties, and to
enhance those properties that control the setting time and strength development rate of the
cement paste. The w/c ratio is a significant agent in cement hydration as it affects the concrete
porosity and pernability directly. Consequently, the w/c ratio affects the strength and
durability of concrete. Increasing the w/c ratio makes the concrete more porous. By using
polymer as a water reducer, the concrete paste becomes stronger due to decreased porosity
and he cement paste becomepermeabldecause the pores are disconnected. Incorporation

of polymer in concrete increases bonding through the formation of a film at the concrete
component interface and leads to refinement of the pores mathg concretetsucture. In
addition, the literature showed that using fibres such as polypropylene and glass fibre has a
positive effect on the mechanical properties of the condfetally, concrete with limestone
Portland cementPC is more sustainable, required legater for cement hydration and has
lower permeability with high properties compared with the ordinary Portland ceédirsnt
Furthermore usinglimestone aggregate increase the concrete strength compared with the
normal aggregatelable 2.8 summarizes thendings of previous research on the cement

mortar and concrete modified by polymer.

However, far too little attention has been paid to using metakaolin combined with polymer
such as SBR and PViy modify concrete properties. This has steered the cugsearch to
study the influence of partial replacement of cement mix by metakaolin together with two
types ofpolymermodifiedconcrete to obtain high quality concrete properties appropriate for

applications in highly aggressive conditions.
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