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ABSTRACT

The reduction otlinker contentin cementbrought about by using mineral admixtures
reduces theCO, emissiols creating a positive environmental impadRecently
combinations of limestone and calcined clay as replacement have shown good performance
with respect testrength and durability. However, a clear understanding of the interaction
of differentchemical admixtures when such blends are used is reqlnrtéds study, the
interaction of ternary blended cementitious systems of Cere@Btlcined Clayi
Limestone (55:30:15 %, called EQwith Sulphonated Naphthalene Formaldehyasp
andPolycarboylic ether PCE superplasticizers was evaluated throtegts on pastes and

concrete.

The variation of flow timeof LC® pastesaccording to the type and dosage of
superplasticizer at different waterbinder ratiosvasanalyzed usingheMarsh cone test
Comparisons were made wilastes prepared withrdinary prtland cemen{OPC)and

30 %fly ashi 70 % OPC blend (FA30)he saturation dosages of superplasticizers for
each bindemwere determinedLC? had greater requirement of superplasticizer to reach
saturation dsage compared to OPC ar#30. The flow time obtained from Marsh cone

and minislump tests gave an assessment of superplasticizer required for each blend

Rheological tests were conducted on cement paste using Brookfield HA DV Il + Pro
viscomeer with vane geometryThe studies were done at saturation dosages of
superplasticizer from the Marsh cone teststliar threebindersand two wateito-binder

ratios0.35 and 0.40espectivelyThe results showed that the iilend exhibited different



rheology when compared tihe conventionalbinder systems.LC® has shear thinning
behaviour at w/b ratio 0.4@&vhereasit 0.35 w/b LE showedshear thinning behavioiut
not to the extent of OPC and FAB6ing PCE and SNF aatuationdosage. On the other

hand, OPC and FA30 exhildheasthinning behaviour for both 0.35 and 0.40 w/b ratios.

Higher dosages of superplasticizer were required fordd@icrete to attain an equivalent
slumplevel as OPC and fly ash baseoncretesResllts on concrete showed that it is
possible to attain high initial workability using E€oncreteébut more attention is necessary
to provide goodslump retentionlt was found that the combination of B©CE proved

betteras opposed to LESNF combination.

Keywords: LC?, superplasticizer; Marsh cone, misiump; rheology; compatibility.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND OF THE STUDY

India is one of the largest producers of cement. The demand of derhediiis expected

to increasdrom 300 milliontonnes(2011) to 600 million tonnes by 202®@orld bushess
council for sustainable development, 20I)e global demand for cement is increasing
tremendoushbecause of thase in population and emergingaomy. In countries like
IndiaandChinathere is a need for the expansion of existing urban arede theepessure

from population growth andhé demanaf cements predicted to increase by double by
2050 (EA, 2009). However, the increase in cement production has associated
environmental impacts such as consumption of fossil fuels and large emisEiGs:.

0.08 tons of carbon dioxidaeemitted per ton of concre{&ariner 2004) It is estimated

that 5- 8% of the global carbon dioxide emissions are foament productiofHendriks

et al. 22, Huntzinge and Eatmon 20Q9 Out of this, 6667% of CQ is released during

the cement manufacture and the rest is released from the burning of fuels during the firing
process anttom the consumption adlectricity for grinding. The rise in cement production

to meet the increasinglobal demand can emincreasehe level up to 10 15% of total

COz emission(Parrott 2002Habert et al. 2010)Therefore, the major challenge faced by
the cenent industry is to fulfill the demand and at the same time, reduce the environmental

impact due to large scale carbdioxide emissions.



There are various options to reduce the@Qission such as (i) increasing the efficiency

of the process, (ii) use dternate fuels such as Higels and waste, (iii) reducing the
clinker factor by substituting clinker with supplementary cementitious rral¢SCMs)

such as GGBS and fly asi.he use of supplementary cementitious materials and the use
of alternaive fuels are the common strategies adopted to reduce these environmental
impacts. Some of the alternag fuels used mostly from mid 1980s are tires, animal
residues, sewage sludges, waste oil and lumpy materials. The altefuels can havan
influence onthe clinker properties. The burningehaviouris different for different
alternatve fuels compared to fossil fuels. As a result, there can be changes in the
temperature of the kiln which includes sintering temperature, length of the sirgerniag

and tke cooling conditionsClinker replacement b§CMscan reduce the GQemissions

from 0.81 to 0.64kg/kg of cemeniHendriks et al. 2002Schneider et al. 2011Yhe
commonly used sygbementary cementitious materials (SCMs) include industrial by
products such as fly ash and ground granulated blast furnace slag (GGBS). The addition of
these SCMs has distinct benefiighatno additional clinkering process is involved thereby
reducingthe CQ emission. Also, the technique helps in utilizing these by products from
industries which aretherwisedumpedas landfill. However, the reduction of clinker is

not possible beyond a certain level of replacement with these SEMdly ash, even
thoughit is available in large quantities, the substitutioneleis limited to 30%Even
though slag can substitutgp to70% of clinker, its availability is inadequate compared to
the clinker production (Antoni et al. 2012 Scrivener 2014) Compaing the overall
production of clinker with the total volume of SCMs produced, it is insufficient to meet the

global demand. It igherefore, necessary to identify new sources of SCMs with existing

2



natural resources in view of sustainability and envirortaigmotection. One of the major
limitations is the availability of such materials in large quantitidsother approach to
reduce the C@®emission is the use of clinker free binders or geopolymers. The production
of geopolymers has lower impact on glbl@arming compared to ordinaryogland
cement. However, the production of concentrated sodium silicate solution, associated with
the production of geopolymers can cagsgereenvironmental impacts other than global
warming. This effect can be reduced byking geopolymer concrete using fly ash or
granulated blast furnace slags which requires less sodium silicate solution for activation.
The major limitation that can arise in the system is that any variations in the materials such
as fly ash or slag can affiethe performance of geopolymers. Also, the durability and-long

term performance of geopolymer concratenot well known(Habert et al. 2011)

The presence of kaolinite in the clay ikey factor to use it as an SCRut of other clayey
structures, kaolinite shows major loss in crystallinity whenimattat temperatussof 600

T 8 0 0 Calcined clay/metakaolin has high potential for interaction with Caf@gn
mixed with cemeniFernandez et al. 2011)Studies showed that calcined clay at its
saturationtemperature andt 30 %replacement ofement had a high pozzolanic activity
and contributed to the final strength of the matdpadtoni et al. 2011)Even though the
replacement of clinker with metakaolin has several advantagebeited performance
compared to prtland cementhigh grade kaolinite clays anreery expensive. TiB is
because th@roduction of metakaolims energy inensive anddemands lay with high

degree of puritfHernandezt al. 2015%.

The use of a ternary blend omestone, calcined clay, and clinker calledLasestone

Calcined Clay I(C® with 50% clinker replacement was demonstrated as part of
3



collaborative esearch between the Laboratory of Construction Materials (LMC) at EPFL,
Switzerland, and CIDEM in Cuba (Antoni, 201Zhe use of a combination afestone

and @lcined clay is goodchoice becaustne availability exceeds the other SCNBiaz

et al. 2017) The kaolinite used for the production of 1€2n be obtained fronow grade
clays, with kaolinite content undéf %. Inindia, there is abundant amouwftlow-grade
clays available in existing quarries which are mostly regardedaase{Bishnoi et al.
2014) The use of low grade clays can avtiid need of new quarries. Also, the production
of LC® can be done with the existing equipment in a cement plant. Therefofds LC

cheapeor has similar production cogscrivener 2014)

High levels of substitution without compromising strength and durabilitsgre posdile
for cement by calcined clague to its higly pozzolanic nature. This type of cemerss
more economical and provislecological benefits because of lower embodied energy of

the blends compared to ordinary ceméianiando et al. 2015).

1.2 RESEARCH SIGNIFICANCE

Generally, he addition of supplementary cementitious materials improves the strength and
durability of the concrete. The rheology of the cementitious materials has significant
influence on the hardened properties concrete.Most of the studies showed that
commonly used SCMsush as GGBS and fly ash improlveth the rheological properties

in the fresh state and hardened properties. Thnaseral admixturesreable to increase

the flowability in the fresh state,edsify microstructure and improves the mechanical
properties. The scenario is different in the case of repladewién silica fume. Even
thoughthe strength increassgynificantlywith the addition of silica fume, the flowability

is considerably affectedue to its high fineness. Also, due to much liberation of heat of
4



hydration, there are chancestbhérmal crackingn the hardened stat8imilarly, it has
beenfound that the addition of metakaolin causes an increase in the water demand due to
its high ineness and narrow particle size distributi@assagnalve et al. 2013)Hence,

often to maintain the required workabilithe amount of superplasticizer dosage has to be
increasedBatiset al. 200%. The rheological properties of all thesementitious materials

can be controlled by mix desigising appropriate chemicatimixturesThe improper use

of superplasticizers can result in excessive bleeding and segregation, loss in workability of
concrete, rapid or slow setting, air entrainmeat ktis therefore, important to understand

the interaction between cement and superplasticizer for better utilization of concrete.

It is found thatherheology of the cementitious systems in fressttesis directly related to
strength andperformance of concrete. Therefore, rheology is considered as one of the
important factos for special concrete such as higarformance concrete and SCC. Yield
stress and plastic viscosity are the two rheological parameters used for quantifying
flowability. Yield stress is related to the slumpcoincreteand plastic viscosity is related

to stickiness, placeability, pumpability, finishability and segregation in the concrete. The
understanding of freghaste rheology is considergdportant because it isgardedto be
closely related to the development of microstructure of mortar and concrete The mineral
admixtures havea direct impact on the microstruze and rheology of the paste

(Chindaprasirt et al. 2008)

LC3is a ternary blend of OPC, limestone and calcined claypioportion of %:15:30. In
addition to the normal cement hydration products suceésum Silicate Hydrate geCt
S-H), Calcium Hydroxide CH, Ettringite (Aft) and Monosulphate (Afm)n the LC?

system, hemicarbonaare formed from the reaction of limestone with aloatés present
5



in calcined clay(Antoni et al. 2012)Since, calcined clay is proded at a tempenate of
700800as compared to 1450 required for clin
of clinker in LC results in energy saving and lower environmental impactrder, to use

LC? cements in modern concrete such as {miglformance concrete and SCC, it is
important to have an understanding of its rheological characteri&texplained earlier,

the addition of metakaolin increases the superplasticizer dosage for a given wgrkabili
(Paivaet al. 2012,Perlot et al. 2013)Whereas, the addition of limestone has positive
influence on rheology as it decreases the flow resistance of co(i¢ied® and Justnes
2007, Vanceet al.2013).The rheology of limestonmetakaolinOPC ternarplendsis not

well understood and needs further study. Therefore, in this study the compatibility of
commercially available superplasticizer for 1 Gystems in paste and concrete are

determined.

1.3 RESEARCH OBJECTIVES

The princiml objective of this studyis to understand the interaction between

superplasticizers and ECsystem Also, another objective is to compare the flow

characteristics of L&with OPC and FA30 (OPC replaced with 30% fly ash). Therefore,

theprimary experimental aimsf the research astatedas follows:

1 To determine theaturationdosage from the paste studies and compatibility of PCE

and SNF superplasticizers witlhe cementitiouslends for different w/b ratios.

1 To study the rheological characteristics of3Ulended system with PCEhé SNF

superplasticizers.



1 Toevaluate the performanceadfncrete mixes with L&at different binder content and

waterto-binder ratio to attain high workability.

1.4 SCOPEOF THE STUDY

The studyis limited tothe following

1 Three types of binders were used in the studyPC 53 grade cement, FA30 (70%
OPC + 30% replacement by fly ashiaboratoryblend and LC (Limestone calcined
clay cement 50% clinker, 30% caloed clay, 15% limestone and S58ypsumi

factory producep

1 Two types of superplasticizers were u§eBCE (Polycarboxylietheri 34% solid

content) and SNF (Sulphonated naphthalene formaldéhgde5% solid content).

1 The paste studies were done at w/b raif@s35, 0.40 and 0.45. For rheological studies,

it waslimited to 0.35 and 0.40

f LC3 concrete studies were done based on fixed binder content and w/b ratio to attain

target slump of 180 200 mm.

1.5 EXPERIMENTAL METHODOLOGY

f For objective 1 Saturationdosage of superplasticizers for $,A30 and OPC at
different waterto-binder ratios are determined using Marsh cone test andsiaimp

test



Y For objective 2i Viscosity is measured from Brookfield viscometer for3 @t

different watetto-binder ratios and aaturatiordosage of superplasticizers

{1 For objective 3 LC3 concrete mixes are designed to obtain initial slump ofi 1300

mm.

1.6 THESIS LAYOUT
The thesis comprises six chapters, a list of references and an appendix. A summary of the

content in each chapter is provideelow:

1 Thecurrent chaptedescribes theackground of the study. The research significance,

objectives, scope and thesis layout are presented.

1 Chapter 2 provides a critical review of literature on cement superplasticizer interaction.
This chapter discusses about the gendmahavour of PCE and SNF based
superplasticizer with cement paste. The factors influencing the cemeixture
compatibility, interaction of supplementary cementitious materials such as fly ash,
limestone, calcined clay and a combination of limestone calcinedwithythese
superplasticizers are also discussed. The need and significance of the study are

emphasized at the end of the chapter.

1 Chapter Jporesentghe physical and chemical properties of the materials usetidor

present study.



1 Chapterd begins with he determination of saturation dosage of superplasticizer with
the Marsh cone and misiump tests. The experimental procedure is explained in
detail. The influence of type of binders, amount and type of superplasticizer, w/b ratio

in the fluidity are evlmated through Marsh cone and mahimp test.

1 Chapter5 discusses about the rheological properties of cement passasuedtion
dosage of superplasticizer from the Marsh cone tests. The rheological assessment was
done using Brookfield viscometer. Thestiag method, selection of spindle and

protocol for testing are explained in detail.

f Chapters deals with the design of X&oncrete mixes to attain a target slump of high
workability (1807 200 mm). The workability is measured using slump tests. The
condusions from the paste studies amdidatal with the concrete slump tests. The
hardened properties corresponding to ttencrete withtarget slumpare also
determined. The extémf requirement of superplasticizer for concrete to attain the

target slumprom paste studiesasevaluated.

1 Chapter7 presents the conclusions from the study. The recommendations for future

research worlarealso highlighted.



CHAPTER 2

LITERATURE REVIEW

21 INTRODUCTION

The incorporation of superplasticizers plays a major role in thelgmwent of high
performance concrete and sefimpacting concrete®{xom 1999 Mehta 2006)The use

of superplasticizers enhances the placement and finishing characteristics of concrete by
improving the workability and rheological properties even at low matio. The third
generation superplasticizers are capable of reducing the water content by 40 % or even
more than conventional superplasticizers (Spiratos 280650 et al. 2018 This reduces

the pore volume and thereby increases the compressive strength. Superplasticizers are
mainly used for the following three reasons: (1) to increase workability without changing
the mix canposition, (2) for a given workability, the mixing water and the wi/c ratio can be
reduced, thereby increasing the strength and durability requirements, (3) reduce the cement
and water content for a given workability in order to save cement, reduce skriukdg
thermal strains during cement hydrat{@ollepardi 1998)The efiect of superplasticizers

on the properties of concrete is summarizeBigure2.1.

The constituents present in cement play a major role in cgrastetheology. The strength

of concrete ignainly dependent on the formation of&H which forms 6880% of the

total mass oftement paste. The strength can be increased by lowering theaveéenent

ratio. However, the water added should be sufficient enough for ensuring the required

workability. Due to the presence of unsaturated surface charges on cement, some of the
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mixing water gets trapped within flocculated cement grains. The addition of

superplasticizer releases this trapped water by deflocculating the cements grain.

HIGHER
WORKABILITY

SAME STRENGTH
DURABILITY AND
OTHER
PROPERTIES

HIGHER
STRENGTH
CONTROL DURABILITY AND
CONCRETE MIX (WATER REDUCTION) WATER
¥ TIGHTNESS
WITHOUT TO REDUCE W/C RATIO
ADMIXTURE SAME

WORKABILITY

LOWER DRYING 1

SHRINKAGE, CREEP
AND THERMAL
STRESS (CAUSED BY
HEAT OF
HYDRATION)

SAMESTRENGTH,
DURABILITYA ND

\  WORKABILITY /

Figure2.1 Effect of superplasticizeon the properés of concretéCollepardi 1998)

This chapter describes the influerdesuperplasticizers on the flow behaviour of concrete.
The first part of the chapter ¢8tiors 2.17 2.3) describes the role of superplasticizers in
concrete production, types of superplasticizers, the interaction between cement and

superplasticizer andhé factors affecting the cemérguperplasticizecompatibility. The
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following Section 2.4 describes the interaction of mineral admixtures used for the study

with superplasticizers.

2.2 CEMENT-SUPERPLASTICIZER INTERACTIONS

2.2.1 Composition and chemistry of superplaticizers

Chemical admixtures such as sulfonated melamine formaldehyde condensate (SMF),
sulfonated naphthalene formaldehyde condensate (SNF) and new generation
superplasticizerspolycarboxylicetheror polymethacrylates are the three commonly used
superplasticizers. The chemical structures of polymers such as SNF, SMF and acrylic

polymers are shown iRigure2.2.

@ TCH: —<!¢H —LCH,—CH —_
)
C=0 C=0
; I !
|

SO3M SO;M OCH; | OCH,CH(EO);,CH;CH,OH

\

s{ H\‘ CH,, C,H EO: Ethylene oxide
a
SNF £e
(Sulfonated naphtalene formaldehyde)  (Polycarboxylate ester)
Hy ?H:i
CH, —(I: CHy—C —H
| : N : ] H G -
HO—+—CHy =N~ N\ N-CH, 0+
S M S, Jm
VQ(N R—CH3 H2,
\ 3 )n —N B |
HNCH,SO;M M=Na 9 4
M=Na -
SMF e

(Copolymer of carboxylic acrylic

(Sulfonated melamine formaldehyde) acid with acrylic ester)

Figure2.2 Chemicalstructureof different polymers in superplasticizéianalka 2003;
Collepardi 1998; Malhotra et al., 1995; Uchikat&94)

SNF and SMF type superplasticizers have linear ionic organic polymers with sulphonate

groups at regular intervafbleville and Aitcin 1998)In SNF condensates, the substitution
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ofthetydr ogen by the sulphonate can take place
positions due to the sy osiéidnisyhermddyndaniically napht h
stable compsirtidon.o Whe di s p-eaphthalengsulphorfice ct i s
acid. Therefore, the quality and type of sulphonation is important for SNF adsorption

(Piotte et al. 1995)Thedegree of polymerization is also another factor which affects the

dispersing capability of SNF admixtures. The degree of polymerization range should be
between 5 and 8B#&turatiorvalue around 10) to have the best effect. The dispersing effect

is very poo when the degree of polymerization is low (less than four) and-tniesl

molecules have a high molar mass. Therefore, the structural composition is also an

important factor for SNFs in their dispeargiabilities (Aitcin et al1994).

PCE admixtures ar combshaped type of polymers with high degree of dispersing
capability. Because of this reason, they are widely used in practice, approximately about
two billion tons per yea(Flatt et al. 2012Gelardi et al. 2017)The addition of PCE
enhancesvorkability and improves strength and durabi(i#itcin et al. 1994, Kirby et al.

2004, Houst et al. 2008Fhe major advantage of PCE over SNF is that the PCE molecular
structure can be varied according to necessity. The performance of PCE is dependent o
its molecular structuréLi et al. 2005,Gelardi et al. 2017)PCE admixtures have a main
chain or backbone of carboxylic groups with fionic polyoxyethylene (POE) graft chains
attached. The negatively charged backbone bearing carboxylic groups adsorb on the
positively charged cement particles (Ohta 199hikawa et al. 1997 amada et al. 2000

The steric hindrance effecaused by the nesedsorbing side chains are responsible for the

dispersing ability of PCE€Ramachandran 1998, Nawa 208&tt and Houst 2001
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The dispersing effect of PCE is more when the POE side chairenges | and with lower
degrees of backbor@olymerization and higher content of sulfonic groups. The setting
time of cement is delayed because of high concentrations of ionic functional groups in the
agueous phase. The summary of the effect of chemicakste on the properties of PCE
based superplasticizer is explainedrable2.1. At high w/c ratios, the effect of chemical
structure on paste fluidity is not sigicént. The effect is predominant only when the w/c

ratio is below 25%Yamada et al. 2000)

Table2.1 Effect of chemical structure on the properties of PCE based superplasticizer
(Yamada et al. 2000)

Higher Less Shorter

fluidity fluidity loss setting

POE chains Longer Shorter Longer
Degree of

polymerization of the Lower - Higher

backbone chain

Sulfonic group content ~ Higher - -

2.2.2 Interaction of cement and superplasticizer

The most widely used superplasticizers in concrete are sulfonated naphthalene condensates
(SNF) and polycarboxylic ether (PCE) based polymers. The interaction of these
superplasticizers with cement is different because of the difference in molecularrstruct

as mentioned in the previous section. The adsorption of polymers on the cement grains

during hydration process is illustratedrigure2.3.
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Figure2.3 Adsorption of superplasticizers on cement grains during early hydration
procesgPlank etal., 2007)

The dispersion mechanisms of SNF and PCE dispersants are discussed separately. In the
case of SNF, the adsorption of the SNF anionic polymers ieparet negative electrical

charge to the surface of cement particles. As a result, thelingp&drces between
neighboringparticles i.e. electrostatic repulsidfiqure2.4) increases, which increases the
dispersion(Uchikawa et al. 199Kim et al. 2000 Anagnostopoulos et al. 2014)ne of

the limitations of using SNF is that their adsorption depends on the amount of alkali content
present in the systemNE admixtures are generally incompatible with low alkali cement.
However, the situation can be improved by the presence of significanhaofaesidual

sulphate in SNEKim et al. 2000)

PCE admixture as explained earlier has a linear hydrocarbon backbone ctimin w
carboxylate and ether groups as side chains. The presence of long ether group chains
generates steric repulsion which causes cement dispersion. PCE admixtures with high
molecular weight, lower side chain density and shorter side chains have mordiaalsorp

on the cement grairi@hang et al. 2015)
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Figure2.4 Mechanisnof action ofsuperplasticizergAitcin 1998)

Compared to other admixtures, PCE admixtures are more intensely adsorbed and lower the
yield stress at lower dosag@urgosMontes et al. 2012)The reasoning is because of the
combined effect of steric hindrance and electrostatic repulsion mechanism exhibited by
PCE admixtureKigure2.4). The adsorption of admixtures on cement pastes will be more

if the percentage of carboxylate groups in the admixture is Figure 2.5 shows the
schematic diagram of dispersion of cement particles with the addition of SNF and PCE

superplasticizers.

There are several studies done based on the comparison between SNF wénariesnale
adsorbed on the cement grathat leads toelectrostatic repulsion and PCE, where the
adsorptionleads toboth electrostatic repulsion and steric hindra(dieang et al. 2015,

Ramachandran 1998)
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Figure2.5 Schematic diagram showing the effect of superplasticizer on (a) fresh cement
paste withoutdmixture(b) fresh cement paste with SNF (c) fresh cement paste with
PCE(Zhang et al., 2015)

Zhang et al. (2015) showdlat SNF follows a Langmuir monolayer adsorption isotherm
whereas, PCE exhibits multilayer adsorption. The fluidity and retardation of &8&F
proportional to the surface coverage on cement grains. At low dosages, the adsorption

increases linearly and reaches a plateau indicating the saturatiorFigueé?.6).
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Figure2.6 Adsorption isotherm of PCE and SiBmixturegZhang et al., 2015)

PCE molecules forrmegativelychargegonsin analkalineaqueousnedium(Zingg et al.
2008) Hence, the first layer oddsorptionof PCE occurs because of its adsorption on
positively chargedurfaces ofAFt and GA phasedue to electrostatic forceslso, it is
understood that the CO@ns form a strog complexwith Ca* ionspresenin the pore
solution(Pourchet et al. 2007As a result, a second layer of adsorptiaisooccurswith
C&* ions forming a bridge betwea the two layes of adsorbed COOions. Thisdouble
layer adsorption of COQons on the surface of cemeagrains is schematically shovim

Figure2.7.
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1t layer

Figure2.7 Schematic diagram of the two layer adsorption of PCE molecules on cement
grain(Zhang et al. 2015).

2.3  Factors affecting cement and superplasticizer compatibility

The major requirements for high performance concrete in the fresh state such as maximum
possibé reduction in wateto-cement ratio, greater workability, reduction in yield stress
and viscosity depend on the cement and admixture compatibility. Superplasticizers are
added to improvehe rheological properties amdso influence the hydration kinedi@and

setting time of the cement systems. However, beyond a critical dosage of superplasticizer,
there can be sedimentation of cement particles and aggregate due to very low yield stress
(Flatt and Houst 2001)t has to be noted that same superplasticizer does not produce the
same fluiditywith different types of cement and different superplastisizannot produce

same fluidity with the same cement (Ramachandran 1984). The wrong combinations can
cause low fluidity, rapid/delayed setting, segregation etc. which can be collectively called

asincompatibility (Aitcin 1994). The cemefidmixture compatibility depends on both
19



cement and admixture properties. The factors relatedimixtures are their dosadgene

of addition, molecular weight and their chemical strucifi@mada et al. 20Q@chikawa

et al. 1995 Maeder 2003, Yoshioka 1997, Kirby 2004). These are explained in Sections
2.2.1and 2.2.2. The factors that are related to cements which affect compatibility are their
fineness(Chandra and Bjo 2002chemical and mineralogical composition, free lime
content (Plank 200&ingg et al. 2009Alonso et al. 2007)amount and type of calcium
sulphate and alkali sulprest(Yamada et al. 20Q1Magarotto 2008 The addition of
mineral admixtures also affects the cemadinixture compatibility. The following
sections describéke some of the major factors related to cement that affects the eement

superplasticizer compatibility.

2.3.1 Effect of C3A/SOsratio

The influence of @A is an inportant factor that affects the cement admixture
compatibility. The superplasticizer adsorption mainly depends on the amough ah@
soluble alkali sulphates in the cement. The admixtures that adsorb on both aluminates
phases and silicate phases givétdrefluidity. Compared to silicate phases, aluminate
phases have a higher affinity for superplasticizer becaudbeaf high positive zeta

potential value than silicate phag€tatt and Houst 20Q oshiokaet al. 2002)

For PCE admixtures, in the absence of soluble sulphates, the adsorption is greater by cubic
CsA. The adsorption depends on the carboxylic/e&Z#E) ratio i.e. higher the C/E ratio
higher will be the adsorption. In the presence of sulghatee competition between

admixture and sulfates for the adsorption @A Gites depends on the C/E ratio and the
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amount of sulfates present iretiolution for PCE admixtures. The delay in hydration will

be higher if the arboxylic/ester ratio is highé¢Alonso and Puertas 2015)

Studies done by Alonso et al. 2015, showed tbattd the competition betwesnlfonate
groups in SNF and sulfates in the medium, SNF adsorbs more effectively on t&€gibic
than PCE admixtures. The affinity for sulphates over admixtures is greater in
orthorhombieC3A than cubieCsA. The impact of admixture over sulphates is vesy In
orthorhombieCsA compared to cub#€CzA. There is an impact on the hydration reactions
also due to the interaction between admixture agfd sites. For SNF admixtures, due to
the greater adsorption and more effective competition with surface iongekine in

hydration is longer than PCE admixtuf@ddonso and Puertas, 28).

2.3.2 Effect of fineness of cement

High early strength development is one of the major reasons for widely using high
performance concrete (HPC) in practical applications. This is achieved by the higher
fineness of cement. The effect of fineness of adno@ the rheological properties is not

well understood. When the cement is incompatible with the superplasticizer the effect of
fineness iIs more prominent. The increment
the cement pastegeater tharthe viscosity of the paste. F@NF admixtures, the amount
adsorbed will be increased because of the increased number of fine particles during the
grinding process. Generally, for SNF admixtures, as the hydration progresses, the
molecules adsorbed on the soldrface are ineffective due to the formation of new
hydration products. So, when the fineness of cement is higher, the excessive early
adsorption leaves little free SNF molecules for replacing the SNF consumed in the
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hydration product(Aydin et al. 2009) The increase in fineness increases the rate of
reactions also. The hydration process influences the fluidity loss of the paste. If there is an
accelertion in the hydration process, it results in flow loss. Similarly, retardation in the
hydration process reduces the flow I¢Ssandra and Bjo 2002)

2.3.3 Incompatibility issues

The major incompatibility issues that arise due to the use of admixtures are variations in
flowability, uncontrolled setting, anomalous rheological behaviour and @\lomso et

al. 2013) The interaction problems between cement and superplasticizer can be classified
into two groups such as (i3sues related to the adsorption of admixture on the cement
grain (2) issues due to the effect of admixture on the hydration of cement parfibkes
incomplete understanding of the microstructure, hydration and rheological behaviour is
mainly due to the huge variations in formulations of commercially available admixtures

(Aydin et al. 2009Hanehara and Yamada 1999)

2.3.4 Effect of superplasticizer on fresh and hardened properties of concrete

The fluidizing effect of admixtures was reported to be greater in mortars made with blended
than with ordinary cement(Sahmaran 2006)The addition of superplasticizers has a
significant influence on the cement hydration kinetics. @ssolution of iondrom the

surface of cement grains is hindered by the adsorbed superplasticizer layers. The growth
kinetics and morphology are also changed because of the dispersion of cement grains by
superplasticizers (Mollah et al. 2000). The setting time of cemetd palsbe delayed if

the concentration of the carboxylic and sulfonic groups remaining in the solution is higher
(Yamada et al. 2000) The dispersing capability of PCE is greater than that of SNF. At

least twice the dosages of SNF are required for thBCH to achieve similar rheological
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propertiegZhang et al. 2001)This is because of the superior dispersion of PCE brought
about by steric repulsion. Considering the hardened properties, the retarding action of PCE
admixtures does not adversely affect the early strength and improves the final strength at
w/c ratios anging from 0.4 0.5. However, if the dosage of the admixture is increased
substantially, there will the formation of clusters of entangled polymers and cement
particles, thereby reducing early strength and little increment in the final strength

(Anagnostopoulos et al. 2014)

2.4  INTERACTION OF CHEMICAL AND MINERAL ADMIXTURES
Costeffectiveness and improvement in the pmips of concrete makes the partial
replacements of cement with mineral admixtures a common practiceefagiveness is
achieved by less energy requirement in the process of manufacturing due togbeofe
industrial byproducts such as fly ash, grdated blast furnace slag etc. It also makes the
cement eceefficient by lowering the greenhouse gas emissions and energy consumption
( Roskovi |l an dTh8rheelogital dhdracteridti@ssofblended cements depends
on the specificsurface, surface charge and reactivity characteristics of the mineral
admixtures use(BurgosMontes et al. 2012Y he fluidity can be improved by the addition

of superplasticizers. The mineral admixtures hamesffect on the interaction between
cement and superplasticizer. The reductio waterto-cement ratio with increase in
workability, decrease in yield stress and plastic viscosity with superplasticizers are all
dependent on the compatibility between superplasticizer and the cement used as discussed
in the previous sections. Theoed, it is necessary to study the compatibility of mineral

additions with superplasticizers.
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2.4.1 Interaction of fly ash blends and superplasticizer

The use of fly ash in concrete improves the workability, strength and durability properties
(Feldman etl. 199Q Papadakis 1999.i and Wu 2005Yilmaz and Olgun 2008 There

is a progressive reduction in water content when the replacement of cement by fly ash is
increased. This is possible because of the spherical shape of fly ash. If the fineness of fly
ash used is greateraih cement, then the water demand will be higher because of increase
in surface area. Therefore, the patrticle size, shape, quality and the extent to which fly ash
can be replaced affects the workability of concr@teslii and Nagaraj 199Egelekoglu et

al. 2009) The workability can be impwed with the addition of superplasticizers.
Kondraivendhan and Bhattacharj@©15 studied the flow behaviour and strength for fly

ash blended cement pastes and mortars. In most of the studisafutaiondosages of
superplasticizers for the cement are determined using tests methods such as Marsh cone,
mini-slump and flow table tests for cement pastes and mortars. The same test methods were
used in this study also to understand the flow characteristics of blendies path
superplasticizers. The results showed that for fly ash blended cement pastes, if the fineness
of fly ash is more than cement, the dosage of superplasticizer increases with increase in the
fly ash contentTermkhajornkit and Nawé004) showed that the zeta potential of fly ash
particles was different from that of OPC grains, in both sign and magnitude. Thus, with
increasing fly ash addition, the potential barrier betweeticges became smaller or
showed negative values (flocculating systems). For ceflyeash system containing SNF
superplasticizer, the zeta potential of cement grains and fly ash particles had the same sign
and hencehe mixturedispersed well due to elieostatic repulsion. The adsorption of PCE

on fly ashblended cement pastes (with 20% of fly ash) was less intense than-in non
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blended cement past@éd et al. 2005) The amount of PCE admixture adsorbed by fly ash
blend is lower than that of ndrlended cement. The admixture gets not only adsorbed by
cement grains but also by fly ash particles. If the total admixture consumption is taken into
account, the consumption does not vary much frombiended cement becsel of low
amount of fly ash. The rheological behaviour is also simionso et al. 2013;
Kondraivendhan and Bhattacharjee 2018y ash has a greater affinity for SMF than
limestone and silica fume blends and shows similar trends in flow properties with SMF
and SNHBurgosMontes et al. 2012 he rheological studies showed that yield stress and
plastic viscosity are reduced in binary blends containing fly (¥simce et al. 2013a)
However, the vyield stress is slightly increased when the fly ash replacement level is

increasedPark et al. 2005)

2.4.2 Interaction of limestone blends and superplasticizer

Limestone is basically used as inert filler in cementitious systems. However, limestone can
also react with alumina to form monocadiuminate, which leads to a densification of the
microstructure. The filler effect of limestone causes acceleration of hydration reactions,
improves particle packing and provides new nucleation sites for CSH. The hydration
product monocarboaluminate isrfioed at early stages during hydration and the
transformation of ettringite to monosulphate is also del@gedavetti 2001) Depending

on the amount and fineness of limestongS Bydration is also accelerated by the presence
of CaCQ. The GS-H gel formed has a significant amount of Ca@@orporated into its
structure (Rmachandran et al., 1998). Limestone blended cement exhibits similar
performance in strength and durability compared to othetiemed cemeni{gsivilis et

al. 1999 Ramezanianpour et al. 2009)
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Considering the interaction of limestone watlperplasticizerslimestone blended cement

has greater affinity for polymer molecules. Cement replaced by limestone filler powder
showed a slight increase in yield stress and a decrease in plastic viscosity which indicated
better stability and fluidity athe cement pas{®&lehdi et al. 1996)Most of the studies have
focused on the interaction between limestbfemded pastes and PCE based admixture.
Compared to other superplasticizers such as SNF and SMF, PCE admixtures adsorb more
intensdy on limestone blended ceme(BurgosMontes et al. 2012)Mikanovic and
Jolicoeun(2008 studiedtheaction of superplasticizer on limestebknded cement pastes.

The results showed that the interaction of superplastigizkrimestoneblended cement
pastes var@depending on the type of admixture usedPCE or SNF. The reason is that
even though the dispersion effect of wdterestone pastes is similar for PCE and SNF,
Ca(OH} improved the effectiveness of PCE. Hak& al. (2012) compared the effect of
limestone powder and natural pozzolan on the fluidity of cement paste containing SNF
superplasticizer and melamubased superplasticizer. For both types of superplasticizers,

it was found that the pastes with limestopowder showed better fluidity and relatively

lower loss of workability after one hour.

Vance et al(2015 studied the rheologicaldnaviour of limestondélended systems. The
rheological properties were explained based on Bingham model. The results showed that
when coarser limestone powder (15umyused ageplacenent forOPC, the yield stress

and plastic viscosity is reduced. Thidsscribed by the reduction in packing density and
specific surface area and increase in spacing between the particles. When fine limestone
powder (0.7 um and 3 pnmg used as replacemethge yield stress and plastic visdgsare

increasedSantos et a[2017) showedhatlimestone filler (up to 5 %) does not modify the
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plastic viscosity or yield stress of the paste with PCE admixture. Also, limesiemaed

cement pastes cannottml segregation wheahigh amount of superplasticizers is added.

2.4.3 Interaction of calcined clay and superplasticizer

Kaolin is the most extensively used mineral for industrial applications such as in paper
industry, for the production of cement, ceramparcelain, bricks et¢Burst 1991, Murray
1991,Prasad et al. 199Cravero et al1997, Murray 2000) The kaolin mineral consists

of alternate layers of aluminactahedral sheets and silica tetrahedral sheets. The
composition includes 46.54%i0;, 39.5% AbO3z and 13.96% ED (Murray 2000) Upon
heating, he StO network in metakaolin remains largely intact whereasQAletwork is
reorganizedGrim 1968). Metakaolin contains 886% SiQ, 40-45% AbOs with small
amounts of F€s, TiO,, CaO and MgO(Poon et al. 2001)Metakaolin (MK) is a
metastable highly reactive clay produced by heating kaolin avéemperature of
6507 0 0. (Newman 1987Yip and Deventer 2003MK is considered as an effective
natural pozzolan because of its positive contribution to the improvement in strength,
durability and environmental requiremer{tS8assagnabere et al. 2013he strength is
improved because of its filler effect @dmccelerated cement hydom. Fernandez et al.
(2011) studied the pozzolanic activity of kaolinite. lllite, and montmorillonite calcined
bet ween 600 and 800 . Because of the highel
was a higher loss of crystallinity in the kaolinite systembis resulted in a higher

pozzolanic activity in systems with kaolinite as guared to the other clays.
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The clay rich in kaolin (90%) undergoes thermehation in the air at 748 4 0. The
breakdown of crystal lattice structure occurs due to dehlythtion of clay minerals
forming a transition phase with high reactivity. This metakaolin reacts with CH to form
additional cementitious alumir@ntaining CS-H gel. The factors affecting the hydration
products and pozzolanic activity are (1) composibbthe Portland cement, (2) purity of
kaolinite clay used, (3) temperature during calcination and (4) si@atander ratio. The
compressive strength will be higher if theStH content in the system is higher after
hardeningMurat 1983) The three major factors contributing to the strengéh(a) filler

effect (2) acceleration of cement hydration within first 24 hours and (3) pozzolanic reaction

which has the maximum effect withirIZ daygSabir et al. 2001)

Even though metakaolin shows significamiprovements in strength and durability, the
workability is reported to be adversely affected by its use. The studies related to workability
of metakaolin showed that the standard workability tests susli@p, compaction factor

and VeBe test are not ga enough to understand the influence of metakaolin on the flow
properties especially at low waterbinder ratios(0.35) (Nehdi 2014) Compared to
limestone, metakaolin acts as a modiférthe viscosity of cement pastes. Metakaolin
replacement up to-8 % improves paste workability. For replacement level of 10 % and
above, the workability is greatly reduced and a superplasticizeededdo improve the
workability (Santos et al. 2017The requirement of superplasticizer is high even to attain

a slump of medium workabilit{Sabir et al. 2001 The yield stress and plastic viscosity is
higher in binary blends containing metakaolin. This is due to the higher surface area and

agglomeration potential of metakao(iviance et al. 2013)
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Clays have the ability to readily exchange cations in order to balancéndrem ebctrical
charges on theurface. When chemical admixtures are added, the cations in the clay are
readily exchanged with the organic materials present in the admixture. This causes less
dispersion and adsorptiaf chemical admixtures on the surfacetlod¢ clay. Therefore,

most part of the admixture added will be consumed by the clay particles and higher dosages
are required to attain the required workability. The high admixture dosage increases the
cost and also causes long setting time, delay in strergthagd removal of formwork

(Nehdi 2014)

Comparing polycondensates angolycarboxylic ether based superplasticizers in the
dispersing ability, it was observed tipatlycarboxylicethers(PCES) are more sensitive to
clays(Nehdi 2014) The dispersing ability is impeded because of the incorporation of PCEs
into the layered structure of clay through their side chaingas observed that different
types of PCEs showed noticealslensitivity to clay and the dispersing force decréase
significantly in its presence (Sakai et al. 20Q&i and Plank 2012)Liu et al. (2004)
investigated the reduction in swelling potential of montmorillonite by using KCI in the
presence of PEG (Polyethylene glycol) and PAG (copolymers of ethylene oxide and
propylene oxide). PAG forsacomplex structure with Kions which considerably reduces

the swelling potential of the clay. Therefore, copolymer PAG are more commonly used on
the side chain for PCE based superplasticizer to be used in cementitious systems containing
calcined clayThe decrease in dispersion also depends on the type of claymigidllonite

clays have expanding lattices which allow the intercalation, swelling and exchange of
cations (Manning, 2007). This is the main reason why kaolinite clays are preferred to

Montmorillonite, due to theitess harmful effect on concrete fluidigyeknavoriaret al.
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2003).Ng and Plank2012 foundthat PCEs undergo physisorption and chemisorption
onto clays by 100 times than that on cement. Chemisorption takes place when polyethylene
oxide side chains intercalate into the interlayer region of aluminosilicate layers
physisorption occurs ahe positively charged clay surfaces by the adsorption dfiGes.

Both physisorption and chemisorption are dependent on the dosage. At higher dosages, the
side chain intercalation dominates and at lower dosages, electrostatic attraction through the

anionic backbone of clay surfaces prevails.

Lei and Plank(2012 developed a new type of PCE to lessen the clay effects and for
robustness. The new PCE is modified from methacrylic acid and hyestkxyl
methacrylate esters. The adsorption of PCE was limited only to the clay surfaces and not
into the layered structud clay. The research showed that the modified new PCE was less
affected by clay and was able to disperse cement more effectiglgnd Plank2012)

found that PCEs with high grafting density are more suddeptd influence of clay on

their dispersion abilities. They fountthat polyglycols can beused as sacrificial agents

when PCEs with high grafting chains at high dosages are used in clays. However, it was
also suggested that more understanding and experience has to be gained to establish this in

practice.

2.4.4 Interaction of limestonemetakaolin blends

The combination of two mineral admixtures, i.e. a ternary blended system, often gives a
better performance in workability, strength and durability compared to a binary blended
system.The cement fly ashi GGBS ternary systemals practical difficulties because of

the slow reactivity of fly ash and workability issues using GGBS. Metakaolin has greater

reactivity but workability issues arise due to higher fineness. In the case of limestone due
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to its filler effect, the rheologicgbroperties as well as strength can be improved. The
aluminosilicate SCMs blended with limestgomtland blended systetrave shown to be
superior toother SCMs. This is because of the higher specific surface area of the blend,
which ensures faster hydraii reactions and also the patrticipation of carbonates from the
dissolution of limestone to form the space filling monocarboalumifMéindipour et al.
2017) Therebre, the limestonemetakaolin ternary blended syste@rives suchbenefits

from the combinationThe replacement of clinker by 30% metakaolin and 15% limestone
out of this total 45% replacement showed better mechanical properties at 7 days and 28
days tharordinary prtlandcement(Antoni et al. 2012)Also, the metakaol reacts faster

with limestone than in metakaolimftland binary cement blend. Similarly, limestone
reacts faster with nmtakaolin system than limestonefiand binary cement blend. The
effect of gypsum is another important criterion to be considerdddrsystem. The early

age strength is affected by controlling the reactivity of aluminates if the gypsum level is
high. Also, the lack of sulphates can cause flash setting igSuEsi et al. 2012; Krishnan

et al., 2015) Along with the improvement of mechanical properties, there is also a large
reduction in the energy consumption and@@ission while using limestoraetakaolin

blends(Tironi et al. 2017)

The reaction is such that one mole of calcium carbonate reacts with one mole of metakaolin
in the presence of excess calcium ions in aqueous solution to produce one mole of
monocarboaluminate phaseas per Equation (2.1 (Antoni et al. 2012) The

monocarboaluminate forms supplementafnmAphases and stabilizes the ettringite.

A+ CaCQ+ 3CH+H — GA.CaCQ.H12 Equation(2.1)
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Most of the studieperformed orlimestonemetakaolinportland ternary combination are

on the performance of limestone calcined clay blends in the hardened state. f@mly
papers have focused on the rheological properties of this ternary blended Stesrof

these studies are discussed below:

Courard et al(201]) studied the effects of limestone fillers containing swelling clays on
the fresh and hardened profpes of selfcompacting mortars. The results showed that with

the increase in the content of swelling clay, the workabaig decreased. There was no
major influence on hardened properties and porosity because of the swelling clay content
irrespective bits effect on fresh properties. However, this effect can be compensated with
adequate dosage of a compatible superplasticizer. Therefore, it is essential to identify the

compatible superplasticizer with this type of blend.

Vance et al(2013 studied the rheology of binders ¢aiming prtland cement, limestone

and metakaolin or fly ash. Combinatgwf OPC, limestone (10 and 20% replacement with
different particle sizes of 0.7, 0.3 and 15 um) and metakaolin (5 and 10% substitution by
mass) with volumetric watdo-solid ratio (v/s) of 0.40 and/or 0.45 were used in the study.
The rheological studies of binary blend combination of limestone (5% replacement) and
OPC showed that there is no reduction in plastic viscosity but the yield stress was reduced
by 20% with respect to the ewol mix. Therewasalso a reduction in yield stress with the
increase in particle size of the limestone powder. Therefore, replacement with limestone
particles coarser than OPC decrebsiee yield stress and plastic viscosity, whereas,
particles finer tn OPC increaskthe yield stress and plastic viscosity. For limestone
particles coarser than cement, there is a decrease in particle packing and specific surface

area. This reduces the ability of the paste to resist shear. This explains the reason for
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reduced yield stress. Imé case of metakaolin replaceariland cement paste, yield stress
and plastic viscosity were significantly increased because of the high surface area and the

tendency of particles to agglomerate.

The rheology ofthe ternary blend embination of limestone and metakaols quite
complex. The increase in limestone at fixed metakaolin contersed @ecrease in yield

stress and increase in the plastic viscosity. In this case, coarser limestone particles
significantly reducd yield stess whereas finer particles significantly increddbe yield

stress. Even though the addition of fine limestone reduces the particle spacmg @asks

the yield stress, the electrostatic attraction between the negatively charged metakaolin and
posiively charged limestone particles increases the interparticle spacing and thereby
reduces the yield stress. The plastic viscosity increases with increase in metakaolin content
and is invariant with the limestone content. The influence of superplastinizethiis

ternary combination system was not covered in the study.

Zaribaf et al. (2015 studied the compatibility of superplasticizers with limestone
metakaolin blended cemiious systemsASTM C595 Type L cement (15% limestone)

with 10 and 30% metakaolin substitution by mass was used for thg. stin
superplastid@ders used wre commercially availablpolycarboxylicether (PCE), sodium
lignosulfonate, naphthalene formaldehyde condensates (SNF) and polymelamine
formaldehyde (SMF). The pastes were prepared at s@tander (w/b) of 0.40. The
saturationdosages of qerplasticizers were selected from the rslump tests for a
corresponding gpad of 12 cmAlso, flow tests were done at different substitution levels

of metakaolin ranging from 1040% metakaolin substitution by mass and compared with

control cement pete (no metakaolin) to understand the trend between metakaolin
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substitution and superplasticizer dosage requirement. The results showed that out of the
four types of superplasticizers, SMF and lignosulphonate required a dosage of
superplasticizer greatendn the maximum recommended dosage to attain the flow values
similar to control pastes. PCE and SNF based superplasticizers were found more
compatible with limestoremetakaolin blended cement. The increase in metakaolin
substitutions shortened the settitigne and decreased the workability. This was
compensated by the addition of adequate dosages of compatible superplasticizers. Finally,
the mortar specimens prepared with the combination of TypelL cement and 30%
metakaolin substitution by mass with PCE dzhsadmixture showed an increase in

compressive strength compared to control blend (no metakaolin).

Santos et al2017) studied the rheology of cement paste with metakaolin and/or limestone
filler blended system. The pastes were prepared with different metakaolin and/or limestone
filler (maximum replacement level up to 20 %) with constant water/cementitious materials
of 0.3and 0.5 wt.%polycarboxylicether type superplasticizer. The fresh properties such
as slump and spread, Marsh funnel time, yield stress astiqolviscosity, viscoelastic
properties and thixotropwere evaluated. Theesults showed that spreags low ard

Marsh funnel timevashigh whenthe metakaolin content increasedriore than 10%. The
rheology studies were done using stress controlled oscillatory rheometer. Metakaolin
increasd the plasticity and thixotropy of cement paste up-&%& However, beyod 10%

of metakaolin the workabilityvas adversely affected. It was found that the increase in
metakaolin content increas¢ he vyi el d stress and GO6 (el ast
whereas, limestone filler up to 10%@alechot change the yield stress compauethe Portland

cement pastes. The workability was improved by the addition of PCE based
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superplasticizer. The stydcorncluded that the blend with 90% portland cement, 5%

metakaolin and 5% limestone filler gives good thixotropy

25 SUMMARY OF LITERATURE AND NEED FOR THE STUDY

The mechanisms, interaction of superplasticizers with cement and factors affecting
compatibility were covered in the initial part of the chapter. Jltesequerpartdiscussed

the advantaged asing mineral adimtures inthe cementitious systesand the interaction

of superplasticizer with the mineral additiongds he flow behaviour of ternary blended
limestonecalcined clayOPC (LC) relevant for the present study was discussed in detail.
From the literatureeview, it is clear that fothe ternary blended combination of OPC,
limestone and metakaolin to achieve sufficient workability, the use of superplasticizer is
essentialThere is limited research ahe rheology of limestonmetakaolinOPC blended
cementin combination withsuperplasticizers. The compatibility of this ternary blended
system with different types of superplasticizer at different watéinder ratioshas not

been adequately addressed.

From the literature study, the following research ses@ identified:

f The selection of type of admixtuig vital for a blended combinatiorSince LC is a
ternary blended combination of OPC with limestone and tles/necessary to identify
the compatible admixtureshich gives good workability without compromising the

strength requirements
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It is necessary to determine the dosage of commbr@asahilable superplasiizers

required for achieving a given wability with LC3 cements.

For usingLC? in long haulapplicationslike ready mix concreteit is necessary to

determine the workabilityetentiontime with commercidy availablesuperplasticizers.
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CHAPTER 3

MATERIALS USED FOR THE STUDY

3.1 INTRODUCTION

This chaptepresats the details of the physical and chemical properties of the materials
used for the studyhe raw materials used for the experiments mshidy include ordinary
portland cement, fly ash, limestone calcined clay cemeni)(lfife aggregateifer sami),

10 mm and 20 mnNNMSA coarse aggregate (crushed granite), wated,two types of
superplasticizer$ polycarboxylic ether (PCE),sulphonatednaphthalene formaldehyde

(SNF).

3.2 TYPESOF CEMENT USED

3.2.1 Ordinary p ortland cement

Ordinary prtland cement (OPQ) 53 grade conforming to IS 12262009 was used for
the study. The physical properties and chemical composition of the care@nésented

in Table 3.1 and 3.2 respectively.

3.2.2 Fly ash

Class Ffly ash conforming to IS 3812 (Part 1):2B0was used as supplementary
cementitious material for partial replacement of cement. The class F fly ash was obtained
from North Chennaithermal power station. The physical properties and chemical

compositionare presented in Talsi8.1 and 2, respectrely.
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3.2.3 Limestone calcined clay cement (L€)

Limestone calcined clagement(LC?), a ternary blended system witlwith 50% clinker,
30% calcined clay, 15% limestone and 5% gypswas used LC® was producedn an
industry trialby intergrinding the components aball mill (Bishnoi et al. 2014)The
physicalpropertiesand chemical compositions ofishcementare given inTable3.1 and

Table3.2, respectively.

3.3 AGGREGATES

Riversand (64.75 mm) conforming to@ne Il of IS 383 (201pwasused as fine aggregate.
Crushed granite coarse aggregaikesize range 4.730 mm and 120 mm were used in
50:50 proportionThe sieve angbes for both fine and coarse aggregate based on IS 2386
(2007)areshown inFigure3.1 andFigure3.2. The aggregate propertjeetermined as per

1S2386 (2007)are listed inTable3.3.

Table3.1 Physical properties of OPC, fly ash and®LC

Properties OPC FA30 LC3
Specific gravity 3.16 2.77 3.01
Water demand for
standard ensistency (%) 30 31 33
Initial setting time (min) 124 120 101
Final setting time (min) 245 280 165
Bl ai ne6s 2HKkg) n 340 330 520
Soundness (mm) 0.2 0.2 0.1
Mortar compressive
strength at 28 days (MPa) 61 46 437
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Table3.2 Chemical composition of cement, fly ash ancfLC

_ Quantity
Chemical (% by mass)
composition
OPC Fly ash LC3
CaO 64.59 1.28 33.92
SiO» 19.01 59.32 30.02
Al20s3 4.17 29.95 19.46
FeOs 3.89 4.32 3.59
MgO 0.88 0.61 2.16
(NaO)e 0.16 0.16 0.45
LOI 1.40 7.47

Table3.3 Summary of properties of aggregates

Coarse aggregate

Properties Sand
4.7510 mm 10-20 mm
Specific gravity 2.58 2.76 2.78
Water absorption (%) 0.8 0.41 0.0
Bulk density (kg/m) 1607 1510 1612
Crushing value (%) - - 43
Impact value (%) - - 25
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Figure3.2 Particle size distribution of coarse aggregate (2FBm)

3.4 WATER

Potable wateconforming to IS 45&005 was used for all the paste and conarexes.
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3.5 SUPERPLASTICIZER
Commercially availablepolycarboxylic ether (PCE) andsulphonated naphthalene
formaldehydgSNF) superplasticizers weused for the study. Theelevantproperties of

the superplasticizeras petS 91032004 are given iTable3.4.

Table3.4 Properties of superplasticizer

haracterisice. PCE SNF
Solid content (%) 34.0 445
pH 06 7-8
Density (kgL) 1.08 1.17

The superplasticizer dosages used in the studgrasentedn terms of the solid content.
The water content in the superplasticizer has been accounted for in the water content of the

mixes.
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CHAPTER 4
DETERMINATION OF SATURATION DOSAGE OF

SUPERPLASTICIZER

4.1 INTRODUCTION

This chapter presents the determinatiosattiratiordosage of superplasticizer of different
types of cement at different waterbinder ratio The flowability and cohesioaremainly
provided by the paste phase in conciétgullo et al. 1999)The results from the paste
studies gives an insight of the flowability of concrefibe influence of type of cement,
mineral admixture, and type of superplasticizer on fluidity can be ambt@eveniently

on pastes rather than concréftbe combination of cement, water, mineral admixture and
chemical admixtures should be in the right proportions to meet the desired fresh and
hardened propertieslowever,when blended systems ar&d,it is important to determine

if the choserchemical admixtureare compatible with the given combination of binder
Superplasticiers that function suitably forgptland cement pastes may not be effective for
pastes blendedith mineral admixturedn order to ealuate the fluidity of cememastes,
simple and convenient test methods are essehtiaMarsh coneand minislump tests are
simple, reliable, economicahd convenient test methofbr studying the flowability(de
Larrard et al. 1990, Aitcin 1994gullo et al. 1999Roussel and Roy 2009n this study,
the flow time of LG, FA30 and OP@ementswith different dosage of superplasticizers
was determined. The minimum superplasticizer dosage whiehtgaveast flow time was

thenconsidered as theaturatiordosage.
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4.2 METHODOLOGY

4.2.1 Cement paste preparation

In the present studyests were conducted on cement paste with waidrinder ratis of

0.35 0.40and 0.45.The type of cement and superplasticizers used for the study were
discussed irfChapter 3. Superplasticizer dosagexpresseth terms of sp/c i.eratio of

solid content of superplasticizer to cement content by weldjetcement paste was mixed
using distilled waterAll the test materials were kept in the environmental chamber at a

temperature of 25 and 65% relative humidity for 24 hours prito testing

Thepaste was prepared using-itée Hobarttype blender and a-Bat beatewith a shaft
speed of 139 rpm and planetary speed of 61 rpne mixing was performed in the
following sequence for all the cases. Initially, cement and 70 % ovdker required were
mixed together in the mixer for one minuiée superplasticizer and remaining watere
thenaddedto the cement pastdhe water content in the superplasticizegas deducted
from the water added. The paste was mixed for two miraithe same speedhe mixer
wasthen stopped and sides of the bowl and blacerescraped (120 seconds)andthen
the paste waagainmixed for two minutes For the mixes without superplasticizéng
same procedungasfollowedexceptthat all the water was added at onbBeebinary blend
combination of OPC witfly ash (FA30wasmixeddry for one minutéor homogenization
prior to the procedure described earlieor all the mixes, th&otal mixing time was five

minutes excluding thBme taken for dry mixingJayasree 200%EIson 2014)

4.2.2 Marsh cone test
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Marsh cone test is a quick and easy method fooptienizationof chemical and mineral
admixturegde Larrard 1989 Aitcin 1994,Agullo et al. 1999Giaccio and Zdyino 2002
Roussel and Roy 2005 he test set up is shownkigure4.1. It consists of a metal cone.
The cone geometry used is as per the guidelfi&uropean standards EN 445 &neinch
standard P 1858, which are similar to ASTM C939(1987). The nozzle diamgusually
selectetbetweerB mmand 12 nm, based on the rheologicetharacteristicef the grout to
obtain suitable flow time. Foevaluatingthe fluidifying effect of admixturein post
tensioninggrouts 12 mm diameter nozzle ised For the deterimation of fluidity using
chemical and mineral admixtures in cement pasiesm nozzle is use(Nguyen et al.

2006) In the present study,®m nozzle daimetemwasused

The procedure dflarsh cone testasas follows:

1 1000 ml of pastevaspoured irtio the Marsh cone by closing thettmm orifice

1 Then, theorifice was opened and the stegiich was started.

1 The time taken for 500 ml of the paste to fill tyinder kept under the cone was noted

From the Marsh cone test, the fluidity is represented figw curve, as shown iRigure

4.2. The flow curve indicates the flow time of cemaimixture combination with
increasing dosages of superplasticiZdre flow time isindirectly related to viscosity of

the paste. Higher thigow time, higheris the viscosity.The saturationrdosage is obtained
from the saturation point of the flow curve. The saturation point is the break point beyond
which the fluiditydoes nosignificantly increase with further addition of superplasticizer

(de Larrard 1989 Aitcin 1994,Agullo et al. 199). If the superplasticizer is added more
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than that of the saturation point, it does not improve the fluidity and results in segregation.
The setting time can be delayed due to this segregation @tpato et al. 1999Jayasree

and Gettlr00§ Hallal et al. 2011

R, H- Radius and length of nozzle

R1, H1 - Radius of the free surface and
- 160.0 - height of fluid in the cone at the initial
moment

R:, Hi - Radius of the free surface and
height of fluid in the cone at any time t

R», H. - Radius of the free surface and
. height of fluid in the cone at the final
moment

00.
T od Angle between the axis and the

generator of the cone

Figure4.1 Marsh cone apparat8ll dimensions are in mm)

Saturatiordosage can aldzedetermine from the slope othecurve.Two trialsweredone

for all thecombinations of binder and admixture at different w/b ratios. The average value
wastaken as the saturation dosa@emes et al2001) proposed a method for the objective
determination of the saturation dosage based oNl#reh cone flow time curve of pastes,
which is showrin Figure4.2. In this method, the internal andlé) corresponding to each

data point is calculated and the sygbasticizer dosage corresponding to the internal angle
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of 140 + 10 is taken as the saturation dosage. Interpolation is used to determine the dosage
when there are no data points corresponding to that range of angles. This criterion was
proposed based about 200 tests on supeaapticized cement pastes (Gomes €26@02).
Although the test method is empiric@pussel and Roy2005 developed an analytical
modelto determinethe viscosity of cement pastem the flow timeobtained from the

Marsh cone tesHowever, the model was foundtie validonly for cement pastes with no

yield stress and having flow times higher than 15 seconds

Saturation Point

Flow fime (s

log [ Mlow time )

= 140 £ 10"

spic (%)

Figure4.2 Graphical representation tietermine thesaturatiordosage (Gomes ek a
2002)

4.2.3 Mini-slump test

Mini-slump testsepresenthe estimate of deformability of cement paskeem literature
the influence of superplasticizer dosagefluidity can be better understood from mini
slump ests(Svermova et al. 200Roussel et al. 200%0nebi et al. 20135o0me of the
studies have related thalue of minislumpspread with theheological parameteryield

stressof the pastefFerraris et al(2001) foundthat a weak correlation exssbetween mini
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slump and yield stres¥he bast principle is that igher the spread value, lower will be the

yield stress.

The minislump is a mould in the shape of a truncated cone with dimensions proportional

to the Abramés cone (Kantro et al ., 1980) .
below (Figure4.3). The mould is placed on a clean glass sheet of suitable dimensions. The
mould is then filled with cement paste. After filling, the mould is liftgadvertically and

the cement paste is allowedftow until it stops spreadingifter that he diameter of the

cement paste is measured in tperpendicular directiong.heaverage value is expressed

as the spread of the cement pa$teo trials are done faall the combinations of binder

and admixture at different w/b raticend repeatability was observedlso, visual

examination helps to evaluate the bleeding and segregation of the paste.

r-rS.E |-=719.0——r=6.4—|

381

L1 [ ] 3.0
L 381 -l

Figure4.3 Mini-slump test apparatsll dimensions are in mm)

4.3 RESULTS AND DISCUSSIONS
The saturation dosagédentified for the variouscombinatiors of cementitious material

and admixturet different w/b ratiofrom Marsh cone testre shown irFigures4.41 4.9.
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From the results, it is seen that beyond the saturation dosage there is no significant change
in the flow time and the curves are relatively.fRluidity can be considered as a function
of two parameters such as (i) watetbinderratio (wh ratio) and (ii) superplasticizer

dosage expressed as percentageeight of cement (sp/¢Agullo et al. 1999)

The w/b ratio has significaninfluence onthe flow time.The flow time decreases with
increasan w/b ratio as expected. At low w/b ratios, there is less amount of weltérh
decreases the relative fluidity and increstbe flow time.Beyondthesaturatiordosage of
superplasticizer, the slope of the curve decreases indicating significant decrease in the
viscosity.It can be seen that OPC showwadch lower flow times agaturatiordosageor

all w/b raios. At w/b ratios of 0.350.40,and 0.45FA30 and LC showedcomparable

flow times atsaturatiordosage.

Fluidity increases when the superplasticizer dosage increasedispbesingability of the
superplasticizer aftgs the fluidity(Hallal et al. 201Q) The saturationdosage with both

PCE and SNF for the ddrent blends are summarizedTiable4.1. At w/b ratio 0.45for

OPC the superplasticizer dosage using both PCE and SNF the flow time was very low even
without the addition of superplasticizérherefore, at 0.45 w/b ratio the floinne was
compared between [’Cand FA30.For all w/b ratios, the dosage required to reach
saturatiorwas higher for SNF as compared to PE&:. PCE admixtureshe dispersion is
caused byboth steric and electrostatic repulsion mechanisms whereas, for &8 b
admixturedispersion is only due tlectrestaticrepulsiveforces.Due to this reason, higher
dosage of SNF is required for better dispersion. Therefogher will be the amount

adsorbed on the cement particles causing higher fl@allepardi 1998Kim et al. 2000)
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It is understood from the graphs that the saturation dosage required ¥is p@ater
compared to OPC and FA30 at all w/b ratidhis may be due to thimtercalationof
superplasticizemoleculesbetweenlayers of clay(Lei and Plank, 2014)The higher SP
requirement may also be due to highereinesof LC® as compared to the other blends.
This is becaussgpecific surface area of the binder is an important parameter that affects the
adsorption of superplasticizers. The satian point increases with the fineness of the
cementitious materiglGiaccio and Zerbino 2002y he dosage required using SNF is much
greater than using PCE based admixtdifee type of mineral admixture alsffects the

flow time. The fluidity can be affected by the combination edmenttype, chemical
admixture mineral admixturend w/c ratioThis indicatesrequirement of high saturation

dosage of the L&system and correlates with the present study.
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Table4.1 Summary of saturation dosage determined from Marsh cone tests
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Figure4.9 Flow curve at w/b ratio 0.45 using SNF admixture

Type of w/b ratio Saturatiordosageof Flow time
Binder superplasticizer byeight of corresponding to
cement (%) saturatiordosage (s)
PCE SNF PCE SNF
OPC 0.35 0.15% 0.40% 26 21
FA30 0.35 0.20% 0.50% 47 43
LC3 0.35 0.40% 0.70% 50 49
OPC 0.40 0.10% 0.20% 11 8
FA30 0.40 0.13% 0.30% 16 19
LC3 0.40 0.30% 0.40% 14 16
OPC 0.45 superplasticizelf superplasticiz¢ - -
not required not required
FA30 0.45 0.05% 0.10% 11 10
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LC3

0.45

0.20%

0.30% 10

The minislump results are influenced by the type of superplasticizer and cdtigenmts

4.10- 4.15 shows the spread curves ofLOPC and FA30 using PCE and SNF based

admixtures at w/b ratios 0.30, 0.40 and OF®Bm the curvs, it is seen thathe mini-slump

spread value increases up to saturation do€2gyond the saturation dosagieere is no

significant change in the spread value. Bleeding was obserwestyahigh dosages of

superplasticizer, and the data points for thzeses have been excluded in the plots.
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Figure4.10 Spread curve at w/b ratio 0.35 using PCE admixture
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Figure4.11 Spread curve at w/b ratio 0.40 using PCE admixture
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Figure4.12 Spread curve at w/b ratio 0.45 using PCE admixture
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Figure4.13 Spread curve at w/b ratio &3v/b using SNF admixture
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Figure4.15 Spread curve at w/b ratio 0.45 w/b using SNF admixture

It can be understood from the graphs tha tén achieve similar spreas OPC at the
saturation dosagat higherwaterto-binder rati®. The same trend in Marsh cone is
followed in mini-slump testvith respect to saturation dosag€® showed greater demand

of superplasticizer compared to OPC and FA30. Also, the dosage required to reach

saturation level is higher for SNF than PCE based admixture.

4.4 SUMMARY

The variation of flow time according to tiygpe and dosage sluperplasticizeis studied

at three w/b ratiasThe saturation dosagé superplasticizewas determinetly the Marsh

cone testlt can be concluded that E@as greater requirement of superplasticizer to reach
saturation dosage compdre OPC and FA3( he higher superplasticizer dosage foPLC

can badue to higher fineness and intercalation of superplasticizer molecules between layers

of clay. The saturation dosage of superplasticizer decreatieencrease in w/lvatio. For
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all w/b ratios, PCErequired lower dosage a@mpared to SR Although the flow time
obtained from Marsh cone and mslump tests gave an assessment of superplasticizer
required for each blend, it cannot be easily related to any of the intrinsic fluid parameters
like plastic viscosity and yield stress. This necessitates the need for a rheological study,

which is presented in the next chapter.
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CHAPTER 5
DETERMINATION OF RHEOLOGICAL CHARACTERISTICS

FROM PASTE STUDIES

51 INTRODUCTION

The previous chapter discussed about thetermination ofsaturation dosage of
superplasticizers for L OPC and FA30 at different watt-binder ratios. The results
obtained from Marsh cone showed that there is a significant change of flow time at the
saturationdosae in all the cases.h& viscometric studies conducted for pastes with

saturatiordosage of superplasticizers for different w/b ratios are discussed in this chapter.

5.2 VISCOMETRIC STUDIES

In the case of high performancencrete, the slump tests alomay be inadequate to
characterize theheology of the material For instancetwo concrets having the same
slump might show a differenbehaviourwhen pumped Therefore,a more rigorous
rheological assessment is necessary to understenftbw behaviourof concrete. The
concrete workability can be improved by selecting the typedasage of admixtures from
rheological testgFerraris et al. 2Q0). Due to its simplicity and low cogtieslump tests
commonly used inthe field than viscometer tests. However, it is difficult to get a
correlation between the slump tests and rheological paranteteasise of the variations

in the testing condibins In this study, rheological studies of cement pastes were performed

since the results from the paste rheological studies can give an insight of the flowability of

58



concrete. Further, admixture compatibility issues especially with dyStems can be

idertified from the paste studies itself.

The various factors influencing the rheological properties can be listed as follows: (a)
physical factors such as size and shape of cement grains and w/c raten(inal factors
which includecement composition a@rchange in morphology during hydratjga) mixing
conditions (d) testing conditionsand (e) presence of additivézapo and Piani 2004)he
fluidity and rate of solidification of cement pastes are influenced by theostiactural

changs that occuwithin the cement paste duritige hydration process.

One of the commonly used modébr representing # flow curve of cement paste is the
Bingham modelBingham models a two-parametemodelcharacterized by yield stress
and plastic viscsity. The yield stress represents the minimum stress requiredisdeanit
flow in the material Below its yield stresscement pastbehavedike an elasticsolid.
Above its yield stress, the material deforarsd flows, becoming plastidhe plastic
viscosityis a material constant ansl nota function of shear rat&or Bingham materials
the plastic viscosity and yield stress are calculated fronear ft of the flow curve, with

the plastic viscosity being the slope and the yield stiesgytheintercept Figure5.1)

The mathematical interpretation of Bingham madajivenin Equation5.1:

rr

U & /3

Equation5.1
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Figure5.1 Flow curve fora Bingham fluid(Hackley and Ferraris 2001)

Although the Bingham model predicts the floehaviourof the less viscous cement paste,

i.e. with very high w/c ratio, it cannot givan insightinto the norlinearity of the flow
behaviour The shear thinning, shear thickening and thixotropic nature of the cement pastes
are well predicted by nelinear models such as HersclBlckley model, Cassomodel,

etc.as shown irFigure5.2 (Yahia etal. 20017).

Herschel Butley (HB) model is a power law model withree parameters inwvhich the
viscosity isa function ofshear rat€Equation5.2). The power index represents the non
linearity of the system. So, it can predict the4tiorarbehaviorsuch as shear thinning and

shear thtkening.

rr

U &kt Equation5.2
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where( is the yield stressk is the consistencindex and n is the power index, which
represents the deviation from Newtonkhaviour If the value of ns less than unitythen

it is termed as shear thinning systerandif n>1, it is a shear thickening systeirhis
model reduces to Newtonian equation whgr 0 and n = 1, to the Bingham equation
when n =1, and to a power law whar= 0 (Papp1988). The HB model was successfully
used for cement paste with different w/c ratios to correlate data obtained Syremeants
conducted with a conand plate viscometer (Jonesagt1977, Atzeni et al. 1985, Yahia

et. al. 2001).
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Figure5.2 Flow curves for nofiNewtonian fluid modelg§Hackley and Ferraris 2001).

The rhedogical parameters based on Bingham and Herdgshekley modelsare
dependent upon the watierpowder mass ratio, dosage and type of cement replacement

materials and the particle size distribution of the solids. Also, the yield stress and plastic
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viscosiy has direct correlation with the specific surface area and inverse relationship with
the water film thicknes@Bentz et al. 201;2/ance et al. 2013)Generallyashearthinning
behaviour is expected from cementitious systénowever, studies have shown that shear
thickening behaviour can also happen. Based on the cement grout studies done by
Anagnostopoulos et g2014), shear thickening behaviouwasexhibited by the systemit

high strain ratesrespective ofthe type of superplasticizer and w/c ratio. At high shear
rates, shear forces can increase the formation of clusters due to Van deifuvesd of
attraction This creates a barrier against the repelforces but it is only teporary. PCE

based polyme show this temporary aggregation above a critical deflocculant

concentratior{Papo and Piani 2004)

5.3 EXPERIMENTAL DETAILS

5.3.1 Materials used

In the present study, tests were conducted on cement paste witionaitadter ratio 0.35

and 0.40 The type of cemenand superplasticizersisedare presenteth Chapter 3. The
cement past@reparation methodology Bxplained in 8ction 4.21 of Chapter 4.The
cement paste was mixed using distilled water. All the test materials were kept in the
environmatalc hamber at a t anmwhp5&4 relative huenidity for 22 Bours

prior to testing.

5.3.2 Test method using rotational viscometer

In the present study, Brookfield HA DV Il + Pro viscometer was used with a coaxial
cylinder setup. The dimensions of the inner cylindere16.77 mm radius and 1.14 mm
gap width as shown iRigure5.3. The details of the coaxial test semneshown inFigure

5.4. The programming of the test was done using Rheocalc softiagebasic principle
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is to apply a know shear rate to the pastea viscometethrough theotation of thespindle

and measure the corresponding shear stress produeegdrotocobdevelopedy Jayasree
(2009)was used for the study. The shear rate was increased and later decreased from 23 to
163 st in seven steps. Three loadingdaunloading cycles were dariEheshearstrain vs

time for onecycle is shown irFigures.5.

Figure5.3 Brookfield HA DV Il + Pro viscometer (Asphalt Laboratory, [ITM)
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Figureb5.5 Shear strain vs tim@layasreg2009)
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5.3.3 Issues facedluring testing in coaxial cylindrical setup

Jayasreq2009 usedthe abovementioned protocofor understanding the rheological
characteristics oOPC with w/c ratio 0.3@&nd different types of superplasticizeihe
protocol was developedlfter multipletrials. The protocol satisfied the instrument torque
range capacityof the Brookfield viscometerThe rheological parametersf cemert
superplasticizer combination at logaturationand high dosage of superplasticizegre
found by fitting the shear streskear ratevalueswith Bingham and Hersch&ulkley
rheological models. Howeveigr the preset study,the protocoldid not givesatisfactory
results when the w/b ratio was increased above 0136 results were satisfactory when
the w/b ratio was 0.30 for OPRCE combination. However, for B@ement paste, even
atsaturatiordosagef superplastizerthe spindlalid not rotatedue tothe highly cohesive

nature of LC cement.

When the w/b ratio was increased to Q.2 torque values were less than the allowable
limits as shown irFigure5.6. The same issue was encountereceivesaltrials. Figure5.7
shows the graph representing the trials done without superplastarizZ2PC at w/b ratio

of 0.35. The torque was within the limitsowever,the repeatability was lowkigure5.8
andFigure5.9 showthe results for the combination of OPC and PCE at lowsatutation

dosages of qerplasticizer at w/b ratio 0.40.
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Data:

Loop Step Point  Viscosity Speed |Torque |[ShearStreShearRateTemp  Bath Time Stress  Strain  Density

(%) (#) (#) (Pas)  (RPM)  |(%) (Pa) (1/s) (°C) (°C) (hh:mm:s: (Pa) (rad) (g/em?)
0 1 1 0.06 2473 14 L3 23 29.8 30.1 00:00:01.1 - - -
0 1 2 0.04 2473 11 L.02 23 29.8 30.1 00:00:02.1 - - -
0 1 3 0.04 2473 0.9 0.54 23 29.8 30.1 00:00:03.1 - - -
0 1 4 0.09 2473 2 2.14 23 29.8 30.1 00:00:04.1 - - -
0 1 5 0.01 2473 0.2 0.19 23 29.8 30.1 00:00:05.1 - - -
0 2 ] 0.03 46.24 L5 1.39 43 29.8 30.1 00:00:06.1---- - ----
0 2 7 0.02 46.24 L1 L.02 43 29.8 30.1 00:00:07.1---- - ----
0 2 8 0.03 46.24 12 121 43 29.8 30.1 00:00:08.1---- - ----
0 2 9 0.02 46.24 0.9 0.84 43 29.8 30.1 00:00:03.1---- - ----
0 2 10 0.02 46.24 0.9 0.84 43 29.8 30.1 00:00:10.1---- - ----
0 3 11 0.01 67.74 1 0.93 63 29.8 30.1 00:00:11.1 ---- - ----
0 3 12 0.02 67.74 1.2 L12 63 29.8 30.1 00:00:12.1 ---- - ----
0 3 13 0.01 67.74 1 0.93 63 29.8 30.1 00:00:13.1---- - ----
0 3 14 0.01 67.74 0.7 0.65 63 29.8 30.1 00:00:14.1 - - ----
0 3 15 0.01 67.74 1 0.93 63 29.8 30.1 00:00:15.1-—- - ----
0 4 16 0.01 89.25 0.8 0.74 83 29.8 30.1 00:00:16.1 - - ----
0 4 17 0.01  89.25 0.7 0.65 83 29.8 30.1 00:00:17.1----
0 4 18 0.01 §9.25 1.2 L12 83 29.8 30.1 00:00:18.1 - - -
a 4 13 0.02 89.25 15 1.39 a3 29.8 30.1 00:00:19.1 -——- e e

Figure5.6 Output data from Rheocalc software for OPCE combination aaturation
dosage for w/b ratio 0.40
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Figure5.7 Results for OPEPCE combinationvithout superplasticizer at 0.3%b ratio
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Figure5.8 Results for OPEPCE combination at loar thansaturatiorsuperplasticizer
dosage and 0.40 w/b ratio
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Figure5.9 Results for OPEPCE combination adaturatiorsuperplasticizer dosage and
0.40 w/b ratio
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The protocol was modified even to two loading and unloading cycles. The results are
shown inFigures 5.10- 5.12for OPGPCE combination with no superplasticizer, &w
than saturation, anshturatiorsuperplasticizer dosages at 0.40 w/b ratios. Here also, there

was no repeatabilitagndlarge scatteof data
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Figure5.10 Results for OPEPCE combinationvithout superplasticizer dosage and 0.40
w/b ratio
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Figure5.11 Results for OPEPCE combination at logr than saturatiosuperplasticizer
dosage and 0.40 w/b ratio

Figure5.12 Results for OPEPCE combination agaturatiorsuperplasticizer dosage and
0.40 w/b ratio

69














































































