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ABSTRACT

INFLUENCE OF MINERAL ADMIXTURE TYPE AND AMOUNT
ON RHEOLO GICAL PROPERTIES OF MORTARS

Maria Idrees

PhD, Department of Civil Engineering
Supervisor: Prof. Dr. Mustafa TOKYAY

November 2016241 pages

Fly ash (FA), silica fume (SF) and gmal granulated blast furnace slag (BFS) are used

in different amounts to partially replace portland cement (PC) on mass basis to prepare
mortars mixtures with different watdinder ratios. In all mixtures constant amount

of a polycarboxylate based higlange water reducing admixture was used. The
rheological measuremes of fresh mortars were takeght after mixing and at 10 and

20 minutes after mixing by using a typoobeeBT2 rheometer.

The effect of each mineral admixture amount on relative ygddss and relative
viscosity of mortars were determined and compared with those of the control mixtures
without any mineral admixtureseneral rheological behavior of these mixtures were

determined and analyzed.

Eight different flow models proposed lbyher researchers are checked for suitability to
the experimental data obtained anchew model is proposed. The suitability of the
proposed model was checked both for portland cement and mineral admixture
incorporated cement mortars and it was found ta Ibettermodelthan all other models
when comparetb theother proposed models, so far.

Key words: Rheology, mortar, mineral admixtures, flow models, relative yield

stress, relative plastic viscosity.
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CHAPTER 1

INTRODUCTION

1.1 General

The required hardened properties of cenbErsed materials are achieved after an initial
period of plasticity withinwhich the pastes, mortars, or concretes are to be (1) easily
mixed and transported, (2) uniform within batch and between batches, (3) compacted
without excessive effort, and (4) finished properly without significant segregation
during placing and compach (Mindess and Young, 1981)n other words, the
properties of fresh concrete are important since they affect almost all of the properties in

the hardened state.

The requirements stated above are not easily quantifiable and they may vary from one
sd of job conditions to anothef herefore, the term workability that covers all these
properties of cementitiousystemsis being used to describe their beloa within the

plastic stageWorkability of concrete is defined as that property which determines the
effort required to place, compact, and finish a freshly mixed concrete with minimum
loss of homogeneity (ASTM C 125, 2000). Two basic components of workability are
consistency and cohesiveness which are, in a seasateracting with each othdn

other wads, fresh cementitious systems in plastic stage should be mobile and stable.
Mobility of fresh mortar or concrete depends predominantly on the water content
whereas stability has to do with theaterholding and aggregatenolding capacities of

the mix.The first aspect of the stability of a fresh cementitious mixture is a measure of
the resistance to bleeding which is the appearance of water and some fine cement and

sand particles on the surface and the second one shows the resistance to segregation



which is the settlement of coarse heavy aggregate particles after compaction and
finishing. Both phenomena lead to the separation of mortar or concrete components

during placing and compaction.

Workability of concrete is affected by (1) water content of thix, (2) relative
proportions of the ingredients, (3) shape, surface texture, and porosity of the aggregates,
(4) characteristics of the cement and mineral and chemical admixtures used, and (5)

time andambient tenperature (Mehtand Monteiro, 2006).

Workability of fresh concrete can be measured by numerous different test methods
which are generally categorized as (a) slump test, (b) compaction tests, (c) flow tests, (d)
remolding tests, (e) penetration tests, (f) mixer tests (Mindess and Young, 198d) and
rheometer tests (Banfill, et al, 2001). Although almost all of these tests are empirical, it
is significant to measure the workability and the available methods provide at least some

information on its variations.

The slump test is a simple tleéore he most popular methott. measures the resistance

of fresh concrete toflow under its own weight.lt is basicdy a consistency
measuremenfThe compaction tests measure the compactibility of fresh cononete f
specified amount of workA common examplén this category is the compacting factor

test which measures the degree of compaction by relating the density of uncompacted
fresh concretéo that of the compacted orfdow tests measure the flowability of fresh
concete upon jolting or vibratiorRemadding tests were developed to measure the work
required to make the concrete flow and change its shape fromstarfr of a cone to a
cylinder. VeBe test and Thaulow Drop Table test are the commexamples for this
category.The time required for the shapkange stated above upon applying a vibration

of controlled frequency and amplitude is recorded in the former wheuvsalsendrops

to achieve the shapeang is recorded in the lattdPenetration tests measure the depth

of penetrationof an indenter intaconcrete.The most commonly used method in this
category is the Kelly Ball test which measures the penetration of a hemisphere shaped
apparatus into concrete. Mixer tests measure the power required to turn a concrete

mixer filled with concrete (Mindessnd Young, 1981; Mehta and Monteiro, 2006). As



the demand for control of workability increased with the development of new and
special concretes such salfcompactingconcrete and high performance concrete more
sophisticated tosl were started to be dgaed.The devices which are callesncrete
rheometers make use of rheology methods to measure the flow properties of fresh
concretes. Basically, they measure the shear stress at varying shear rates (Banfill et al,
2001).

It is a common practice to appimate the flow behavior of fresh mortar or concrete
which may be considered as heavily concentrated suspensions of cement and aggregate

particles in water by Bingham Model which is described by Equation 1.1:

T — (1.1)

Where(Jisthey el d stress, d i s t heisthedimd rité afi e n't

shear strain. Such behavior is showrigure 1.1. Flow takes place only at stresses
above the yield value. It also follows that upto the yield stress the materiakebedsa
elasticsolid which is able to carry loads without permanent deformation. Materials that

show this behavior are named as Bingham bodies (Jastrzebski, 1959).

Stress, T

Rate of strain—

Figure 1.1. Flow behavior of the Bingham body.



The actuatheology of cementitious systems, however, is more complex than that can be
described by Bingham Model. The rheological properties are time dependent because of
the continuing hydration reactions in the very early stages even right after mixing
cement wth water. Furthermore shear thinningor shear thickeningpheromena may
usually be observedrresh cementitious may also show thixotropy which is decrease of
coefficient of viscosity under stress or sometimes-tamtotropy (Mindess and Young,
1981).Besdes these, there are several other parameters of cementitious materials such
as (1) interparticle forces like Brownian, van der Waals, viscous, and liquid bridging
forces, (2) particle shape, (3) particle size distribution and fineness, and (4) surface
chage which may result in the flocculation or dispersion of particles that may affect the
rheological behavior of cementitious systems (Nehdi et al, 1998; MoeBhbetges,

2003). Consequently, numerous other models have been proposed by different
researchex to predict the rheological properties of fresh cementitious systems (Hu,
2005).

The use of mineral admixtures in cementitious systems had long been a common
practice due to economical, ecological, and technical advantages that they may provide.
Whetherthey are used to partially replace the portland cement or as an addition in
concrete they affect the workability and rheological properties as well as the rest of the
fresh and hardened properti€$tects of mineral admixtures on concrete workability are
usually related to the changes they cause in the water requirement of the mixture.
Generally speaking, given a constant volume of cementitious material, mineral
admixture incorporation would result in lower workability than an equivalent portland
cement nxture due to the higher fineness of the mineral atimes (Ferraris et al,
2001). The higher specific surfacarea of the mineral admixtures increasbs
interparticle forces thidead to higher cohesivenessowever, there are many cases in

the literatire that report the opposite. Most of such reports are on fly ashes and silica
fume which are generally ogposed of spherical particléBhe suggestions related with

the improved workability are (1) the spherical particles roll over each other and reduce

the interparticle friction (Ramachandran, 1935)d act as ball bearings giving the mix

more mobility (FidjestARI and Lewi s, 1988) ;

surface are@olume ratio, the particles result in less water requirement; (3) ispher

4
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particles result in denser packing than angular particles causing lower water retention
thus, lower watr demand (Sakai et al, 199%je idea of improved particle packing was
also used in several reports to explain the reduced water demandB&S ad
limestone powder incorporations (Meusel and Rose, 1983; Lange et al, 1997; Ellerbrock
et al, 1985).

1.2.0bjectives

The goal of this study is to determine (1) the effect of mineral admixture type and
amount on the rheological properties of mortars @)dhe suitability of some of the
rheological models previously proposed by other researchers to the raideriature
incorporated mortars and (3) pvopose a new model based on the experimental data

obtained.
1.3.Research Approach

In order to ensureht objectives stated above tesearch strategy shown in Figur@

was used. Three control mortar mixes were prepared by using portland cement (PC) as
the only cementitious material. Fly ash (FA), silica fume (SF) and ground granulated
blast furnace slg (BFS) were used in different amounts to pliytireplace PC on mass
basis.All mixtures had a constant amount of polycarboxylate based higherwater
reducing admixture.Rheology measurements were taken as rotational speed and
corresponding torque by twoprobeeBT2 rheometerThe measurements were taken
initially, right after mixing, and at 10 and 20 minutes after mixing. The data obtained
were statistically analyzed and yield stresses and plastic coefficients of viscosity were
determined. Eight ifferent rheological models proposed by other researchers were

checked for suitability to the experimtal data obtained andn@w model is proposed.

Research approach adapted is presented in Figure 1.2.
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Figure 1.2. Outline of the research approach adapted.



CHAPTER 2

THEORETICAL BACKGROUND AND LITERATURE REVIEW

Workability of fresh concrete is relatdd two counteracting aspectdobility and

stability which are termed as consistency and cohesiveness, respectively. Generally
consistency depends on the amount of watehe mix and cohesiveness depends on
waterholdingand coarseaggregaténolding capacities which are related with two rather
undesirable phenomena in fresh concrete which are known as bleeding and segregation,
respectively. Bleeding is the appearantvater (with some very fine particles) on the
surface after compaction while Segregation is the separation of coarse aggregate
particles from the concrete. Both of the phenomenon resadirkuniformity.

As already stated above, a concrete with inadequarkability in fresh state will not be

able to result in desired characteristics in hardened state. On the other hand, it should be
stated that, although workability is a concrete property for concrete, it is not the
fundamental property. In other wordsvorkability of concrete should always be
associated with the type of construction and method of concregfitghta and &
Monteiro 2006).

Since workability is a primary criterion for a good concrete and it has a direct effect on
the strength, durabilityappearance, and cost of concrete, it should be determined
properly with due care. For more than a century, the workability of fresh concrete has
been predominantly measured by the simple slump test, throughout the world (Koehler
and Fowler, 2004). Flowable tests, VeBe test, etc. are also being used foy years
(Hol evar e Thesa émpiricdl €nétt®ds.are currently viewed as not being

sufficiently capable of providing a ful



advanced concrete mixes (Koehler and Fowler, 2004furthermore, the common
conventional workability test methods are considered as opeeisitive and
sametimes subjective (Hu, 2005Jherefore, test methods (rheometer tests) that are
based on the established rheologi@ihniques are taking more and more attention,

nowadays.
2.1 Basics of Rheology

Rheology, the science of flow, may be used as an appropriate tool for describing
workability and mobility of fresicementbasedmaterials like cement paste, mortar or

concrete By using the rheological methods, the elastic and viscous properties can be
determined. The yield stress and plastic viscosity are two main parameters describing

the rheological properties.

The shear rate is the change in velocity or a velocity gradieasured perpendicular to
the flow. It is calculated by measuring the change in this velocity/distance ratio. The

unit of shear rate is the inverse of time.

In laminar flow, the resistance to flow in the fluid layers, due to the shear rate, is called
the diear stress and its unit is force per unit area.

Pump pressure is also related to the total amount of shear stress developed. The velocity
and the shear rate increase cause the shear stress and hence the pressure required

increase for maintaining the florate from the pumps.

Viscosity (O) is a measure of .ttistheratel ati ve th
of the shear stress to the shear rate. Viscosity is not usually constant. The viscosity

changes with the flow velocity.

A Newtonianfluid is a fluid in which the stresses arisidge to itsflow, at each point,
are linearlyproportional to the strain rate at that poifewtonian fluidscan be
characterized by a single coefficientwidcosityat a specific temperature. This viscosity
will change with temperature, but it will not change with sti@in rateNewtonian flow

can be describedylusingFigure2.1and 2.2



Figure 21. Laminarfl ow t o descr i beiscousflow.o n 6

When a tangential force, F applies on plane A, it moves with respect to the stationary
plane B and carries the paralleyéas of liquid between A and Bhus the velocity of
the liquid particles in each layer is a function of the distance, between the planes A and

B. Newton showed the relationship between the tangential force and the velocity
gradient as follow.

. A) (2.1)
© Ogd

' Qb (2.2)
Qa

N0

4

. Q
Rate of stramﬁ

Figure 2.2. Stressrate of strain relationship of Newtonian liquids.
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Newtonian law is applicable to dilute suspensions as well as simple liquids. The only
effect of solid suspended patts is the increase in viscosity. Coefficient of viscosity
increases with increasing amount of suspended particles. On the other hand, the flow
behaviour of concentrated suspensions is different than Newtonian flow. Flow of such

materials is commonly desibed by Bingham Model:
Tt —— (2.3)

Where(j is the yield stress. Such behawii is illustrated in figure 1.1

Flow takesplace only at stresses above the yield value. It also follows that upto the
yield stess he material behaves afasticsolid which is able to carry loads without

permanent deformation.

Furthermore, nofNewtonianbehaviour may show itself in many vistasgtic bodies
either as pseudoplastic flow (shehinning) or dilatant flow (sheahickening).
Coefficient of viscosity decreases in the former and increases the latter with increasing
shear rate or stress as showrFigure 2.3 and mathematically desbed by Equation

2.4.

t t o0 — (2.4)

Pseudoplastic

Dilatant

T Stress, T

Rate of strain—

Figure 2.3. Pseudoplastic and dilatant flow behaviors.
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2.2. Rheology of Fresh Concrete

Workability of fresh concrete is a complex property and the common terms or methods

of measurement that are being used are generally found insufficient tadbeebrs

property as they usually do not quantify the property and therefore may be subjective.

I n order to fiunderstando the workability,
Al evel so of identifi cat i on:ompalativetérrasvsech 1,
as stiff, semdry, or highly workable which are based on subjective assessment. Level 2
empirical methods of measurement such as slump test, flow test, eth wgike
guantitative resultsHowever, these measurements are very oftperatorsensitive.

Level 3, on the other hand, defines the workability in terms of physical quantities such

as yield stress and coefficient of viscosity that describe the fresh concrete rheology and

the test methods developed do not depend on humaisfacto

Setting the first level aside, there are numerous different test methods proposed to
measure the workability of fresh concrete. Some of them are standardized and most of
them are empirical. Nevertheless, it is significant to have some measurekabiity

and the available measurement methods, at least, provide some information on the
variations in workability and can at least be used for comparative purposes. On the
other hand, it should be kept in mind that none of them can be used to méasure t

workability of the whole range of fresh concretes from very stiff to very fluid.

The methods to measure the workability of fresh concrete are grouped into different
categories as (a) slump test, (b) compaction tests, (c) flow tests, (d) remoldinfgjests,
penetration tests, (f) mixer tests (Mindess and Young, 1981), and (g) concrete
rheometers (Banfill et al, 2001).

The slump test is the most popular method due to its simplicity. However, it is basically
a consistency measement and may not be suitalfor very dry or very wet concretes.

It may be considered as the measurement of the resistance of concrete to flow under its
own weight. The compaction tests measure the compactibility of fresh concrete for a
specified amount of work. The most commmathod in this category is the compacting

factor test which measures the degree of compaction by relating the density of

11
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uncompacted fresh conceeto that of the compacted onElow tests measure the
flowability of fresh conoete upon jolting or vibrationRemolding tests measure the
work required tanake the concrete flow ammhange its shape from a frustum of a cone

to a cylinder. VeBe test and Thaulow Drop Table test are the common examples for this
category. The time required for the shape changedstabove upon applying a
vibration of controlled frequency and amplitude is recorded in the former whereas
number & drops to achieve the shape chance is recorded in the latter. Penetration tests
measure the depth of penetration of an indenter into etsaciThe most commonly used
method in this category is the Kelly Ball test which measures the penetration of a
hemisphericashapedapparatusnto concrete. Mixer tests measure the power required

to turn a concrete mixer filled with concrete (Mindess &ading, 1981; Mehta and
Monteiro, 2006). As the demand for control of workability increased with the
development of new and special concretes suctelkgompactingconcrete and high
performance concrete more sophisticated tools were started to beedesigre devices

which are called as concrateeometers make use of rheology principles to measure the
flow properties of fresh concretes. Basically, they measure the shear stress at varying
shear rates (Banfill et al, 2001).

Most of the methods listedb@mve arec onsi dered as #Asingle point
measure the flow under a single set of conditions (Banfill, 2006) suchfasnel test

for selfFcompactingconcretes which measures the time for flow of fresh concrete under

gravity or slump test whit measures the flow of fresh concrete unself weight

Single point tests give an indication of apparent viscosity assuming Newtonian

behavior:

- - (2.5)

However, this assumption is not correct since fresh concrete, mortar, or even the cement
paste exhibit a yield stress. In other words, fresh concrete flow has to be characterized
by more han one parameter because it is a Newtonian material. The most

commonly used model is the Bingham Model that requires two parameters which are the

yield stress and the plastic viscosity. The former is the stress beyond which the material

12



starts to bleave as a fluid and the latter is the measure of the ease of flow. Nevertheless,
single point tests should not be underestimated since they can successfully be used as

quality control tools (Ferraris, 1999).

In early 1970s, Tattersal developed a workaptiesting apparatus which was similar in

nature to the rotational viscometers that measure the flow properties of Newtonian
bodies but much | ar g etwopoinit essitzoe .a p platr awauss n
order to describe the behaviof Bingham bdy measurementst a minimum of two
points is necessary. Act ual | ytwo poinitesT att er
methods developed later, measurements are taken at much more than two points. In
other words, a largemumberof different shearrates at different shear stresses are
measured (Roy and Idorn, 1993; Banfill, 2006). Since then, many @bearchers

have proposed a mber of other apparatu® describe the flow behavior of fresh

concretes (Yen et al, 1999).

Two pointtests gathedata as a plot of torque versus rotational speed which are then
converted to shear $) rAsitwas Statk)l eanier,rBeighan s h e a
Model is considered to be valid for most fresh concretes. However, there are numerous
other materiakquations proposed-erschel BulkleyMo d e | (Egén 2.4), fc
found to be more suitable in describing the nonlinear behaviour often encountered.
Furthermore, it was found that the negative yield stress which sometimes occurs when
Bingham Modelis applied is less likely irHerschel BulkleyModel (Wallevik and

Wallevik, 2011).

The rheological behavior of fresh concrete can be approximated by two physical
quantities: The ¥l d s §)r easnsd (pU a st iWallewki(X083) snihtsy ( ¢)
extensive research on the workability of fresh concrete, studied the change in these
guantities with the changing amounts of water, entrained air, water reducing agent, and
silicafumeandb bt ai ned r heol ogi cal gr aphyge wvahsi cah a
function of material properties, admixtures, efs.summary of his results is shown in
Figure2.4.
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Figure 2.4. Effect of different constituents on shearsstress rateof strain relations
(top) and rheological graphsillustrating the effects on yieldstressplastic viscosity
relations (bottom) (Wallevik and Wallevik, 2011).

2.3. Flow Curve Equations

In concentrated suspensions like cementitious systertesaations between the solid
particles may arise and the intensity of those interactions may depend on the shape of
the particles, their size distributions, concentrations, surface properties, and the
composition of the parent liquid they are incorporatedll these factors and the
differences in the testing methods and the devices used to monitor the flow lead to many
complications in mathematical description of the flow of fresh cement paste, mortar, and

concrete.

Although there are qualitative and qutattve disagreements between the mathematical

expressions proposed by different researchers for the flow of fresh cementitious
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systems, almost all of them indicate the existence of a yield stress (Banfill, 2003).

Different mathematical forms that the floourves have been reported to fit are given

below:

Bingham Equation : LI | (2.6)
Herschel BulkleyEquation: Tt or (2.7)
RobertsorStiff Equation: T or O (2.8)
Modified BinghamEquation: Tt v or (2.9)
Casson Equation: mt T 7 (2.10)
De Kee Equation: Tt raQ (2.11)
Yahyaand Khayat Equation: T 1t ¢ W (2.12)
Vom Berg Equation: T t O6O0ET B (2.13)

In the equations given above, A, B, and C are constants.

Bingham equation (2.6) isrgferred to describe the flow behavior of most of the
cementitious materials in fresh state. However, there are numerous cases which it was
found to give inaccurate results and a third parameterreqsred Wallevik et al,

2015). Sometimes, foshear hickening or shear thinningphenomena, the third
parameter becomes the power function of the shear rateHessohel Bulkleyequation

(2.7) or a second order term of the shear rate K®odified Binghamequation (2.9).

When B < 1 in EqO6n 2shearthnningBcurs. When®B >ilm Eq o6 n
Eqdébn 2.7 or B/skearthickenngpe cEqgqén 20®%yviously, f

0, in respective equations, the Bingham Equation is obtained.

The main reason why ¢hBingham Equation is the most preferred one is that using

nonlinear equations result in difficulty in defining the viscosity of the system which is
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simply obtained as the slope of the line in Bingham Equation. Besides that, the yield
stress values obtad by these three equations forslkear thickeningnaterial are
ordered from highest to lowest BerschelBulkley, Modified Bingham and Bingham
whereas the opposite is obtained &brear thinningnaterials (Wallevik et al, 2015).
Nevertheless, these #®& equations are being more commonly used than the others listed
above. It should also be stated that the rest of the flow curve equations listed above
(2.8, 2.162.13) were found to be more appropriate for cement pastes and slurries
(Ochoa, 2006).

2.4. Changesin Concrete Workability upon Mineral Admixture Incorporation

Mineral admixtures have lower densities than ordinary Portland cements. So the
amount of paste becomes more at given water content and the cohesiveness and
plasticity of the fresh cond® increases. There are other characteristics of the mineral

admixtures which affect the workability of concretes.
2.4.1. Water Demand

The mineral admixtures change the workability of concrete by changing the water

demand of the mixture. Consideriagconstant volume of cement based material, by

adding mineral admixture, concretes show less workability than similar Portland cement

concretes. The higher specific surface area of mineral admixture causes the water

demand to increase (Ferraris et al, P00 The higher surface area means more

interparticle surface forces which increases the cohesiveness of the mix and decreases

its mobility. For the finer mineral admixtures water content must be increased for a

specified workability. This is why thatsilca f ume has high water dem
and Lewis, 1988).

However, sometimes reduced water demand is also observed when mineral admixture is

used along cement. It is reported limwv lime fly ashes and sometimes silica fume too.
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The reason may be th@esence of spherical particles which makes the flow easy by
rolling over each other and by reducing the friction between particles. These spherical

particles act as ball bearings and increas

If the shape of miaral admixture particles is such that it has the least surface area
volume ratio, then less water is required for wetting. Additionally spherical particles has
denser packing than angular particles, causing lower water retention in wet state, so
water demad is lowered (Sakai et al, 1997). The improved particle packing, in several
reports,explainsthe reduced water demand #BFS addition (Meusel and Rose, 1983;
Lange et al, 1997; Ellerbrock et al, 1985).

2.4.1.1. Effect of Fly Ashes

The fly ash de@ases the water demand of concrete, for a specified workability, (Davis
et al, 1937). This has been verified by certain researchers (von Berg and Kukko, 1991,
Dhir, 1986). Yet the other factors like amount, fineness, particle shape, and loss on
ignition of Fly ashalso affect the rt@ogical properties and water demandoi Berg

and Kukko, 1991)These factors are illustratedfingures2.5t0.2.8.
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Figure 25. Water demand of the flyash and portlandcement blends in concrie
(Adapted from von Berg and Kukko, 1991).
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Figure 26 Water demand of fly ash mortars for different Blaine fineness of fly
ashes (Helmuth, 1986).
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Figure 2.8. Effect of loss on ignition of fly ash on the flow of mortars made with
blended cements having 25:75 flgsh: portland cement ratio, by mass (Adapted
from von Berg and Kukko, 1991).
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2.4.1.2. Effect of Ground Granulated Blast Furnace Slags

BFS particles usally have angular shapes, lthey are hard and have smooth surfaces.
These particles absorb much less water than portland cement particles so decreases the
water demand (ACI 233, 1995; Wainwright, 1986). The reduction in water requirement
for a constant workability is influenced by the amount and particle size distrtnfti

BFS and the portland cement used influences the reduction in water demand. Usually

maximum water reduction is upto 5% (Wainwright, 1986).

This water reduction is independent on weather slag and cement was ground separately
or they were interblendedTokyay et al, 2010). The results obtained are illustrated in

Figure2.9.
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Figure 29. Change in water requirement of mortars prepared by using
interground and separately ground Bended cements with differentBFS contents

and Blaine specific surface areas (Tokyay et al, 2010).

2.4.1.3. Effect of Silica Fume

The silica fume increases the water demand of concrete as compared to the control

concrete without silica fume. The amount of silica fume used directly influences and
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increases the water demand. (Carette and Malhotra, 1983aM#986; Scali et al,
1987).This effect is illustrated ifrigure2.1Q The higher specific surface area of silica

fume is the basic cause of higher water demand.
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Figure 2.10. Increase inwater cementratio with increasing silica fume content, to

maintain a given slump of concrete (Carette and Malhotra, 1983).

2.4.2. Some of the Reported Results of Different Workability Tests

There is a huge amount of researchtlon effect of different mineral admixtures on the
workability of fresh concretes determined by different test methods. Some of them

which are related with the subject of this study are summarized below.

More superplasticizer amount was required BéiS-incorporatednortars beyond 30%
replacement, but this requirement was less than superplasticizer requirement for low
calcium fly ash. (Wei et al, 2003).

Ternary mix (PC+BFS+fly ash) was found to result in 23.43% decrease in

superplasticizer requiremerQuaernary mix (PCBFStfly ash+ one of silica fume,
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metakaolin, or limestone powder) ha@®%, 1340%, and 2@17% less superplasticizer

requirements, respectively (Meddah et al, 2014).

A high calciumfly ash increased the slump of the concrete for 10a88,30% cement
replacement levels (by mass). The increase in slump was proportional to the increase in

fly ash content (Nochaiya et al, 2010).

Not only fineness of a mineral admixture affects the workability but particle shape and

surface characterisic may be more significant (kahmaran e

For 1025% (by mass)BFS replacement level irselkcompactingconcrete, Filling
ability (slump flow, V-funnel and T50 flow time tests), passing abilitiring, U.box
tests), and resistance to segrega{modified slump test) were determined. Workability
of SCC was improved upto 208FS with an optimum content of 15% (Boukendakdji
et al, 2012).

In another study with lightweight aggregate, fly ash increased the workability more than
the slag and Silicdume. Silicafume controlled the bleeding andpfloating of
lightweight aggregates in much better way but workability rapidly decreased with time.
Blast furnace slag improved workability but lesser than fly ash (Chen and Liu, 2008).

In a flow table tet on mortar, silica fume increased workability upto 15 % and then it
decreases workability (Rao, 2003).dtudysilica fume increased the slump for upto 10

% replacement, but optimum value was 6%. (Shi et al, 2002).
2.4.3. Rheological Properties

Seveal studies related with the influence of mineral admixtures on vyield stress and

viscosities of fresh cementitious systemssaanemmarized below.

In a study on the viscosity and yield stress of an ultrafine fly ash (UFFA), a metakaolin
(MK), and a silica fure (SF) incorporated cement pastes with constaater
cementitious material ratiand different amounts of high range water reducing agent
(HRWRA) replacement of cement by UFFA led to reduced HRWRA amount over the

control for a given yield stress and visity, whereas SF increased it significantgK
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was found to have almost no effect on the rheological properties. The mineral
admixture contents ranged from 0 to 16% of cement, replacing the cement by mass;
watercementitiousratios used were 0.28® 0.3 and the dosage of @aphthalene
sulfonate based HRWRA was 0:850% of the cementitious material, by mass
(Ferraris et al, 2001). In the same study, influence of particle size of mineral admixtures
on the vyield stress and viscosity was determined lygu®ur fly ashes with mean
particle sizes of 18e&m (coarse), 10. 9em (
All tests were conducted at the mineral admixture content (12%), seeter
cementitious material rati(®.35), and same HRWRA dosage (@45 UFFA resulted

in the lowest yield stress and viscosity. Highest yield stress was observed in the fine fly
ash incorporategaste and highest viscosity was observed in the mediunastly

incorporategpaste.

Matrix mortars of concretes were preparedusing a portland cement and two blended
cements that contain 30% (by mass of cement) replacement of portland cement by a
phosphorus slag and a limestone powdet2% (by mass) silica fume was further used

to replace the cements. Equal amounts of prarsighslag or limestone powder were
reduced in blended cements upon silica fume incorporation. Water, HRWRA, and
aggregate contents wekept constant in all mixturesrield stress and viscosity of
blended cement mortars were significantly lowered. Ramjalacement of portland
cement by silica fume reduced the viscosity as the silica fume amount used increased up
to 9%. At 12% replacement, there occurred a large increase in viscosity. A similar
trend was observed for the yield stress but the minimalnevwas obtained at 6%
replacement. Yield stress increased at 9% silica fume content, although it was still less
than that of the control. At 12 %, it was considerably higher than the control. Neither
the viscosities nor the yield stresses of silicaduncorporated blended cement mortars
changed much with respect non silicafume blended cement mortars up to 9% silica
fume content. 12% silica fume resulted in increased values of these. The increase in
viscosity was higher for the phosphorslagblendedcement whereas the increase in

yield stress was higher for the limestone blended cement (Shi et al, 2002).
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In another study on silica fume and fash incorporatedement pastes theater
cementitious material ratiof which were kept constant, thothe viscosity and the yield
stress were determined to increase with increased amount of silica fume and decrease

with the increased amount of fly ash (Nathagopalan et al, 2008).

Theresistance to flow of silica fume incorporated pastesfaasd to & depending on

the type of plasticizing agent used. Vikan and Justnes (200d)0uk26 % by volume

silica fume to partially replace the portland cement to prepare pastes with a constant
total sdid particle volume fraction. A sodium naphthalenesulfonae-formaldehyde
(SNF) andpolyacrylate(PA) superplasticizers were used at constant dosages of 1.32%
and 0.79% (by mass of total cementitious material) in all mixes. The flow resistance
was increased with increasing silica fume content when SNF was uselédraased

when PA was used.

Laskar and Talukdar (2008) partially replaced the cement by different amounts of fly
ash (FA), silica fume (SF), and rice husk ash (RHA) in three groups of concretes. The
mix proportions were held constant within each grodipe first and the second had a
poly-carboxylic ether based and the third had a sulfonatephthalenebased

superplasticizer. Their experimental results are showgure2.11

Fly ash resulted in a small decrease in yield stress at aroutw 2% replacement

levels. Beyond those values the change was not significant. There was a slight increase
in viscosity for 10% fly ash incorporation however the change was not significant.
Viscosity was increased upto 10% replacement by silica fume anddéweased.

Yield stress was also decreased largely upto 10% in the mixespualifcarboxylic

ether superplasticizer. At higher replacement levels, its increase was very large. In the
concrete with sulfonatedaphthalenesuperplasticizer, yield stresscreased at a very

low rate with increasing silica fume amount betweda 55% replacement levels. Rice

husk ash was very effective in reducing the yield stress. On the other hand, it resulted in

hug increase in viscosity.
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Figure 2.11. Change in the yield stress and viscosity of three different fresh

concretes by mineral admixture use. First two concretes had polycarboxylic ether

polymer and the third had sulfonatednaphthalenepolymer ashigh range water

reducing agents(data from Laskar and Talukdar, 2008).
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2.4.4. Bleeding and Segregation

Generally, segregation is defined as the separation of coarse aggregate from the mortar.
However, bleeding which may be defined as the appearance of water and some fine
particles on he surface of the concrete may be considered as a special form of
segregation It occurs due to the separation of water from the rest of the concrete mix.

Usually, these two phenomena are simultaneous.

The factors that increase the possibility of sediegaare using (1) large maximum
aggregate size (> 25mm), (2) a large proportion of coarse aggregate, (3) coarse
aggregate that has much higher density than the fine aggregate, (4) insufficient amount
of sand and cementitious materials, (5) irregular angylmn surface aggregate, and (6)

too wet or too dry mixes (Mindess and Young, 1981).

While the larger aggregate particles settle some of the mixing water moves upwards
carrying some fine cement and sand particles together, causing a layer of scuropat the t
surface which becomes weak both in terms of strength and durability due to its higher

water cementatio and porosity.

Using coarse cementitious materials or high amount of water in the concrete mix are the
two basic reasons for bleeding. Howevar,oider to reduce the risk of segregation and
bleeding, proper handling, placing, compaction, and finishing methods for fresh
concrete which are described in most standards and specifications are as important as or
even more important than the factors tramed.

Properly proportioned concretes that contain carefully selected mineral admixtures
generally show less segregation and bleeding. Mineral admixtures which are finer than
the portland cement used ameferable Although use of such materials resuligreater

plasticity and higher cohesiveness, it is necessary to note several points related with

some of the individual mineral admixtures.

When the ratio of surface area of solid particles to volume of water igHewate of
bleeding increases. F@xample, coarsely ground pumicite (a natural pozzolan) may

increase the water requirement afncrete for a given slump and this may lead to
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increased bleeding and segregation (ACI 232, 20@). the other hand, for a proper
workability, the amount ofdid particles must be maximized and the amount of water
should be minimized in the paste which means that the mineral admixture used should
not be extremely fine unless a high range water reducing agent is Sded fume-
incorporatecconcretes do nategregate appreciably both due to the high fineness of the
material and the use bigh rangewater reducing agents. High specific surface area of
silica fume results in significantly reduced bleeding because there remains very little
free water in the miure. Furthermore, bleeding channels and pores are blocked
physically by silica ime particles (ACI 234, 2000yhis blocking effect is also true for

other mineral admixtures that are finer thanPloetlandcement.

Since silica fume concretes show rhudess bleeding, they have the tendency of plastic
shrinkage. Therefore, necessary precautions should be taken to prevent the evaporation
of moisture from concrete at early ages especially under conditions such as high fresh
concrete temperature, low huity, and high wind (ACI 234, 2000).

The spherical shape and the hydrophilic nature ofalvdime fly ash particles result in

a very thin layer of water adsorbed on their surfaces which leads to an even distribution
of the mixing water throughout theeSh concrete. Besides providing a greater surface
area of solid particles and requiring lower water contdotg,lime fly ashes reduce

bleeding further due to this physicochemical effect, also (Dhir, 1986).

Bleeding capacity and rate of ground grateda blast furnaceslagincorporated
concretes depend on the fineness of the slag as compared to that of the portland cement
together which it is used with. Finer slag, when it replaces the portland cement on equal
mass basis, results in reduced bleedihgneas coarser slag will cause more bleeding at

a higher rate (ACI 233, 2003).
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

As it was stated in Chapter 1, the objective of this experimental investigation is to
determine (1) the effects of mineral admidulype and amount on the rheological
properties of mortars and (2) suitability of various flow curve equations proposed
previously by other researchers and (3) propose a new flow curve equation by using the
experimental data obtained.

For this purpose, ctorol portland cement mortars and mineral admixture incorporated
mortars were prepared and their flow properties were determined by using a rheometer.

The details of the experimental study are given in the following sections.
3.1. Properties of the Materals Used

In preparing the fresh mortars portland cement (PC), fly ash (FA), ground granulated
blast furnace slag (BFS) and silica fume (SF) were used as the cementitious materials.
The sand used was natural sand, the particle size distribution of whichrazght to

that of a standard sand described in EN.198005). All mortar mixtures contained a

polycarboxylatdbased high range water reducing agent (HRWRA).

PC which was obtained from Votorantim Ankara Cement Factory was CEM | 42.5 R.

Its propertiesvere in accordance with EN 197(2012). Its chemical composition and

physical proprties are given in Table 3.EA was alow lime fly ash obtained from
Tun-bil ek Ther mal Power Pl ant. BFS and SEF
Antalya Ferrochromium Plant, respectively. The properties of the mineral admixture

are also given in Table 3.Particle size distributions of thementitious materials used
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were determined by laser particle size (Malvern Mastersizer 2000) and gieyune
3.1.

Table 3.1. Properties of the Cementitious Materials Used.

Chemical Composition
Oxide (%) PC FA | BFS| SF
SiQ 20.27| 53.2 | 42.96| 84.14
ALO; 5.09 | 22.89| 11.28| 0.17
FeO; 3.16 | 6.15 | 0.87 | 0.31
CaO 60.98| 6.28 | 33.01| 0.58
MgO 159 | 222 | 6.16 | 5.24
SQ 27 | 1.15| 1.45| 1.33
N&O 0.39 | 092 | 0.33 | 04
KO 0.53 | 1.41 | 0.66 | 2.88
TiQ nd | 1.09 | 0.6 | 0.01
Loss on Ignition 465 | 298 | 0.33 | 3.62
Physical Properties
Blaine Sp. Sur. Area {tkg) | 362 | 421 | 468
aSRALlFY aAl|18.48]17.56|13.00| 7.70
Density (g/cm) 3.07 | 2.38 | 2.85 | 2.27
100
90 \
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s 70
3 60
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S 40
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10
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0,1 1 10 100 1000

Particle sizexm)

PC FA BFS SF

Figure 3. 1. Particle size distributions of the cementitious mateals used.

The sand used in the mortars was natural river sand with a bulk specific gravity of 2.65.

Its granulometry is shown iRigure3.2.
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Figure 3.2. Granulometry of the sand used.

3.2. Mortar Mix Proportions

All mortar mixtures used had 1:3 (by mass) cementitimagerial to sandatio and a
constant HRWRA content of 2% (by mass of cementitious material). Mineral admixture
incorporated mortars contained different amounts of FA, BFS, or SF that were used to
replace egqa amounts of portland cemenMortar mix designations and relative
proportions of the ingredients for each mix are given in TableS&@e other mix were

tested but discarded due to being too dry or too wet.
3.3. Apparatus and Test Method

The mortar mitures wergorepared in batches of 80 to 90 kgxed in a partype mixer
(Figure 3.3). The mixing procedure consistedaafding first the sand into the mixer,
and thenabout half of the mixing water is added and mixed for one minute. Then
cement and mimal admixtures are added and mixed for another 2 minutes. HRWRA
was introduced into the mix together with the remaining mixing water and mixing
continued for two more minutes. Finally, after one minute of rest, the mortar was mixed
for two more minutesRight after mixing is finished, the fresh mortar is transferred into

the container of the rheometer to take the initial flow data. Then, while the mortar

31



sample was resting in the container two other data sets were taken at 10 and 20 minutes
after the mowr was transferred to the container, to observe the effect of time on flow,
also.

Besides these flow table test (ASTM C 230, 2003) was carried out and bleed water
amount was measured up to 40 minutes after mixing by a similar method (no vibration
was appkd) described in ASTM C 232 (2004) for mortars withtercementitious
material ratioof 0.45.

Table 32 Mortar Mixes Used.

Mineral Mix Relative proportions of the ingredients (by mass)
Admixture | Designation| PC | FA | BFS| SF | Sand| Water | HRWRA
Used (net)
PC 0.3 1 - - - 3 0.30 0.02
None PCO0.4 1 - - - 3 0.40 0.02
PC 0.6 1 - - - 3 0.60 0.02
10FA0.3 | 09 |0.1| - - 3 0.30 0.02
10FA0.35 | 0.9 |0.1| - - 3 0.35 0.02
20FA04 | 0.8 ]0.2| - - 3 0.40 0.02
Fly Ash 20FA0.45 | 0.8 |0.2| - - 3 0.45 0.02
40FA 055 | 0.6 | 04| - - 3 0.55 0.02
40FA0.8 | 0.6 |04 - - 3 0.80 0.02
10BFS04 | 09| - | 0.1 | - 3 0.40 0.02
10BFS05| 09| - | 0.1 | - 3 0.50 0.02
Blast Furnace 30BFS 0.4 | 0.7 | - 0.3 - 3 0.40 0.02
Slag 60BFS0.3| 04| - | 0.6 | - 3 0.30 0.02
60BFS04 | 04| - | 06| - 3 0.40 0.02
60BFS05| 04| - | 0.6 | - 3 0.50 0.02
5SF 0.4 |0.95| - - |0.05| 3 0.40 0.02
5SF0.5 |0.95| - - |0.05| 3 0.50 0.02
5SF0.6 |0.95| - - |0.05| 3 0.60 0.02
Silica Fume | 10SF0.4 | 0.9 | - - 01| 3 0.40 0.02
10SF0.45 | 0.9 | - - 01| 3 0.45 0.02
15SF 0.4 |0.85| - - 10.15| 3 0.40 0.02
15SF 0.45 | 0.85| - - |0.15| 3 0.45 0.02
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Figure 3.3. Mixer and the rheometerused.

TherheometerKigure3.3) used in this investigation wasBT2 which was
manufactured by Schleigne r Ger 2t e GH, Ger manigsensord he r h
for the measurement of the angular velocity and momentum. Nearly 100 data points are
obtained from each probe. The data are then used to obtain the flow curves. A typical

data plot and a corrpending Bingham flow curve obtained are showFkigure 34
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Figure 34. Typical data plot obtained from eBT2 rheometer.
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CHAPTER 4

TEST RESULTS AND DISCUSSIONS

Cement paste, nntar, or concrete are concentrated suspensions of solid particles.
Therefore, particle migration may become an important phenomenon in the rheology of
these materials. The solid particles will have the tendency to move to the regions of
lower shear rateand due to the differences in the densities of the suspended particles
and the liquid medium, vertical segregation is also possible. Furthermorgmthe
dependentbehaviour of these materials may result in changes in the rheological
properties due tohtxotropy, structural breakdown, or loss of workability (Feys, 2009;
Hafid et al, 2010). These would result in measurement artifacts the magnitudes of
which depend on the characteristics of the suspension, the working principle of the
rheometer, and théhear flow geometry used. Thus, flow curves obtained by means of
rheometers may sometimes have various anomalies. Similar problems were also
encountered in this experimental work and some of the data obtained were either too
much dispersed as shown kigure 4.1a or a very wide range of torque values were
recorded for the same shear rate as showfigare4.1b, or vice versa. For the first
case, either the flow was remeasured by using a new batch or (if the problem persists in
the new batch, also) the tdawere discarded. For the second case, the data deviating
more than two times the standard deviation of the linear relationship obtained with the

original data were eliminated.
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4.1.Flow Data Obtained

The torque induced versus the speed of the rheomretiees were obtained as (a) initial

data right after mixing as soon as the mortar is placed into the container of the
rheometer; (b) 10 minutes and (c) 20 minutes data after 10 and 20 minutes of resting of
mortar in the container, respectively.

Since theheometer used was stated to be designed on the basis that the fresh mortar (or
concrete) behaves as a Bingham body, the linear relationship between the torque and
speed were determined, alsbigure4.2 toFigure4.6 gives the initial flow data fd?C

ard FA. BFS and SFincorporatednortars with three differentater cementatios.

Figure 4.1. Examples of flow curves (Snapshots directly obtained from the device).
(a) High dispersion of data points and (b) wide variatiorof data points at the same

shear rate.

36



2,5 (a)
5 y = 46.649x + 0.6645 (4

« &

0 0,005 0,01 0,015 0,02 0,025 0,03
V (m/s)

y =27.225x + 0.7226

0 0,005 0,01 0,015 0,02 0,025 0,03
V (m/s)

1,2 (c)

y = 26.813x + 0.2107

0 0,005 0,01 0,015 0,02 0,025 0,03
V (m/s)

Figure 4.2. Initial torque-speeddata and the linear relationships obtained for (a)
PC 0.30, (b) PC 0.40, and (c) PC 0.60, assuming Bingham behavior.

37



15 (@) 1,5 ()

0,5 y = 33.450x + 0.7288 ZE

mN)

0,5
y =17.292x + 0.603
0 0
0 0,005 0,01 0,015 0,02 0 0,01 0,02 0,03 0,04
V (m/s) V (m/s)

Figure 4.3. Initial torque-speeddata and the linear relationships obtained for (a)
10FA 0.30 and (b) 10FA 0.35, assuming Bingham behavior.
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Figure 44. Initial torque-speeddata and the linear relationships obtained for(a)
20FA 0.40 and (b) 40FA0.55, assuming Binghabehaviour.
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Figure 45. Initial torque-speeddata and the linear relationships obtained for (a)
10BFS 0.40 and (b) 60BFS 0.40, assuming Binghdmahaviour.
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Figure 46. Initial torque-speeddata and the linear relationshps obtained for (a)
5SF0.4 (b) 10SF0.4 and (c)15SF0.4 assuming Bingham behavior.

4.2. Relative Yield Stress and Relative Viscosity Values

As it was previously mentioned, theeometer used assumes Bingham body behavior
for fresh cementitious systems. Therefore, using the data obtained, relative yield
stresses and relative plastic viscosities of the mortars were obtained by using the

following equation.

d = g + Vh (4.2)

Whereg (Nm) and h [Nm/(m/sec)] are constants corresponding to relative yield stress
and reldve plastic viscosity, respectivelfFigure4 . 7 s hows a typi cal
in Nm) versus speed (V in m/sec). Linear regression analysis was performed on the data.
The slope of the line defines relative plastic viscosity (h) and the intersectintbi

the yaxis defines relative yield stress (g). The values obtained for the mortars tested in
this investigation are given in Table 4.1.
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Figure 4.7. Determination of relative yield stress (g) and relative plastic vissity
(h) from torque-speeddata obtained from the rheometer.

Flow table tests and bleed water measurements of mortarswatt-cementitious
material ratioof 0.45 were donéecause that they may belpful in interpreting the

rheometer test data. Thesodts of these tests are given in Table 4.2.
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Table 41. Relative Viscosity (h) and Relative Yield Stress (g) Obtained.

Rel. vis., h| Rel. Yield Str., g
Mineral Admixture Useq Mortar Designation
[Nm/(m/s)] [Nm]
initial 46.65 0.66
PC 0.30 | 10.min. 45.99 0.68
initial 27.23 0.72
10.min. 41.46 0.74
None PC 0.40
20.min. 46.24 0.47
PC 0.60 | initial 26.81 0.21
initial 33.46 0.73
10FA 0.30| 10.min. 17.47 0.84
initial 17.29 0.60
10.min. 14.83 0.81
10FA 0.35
20.min. 18.65 1.03
Initial 6.52 0.14
20FA 0.40| 10.min. 5.46 0.33
Initial 34.78 0.21
10.min. 34.28 0.36
20FA 0.45
20.min. 62.01 0.35
initial 1.41 0.03
Fly Ash 10.min.| 2.22 0.06
40FA 0.55
20.min. 1.74 0.06
Initial 0.92 0.02
10.min. 1.55 0.04
40FA 080
20.min. 1.64 0.04
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Table 41. (Continued)

Initial | 72.66 | 0.85

10BFS 0.40
20.min.| 66.06 | 0.77
initial 13.77 | 0.08
10.min.| 13.94 | 0.38

10BFS 0.50
20.min.| 54.72 | 1.02
30BFS 0.40 Initial | 26.03 | 0.68
60BFS 0.30 Initial | 47.51 | 1.08
Initial | 13.88 | 0.04

Blast Furnace Slal 60BFS 0.40
20.min.| 84.75 | 0.61
Initial | 108.18| 0.20

60BFS 0.50
10.min.| 182.09| 0.17
Initial | 25.63 | 0.48

5SF 0.40

10.min.| 29.55 | 0.69
5SF 0.50 | Initial | 74.83 | 0.23
5SF 0.60 | Initial | 110.46| 0.26
10SF 0.40| Initial | 58.44 | 0.68
Initial | 26.49 | 0.34

10SF 0.45
10.min.| 24.87 | 0.80
15SF 0.40| Initial | 39.82 | 0.94
10.min.| 33.82 | 1.11
Silica Fume 20.min.| 80.17 | 0.79
15SF 0.45]| Initial | 11.22 | 0.22
10.min.| 30.16 | 0.46
20.min.| 50.46 | 1.01
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Table 42. Flow Table Test Results and Bleed Water Amounts at 40 minutes After

Mixing for Mortars with 0.45 Water-cementitiousRatio.

Mortar Designatior] Flow (mm) | Bleed water (%volume
PC 0.45 175 0.60
10FA 0.45 214 0.16
20FA 0.45 200

40FA 0.45 133

10BFS 0.45 178 >2.0*
30BFS 0.45 187 >2.0
60 BFS 0.45 223 >2.0
5SF 0.45 174 1.6
10SF 0.45 190 1.7
15SF 0.45 193 1.7

*pbleeding continued after 40 minutes.

4.3. General Discussion on thel@ange in Relative Yield Stress

It can be seen from Table 4.1 thedtercementitiougatio, type and amount of mineral
admixture incorporated, and time are the three important factors affecting the relative
yield stress of the mortars. Assuming Binghamavelr for the mortars, the general
tendency in relative yield value is a decrease with increagiatgrcementitious
materialratio and anncrease with increasing timéhe effects of mineral admixtures on
relative yield value change with the type as show Figure 4.8 for mortars with 0.40
watercementitiousmaterialratio. Use of fly ash reduces the yield value, significantly
when compared with portland cement, alone. This effect can be attributed to the

spherical shape dbw-lime fly ashes which ragts reduced internal friction. On the
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other hand, it seems that there are two counteracting effects involved when blast furnace

slag is used:

0,9
Z 038

0,7
0,6
0,5
0,4
0,3
0,2
0,1

0

20FA 10BFS 30BFS 60BFS 5SF 10SF 15SF
Mortars with 0.40 wateircementitious ratio

m)

Relative Yield Stress (

Figure 4.8. Relative yield values of mortars with 0.4@vater-cementitiousMateri al

ratio.

BFS has angular particle shape which would increase the internal friction. However, the
polished surfaces and almost non porous character of these particles result in reduced
water requirement. Thus, for a constasitercementitiousnaterial2ratio, this means

higher amount of free water. Therefore, for small amount of BFS, relative yield value
may be slightlyhigher than that of the control but at higher amountv#hee decreases
considerably.Besides this, when the bleed water contentergiin Table 4.2 are
compared, BF&ncorporatednortars had much higher bleeding tendency which may be
considered as an indication of egsdree water in these mortafhis may be another

factor in reducing the yield value with increasing BFS content.

Silica fume which is composed of extremely fiparticles increases the water
requiremen for a specified workability.On the other hand, these particles have
spherical shapes. Thus, for small amounts of SF, there may be a decrease in yield value
when compaed with portland cement mortar but it increases with the increasing amount
of SF used.
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4.4. General Discussion on the Change in Relative Viscosity

Although thereare several contradictory values in Table 4.1, the increasinter
cementitious material nat decreasesrelative viscosity. Increasing time has an
increasing effect on viscosity. The densities of the mineral admixtures were lower than
that of the portland cement resulting in higher volume concentration of suspended solids
in the mixtures whichwould lead to higher viscosity. However, the particle shapes,
fineness, and surface characteristics may be as effective (or even more) as the
concentration. The effects of mineral admixtures on relative viscosity change with the
type as shown ifigure4.9for mortars with 0.4Qvatercementitiougnaterialratio. FA
decreases the viscosity whereas small amount of BFS (10%) increaseshigher
amounts decrease iBmall amount (5%) of SF would not change the viscosity
considerably but higher amoungesult in increased values.

PC 20FA 10BFS 30BFS 60BFS 10SF 15SF
Mortars with 0.40 wateicementitous ratio

80

70

Relative viscosity(m/$
= N w S (on) [}
o o o o o o

o

Figure 49. Relative viscosities of mortars with 0.4@vater-cementitiousratio.
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4 5. Effect of Water-cementitiousM aterial Ratio and Time on Portland Cement
Mortar Rheology

4.5.1 Effect of w/cRatio on PC rheology

The behavior of the stiffer mixture (mortar with 0.@@&ter cementatio) is different

from those of the other two with higharater cementatios, as shown in Fige 4.10

The former had a steeper slope which indicates a higher viscoditys can be

attributed to the interparticle friction due to low amount of water. Higher water contents

in the latter result in a lubricating effect and less interparticle friction leading to milder

slopes vhich indicate lower viscosityAs the water cenentratio increases viscosity

decreases.
2,5 (@)
) 0.3 = 46.649x + 0.66
g 15
z PC0.4= 27.225x + 0.72.
e 1
05 y PC0.6= 26.813x + 0.21
0
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035
V (m/s)
©0.30 ©0.40 ®0.60
» 0.8 (b)
7]
o
» 0,6
e
o
> 0,4
(0]
>
© 0,2
(0]
x
0
PCO0.3 pc0.4 pc0.6

Figure 4.10. Effect ofwater cementratio in PC mix on (a) Torque-velocity

relationship (b) relative viscosity (c) relative yield stress.
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Figure 4.10 Continued)

Relative yieldstressof 0.30 and 0.4Q@vater cementatio mixtures were similar whereas

that of 0.60water cementatio mortar was much lower. The relatively high yield value

of the stiff mortar (w/c = 0.30) should not be misleading. Most probably, this mortar
behavednore like a solid than a plastic suspension at such a low water content. Thus,
flocculation of the cement particles and interparticle friction resulted in a high yield
value. The effect of w/c ratio on the yield stress is better observed when thenather t
mortars are compared. Higher water content results in a better dispersion of particles

and resuliin lower yieldstressvalues.

Relative yieldstress at w/c 0.3 is 0.67 which increases at w/c 0.4 and becor3dsu0.7

at w/c 0.6 it decreasds 0.21. At w/c 0.3, yield stress should be greater but asvter

was not enough or water was not able to penetrate evenly hence yield véiie is
lower. At w/c 0.4 particles are wet and better distributed, so they showed a little higher
yield value. At w/c0.6, particles are far away due to high water contenvVan der
Waalsforces decrease with distance between particles and hence the yield stress.

There is a specific value of w/c for which yield streshehighest. Mortars with less or

more w/cmay have lower yield stress values.

Plastic viscosity at w/c 0.3 is 46.64, at w/c 0.4 it becomes 27.23 and at 0.6 it becomes
26.81s0 there is continuous decline in plastic viscosity value due to higher water

content, particles are dispersed and they arenoehind ng each ot her d6s

a7
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4 5.2 Effect of Timeon PC Mix.

It can be seen fronfrigure 4.11 and 4.12 that viscosity increases within the first 10
minutes after mixing. This is probably due to the initial hydration products foried.
may be due to loss abme water due to evaporation, or absorption and temperature rise
due to heat evolution)Yield value does not change significantly withimst period,
although theres a slight increase. At 20 minutes after mixing however, viscosity
remains morer les the same as that of ffinute measurement whereas the yield value
drops considerably. The reduced yield value may be attributed to the tendency of

bleeding which results in more free water that may cause the dispersion of particles.
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2

(Zé\ 1,5
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®Tin @T 10min ® T 20min

Figure 4.11 Torque-velocity relationship with time for PC mortar

It is observed that after 10 minutes of mixing, yield stress is increased but after 20
minutes, it is decreased. After 20 minutes, as the new products are being formed,

particles ae losing their shape and hence attraction.

Plastic viscosity increases with time becauwsser is being consumed and so less

lubrication is available.
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Figure 412 Effect of time on the flow behavior of PC 0.4mortars.

4.6. Effect ofWater-cementitiousMaterial Ratio and Time on FA-incorporated
Mortars

FA particles are round and smooth usually and reweller size than PC particles.
Round shapes keep particles at a distafil bearing effect)and hence cause
dispersing effect.Van der Waaldorces are less for distantly placed parsclgo they
have les&/an der Waal$orces and hence the yield value.
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Plastic viscosity largely depends on roughness of surface, charges between particles and
is less affected byan derWaalsforces. FAincorporated mixshows less viscosity as

due to smooth and round shape, slipping is easier and interlocking is lesser.

4.6.1Effect of Amount of FA on Rheology ofMortar

1,8
1,6
1,4
12 CU0.4= 27.225X + 0.7226 #PC0.4
£ 17 X 20FA0.4
=08 -
= © 10FA0.4
06 Yy =6,523X + 0,1394
0,4
0,2 -Wﬁ”
; y = 9,9062x + 0,1228
0 001 (mie)*%2 0,03 0,04
1,2
y pc0.6= 26.813x + 0.2107
1 0 ‘_(é'!»
_08
£ 40FA0.55
Z 06 - 4
= o4 ¥ PCO0.6
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Figure 4.13 Torque and velocity relationship with respect toamount of FA in

mortar
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Figure 4.14 Relative yield stress and relative viscosityith respect toamount of FA

in mortar

Figure 4.13 and 4.1dhowthat, fly ashincorporation in mortar decreasesl|giestress

and viscosity considerably.

More fly ashat same w/c slightly increased the yield stréssnay be due to more
interpacking than for 10 FAand slightly decreased relative viscosdye to higher

amount of smooth and spherical particles helpinglipping away

By observing PC 0.6 and 40 FA 0.55, it is obvious that both yield stress and plastic

viscosity are dropped considerably.

Fly ash being smaller and smoother reduce attraction hence yield stress and plastic

viscosity of mix.
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4.6.2Effect of w/c on Rheology of\M ortar
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Figure 4.15. Relativeyield stress and relative viscosity of FAncorporated mix

with respect tow/c

Figure 4.5 shows that, at 10 FA by increasing w/c from 0.3 to Oy8&ld stress and
viscosityboth are decreased but for w/c 20FA 0.4 to 0.45 both value=as® because
water requirement for both amounts of -F&orporated mix are differenfFor 40 FA

both values are again decreased

It should be noticed that for each amount of mineral admixtiieee isan optimum wi/c
If water content is insufficient then it will show different yield value and viscosity. If
water is excessive, most prdiha it will show lower values for yield stress and

viscosity By increasingv/c, both yield stress and plasviscosity is decreased.
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4.6.3. Effect of Time on Rheology of FA incorporated Mortar
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Figure 4.16. Torque-velodty relationship for FA-incorporated mix with respect to
time
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Figure 4.16 (Continued)

Figure 4.16 and 4.18howthat for all casesyield stress is increased for FA with time.

Relative viscosity is not much changed in most of cases after 10 minutes and is

increased after 20 minutes. 10 FA 0.3 is exception because of having very low w/c ratio.

Unlike other case of admixture incorporated mortars, yield stress increases instead of
decreasing at 10 minute because now there is less round shape particle available than in
the start. Foplain PCyield stress is quite higher than FA. When FA is added, it is
smoother ad does not show much interlocking and packing. When it lose shape in start
of reaction, it should also loose yield value. But in this case yield value is already low

and when new product is formed, it increases yield value.

Van der Waalsforces are lesgor distantly placed particle and round FA (in less
amount) keeps particle far and allow less interpacking. So they hawdlester Waals

forces and hence the yield value.
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4.7. Effect ofWater-cementitious Material Ratio and Time on BFSincorporated
Mortars

The flow curves of BFSncorporatedmortars with differenivatercementitiousratios

are shown irFigure 4.18

3 ¢ 10BFS 0.40
,5 | A30BFS0.40 o y10BFS0.4 = 72.662x + 0.8¢
’ % 60BFS 0.30 %y 60BFS0.3=47.514x + 1.0¢
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Figure 4.18 Torque-velocity relationship of BFS-incorporated mix at (a) w/c0.3 and
0.4, (b) w/c 0.5
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4.7.1 Effect of w/con Rheology of BFS incorporated Mortar
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Figure 4.19. Relative yield stressand relative viscositywith respect tow/c in BFS

incorporated mortar

Figure 419 showsthat, both yieldstressand viscosity decrease with increasing w/c ratio
due to dispersing and lubricating effect of wa@nly 6@BFS 0.5 is the exceptioit 60
BFSO05 yield value and viscosity decreases by increasing w/c from 0.3 to 0.4 but at 0.5,
flocculation causes increase in both values, especially viscosity. At thidatch

cannotbemixed properly. Flocculation is caused at higher BFS contents and higher wi/c.

4.7.2 Effect of Anount of BFSon Rheology of mortar

Figure 4.20 and 4.2&howthat, at w/c 0.4, it is obvious that 10 percent replacement
increased yield stress and plastic viscosity both. 30% replacement gives almost the same

result agplain PChut valie islesserthan that of 10S. At 60 % replacement, both plastic
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viscosity and yield stress are noticeably decre8se®lused in experiment has polished

hard and rough surface with angular shape.
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Figure 420 Torque and velocityrelationship for BFS incorporated mortar with

respect toamount at w/c 0.4
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Figure 421. Relative yield stress and relative viscosityith respect toamount of
BFSin mix at w/c 0.4
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The instant increase in yield stress is doethe angular shape which provides
mechanical interlocking and does not allow the start of flow easily. But by adding more
BFS, PC amount is reduced. As BFS pafished and noporoussurface, free water
becomes available in higher amount, reducingdysttess and relative viscosity with

increasing BFS amount.

At w/c 0.4, by increasing Slag percentage in the mix, both yield value and plastic

viscosity are being decreased.

At water cement 0.5, frob0S0.5 and 60S0.5, both yielddaplastic stress is ineased.
Because water is already sufficient and free water is not playing big role as for w/c 0.4.
60 BFS shows abnormal behavior and higher values because flocculation occurs
because for this w/c mix never becomes homogeneous. For exdy@dding more

water in baby powder, homogeneous mix can never be obtained without grinding. When
there exist more powder substance, then they have too much interparticle forces between
them and by adding more water, water is not perfectly ®.flocculation of slag
powder increases viscosity many folds.
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4.7.3 Effect of Time on Rheology ofMortar
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Figure 422 Torque and velocity relationshipwith respect toamount of BFS in mix
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Figure 4. 23 Relative yield stess and relative viscosity for BFS incorporated
mortar with respect totime

Figure 422 and 4.23 showhat generallyyield stress and relative viscosity is increased
with increasing timeWith time, both yield stress and plastic viscosity increases becaus

water is lost due to evaporation and temperature rise

10BFS0.4 is the only exceptiowith time both values reduces slightly because wic is
insufficient and it takes time to penetrate dry layers and start reactic. is less than
specific value, tan yield value usually decreases first because it takes little time for

water to get penetrated everywhere. Hence reactions are slower.
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4.8. Effect of WatercementitiousMaterial Ratio and Time on SFincorporated
Mortars
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Figure 424. Torquei velocity relationship in SFincorporated mortars
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4.8.1 Effect ofAmount of SF onRheology ofMortar
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Figure 4.25. Relative yield stress and relative viscositwith respect toamount of

SF on mortar

Figure4.24 and4.25 show that,at same w/c 0.4, for 0, 5, 10, 15% replacement yield
stress decreases for 5SF0.4 and then increases but plastsityificet decreases and

then increases and then again decreases

This is all due to balancing of propertiesy. fineness, interpackingooth implies to
rubbing surface area), roughness and water available. If rubbing area is more or

roughness ikigh, andwater (for lubrication) is lowviscositywill be higher.

At 5 SF, 5% of Cement particles are reduced and s&falinolecules, which are not
much in amount, comes between cement particles, thus separating them at a distance.

This instantly reduces yield stress.
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But when SF is increased to 10, #s amount is increased and starts effecting yield
stress and viscositiNow instead of separating cement particles, they themsgatasr

in between particles and increases yield vatusecomes similar to PC0.4.

At 15 SF, there is tighter interpacking avédn der Waaldorces are increased, hence

higheris theyield stres.

Plastic viscosity is decreased at 5 SF as total surface area per unit volume is balancing
with lubricating property of very small silica fume. Smaller rounder particle cause easier

slippingproviding ball bearing effect

At 10SF, surface area per unitolume is much increased (due to fineness of SF.
Actually fineness also contributes to sudaarea per unit volume). For 8B, SF

particles are enough numberandmake tight interpacking and less space.

At 15SF, smaller round particles areery high in number. Hence smallness and
roundness of particle contributes in slipping. Therenusberof big, irregular, and

rough cementparticles. There is less interlocking. This makes slipping easier than
10SF0.4 but much difficult than PC0.4. Hence viscosityevas lesser than 10 SF but
much higher than PCO0.4. After balancing of different properties such as roughness,
surface area per unit volume, size distribution between 85%cement and 15% SF
interlocking hence viscosity is reduced from 10 SF viscositystilitv high than simple
PCO0.4 viscosity.

It is also possible that at 15 % replacement, cement particles are alreadyni@sdar
of silica fume comes between them andlifies their effect in motion. The major flow
resistance isnainly due to silica fne only br 15% SF particle has made the mix

smoother.

64



4.8.2 Effect of w/con Rheology of SFincorporated Mortar
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Figure 4.26. Relative yield stress and relative viscositwith respect toamount of
SF in mortar

Figure 4.26shows that yield stress is decreased generally with increasing w/c. while
plastic viscosityalso decreases with increasing w&mall incorporation(5%) is an

exception.
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At 5SF0.6 yield stress is slightlyncreased instead of decreasing due to flocculation

(improper mixing).
Watercauses dispersion and lubrication so decreases both yield stress and viscosity.

Actually this is all due to balancing of propertiesy. fineness,interpacking poth
implies to rubbing surface area), roughness and water availhiebing area is more
or roughness ikigh, it will and water is low viscositywill be higher.

4.8.3 Effectof Time on Rheology of S~incorporated Mortar

Figure 4.27 and 4.28 reveal that, generally yield stieseasesat 10 minutes and
decreasest 20 minutes while viscosity shows mixed results with tilBet generally

viscosity is also increased with time.

These values are increasing because rate of reactions are fastempadhture rise is
causingan increase in viscosity and sometimes morapevation.Relative viscosities

are showing mixed results because at each timeeghascharacteristias mix change.
Viscosity depends on available surface area for rubbing, smoothness and water amount

for lubrication at that time.
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4.9 Sumnary

Experimental results are summarized in the section below.

4.9.1 Yield stress

Basically yield stress, which is the minimum stress required to initiate the flow, is
achieved when the force causing the flow increases from the intermolecular forces

betweerthe particles.

In mortars, intermolecular forcemainy Van der Waal forcesre thecause of yield
stress. If the attractive forces between the particles are higher, then the yield stress is

higher.

Van der Waal forces are the attractive or repulsives® between molecules and atomic
groups that are not due to covalent or ionic bont der Waalsforces are not
chemical bondsthey are weaker, non directional, depend on closeness of particles and
are short range force

Usually there are 3 types biterparticlévVan der Waaforces,

1. Dipole, existing between positive part of one molecule and negative part of the
other molecule,
2. Dispersion force , developed due to temporary induced charges

3. Hydrogen bonds.

One of the general formulas used for assessiegvan der Waaldorces in round

particles is
0o @ — (4.1)

Where F isvan der Waaldorce, R1 andMSE are the radii of particles and rdsstance

between them, A is eonstant.
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Van der Waaldorces decreases with decreasing size arfyb Smaller particles have
smallerVan der Waalg$orce but totaVan der Waalg$orce per unit volume is the sum of
Van der Waaldorces in that volumeFor particle greater than 250 micrometéee

flow occurs.

Inter particleforces also depend on unewess of surface. If surface is rough then due

to the mechanical interlockinan der Waalgorce is increased.

4.9.2 Viscosity

Viscosity is the resistance developed against the deformation. It is caused by liquid
friction. Friction is the forceresistirg the movement in a mix1 a suspensionSo,

viscosity mainly depends on friction i.e. roughness of a particle and particle packing.

Viscosity depends on surface area per unit volume. As more surface area will cause

moreinterparticle frictionrand henceindrance to flow.

It has also been observed that broader size distribution of particles shows more viscosity
than narrow size distribution of particles. In this way more particles can be packed in

unit volumeproviding more available surface area for rulgpi

Once particle starts moving, théan der Waalsforces haslesser effectand now

roughness and particle packing are to be dealt with.

49.3 PC

1 There is a specific or optimum water cement ratio for each case of cement plus
specific amount of admixturehelow which yield stressnay beless due to
improper mixing. Above this ratio yield stress is again less due to more water
causing dispersion and lubrication amaueyticles.So Interparticleforces are
less at far placed particles.

1 As yield stress andlastic viscosity values are obtained after the balancing of

different properties, on one side increase causing factors and on other side
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decrease causing factors. So tlwmmbinedeffect will determine whether the
value should increase or decreaBeesefactors arenterparticle forcedike van

der Waals( increase yield stresgarticle shape (round decrease viscosity) and
roughness (increase viscosity, ahds little effect on yield stress due to
mechanical interlocking)particle size distribution irfcrease viscosity and yield
stress, good packing3urface area per unit volume (increase viscosdg)sity
(increase yield stress)fineness (increase both) mineral character (lime
combining capacity, glassy phase etcyurface charge resulting in the
flocculation or dispersion (flocculation increase yield stress, dispersion decrease
both), surfacehardness and water absorbing qua(igrosity),(More free water
less yield stress and viscosityemperature (increase viscosity and decrease
slightly the yield stress due to far particles)

Yield stress increases with time for PC becausksd of water by absorption
and evaporation and due to hydration produtherfial bonding)

Plastic viscosity is decreased with high w/c because more water gsavidre
lubricationand dispersionWater layer comes between rough particles and allow

them to slip easily.

49.4 BFS

By adding little amount of BFS as 10% replacememiigh, polished and hard
surface angular BFS increases Yield stress due to mechaniedocking
between angular and rough particles , hindering the flow to dedastic
viscosity is increasedue to same reason

By increasing BFS, cement particles are reduced. As BFS surface is polished and
hard so free water is available reducinghbgield stress and viscosity.

At 30 % replacement, there is almost no effect on rheology of mortar. It is
similar to PC. Even both yield stress and plastic viscosity of the values are less

than 10 % incorporation but now they are comparable to ordinamaREs.
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By increasing BF&mount,both of the values are decreased. But if flocculation
occurs (at higher replacement and higher w/c) both yield stress and plastic

viscosity values usually increases.

495 FA

FA instantly reduces both yield stress andsitaviscosity to much lower values
due to smooth spherical shape (yield stidssreaseslue toball bearing effect

and viscosity decreases due to smooth and rpartetle).

Van derWaak forces are less for distantly placed particle and round FA keeps
particle far and allow less interpacking. So they have\lessder Waaldorces

and hence the yield value.

Plastic viscosity increases with time fagain PCbut whenfly ash is added then

it instantly reduces. With the time, plastic viscosity increasd$yaash losdts

round shape and irregular products are formed. This provides hindrance in
sliding.

FA vyield value increases after 10 and 20 minutes because round particles (main
cause of lower yield value) aohanging shapes due to deposition of hiydra
products

For higher amount of mineral admixture as 40FA and 60BFS and higher w/c, the
both value results are abnormal and usually higher because of flocculation of
particles.

4.9.6 SF

Relative viscosity in SF shows mixed results It is due to balgrafiproperties
e.g.finenessjnterpacking poth implies to rubbing surface area), roughness and
water available. If rubbing area is more or roughnedsigh, andwater (for
lubrication) is low viscositywill be higher.

Yield stress decreases at 5iBgorporation and then increases for higher SF
incorporation. This is all due to balancing of propertiesg. fineness,
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interpacking, roughness and water available. Small amount of SF particles come
between cement particles, thus separating them at a distdhcs instantly
reduces yield stress. But when SF is increased, instead of separating cement
particles, SF gathers in between pari@@ed increases yield value

Plastic viscosity is decreaséor small percentage of SF becaustal surface
area per uib volume is balancing with lubricating property of very small silica
fume. Smallrourd particlein lesser amounball bearing effecandcause easier
slipping. However,if SF amount is increased, surfageea per unit volume is
much increased (due to &ness of SF. Actually fineness also contributes to
surface area per unit volume) and matght interpacking and less space hence
viscosity is increased. At higher SIentents smaller round particles areeny

high in amount Hence smallness and roundnexs particle contributes in
slipping. There is lessumberbig, irregular andrough cementparticles. There

is less interlocking so viscosity may be reduced. After balancing of different
properties such as roughness, surface area per unit volume, s$itmutits,
interlocking, hence viscosity is decided

It is also possible that at hi@F incorporationcement particles are already less
in number SF particlescomebetween them andullify cement particles effect

on motion resistance. The major flow r&since is mainly due to silica fume
only.

In silica fume, yieldstress and viscosity valuassually increasewith time.
Relative viscosities shouwnixed results because at each time phtéere are
different characteristics of mix. $tosity depends on aladle surface area for

rubbing, smoothness and water amount for lubrication at that time.
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CHAPTER 5

COMPARISON OF MATHEMATICAL FLOW MODELS

5.1 Flow Model

A flow model is considered to be a mathematical equation that describes rheological

data suclas shear rate and shetress in a convenient manriBao, 1999).

5.1.1 Bingham Model

Bingham model is the simplest and most widely used model till now. It is a 2 parameter
model. In this model, graph is drawn between shear stress and shear raterdbptinte

gives the yield stress and slope of straight line reveals plastic viscosity. So the graph is
drawn between torque applied and velocity to obtain relative yield stress and relative

plastic viscosity by eBT2 rheometer.

T=Tp tuy (5.1)

One of the main discrepancies of Bingham model is its linearity. It does not give any
idea about shear thinning and shear thickening behavior.

5.1.2 Herschel Bulkley Model

The main difference of Herschel Bulkley Model frddngham Model is that, it has
three main parameterthe consistency, the flow indexB, and the yield shear stress
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Flow index tells the degree to which mortar is shear thinning or shear thickening. If flow

indexB is less than 1, mortar is shear thirquand vice versa.

T =1y + Ay" (5.2)
The apparent viscosity is calculated’™> =7/ Whenw=0andB = 1, the model
describes a Newtonian fluid; whes =1 andB = 1, the model desttyes a Bingham
fluid, and whenm =2 andB< 1, the model describes a pseudo plastic fluid.
From the experimental graphs obtained by rheometer, it is obvious that relation between
torque and velocity is not linear. So Herschel Bulkley has the advantage agéaBi
Model. The major discrepancy bterschel Bulkleynodel is that the yield stress is to be
guessed and if guessed value is inaccuhetevhole model is inaccurat®o if any other
model suggests yield stress and give shear thinning or shear thicketagor too,

then that model will be much preferable.

5.1.3Modified Bingham Model

This model is modification of Bingham model. Instead of straight line, 2 degree
polynomial is used to describe the model. It has 3 paramétkis.model can be
regarded & an extension dhe Bingham model with a second order term, but also as a
second order Taylor developmenttbe Herschel Bulkleyequation, which is justified
since the parametd® in H.B rarely exceeds thealue 2. Rearranging all terms and
taking the atio of the second order term to the linear term results in a theoretical
relation betwee / (@odified- Binghan) andB (HerschelBulkley). the parameteB / O
can be applied to describen lineartbehavior, indicating shear thinning ( <0), shear
thickening B / >0) and the Bingham modé ( £X0). Feys, D. 200p

T =T1g + puy + By? (5.3)
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5.1.4 Casson Model

Casson Model is a structural flow model. In Casson model, a straight line results when

the square root of sheeate,V%° and the square root of shear stre$3>are plotted,

with slopepi and intercepii4 1

Till now Casson model has been used for thinner consistency materials.

ny Y tw (5.4)

So the graph between square root of T and square root of V is plotted as a straight line.
Square ofTy gives the relative Casson yield stress and squapg afives the Casson
Plagic viscosity.

From the following graphsZasson values are not well fitting for mortars.

5.1.5 Other Models

Hence the research is continued on other models too.
Bingham [ 14, 98] T=T,+UY
Herschel-Bulkley [129] r=7,+Ap":
Robertson-Stiff [130] r=A(y +B)";

Modified Bingham [131] 7= +up +Bj°

Casson [132] J;: Ty +JE :

De Kee [131] r= z:,+,u]3’€"1?;

Yahia and Khayat [131] r=1,+ 2% rupe ™

Quemada [133] r= ‘ﬂ‘_ p
\ B+C(Ay) ]

Vom Berg [ 134] r=1,+Asinh' (By)
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5.2 ModelProposed inThis Study

The new modefi Mar i a | d thas deemproposeécandis described by equation
5.5

Y 'Y AO&D (5.5)

Where, T represents shear stresand b are parametergpresenting relative viscosity
and flow coefficiers, andTois yield stress. V represents shear strain itee is usé
because the graph obtained by rheometsemblesine wave.

5.3 Methodology Adopted

Experimental values ofelocity (V) and Torque(T) are plotted on graptBy applying

model equation, T model is plotted against experimentabnvthe same graph.
Parametrs are selected byinimizing root mean squarerror for T model and V
experimental.

Some models cannot describe the experimental values, so they are rejected for mortars.
The models well describing and most suitable for the data are the successfulforodels
mortar.

A new model is proposed for the mortar.

5.4 Comparison between Different Mvdels

The well suited model is the model which describes the experimental data by applying
some parameters. So graphically the best suited model overlaps the expéudlistanta
The average of square of error (difference in experimental and model T values)
described byMSE s used to find out the suitability of models. The lower NHeE the

higher is the suitability of that model.
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The constant used in models to fit treadto experimental values are the parametegrs.
O A, B are all the parameters. Sometimes they represent some physical meanings e.g.

To, af@ the yield stress and relative viscosity respectively.

Different Flow Models including proposed model are fgidton graph for PC along the
experimental data. The suitability of different models is compared

Table 51. PCO0.3 Different Models Parameters

~

Bingham To o SIS
0.664 | 46.649 0.024

Herschel i A E SIS
0.826 | 221.477| 1.450 | 0.023

Robertson A B C 4512
9.624 | 0.927 | 33.205| 0.023

Mod To 0] B MSE
Bingham | 0.786 | 24.479 | 772.313| 0.023
Casson L 0 SIS
0.372 | 21.358 0.028

To o) A MSE

DeKee 664 | 46.649 | 0.000 | 0.024
Yahya To O A MSE
Khayat 0.162 | 157.126| 0.000 | 0.029
Vom Berg To A B MSE
0.664 | 90.019 | 0.518 | 0.024

Proposed To a 2 DS
0.664 | 28.294 | 1.649 | 0.024

From Appendix FigureA.1 and Table 5.1, it is obvious thabrf PC 0.3, Herschel
Bulkley andModified Binghamare showing averagaeode

Modified Binghamand Roberstsofstiff seemto be the best for representing the data
while Casson and Yahya and Khayat are least applicable here.

A RobertsorStiff model seems$o be the best suited but tiparameters obtained by
using these models an®t in term of yield stress and vasity. So these parameters are
not well defined physically and since now there is not much research on their physical
representation.

Herschel Bulkley is not most suited becausé¢ Dosis guessed and is not easily
obtained. Here the best value after l@silyzingis taken. Normally it is not possible to
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find out such an accurate value. If the selected for Herschel Model is not accurate,

then whole of the model will be the most inaccurate.

Proposed model also represents the data successfully andtihatteBingham Model
and due to ease of use, it is better than Herschel Bulktelel, and due to representing

the physicalaluesiit is better tharRobertsorStiff.

Modified BinghamModel and then the model proposed are the best models to describe

data eficiently and easily.

Table 5.2. PC0.3(10) Different Models parameters

Bingham To 0] MSE
0.683081| 45.98574 0.056054

Herschel Bulkley | To A B MSE
0.636179| 35.52373] 0.920735| 0.055998

RobertsonStiff | A B C MSE
9.330889| 0.923662| 30.75023) 0.059004

Modified Bingham | To O B MSE
0.590799 62.31905| 549.854| 0.055466

Casson To O MSE
0.382948 21.06522 0.056561

De Kee To O A MSE
0.60542| 60.16735| 8.850339| 0.055589

Yahya and Khayat | To O A MSE
0.370852| 34.19365| 19.9163| 0.0%865

Vom Berg To A B MSE
0.62283| 1.28572| 42.52751| 0.055386

Proposed To a B MSE
0.59] 1.368483 43.08112 0.054846

From Appendix Figure A2 and Table 5.2it is obvious that, foP CO . 3 ( 10) ,
mo d eid the best fit followed byVom Berg Modified Bingham and De Kee

RobertsorStiff model gives most deviant model
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Table 5.3. PCO0.3 (20), Different Models parameters

Bingham |5 5551 316723 003758
Herschel Bulkley oot ooz S0 100024 | 0.03757
RobertsonSiift 557767 0.93898 2691315 | 0.03791
Modified Bingham -5 7oc 31.6?7853 (0:20578) | 0.05758

Casson 637671 12.5%637 0.0s854

De Kee 6.62008 29.2?2907 - (2166745)] 0.0575T
Yahya and Khayat 0.51)0744 5.5(7)537 -(41.24540) O-I\C/I)3§$97

vom Berg 0.6;23(1198 5.5%266 5.72061 0.'\(/|)3S’$58

proposed o.5Tg(1164 1.7?632 18.6?6363 0.'\(/|)3S’$58

From Appendix Figure A3 and Table 5.3it is obvious that, foPC0.3(20) , all of the
modds are equally applicable excdpbbertsorStiff which is most deviant

Table 5.4 . PC 0.4 Different Models parameters

SN 621070 7681343 000310
Herschel BuKey |5 1461778 0:81512 0.0036
RobertsonStift 5777 0.92549 40:36110 [ 0.00372
Modified Bingham |7 2= 31.22657 15811 10,0637

S 608353 16.5?3239 0.00305

B e 618023 32.(?7966 5.06082 | 0.00306
Yahya and Khayat o.oT70532 40.6?7876 -(29.@1032) o.l\gge,Em

Ve (S 0.2T00995 4.9@192 5.42648 o.l\chBElo

proposed 0.1T90621 1.2?590 23.6b0771 o.l\ch)?,Eos
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From Appendix Figure A4 and Table 5.4it is obvious that, folPC 0.4, all of the

models are represemnd well fit and are applicable. Proposed model also represents the
data successfully and better than Bingham Model and due to ease of use, it is better than
Herschel BulkleyModel.

Table 5.5. PC 0.4(10) Different Models parameers

Bingham 5 L0o 1 261 0.083
Herschel Bulkley |-5'c>t——=8er 5004 | 0.076
RobertsonStift |-59et—5 05> 50,81 | 0.059
Modified Bingharm |51~ (8?067) 1,6882.147 o.(')\élg(E-c”))

Casson G453 16.?341 0.0

be Kee .95 12.C~())21 -(45A.264) 0057
Yahya and Khayat | To 0] A MSE
0.885| 0.462 | -(126.360) 0.038

VomBerg |5t ooss T 0040
Plielpesse o.T7312 200.355 0.207 c';/.loS4Ez

From Appendix Figure A6 and Table 5, it is obvious that, foPC 0.4 (10)De Keeis
the best fit followed byrahyaand Robertson. Proposed model is well suikéddified
Bingham model is failed.

Table 5.6. PC 0.4(20) Different Models parameters

~

EELE 0.47198 | 46.63457 003418
Herschel Bulkiey | 6a5t5 45707697 166146 | 0.03183
RobertsonStif |5 55ess 0.92907 3840457 | 0.03210
Modified Bingham 5= 8.18619 1,27(!3.14476 0.05107

Casson 621441 7624677 003655
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Table 5.6 (Continued)

D REE o.aTzOs71 21.2%925 -26.25938 0%5505
Yahya and Khayat 0.5T30997 2.72566 -87.26307 o.'\(ﬂ)§§24
VI (2L 0.4T70196 35.3A7647 1.3?813 o.'\(ﬂ)gflg
proposed 0.4T70185 31.5073) 1.4t7)553 o.'\(ﬂ)es,flg

From Appendix Figure A6 and Table 5.6it is obvious that, foPC0.4(20) Modified
BinghamandHerschel Bulkleyare best fit and proposed model is well suited.

Table 5.7. PCO0.6, Different Models parametes

Bingham o O SIS
9 0.21070| 26.81343 0.00310
To A B MSE
Herschel Bulkley =4 55014817780 0.81612 | 0.00305
. A B C MSE
RobertsonStiff = 52787091549 40.36110 | 0.00374
" . To @) B MSE
Modified Bingham =3 6=2931.42657 - (158.11000) 0.00307
Casson 1 © SIS
0.08354 | 16.53239 0.00305
e e To @) A MSE
0.18023| 32.07966]  6.06082 | 0.00306
To o) A MSE
Yahya and Khayat = 070251740 67876 - (29.81032) | 0.00307
Vo Ber To A B MSE
9 0.20995| 4.93192| 5.45648 |0.00310
ronosed To a b MSE
prop 0.19621| 1.21590| 2360771 |0.00308

From Appendix Figure A7 and Table 5,7it is obvious that, foC0.6 Casson and
Herschel Bulkley are the best fits while Proposed model is a well fit.
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Table 5.8. PCO0.6 (10) Different Models parameters

Bingham U O L

9 0.826 | 64.832 0.625

To A B MSE

Herschel Bulkley 46307137 652 0.866 |0.622
. A B C MSE
Robertson-Stiff =T 0.933 31.534 | 0.646
" . To ) B MSE
Modified Bingham 56251509 128 | -(4,929.130) 0.578
. To o) MSE
asson 0.444 | 31.520 0.612

e K To @) A MSE
2(0.143)| 274600 | 42.707 | 0579

To o) A MSE

Yahya and Khayat 4501058 950 8.380 | 0.601
Vo Ber To A B MSE

9 0.066 | 0.883 266.199 | 0.593

ronosed To a b MSE

prop 0170 | 2111 76.249 | 0577

From Appendix Figure A8 and Table 5.8it is obviousthat, for PC0.6(10) proposed
model is the best fit modeloJlowed by Modified Binghamand De Kee Robertson
Stiff, Herschel Bulkleyand Bingham are giving deviant results.

Table 5.9. PCO0.6 (20), Different Models parameters

~

Bingham Lo o D
9 0.337906| 16.28494 0.013434
To A B MSE
Herschel Bulkley 52041 [2.966121] 0.605444 0.012915
. A B C MSE
Robertson-Stiff g 25034/ 0.876161 23.36603 0.014096
" . To ) B MSE
Modified Bingham == /1 =36 53089| 698.782 | 0.012434
Casson Lo O SIS
0.21006 | 6.449938 0.013172
e e To o) A MSE
0.177861] 45.99259] 29.89207| 0.012448
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Table 5.9 (Continued)

~

To 3 A MSE

Yahya and Khayat =00 22111 79332 0.002979 Failed

D To A B MSE
0.337177| 3.689777 4.42553] 0.013427

proposed To a b MSE
0.232995 0.491283 60.87798| 0.012431

FromAppendix Figure A9 and Table 5.9it is obvious that, forPC 0.6(20), proposed
model is the best fit followed bylodified BinghamandDe Kee Yahya is a failed
model for this case.

Table 5.10. 10FAO.3, Different Models parameters

inoh To 6] MSE
Bingham 0.720 | 34.154 0.006

To A B | MSE

Herschel Bulkley =5~ 00T 26.568 | 0.932 | 0.006
. A B C | MSE
RobertsonStiff = =5 0.914 | 29.493] 0.006
o To 5 B | MSE
Modified Bingham == 5124154 [ 598 43| 0.005
Casson To O MSE
0535 9.213 0.006

To o) A MSE

De Kee 0.507 | 122.070| 57.774] 0.014
Yahya and Khayat| To 0 A MSE
0.068 | 593.970| 41.905| 0.010

To A B | MSE

vom Berg 0.719 | 5.414 | 6.322 | 0.006
STETREEE To a b MSE
0.650 | 0.616 | 77.432| 0.005

From Appendx Figure A10 and Table 5.10it is obvious that, forl0 FA 0.3 Proposed
model is the best suitadodel.Bingham, HerscheModified BinghamandVom Berg
are showing just average resulde Keeand Yahya Model are not well suited.
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Table 5.11. 10FA0.3(10, Different Models parameters

Bingham .65 | 107470 0020
Herschel Bulkley OL%O 38%12 0?30 g/lglEg
Robertson Stiff 13'2 52 0.358 59%42 g/lng4
Modified Bingham o.Tscéo 18242 _570184.553 g/.lglEs
Casson 0455 50.?)55 o3

be Kee 5,559 201?372 T8451 T0.0t8
Yahya and Khayat |5 e 5 140 550 7780 | 0.018
vom Berg cos5] 9021 | Tisea [0.020
Proposed ooss| 33888 | 3372 Too%0

From Appendix Figure All and Table 31, it is obvious that, forlOFA0.3(10) ,
Modified Bingham De Keeand Yahyaare best fit and proposed model is acceptable
model.

Table 5.12. 10FA0.3(10), Different Models paramedrs

Bingham To o MSE
0.597789 17.603651 0.002281

Herschel Bulkley To A B MSE
0.757815| 62,300.6244 3.343380 | 0.004525

RobertsorStiff A B C MSE
7.727756| 0.867634 | 17.653006 | 0.002336

Modified Bingham To @) B MSE
0.572052| 21.727990 | -129.746760 0.00217

Casson To @) MSE
0.433236| 5.081892 0.003603

De Kee To @) A MSE
0.598486| 17.491917| -0.200399 | 0.002281

Yahya and Khaya To @) A MSE
0.509001] 2.581951 | 30.110687 | 0.002283

Vom Berg To A B MSE
0.597415 4.088786 | 4.316724 | 0.002281

Proposed To a b MSE
0.597769 17.673664 | 0.996180 | 0.002281
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FromAppendix Figure Al2 and Table 32, it is obvious that, fol0 FA0.35, Proposed,
BinghamDe KeeandVom Bergare showing the best resulkdodified Binghamis not
as good for 10FAO.35RobertsorStiff and HerschelBulkley are not better for
representing 10FA0.35

Table 5.13. 10FA0.35(10) , Different Models parameters

~

Bingham i O UIEIE
g 0.80663 14.82517 0.00379
To A B MSE
Herschel Bulkley 522753 10.00062 | 0.87625 | MSE
. A B C MSE
Robertso-Stiff =~ 2955 0.83515 | 12.00314 | 0.00382
. . To o) B MSE
Modified Bingham = a0 18 37624 (107.96693) 0.00380
Casson e O =
1.17780] -(0.05000) Failed
De Kee To 0O A MSE
0.79856| 16.05299| 2.40287 | 0.00379
| To o) A MSE
Yahya and Khaya-o 205051 75945 | - (22.89305)| 0.00378
Vo Ber To A B MSE
9  [0.80331] 1.13209 | 13.44083 | 0.00379
Proposed e a b e
P 0.80438] 1.39396 | 10.82446 | 0.00379

From Appendix Figure AL3 and Table 8.3, it is obvious that, forlO FA 0.35 (10),
Yahya is the best fitnodel, followed by Proposed,Modified Binghamand other
models. Casson is a failedodel

Table 5.14. 10FA0.35(20) , Different Models parameters

Bingham To e MSE
9 1.030452 18.64477 0.008433
Herschel Bulkle e & = =
Y 0975293 10.24601 0.809957| 0.008392
. A B C MSE
RobertsorStift 1 —=-515657110. 856556/ 12.23984 0.00856
. . To o) B MSE
Modified Bingham =552 20737 21599 405.837 | 0.008437
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Table 5.14 (Continued)

~

Casson To O MSE

0.842255| 3.614895 0.0108

De Kee To O A MSE
0.993935| 24.97139 9.208212| 0.008359

Yahya and Khaya] To O A MSE
0.879092| 2.885952| 15.4435| 0.008432

Vom Berg To A B MSE
1.001185| 0.510599 44.42718 0.008348

proposed To a b MSE
0.999291] 0.611199| 37.17879 0.008329

From Appendix Figure Al4 and Table5.14, it is obvious that, forlO FA 0.35(20),

Proposed model is the best model, followed\tarih BergandYahyamodel.

Table 5.15. 20FA 0.4,

Different ModelsParameters

Bingham 5736433 6.522690 0000323
Herschel Bulkley | G575 3.609612| 0.619978 | 0.000311
RobertsonStif |5 55es77 0.83?4383 7331503 | 0.000350
Modified Bingham | 55677 9.313614 (85.754536) 0.000314

Casson 6.084784 2.61%)9835 5000302

De Kee 1o O 2 E

0.112119| 10.890065_15.086907 | 0.000313
vom Berg 0.128333 1.88A2116 3.4781906 o.gﬂo%gzz

proposed 5300 oo 5730346 36.187387 | 0.000320

From Appendix Figure Al5 and Table A5, it is obvious that, foR0FA0.4, Casson
showsthe best resultHerschel Bulkleyis also showing the best result but Tts is
guessed. It is not easy to guess it accurately and eatie. SoCasson,De Kee
Modified Binghamand Proposed model represents the dataessfullyYahyaKhayat

modelfails to give any parameter and representing the data.
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Table 5.16. 20FA 0.4 (10, Different Models parameters

Bingham e = U2

9 0.3314| 54573 0.0004

To A B MSE

Herschel Bulkley 5377515 4557156 2.7534 | 0.0003

. A B C MSE

Robertson-Stiff  ~e=0720.7416 | 9.9980 | 0.0004

. . To o) B MSE
Modified Bingham 1°550571~ 5 9655) | 253.7253 | 0.0003(0)

Casson e O =

0.2707| 1.0442 0.0009

- To o) A MSE

0.3626] 1.4401 |-(44.4402) 0.0003

To 0O A MSE

Yahya and Khayat 50527187 5749 | 37.320 | 0.0010

Vom Ber e 4 =

9 0.3313| 15983 | 3.4199 | 0.0004

roposed To a b MSE

prop 0.3314| 3.2688 | 1.6702 | 0.0004

From Appendix Figure Al6 and Table 3.6, it is obvious that, fo20 FA 0.4 (10)De
Keemodels are followed by proposed and other models.

Table 5.17. 20FA 0.45, Different Models parameters

~

Bingham i > e
0.214 | 34.776 0.011

To | A B | MSE

Herschel Bulkley 5373 T98.540] 1.306 | 0.011
. A B C | MSE
Robertson-Stiff 9 958170.025 | 44.954 | 0.011
Modified Bingham | To O B MSE
0.279 | 23.963| 369.761 0.011

Casson e O e

1 16.369 0.225

e e To o) A MSE
0.270 | 25.874 -(10.345)| 0.011
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Table 5.17 (Continued)

Yahya and Khayat | To O A MSE
0.135| 20.359 | -(49.389)| 0.011

Vom Berg To A B MSE
0.214| - (8.779)| - (3.967) | 0.011

proposed To a b MSE
0.214| 7.369 4.729 |0.011

FromAppendix Figure AL7 and Table 3.7, it is obvious that, fo2OFA 0.45 Modified
BinghamandYahyaare the best data describing modrbposedBingham and/om
Bergare also good models. Casson matteds not describe data successfully.

Table 5.18. 20FA 0.45 DifferentModels parameters

Bingham e O U2
9 0.358 34.280 0.007
To A B MSE
Herschel Bulkley 4951745 702.480  3.116 0.010
. A B C MSE
Robertson-Stiff 7 e 0922 42.924 0.007
- . To e B MSE
Modified Bingham == 017y 118174 |- (4,283.914) 0.005(i To)
Casson c O MSE
0.192 16.095 0.007
5 [ To e A MSE _
0.847 | - (469.538)| 368.357 | 0.005¢(0O)
To e A MSE
Yahya and Khayat 46656171 244,455 | 10.223 0.006
Vorn Ber To A B MSE
9 0.357 5.884 5.838 0.007
roposed To a b MSE
prop 0.357 4.354 7.896 0.007

From Appendix Figure AL8 and Table 3.8, it is obvious that, for2Z0FA0.45(10),
YahyaKhayat modeland Proposed model are basiited modelModified Bingham
showednegative yield stress and De Kee model showed negative viscosity.
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Table 5.19. 20FA0.45(20), Different Models

Bingham To O MSE
0.356433| 61.58067 0.05684

Herschel Bulkley | To A B MSE
0.356| 49.25131| 0.944646/ 0.05639

Robertson-Stiff | A B C MSE
10.50002| 0.932748| 40.01892| 0.070921

Modified Bingham | To O B MSE
0.19741| 146.8328| 2701.93| 0.045213

Casson To O MSE
0.115737| 42.41017 0.055768

De Kee To o) A MSE
0.22163| 161.3188| 27.58855| 0.047021

Yahya and Khayat | To O A MSE
0.001767| 11511.42 20.4472| 0.057315

Vom Berg To A B MSE
0.07494| 1.050743 120.3404| 0.048956

proposed To a b MSE
1.333382] 0.53418| 214.7681] 0.053351

From Appendix Figure Al9 and Table 5.19t is obvious that, fo20FA0.45(20),De
Keemodelfollowed byVom Bergand proposed models are the best moddbertson

Stiff is deviant model.

Table 5.20. 40FAO0.55, Different Models parameters

~

Bingham To O MSE
0.027793| 1.463216 1.47E.05

Herschel Bulkley | To A B MSE
0.0276| 58.08437| 1.973984| 7.79E.05

Robertson-Stiff | A B C MSE
8.306183| 0.770086| 21.2262| 1.89E.05

Modified Bingham | To O B MSE
0.015041] 3.354947| 56.2501| 1.06E.05

Casson To O MSE

0.05| 59.36014 Failed

De Kee To o) A MSE

0.014864| 3.598111| 24.45004| 1.02E.05
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Table 5.20 (Continued)

~

Yahya and Khayat | To O A MSE
0.05| 17727.44| 2.13821| Failed
Vom Berg To A B MSE
0.013172 0.024334| 156.9582| 1.02E.05
proposed To a b MSE
0.018452| 0.046054) 55.77056| 1.09E.05

From Appendix Figure A20 and Table 5.2, it is obvious that, fod0 FA0.55 Casson
and YahyaKhayat modelfails completely.De Kee Vom Berg and thenModified
Binghamand Proposed Models are the best to describe Baigham,RobertsorStiff
andHerschel Bulkleyare not good representative of data.

Table 5.21. 40FA0.55(10), DifferentModels parameters

Bingham To O MSE
0.063427| 2.219432 3.51E.05

Herschel Bulkley | To A B MSE
0.068269 4.13172| 1.189506| 3.67E.05

RobertsonStiff | A B S MSE
8.212526| 0.754432| 16.97995| 3.78E.05

Modified Bingham | To O B MSE
0.065749 1.878388 10.70371| 3.62E.05

Casson To O MSE
0.042668 0.747645 5.49E.05

De Kee To O A MSE
0.119208 23.8594| 194.7709 3.5E.05

Yahya and Khayat | To O A MSE

0.00148| 238.74| 43.38202| Failed

Vom Berg To A B MSE
0.06341) 0.93199| 2.383328 3.51E.05

proposed To a b MSE
0.063078 0.205961| 10.96374| 3.49E.05

From Appendix Figure A21 and Table 5.2, it is obvious that, fod0 FA 0.55 (10,
proposed model is the best model followedD® KeeandVVom Bergmodels.Yahya
Khayat models failed.
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Table 5.22. 40FA 0.55(20) Different Models parameters

Bingham To O MSE
0.064893| 1.743549 2.24E.05

Herschel Bulkley | To A B MSE
0.07639| 34.20612 1.88588| 2.6E.05

RobertsonStiff | A B C MSE
7.137428| 0.706573| 13.39038 2.27E.05

Modified Bingham | To O B MSE
0.054616| 3.247786| 44.9787| 2.64E.05

Casson To O MSE

.0.05| 10.74271 Failed

De Kee To o) A MSE
0.065277| 1.687541| .0.97888| 2.23E.05

Yahya and Khayat | To O A MSE
0.035165| 1.733799| 6.35%24 | 2.59E.05

Vom Berg To A B MSE
0.064887| 1.067274| 1.634311| 2.24E.05

proposed To A B MSE
0.062363| 0.065049| 31.29025| 2.29E.05

FromAppendix Figure A22 and Table 22, it is obvious that, fod0 FA0.55(20)Vom
Berg and proposed models are the bistBingham is also showing minimum error.
Casson models failed.

Table 5.23. 40FAO0.8 Different Models parameters

~

Bingham L o L
0.023778 0.943137 1.2E.05

Herschel Bulkley |12 a 2 M=
0.019085| 0.440664| 0.74536 | 1.19E.05

. A B C MSE
RobertsonStiff  ~55577710.714822 17.08164 1.26E.05

o To 5 B MSE
Modified Bingham =555 16353 693028 79.7742 | 2.36E.05

Casson i O M.SE

0.05 |8.900707 Failed

De Kee To o) A MSE
0.038058 7.771221] 567.3011 6.59E.05
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Table 5.23 (Coninued)

~

To o) A MSE
Yahya and Khayat =2 2= 52""¢37 5675 38 28236 Failed
— To A B MSE
0.023759| 0.260675 3.626167| 1.2E.05
Proposed To a b MSE
0.014921] 0.030938 67.5337| 2E.05

FromAppendix Figure A23 and Table 5.2, it is obvious that, fodOFAQ.8, Casson and
YahyaKhayat modelfails. De Keeis not good.Bingham, RobertsorStiff and Vom
Bergare good models. Proposed model and H bar showing good results.

Table 5.24. 40FA0.8(10), Different Models parameters

Bingham To O MSE
0.039975| 1.553429 3.05E.05
Herschel To A B MSE
Bulkley 0.059726| 189030.8 4.448125| 6.63E.05
Robertson | A B C MSE
Stiff 9.774206| 0.719128| 16.33292| 3.36E.05
Modified | To o) B MSE
Bingham 0.051373| 0.082267| 39.98606| 4.01E.05
Casson To O MSE
0.00504| 0.170478 Failed
De Kee To o) A MSE
0.095708 13.6855| 121.4336| 3.75E.05
Yahyaand | To O A MSE
Khayat 0.02002| 1.315706| 24.63542| Failed
VomBerg |To A B MSE
0.039965| 0.904759 1.717922| 3.05E.05
proposed | To a b MSE
0.039771| 0.195074| 8.063803 3.04E.05

From Appendix Figure A24 and Table 5.2 it is obvious that, for40FA0.8(10),
Proposed model is the best model followedMmym Bergand Bingham. Yahya and
Casson models are faileModified Binghamand Herschel Bulkleyare not as good
represerdtive models for thisase. lis obvious from graphs too
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Table 5.25. 40FA0.8(20), Different Models parameters

Bingham To O MSE
0.043769| 1.637746 3.7E.05
Herschel Bulkley | To A B MSE
0.060997| 897.6268| 2.884676| 5.97E.05
RobertsonStiff | A B C MSE
7.490408| 0.735119| 16.36359 4.06E.05
Modified Bingham | To O B MSE
0.0282 3.666| 55.646| 3.17E.05
Casson To O MSE
0.05| 6.815398 Failed
De Kee To o) A MSE
0.021407| 4.969328 26.87169 3.08E.05
Yahya and Khayat | To O A MSE
0.03738| 4.767104| .0.44127| Failed
Vom Berg To A B MSE
0.043769| 10.49885| 0.155994] 3.7E.05
proposed To a b MSE
0.043682 0.316839| 5.195622 3.7E.05

From Appendix Figure A25 and Table 5.2, it is obvious that, foA0FA0.8(20)De Kee
andModified Binghammodels followed by Proposed/pm Bergand Bingham models
are the best suited models. Yahya and Casson models are failed.

Table 5.26. 10BFSO0.4, Different Models parameters

~

Bingham e O MSE

9 0.8523 | 72.6616 0.0382

To A B MSE

Herschel Bulkley =557 157 98200 1.2172 | 0.0376
. A B C MSE
Robertson-Stifft =75 2586/ 0.0425 | 39.6947 | 0.0381
N . To ¢ B MSE
Modified Bingham =q-5270T"5/ 5398 | 743.7200] 0.0375
Casson e O g2
04722 | 33.6712 0.0434

__— To e A MSE

€ ree 0.8523 | 72.6616| 8534 |0.0382
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Table 5.26 (Continued)

To o A | MSE

Yahya and Khayat 52285273576 0.0439
S To A B | MSE
0.8519| 21.5746 | 3.3695| 0.0382

Proposed To a b MSE
0.8521| 19.7373 | 3.6845| 0.0382

FromAppendix Figure A26 and Table 5.8, it is obvious that,dr 10 BFS 0.4Modified
Binghammodel is the best representing modéérschel Bulkleyalsorepresents data
well but it dependson the guessed o value. Vom Berg Proposed all models are
describing data v successfully.

It is obvious from the graph that pased is ery successful model to describe the data.

Table 5.27. 10BFS 0.40(2])) Different Models Parameters

Bingham e O e

9 0.7794 | 65.6155 0.0334

To A B MSE

Herschel Bulkley | =579701128.4419  1.2005 | 0.0329
. A B C MSE
Robertson-Stff 753457 0.9364 | 35.5873 | 0.0337
. . To o) B MSE
Modified Bingham —5-2e79T50.8797 | 492.4293 | 0.0330
Casson e O LEE
0.3901 | 33.9580 0.0364

e e To o) A MSE
0.8618 | 51.8271| -(8.0227) | 0.0330

To o) A MSE

Yahya and Khayat = 5010115 8624 | -(44.6912)| 0.0338
Vorn Ber To A B MSE

9 0.7793 | 57.8046| 1.1352 | 0.0334

roposed To a b MSE

prop 0.7791 | 33.8405| 1.9398 | 0.0334

From Appendix Figure A27 and Table 5.2 it is obvious that, forlOBFS0.4(20),
Herschel Bulkley Modified Bingham De Keehave least ears.Proposed is suitably fit
model.
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Table 5.28. 10BFSO0.5, Different Models Parameters

Bingham i o U2
0.0824| 13.7681 0.0007

Herschel Bulkley e A E UIEIE
0.1920 | 62,300.6200  3.2901 | 0.0018

. A B C MSE
Robertson-Stiff - -72559 0.9074 | 46.1174 | 0.0010
o To o) B MSE
Modified Bingham =5 61 6456 1515 | - (491.7000) 0.0005
Casson e O MSE
0.0305| 8.8295 0.0006

—_— To o) A MSE
0.0005| 30.8185 | 29.6173 |0.0005

To o) A MSE

vahya and Khayat = 16228 9614 | - (27.7790) | 0.0007
P To A B MSE
0.0823| 3.5984 3.8318 | 0.0007

Proposed JiE a £ U2
0.0824| 17.6550 0.7799 | 0.0007

FromAppendix Figure A28 andTable 5.3, it is obvious that, fol0 S0.5Modified
BinghamandDe Keeare the best models followed by Casson and propdseie|.
Note BothHerschel BulkleyandModified Binghammodels & showing opposite
behaviour of shear thinning and ahthickening.

Table 5.29. 10BFS 0.50( 1§ Different Models Parameters

~

Bingham e O MSE

g 0.3790| 13.9423 0.0043

To A B MSE

Herschel Bulkley 5560088728 0.7937 | 0.0048
. A B C MSE
Robertson-Stiff  g=764170.8579| 19.3784 | 0.0046
. T 5 B MSE
Modified Bingham -5 5505131 4882 - (525.4309) 0.0039
Casson e O Uisle
0.2479 4.9967 0.0045
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Table 5.29 (Continued

De Kee To o) A MSE
0.1997| 43.7950| 30.2818 0.0038

To o) A MSE

Yahya and Khayat -5 0oee 95 1642 15.2213 | 0.0038
— To A B MSE
0.1587| 0.2207 | 251.5378 0.0038

proposed To a b MSE
0.2952| 0.4331 | 54.3413] 0.0040

From Appendix Figure A29 and Table5.29, it is obvious that, fod0S0.5(10)De Kee
YahyaandVom Bergare giving the bestesults,followed by Modified Binghamand
proposed models.

Table 5.30. 10BFS 0.50(2] Different Models Parameters

~

Bingham c O e

9 1.017| 54.718 0.048

To A B MSE

Herschel Bulkley 50317 158,155  1.886 | 0.044
. A B C MSE
Robertson-Stiff  ~5"5981 0029 | 27.995 | 0.046
N . To o) B MSE
Modified Bingham =233 5e5" 11 623.632 0.045
Casson c O e
0.594| 23.411 0.056

- To o) A MSE
1.213| 26.997 | -(23.806)] 0.046

To o) A MSE

Yahya and Khayat 346515 571 [ - (79.690)| 0.046
Vorn Ber To A B MSE

9 1.017| 37.045 | 1.478 |0.048

roposed To a b MSE

prop 1.017| 35.912 | 1524 |0.048

From Appendix Figure A30 and Table R0, it is obvious that, forl0S0.520), all
modelsincluding proposed model shows good fit. BYbdified BinghamandHerschel
Bulkley showleast errors.
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Table 5.31. 30BFS0.40, DifferentModels Parameters

Bingham To O MSE
0.68301 26.03356 0.00761
Herschel Bulkley | To A B MSE
0.66896 22.62735 0.95703 | 0.00761
Robertson-Stiff | A B C MSE
8.79378 0.89294 21.98103 | 0.00781
Modified To o) B MSE
Bingham
0.64827 32.06989 -201.89 | 0.00766
Casson To O MSE
0.46999 8.52747 0.00912
De Kee To O A MSE
0.64417 32.60604 7.68349 | 0.00769
Yahya and To O A MSE
Khayat -
0.54920 5.36118 29.3869 | 0.00759
Vom Berg To A B MSE
0.68223 4.65347 5.61689 | 0.00761
Proposed To a b MSE
0.67913 2.13116 12.46073 | 0.00761

From Appendix Figure A31 and Table 21, it is obvious that, for30S0.4,Yahya
Khayat, Proposed,Vom Berg Herschel Bulkleyand Bingham are the best mode.
Modified Binghamis not as good in this case. Casson is not well describing model
although it is usabl®o.
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Table 5.32. 30BFS 0.4Q10), Different Models Parameters

Bingham Lo e 2
0.683009 | 26.033583 0.007609

Herschel Bulkley Lo A 2 M2
0.799898 | 207.561990 1.604650 | 0.008240

. A B C MSE
RobertsonSUff ™5 354896 | 0.894823 | 21.877119 | 0.007836

o To o) B MSE
Modified Bingham = 5155157 470583 | -(55.343613) 0.007612

Casson e O M.SE

~(0.207084) 20.941775 Failed

De Kee To o) A MSE
0.675404 | 27.492104| 2.093965 | 0.007612

To o) A MSE

Yahya and Khayat 7553y 182 223440 6.665037 | Failed

S To A B MSE
0.684049 | 4.566290 | 5.680045 | 0.007616

To a b MSE
FEPOEER 0.678973 | 1.716465 | 15.512029 | 0.007611

FromAppendix Figure A32 and Table 32, it is obvious that, foB0S0.4(10), Proposed
andHerschel Bulkleynodels shows the leastror,followed byModified Binghamand
De Kee CassorandYahya models fail.

Table 5.33. 30BFS 0.40(2] Different Models Parameters

~

Bingham To < 052

9 0.716] 41.031 0.034

To A B MSE

Herschel Bulkley 15 927/ 822.827] 1.852 | 0.032
_ A B C MSE
RobertsonStff "9 301] 0.922 | 30.078 | 0.032
o To | © 2| e
Modified Bingham 0.919| 4.666 | 1,253.166/ 0.032
Casson 1o O 03¢
0.436] 16.785 0.038

De Kee 1o O . .05
0.848| 18.589 | -(29.153)| 0.033

To o A MSE

vahya and Khayat 5 75511 650 | (87.497)] 0.033
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Table 5.33 (Continued)

vom Berg |10 A B MSE
-1.963] -(0.263)| -(8,611,579.624] 0.065-ve To)
To a b MSE

proposed ~5=69T 8,119 5.117 0.035

FromAppendix Figure A33and Table R3, it is obvious that, foB0S0.4(20)Herschel
Bulkley, RobertsorStiff andModified Binghamareshowing the best resultgom Berg
modelis failed due to negative value. Proposed modealssitablenodel.

Table 5.34. 30BFS0.45, DifferentModels Parameters

~

Bingham e O 2
1.065| 40.890 0.510

To A B MSE

Herschel Bulkley =55 1145, 792.480  3.446 0.564

. A B C MSE
RobertsonStff 70,494 0.896 19.939 | 0518
o To ) B MSE
Modified Bingham =5 5657735 656 | (2,865.775) 0.488
Casson Lo O S22
0713| 14.229 0.507

e e To o) A MSE
2207 | -620.874) | 210.565 | 0.472 (O

Yahya and Khayat | To O A MSE
0325| 124503 | 12213 | 0504

Vom Berg To A B MSE
1.059 | 6.100 6.745 0.510

To a b MSE

proposed 0571| 1.492 70.383 0.482

From Appendix Figure A34 and Table R4, it is obvious that, foBOBFS0.45De Kee
shows negative vissity. Proposed model are the best models to describe the
experimental data with the least error. After thesen@lels, Modified Binghamis
showing better result.

101



Table 5.35. 30BFS 0.45 Different Models Parameters

Bingham To O MSE
0.967413| 64.93549 0.300117

Herschel Bulkley | To A B MSE
1.017776| 81.33145| 1.068379| 0.299961

Robertson-Stiff | A B C MSE
9.238779 0.933092 29.91271] 0.309521

Modified Bingham | To O B MSE
0.775655| 97.52313| 1062.97| 0.297454

Casson To O MSE
0.542999 29.724 0.304167

De Kee To o) A MSE
0.844234| 86.51515| 9.111662 0.298533

Yahya and Khayat | To O A MSE
0.51233| 50.58677| 19.4588| 0.307984

Vom Berg To A B MSE
0.830488 1.717667| 48.02583 0.297313

proposed To a b MSE
2.029844| 0.77073| 220.5919 0.207104

From Appendix Figure A35 and Table R85, it is obvious that, for30S 0.45 (10),
Proposed model is the best suited model. Other models are not showing good results.

Table 5.36. 30BFS 0.45(20Q)Different Models Parameters

~

Bingham To O MSE
0.661039| 80.64036 0.24378

Herschel Bulkley | To A B MSE
0.6 | 59.61886| 0.913832| 0.242533

RobertsonStiff | A B C MSE
10.42155  0.9406| 38.85749| 0.264634

Modified Bingham | To O B MSE
0.2534| 152.24 2419 0.228342

Casson To o} MSE
0.274959| 48.54822 0.241841

De Kee To o) A MSE
0.28819| 151.1055| 20.04848| 0.23506
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Table 5.36 (Continued)

~

Yahya and Khayat | To O A MSE
0.033266| 1432.473] 13.193| 0.243369

Vom Berg To A B MSE
0.412436| 1.589643 74.5726| 0.235626

proposed To a b MSE
0.306339 2.24051| 57.84091 0.228944

From Appendix Figure A36 and Table 86, it is obvious that, foBOBFS0.45(20) ,
Proposed antodified Binghammodels are the best modeRobertsorStiff is deviant

model.

Table 537. 60BFS 0.30Different Models Parameters

Bingham To O MSE
1.082719| 47.51444 0.046021

Herschel Bulkley | To A B MSE
0.756114] 13.80649| 0.605435| 0.044376

RobertsonStiff A B C MSE
8.88952| 0.921853 24.9246| 0.049298

Modified Bingham | To o} B MSE
0.946102 77.02031] 1037.2 | 0.043887

Casson To O MSE
0.746533 16.03389 0.044443

De Kee To O A MSE
0.942447| 79.54722| 17.46365/ 0.04404

Yahya and Khayat | To O A MSE

.0.04316| 17727.43| 35.09296| Failed

Vom Berg To A B MSE
0.013346| 0.506819| 1346.18| 0.049478

proposed To a b MSE
0.973166| 1.301199| 51.20778| 0.043614

FromAppendix Figure A37 and Table 27, it is obvious that, fo60BFS0.3,bestsuited
model is Proposed modelYahyaKhayat modelis failed. ThenModified Bingham

followed byDe Keeard Herschel Bulkleyare better models.
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Table 5.38. 60BFS 0.4 Different Models Parameters

Bingham To O MSE
0.042689| 13.88215 0.001512

Herschel Bulkley | To A B MSE
0.00899| 8.302136| 0.837883| 0.001497

Robertson-Stiff | A B C MSE
11.39604| 0.906854 47.70416| 0.001936

Modified Bingham | To O B MSE
0.0258| 16.681| 90.673| 0.001494

Casson To O MSE

0.00172| 6.068761 Failed

De Kee To o) A MSE
0.025423 16.81831| 6.127437| 0.001495

Yahya and Khayat | To O A MSE
0.010241] 47.85711| 43.0664| 0.001576

Vom Berg To A B MSE
0.042444| 3.499698| 3.975361| 0.001512

proposed To a b MSE
0.029959| 0.548497| 28.27748 0.001493

From Appendix Figure A38 and Table 28, it is obvious that, fo60 S0.4,again the
best suited model is proposed modeth the leasterror, followed by Modified
Bingham De KeethenHerschel BulkleyCasson model is failed completely.

Table 5.39. 60BFS0.40(10), Different Models Parameters

~

Bingham e O i 2

9 0.211 | 43.972 0.031

To A B MSE

Herschel Bukley 52650 32.005| 0.941 | 0.031
. A B C MSE
RobertsonStiff - 05370027 | 47.311 | 0.035
N . To e B MSE
Modified Bingham &3 713753 -1050.064 0.030
Casson e O LEE
~(0.185)| 56.339 Failed

S e To e A MSE
-0.011 | 86.311| 22.386 | 0.029

To e A MSE

Yahya and Khayat a5 =" 538 754 43.328 | Failed
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Table 5.39 (Continued)

To
0.209
To
0.209

A B
6.227| 7.096
a b
6.022| 7.337

MSE
0.031
MSE
0.031

Vom Berg

proposed

From Appendix Figure A39 and Table R9, it is obvious that, fo60 S0.4 (10), Csson
and YahyaKhayat modeis failed. De Keeis showing negative value, hence is failed

Proposed model is well fit.

Table 5.40. 60BFS0.40(20), Different Models Parameters

Bingham L = e
0.606144| 84.74879 0.164658

Herschel Bulkley Lo & 2 e
0.230558] 34.22193 0.717039| 0.162697

. A B C MSE
Robertson-Stiff  =77753558 0.943118] 43.08682] 0.180958

... To o) B MSE
Modified Bingham 5707 e5156 1507 1587.44 | 0.160541

Casson Lo O LEE
0.242001| 52.48303 0.163183

— To o) A MSE
0.375228| 130.5945| 14.93148| 0.160989

To o) A MSE
Yahya and Khayat 50568655780 686) 17.2205 | 0.164063

S To A B MSE
0.430828| 1.773012 63.61539| 0.160849

Proposed L0 i = e
0.410132| 2.308896 49.23265 0.15941

From Appendix Figure A40 and Table 540, it is obvious that, for60BFS0.4 (20),
Proposed model is the bt Modified Binghamand other models are suitable too.
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Table 5.41. 60BFSO0.5 Different Models Parameters

Bingham e O UIEIE

9 0.2041 | 108.1794 0.0256

To A B MSE

Herschel Bulkley | =530727897.6272 1.4575 | 0.0210
. A B C MSE
RobertsonStiff =7 =8680.9723 | 156.1501 | 0.0211
. . To o) B MSE
Modified Bingham =57 2517985493 | 1045.54 | 0.0229
Casson e O =
0.0702 | 73.2661 0.0256

- To e A MSE
0.301 | 49.7455 | - (87.7442)| 0.0210

To e A MSE

Yahya and Khayat =57 0e 701550 281.67 | 0.0213
Vorn Ber To A B MSE

9 0.2040 | 31.1970| 3.4687 |0.0235

roposed To a b MSE

prop 0.2043 | 33.4057| 3.2377 |0.0235

From Appendix Figure A41 and Table 5.41t is obvious thatfor 60 BFS 0.5,De Kee
Herschel BulkleyRobertsorStiff andYahyaare showing best results.

By looking at graph, proposed model is also approximating the averages. Casson though
comparatively less accurate is also applicable.

Table 5.42. 60BFS0.50(10), Different Models Parameters

~

Bingham i - e
0.188612| 180.0851 0.189787

Herschel Bulkley e 4 = e
1.088936] 189030.8 2.838902 0.503748

. A B C MSE
RobertsonStiff 55769 10.956216/ 75.02795 0.319797

- To o) B MSE
Modified Bingham 0307261 48 | 4498.3 | 0.315021

Casson LD O e
0.027617| 156.1533 0.190577

De Kee To o) A MSE
0.147299| 205.9687| 30.10296| 0.123473
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Table 5.2 (Continued)

~

To o) A MSE

Yahya and Khayat =5 5o 213573 375 52,0655 | Failed

— To A B MSE
0.083933| 3.549407 58.29134] 0.181314

proposed To a b MSE
0.044966| 3.881272 55.32936| 0.176251

From Appendix Figure A42 and Table 5.42t is obvious that, fo60BFS 0.50(1)) De
Kee and proposed are the best fit modédified Binghamis showing lage error.
Yahya gave negative reading so it fails

Table 5.43. 5SF0.4Different Models Parameters

Bingham e o U2

9 0.4820] 25.6293 0.0059

To A B MSE

Herschel Bulkley 57 a561 19,6522 | 0.9361 | 0.0058
. A B C MSE
Robertson-Stiff =505 25 0.0008 | 26.8628 | 0.0070
. . To o) B MSE
Modified Bingham ~57555 55 6293 . 0.0059
Casson e O SIS
0.3015| 9.9874 0.0052

N To O A MSE
0.2935| 64.6535 | 31.1695 | 0.0046

To O A MSE

Yahya and Khayat 507357 565 3327 18.9425 | 0.0047
Vorn Ber To A B MSE

9 0.2819] 0.3413 | 193.3837] 0.0047

roposed To a b MSE

prop 0.3559| 0.6576 | 66.7839] 0.0044

From Appendix Figure A3 and Table %3, it is obvious that5SF0.4 is best described
by the proposed model. Th&om BergandYahyamodels are better modeld.odified
Bingham Bingham andHerschel Bulkleymodels are not comparatively good. Models
are showing pseudoplastic (Shear thinning) behaviour of 5SFO0.5.
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Table 5.44. 5SF0.4(10)Different Models Parameters

Bingham e e JSE

9 0.6022| 29.5534 0.0227

To A B MSE

Herschel Bulkley 553761 208.91000 1.6703 | 0.0216
. A B C MSE
Robertson-Stiff 57800045 | 24.3042 | 0.0220
. . To o) B MSE
Modified Bingham =550 1097 | 741.8900 | 0.0217
Casson e O MSE
0.4628| 10.2870 0.0251

- To e A MSE
0.7902| 14.0943 | -(25.6910)| 0.0218

To e A MSE

vahya and Khayat 5 710911 1033 | (78.2744)| 0.0220
Vorn Ber To A B MSE

9 0.6912| 56891 | 52078 |0.0227

roposed To a b MSE

prop 0.6922| 33.8089| 0.8742 | 0.0227

From Appendix Figure Ad4 and Table %4 , it is obvious that, for5SF0.4(10),
Modified Bingham De Keen Yahyaare best fit but proposed model is also shows good
fit and highly acceptable. Casson is showing most deviant result.

Table 5.45. 5SF0.4(20)Different Models Parmeters

~

Bingham To © o5

9 0.220] 19.921 0.037

To A B MSE

Herschel Bulkley "5 .394] 62,300,624 3.299 | 0.039
Robertson-Stiff 9805 0902 34.502 | 0.036
Lo To o) B MSE
Modified Bingham 0289 8510 361.864 | 0.036
Casson 1o © 07

SS 0.102] 11.032 0.037

De Kee 1o O . 05
0.264| 12.990 |-(14.012)] 0.036
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Table 5.45 (Continued)

~

To | O A MSE

Yahya and Khayat 557415 575 [~ (65.263)| 0.037
—— To | A B MSE
0.219| 4.367| 4.575 |0.037

proposed To a b MSE
0.220| 17.681] 1.127 |0.037

FromAppendix Figure Ad5and Table 35, it is obvious that, fobSF0.4(20)Modified
Bingham De KeeandRobertsorStiff aregiving best fit. Proposed is highly acceptable.

5SF 0.5 is a special case in which most of the models are giving negative values
Herschel BulkleyModified BinghamDe Keeall gives negative values.

Table 5.46. 5SF0.5 Different Models Parameters

Bingham 1o 2 S 2
0.228139 74.82824 0.05257

Herschel Bulkley e a = =
10.26063| 22.68995| 0.624048 0.048379

. A B C MSE
Robertson-Stiff 7722667 0.941848 [ 50.54032 0.077736

o To o) B MSE
Modified Bingham =0 271331657 | 2124.68| 0.043795

Casson LS O iElE
0.056963 57.44082 0.051156

5 [ To o) A MSE
0.06194 | 134.4911 | 20.39495] 0.045203

To o) A MSE
Yahya and Khayat 550737773115 66 [ 32.9258 | 0.055408

P— To A B MSE
0.017765 1.35797 | 80.95412] 0.045849

proposed To A b MSE
0 1.927316| 56.93589 0.041545

From Appendix Figure A46 and Table 516, it is obvious that, fol5SFO0.5,proposed
model has least error.
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Table 5.47. 5SF0.5(10) Different Models Parameters

Bingham L 2 WS
0.550899] 32.34214 0.090188

Herschel Bulkley L2 al E o
0.327758] 10.45682 0.633973| 0.089347

. A B C MSE
RobertsonSUff 5 912425/ 0.908094 27.23554 0.093363

o To o) B MSE
Modified Bingham 525755175 20025 1361.86| 0.08651

Casson e O LEE
0.331152 13.54387 0.08933

De Kee To o) A MSE
0.365626| 68.43585 23.71869| 0.087656

To o) A MSE
Yahya and Khayat 53552537153 1663 4.245506 0.089435

S To A B MSE
0446729 0.628451] 77.12097| 0.088125

To a b MSE
proposed 0.351988 0.927679 65.19149| 0.085004

FromAppendix Figure A47 and Table 317, it is obvious that, fobSF0.5(10), Proposed
model is the best fit, followed bYlodified Binghamwhich is average fitmly.

Table 5.48. 5SF0.6 Different Models Parameters

~

Bingham e o e
0.257 | 110.460 0.089

Herschel Bulkley To A B MSE
0372 | 213.632] 1.178 | 0.088

. A B C MSE
RobertsonSUff ™15 206 | 0.956 | 74.801 | 0.091
- To 5 B MSE
Modified Bingham =275 006 | 1462.08 | 0.087
Casson i O M.SE
2(0.099)| 57.662 Failed

S e To o) A MSE
0.377 | 74.897 | - (17.676)| 0.086
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Table 5.48 (Continued)

~

To o A MSE

Yahya and Khayat 5 794177 765 [ - (82.955)[ 0.084
- To A B MSE
0.256] 22.308| 4.954 |0.089

proposed To a b MSE
0.257| 348.793] 0.317 |0.089

From Appendix Figure A48 and Table 38, it is obvious that, for5SF.6, Yahya
Khayat,De KeeandModified Binghamgive the best resultall models are applicable
but Casson model fails comepely.

Table 5.49. 5SF0.6(10) , Different Models Parameters

Bingham L © oI
0.257201] 110.46 0.089143

Herschel Bulkley e al E I
0.372385| 213.8322] 1.178431] 0.087839

. A B C MSE
Robertson-Stiff 7757602 0.957131] 74.8974 | 0.090796

o To o) B MSE
Modified Bingham 367075 006 | 1462.1 | 0.086524

Casson Lo O o
0.062936| 86.22877 0.091853

— To o) A MSE
0.376926| 74.88587| 17.682 | 0.08598

To o) A MSE
Yahya and Khayat -5-601 322717757 44 58.8124 | 0.085652

NP— To A B MSE
0.256282| 35.531 | 3.110802 0.089172

To a b MSE
proposea 0.257083| 39.82442] 2.773295| 0.089166

From Appendix Figure A9 and Table %9, it is obvious that, fo'5SF0.6(10Best
result is given by Yahy&hayatand De KeethenModified Bingham Promsed model
is giving good acceptable result.

111



Table 5.50. 10SF0.4, Different Models Parameters

Bingham c E JiSE

9 0.679 | 58.437 0.014

To A B MSE

Herschel Bulkley —5=961732.747] 1.231 | 0.014
. A B C MSE
Robertson-Stiff =5 35"1"0.032 | 39.550 | 0.014
N . To 0O B MSE
Modified Bingham =5~ ea=/7"555 [ 693.787] 0.014
Casson c O MSE
0.357 | 28.172 0.015

De Kee To o) A MSE
0.766 | 42.818 | (13.158)| 0.014

To o) A MSE

Yahya and Khayat ==, 0y 1883.10| 48.706 | Failed
Vorn Ber To A B MSE

9 0677 | 7.738 | 7.587 | 0.014

roposed To a b MSE

prop 0676 | 7.151 | 8211 | 0.014

From Appendix Figure A0 and Table &0, it is obvious that, fod0SFO0.4 all of the
models are applicable excepahyamode| which fails to describe data
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Table 5.51. 10SF0.4(20), Different Models Parameters

~

Bingham U O e

9 0.6988 | 56.5539 0.0130

To A B MSE

Herschel Bulkley 281 1 46.2622 | 0.9337 | 0.0141
. A B C MSE
RobertsonStiff g0 0.0208 | 25.7865 | 0.0286
N . To o) B MSE
Modified Bingham =5 ==e 584549 | 05340 | 0.0140
Casson e O e
0.3554 | 28.2874 0.0206

S e To o) A MSE
0.7663 | 42.8162 | -(13.1595) | 0.0138

To o) A MSE

Yahya and Khayat o 5007110 3306 | - (62.1563) | 0.0137
Vorn Ber To A B MSE

9 ~(5.4496)| - (0.5605)| - (8,611,579 failed

roposed To a b MSE

prop 0.6782 | 8.8868 6.5800 | 0.0140

From Appendix Figure A5l and Table %1, it is obvious that, forl0SF0.4(20),
Bingham , Yahya De Keeare best fitVom Bergshows negative value of yield stress
and is failedProposed anodified Binghamare good fitRobertsorStiff is deviant.
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Table 5.52. 10SF0.45, Different Models Parameters

Bingham L2 i Ve
0.5414| 18.3269 0.0151

Herschel Bulkley Lo A 2 Ve
0.7566/| 145,792.479¢ 3.6289 | 0.0176

. A B C MSE
Robertson-Stff | "50573]  0.8552 | 18.1108 0.0153
o To o) B MSE
Modified Bingham 7o ——213579 [ -445.243| 0.0149
Casson e O e
0.3512| 6.5978 0161

De Kee To o) A MSE
1.0659| -187.6537 | 166.5996| 0.0151

Yahya and To O A MSE
Khayat 2882 | 15.3146 | -4.9225 | 0.0149
vom Berg To A B MSE
0.5407| 4.2215 4.3564 | 0.0151

To a b MSE

FEPOEER 5392 2.4788 7.4628 | 0.0150

From Appendix Figure A62 and Table &2, it is obvious that, fodOSF 0.45Modified
BinghamandYahyaKhayat modefollowed but proposed modare the best fit models.
Casson an#lerschel Bulkleynodels are deviant one.

Table 5.53. 10SF0.45(10), Different Models Parameters

~

To O MSE
Bingham

0.802682| 24.86565 0.011099

Herschel Bulkley |~—12 A B MSE
0.951991] 296.4175| 1.736588 0.009367

. A B C MSE
RobertsonStiff 1 =-557935 0.8891 | 19.01567| 0.010271

o To 5 B MSE
Modified Bingham |=3550591 51 0978| 1357.571] 0.008525

Casson To O MSE
0.558779| 7.796384 0.012461

De Kee To o) A MSE
0.986114] 4.144775 59.864 | 0.0091
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Table 5.3 (Continued)

To 5 A MSE
Yahya and Khayat 5 5520770051717 153.637 | 0.009061
Vom Berg To A B MSE

0.802426] 15.09184 1.648609 0.011101
proposed To a b MSE
1.306211 0.25868 | 152.1787| 0.008156

From Appendix Figure A3 and Table &3, it is obvious that, forlOSF0.45(10) ,
Proposed model is the best fit followed B\pdified Bingham De Keeand Herschel
Bulkley model.

Table 5.54. 10SF0.45(20),Different Models Parameters

Sinaham To o) MSE
9 0.2199 | 19.9209 0.036

To A B MSE

Herschel Bulkley —55890182.6671  1.4190 | 0.0361
. A B C MSE
Robertson-Stiff =g 3768 0.0023 | 34.5178 | 0.0364
N . To o) B MSE
Modified Bingham =28 5103 | 361.8633 | 0.0363
Casson e O LCE
0.1035 | 10.8972 0.0371

- To 0 A MSE
0.2641 | 12.971 | - (13.9969)| 0.0364

To 0O A MSE

Yahyaand Khayat |5 o516y 11 7034 0.0029 | Failed
Vorn Ber To A B MSE

9 0.2195 | 4.2685| 4.6806 |0.0366

roposed To a b MSE

prop 0.2148 | 1.1100| 18.5960 | 0.0366

From Appendix Figure Ab4 and Table %4, it is obvious that, fo 10SF0.45(20),
Modified Bingham RobertsorStiff andDe Keeare the best fit, while proposed model
is well acceptableyahyaKhayat modefails.
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Table 5.55. 15SF0.4, Different Models Parameters

Bingham e o L2 2
0.93600| 39.81651 0.00582

Herschel Bulkley e A = 2 2
0.91256| 33.36553 0.94801 | 0.00581

. A B C MSE
Robertson-Stiff 53576 0.91554  25.20298| 0.00623

o To o) B MSE
Modified Bingham 551 995145 88175 -118.46 | 0.00581

Casson e O L2
0.64653| 12.80975 0.01042

DeKee To o) A MSE
0.92014] 42.86791] 2.83766 | 0.00581

To o) A MSE

Yahya and Khayat =52 368 65814 | -31.46 | 0.00586

IP— To A B MSE
0.93484| 6.02953| 6.63144 | 0.00582

To a b MSE

prapesed 0.92117| 1.78996 | 23.45361] 0.00580

From Appendix Figure A5 and Table 555, it is obvious that, fod5SF0.4 Best suited
model is the Casson and then the proposed model. All models are qualifying for this
case.

Table 5.56. 15SF0.4(10),Different Models Parameters

~

Bingham e E e

9 1.1213] 32.9788 0.0199

To A B MSE

Herschel Bulkley =294 751.87020  1.4510 |0.0193
. A B C MSE
RobertsonStiff  =-3576"0.9035 | 18.7561 | 0.0195
N . To o) B MSE
Modified Bingham =22 12161761 | 544.6483 | 0.0194
Casson e O e
0.8339] 8.8721 0.0225

S e To o) A MSE
1.2080| 19.7319] - (17.2851) 0.0194
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Table 5.% (Continued)

To 5 A MSE
Yahya and Khayat |3 7515 8030 | - (78.4500)| 0.0198
Vom Berg To A B MSE
1.1212| 22.3152] 1.4782 | 0.0199

S To A B MSE
1.1215] 19.3649 1.7027 | 0.0199

From Appendix Figure A6 and Table %6, it is obvious that, for
15SF0.4(10}erschel BulkleyModified BinghamandDe Keeare best fit. Proposed is
an average acceptable model

Table 5.57. .15SF0.4(20),Different Models Parameters

Bingham e O MSE

g 0.9413 | 68.6880 0.0645

To A B MSE

Herschel Bulkley = o35 2522815 1.5105 | 0.0586
. A B C MSE
Robertson-Stiff 58676 0.0403 | 37.6429 | 0.0612
N . To e B MSE
Modified Bingham 1= 270753 4621 1,907.4482 | 0.0600
Casson e O MSE
0.6559 | 23.0067 0.0870

S To e A MSE
1.0952 | 38.8150 | -  (24.9445)| 0.0610

To e A MSE

Yahya and Khayat = ca0 17 7840Y[ (77.6753) | Failed
Vo Ber To A B MSE

9 0.9417 | 16.2336| 4.2314 | 0.0645

roposed To a b MSE

prop 0.9403 | 18.3318| 3.7534 | 0.0645

FromAppendix Figure A57 and Table 5.57 it is obvious that, for
15SF0.4(20Modified Bingham De KeeandRobertsorStiff are the best suited model.
Proposed model is good acceptable modahyaKhayat modefails.
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Table 5.58. 15SF0.45, Different Modés Parameters

Bingham Lo 2 e
0.222922| 11.22157 0.001084
Herschel Bulkley Lo A 2 e
0.356029 189030.8 3.808256| 0.001786
. A B C MSE
RobertsonStff 7620268 0.852593 23.02041 0.001144
... To o) B MSE
Modified Bingham 5757762166101 | 154.651| 0.001%
Casson e O M‘.Q"E
0.433666 0.05 Failed
De Kee To o) A MSE
0.538366 10.245 | 165.4342| 0.001135
To o) A MSE
Yahya and Khayat -5-6ae77 865551 | 7.83716 | 0.001051
S To A B MSE
0.222681] 3.183094 3.532712| 0.001084
To a b MSE
proposed 0.221654 1.391031| 8.156409 0.001082

From Appendix Figure A68 and Table 38, it is obvious that, fod5 SF 0.45Yahya
Khayat, Modified Binghamand proposed models are most suited. Bingham does not
show thixotropic character so can be excluded from the besSbsY.ahyaKhayat,
Modified Binghamand then the proposed model are the best.

Casson Model fails completely.

Table 5.59 15SF0.45(10), Different Models Parameters

~

Bingham To (@) MSE
9 0.457783| 30.15881 0.014556
Herschel Bulkle e 2 = MSE
S UIKI®Y 0.661689 897.6271] 1.997895 0.016173
. A B C MSE
Robertson-Stifft - =55266610.907586] 29.10102 0.015086
N . To o) B MSE
Modified Bingham 5= 075117313264 | 35.9501 | 0.014554
Casson To o) MSE
0.242183| 14.63561 0.014807
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Table 559 (Continued)

~

e Kee To o) A MSE
0.451238] 31.16012 1.002896| 0.014554

To o) A MSE
Yahya and Khayat 5553221156 33327 22.7598 | 0.014736

— To A B MSE
0.457484 10.95846 2.755254] 0.014555

proposed To a b MSE
0.437086| 1.432522] 22.75359] 0.014521

From Appendix Figire A60 and Table 0, it is obvious that, forl5SF0.45(10),
Proposed model is the best fit model, followed Ndgdified Bingham, De Keeand
Vom BergModels.

Table 5.60. 15SF0.45(20), Different Models Parameters

~

Bingham e O MSE

9 1.0087| 50.4580 0.0611

To A B MSE

Herschel Bulkley 5052850 60861 1.8148 | 0.0591
. A B C MSE
Robertson-Stiff 5958717 0.0259 | 26.8849 | 0.0596
N . To O B MSE
Modified Bingham |20 2370 | 1.374.8629 0.0591
Casson e O i 2
0.6064] 20.7345 0.0632

e e To 0O A MSE
1.2279| 19.8860] -(31.8741)| 0.0591

To o) A MSE

Yahya and Khayat =397 7245 | (96.0462) | 0.0592
Vo Ber To A B MSE

9 1.0086| 34.1228| 1.4791 |0.0611

roposed To a b MSE

prop 1.0088| 32.8866| 1.5340 |0.0611

From Appendix Figure A60 and Tabé 560, it is obvious that, forA5SF0.45(20),
Modified Bingham, Herschel BulkleyandRobertsorStiff are the best fit models while
Proposed model is average and acceptable.
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5. 5 Discussions

Different models are being developed to represent cement bagedatrheological
data Till now Bingham models is the most commonly used model. It has some
discrepancies. As graph obtained by cement based material may not necessarily be

linear and Bingham model is linear one, so it is not the best suited model.

Receantly Herschel Bulkley model is used in new applications. It has an advantage over
Bingham modelthis graph is not linear and most of the people believe that it defines the

shear thinning or shear thickening behavior of mortar.

While interpreting graphsModified Bingham model seems to be most suited in
majority of casedut it shows negative values of yield stress and viscositiasfew
mix. So far it is not being much used for cement based materiaMdddied Bingham
model is also associated with ldehel Bulkley by using ratio of coefficients. Hence it

also defines shear thinning and shear thickening behavior of cement based mix.

Ani mportant 0 b s eotr all aftthe time, Herschelt Buldey Mddel and
Modified Bingham Model showthe same rests about shear thinning and shear
thickening behaviour of mix Hence Herschel Bulkley model is not very reliable for
deciding whether material is shear thirgiar shear thickening anghore research is

needed to prove it.o

The Proposed modés proved tobe a very good model, more accurate than Bingham,
more easily used thahlerschel Bulkleyand one of the best models to represent
admixture mixed mortars. It never fails, never shows negative results, never have larger

errors and easily fit up 20 minuts after mixing.
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5.6 Observations

The observations made related with the suitability of the msodaldied in this
investigationare given below.

5.6.1 Observations for PC

5.6.1.1 Rheology of PQRight After Mixing

Forplain PCwith nomineralad mi x Puoppsé@d model 06 i s a muct
simple PCModified Binghamis goodmodelbut it sometimeshows negative viscosity

Casson is suitable for high wiRobertsorStiff is good fitfor low w/c and not good for

high w/c. Bingham being linear, amterschel Bulkleyfor inaccuratelo are not one of

the best modelfkobertsorStiff, if shows the good result, is not good for use because it

does not show anfo.

1 For PC 0.3Herschel Bulkley andModified Binghamare showing average
graph lines.
Modified Binghamand Roberstsoeftiff seemto be the best for representing
the data while Casson aiéhyaKhayat are least applicable here.
RobertsorStiff modelseens to be the best suited but tharameter obtained
by using the model igot inthe terms of yield stress and viscosity. So these
parameters are not well defined physically and since now there is not much
research on their physical representation.
Herschel Bulkley is not most suited becauseé T s$s guessed and is not
easily obtained. Here the lbemlue after best analyzing is taken. Normally it
is not possible to find out such an accurate value. IfTibeselected for
HerschelBulkley Model is not accurate, then whole of the model will be the
most inaccurate.
AProposed mo d el 0 dad suaessfuley ppndebetenthasn t h e
Bingham Model and due to ease of use, it is better than Herschel Bulkley
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Model , and due to representing the physical values , it is better than

Robertsorstiff.
The @APr opo s thabesnmaties t@ describe datacedhtly and
easily.

1 For PC 0.4, th of the mode$ are representing datnd are aplicable.
APr opos e alsomapresentsothe data successfully and better than
Bingham Model and due to ease of use, it is better than Herschel Bulkley
Model.

1 For PC 0.6,Casson,De Kee Yahyaand A Pr op o&etbde tapodel 0
representing models for tlokata.RobertsorStiff is the least suited.

Proposed model 0 i s suipamhiCand ddmikturea | | cases
containing mortars. lis never failed in any casdt proved to be the best

describing moden some cases. So it igeliable model.

Modified Bingham model is also suitable butould not give good data

descriptionfor a few cases.

Casson an ahyaKhayatmodel have failed many timeRobertsorStiff model
does not show vyield stress value. Bingham is linear so deficient one. Herschel
Bulkley is not much reliable due to guessed value of yield stké&ss Berg
Model is just averageDe KeeModel is a successful mod&r some of the

mineraladmixtureincorporaed modelsases only.

5.6.1.2. Rheology of PC at 10 minutes

AProposed model 0 is the best f i tModfied e | at 10
Binghamand De Keeare good fitsRobertsorStiff modelis not fit at 10 minutes for
simple PC.

1 For PCO.3(D) , AProposed model 0 i\om Betghe best f
Modified Bingham and De Kee RobertsorStiff model gives most deviant

model.
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1 For PC 0.4 (10)Modified Binghamshowed negative viscositide Keeis the
best fit followed byYahyaand Robertson. Bposed model is well suited.

T For PCO.6(10) : AProposed modMotiified i s t h
Bingham and De Kee RobertsorStiff, Herschel Bulkleyand Bingham are

giving deviant results.

5.6.1.3. Rheology of PC at 20 minutes

APr op o sxd dsuitalmednodel at 20 minutes for simple PRobertsorStiff and
Yahya models should not be usgd?0 minutevecause they may fail

1 For PC0.3(20) , all of the models are equally applicable exepertsorStiff
which is most deviant.
1 For PCO0.4(20), Modified Bingham and Herschel Bulkleyare best fit and
proposed model is well suited.
T For PC 0.6(20), nPr opos e dModifediBinghami s t h e

andDe Kee Yahya is a failed model for this case.

5.6.2 Observationfor BFS

For BBPpoBPd model 06 i s a very suitable and
describes 6BFS0.3, 6BFS0.4 30BFS0.4,30 BFS0.45. In all cases of BFS, it is a
suitable model and is very successfully describing the data.

Modified Binghammodel is a good appxonate model but for 3BFS0.4, it does not

show good result.

De Keeis also a good model for describing BFS mortars. Bingham model due to its

linearity andHerschel Bulkleymodel due to its erreableTo value are not gooohodels.

1 For 10 BFS 0.4Modified Bingham model is the best representing model.

Herschel Bulkleyalso represents data well but it depends on the gudssed
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value. Vom Berg AProposed heomdodelscdare desalibing data t

successfully.

AProposed model 0 i s describeghregatas uccessful mode
1 For 10BFS0.5,Modified BinghamandDe Keeare the best models followed by

Casson and proposed model.

Note: BothHerschel BulkleyandModified Binghamare showingdlifferent results

in terms ofshear thinning and shear thickening.

f ForSBFSO0. 4, Yahya , VénPBeng plavssheldulklewmrdie | 0
Bingham are the best mddeModified Binghamis not as good in this case.
Casson is nanuch suitablenodel.

1 For 30BFS0.45De Keeand AProposed model 060 are the bes
the exmrimental data with the least error. After these 2 moddisdified
Binghamis showing better result.

f ForéeBFSO. 3, Best suited madyaKhayatsnod@i¥®r oposed m
failed. ThenModified Bingham, followed by De Keeand Herschel Bulkleyare
goodmodels.

1 For60OBFSO0. 4, Again the best suited model is
error , followed byModified Bingham De KeethenHerschel Bulkley Casson
model is failedcompletely. De Kee Herschel Bulkley RobertsorStiff and
Yahyaare showingoestresults. Byl oo ki ng at gr aphdlseiProposed

approximating the averages. Casson though comparatively less accurate is also

applicable.
1 For 60 BFS 0.5, De Kee Herschel Bulkley RobertsorStiff and Yahya are
showing bestresults. By looking at graph, AProposed model

approximating the averages. Casson though comparatively less accurate is also

applicable.
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5.6.2.1. Rheology of BFS at 10 minutes

For 3BFS0.4(10) , 3BFS 0.45 (10)an®0BFS 0.50(1pAP r o p o0 s e dis thedese | ©

fit model. It is suitable for all cases at 10 minute rheological interpretation in all cases.

Casson ant&ahyaKhayat modefails. De Keeis showing good results at 10 minutes

for Slag.

T

For 1BFS0.5(10),De Kee, YahyaandVom Bergare giving the best results ,
followed byModified Binghamand proposed models.

For 3BFS0.4(10), Proposed amterschel Bulkleynodels shows the least error
, followed byModified BinghamandDe Kee Casson And Yahya models fail.
For 3BFS 0.45 (10), Proposed model is the best suitedel. Other models are
not showing good results.

For 60BFS0.4 (10), Casson antahyaKhayat modelis failed. De Keeis the
best fit. Proposed model is well fit.

For 60BFS 0.50(10 De Keeand proposed are the best fit modédified

Binghamis showinglarge error. Yahya gave negative reading so it fails.

5.6.2.3 Rheology of BF&t 20 minute

For 30BFS0.45(20) andb0BFS0.4 (20)d Pr o p o0 s e ds the bestditl mindel. It is

suitable for all cases at 20 minute rheological interpretation in all ch&mdified

Binghamis showing good results in all cases.

1

For 1BFS0.4(20),Herschel Bulkley. Modified Bingham De Keehave least
errors. Proposed is suitably fit model.

For 1BFS0.5(20), all models including proposed model shows good fit. But
Modified Binghamand Herschel Bulkleyshows least errors.

For 3MBFS0.4(20),Herschel Bulkley RobertsorStiff and Modified Bingham

are showing the best resulisom Berg model is failed due to negative value.
Proposed model is a suitable model.

For 30BFS0.45(20) Proposedand Modified Bingham models are the best

models.RobertsorStiff is deviant model.
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T

For 6BFSO0.4 (20), Proposed model is the bestMibdified Binghamand other

models are suitable too.

5.6.3 Observation for FA

5.6.3.1 Rheology oFA Mortars Right Afte r Mixing

Proposed model is one of the best models for FA incorporated mortars. It shows best

results in many cases. Proposed model proved the best for 10FA, better for 20 FA and

40 FA.

Modified Binghammodel also proved to be suited in most of the chse#t showed

negative vaues of yield stress and viscosity for 20 FA

l

For 10 FA 0.3 Proposed model is the best suited model. Bingham, Herschel,
Modified BinghamandVom Bergare showing just average resulde Keeand
Yahya Model are not well suited.

For 10 FAO0.35, Proposed, Binghabe KeeandVom Bergare showing the best
results.Modified Binghamis not as good for 10FAO0.3%:obertsorStiff and
Herschel are not better for representing 10FA0.35

For 20FA0.4, Casson shows the best resldtschel Bulkleys also showing the

best result but it§o is guessed. It is not easy to guess it accurately and with
ease. ScCassonDekee and Proposed model represents the data successfully.
YahyaKhayat modefails to give any parameter and representing the data.

For 20FA 0.45Yahyaare the best data describing model. Proposed , Bingham
and Vom Berg are also good models. Casson model does not describe data
successfully.

For 10 FA 0.4 4l of the models are best describing models. By looking at the
graph proposed modsl and Modified Binghamseems to be the most suited
models.

For 40 FA0.55 Casson anthhyaKhayat modefails completelyDe Kee Vom
Bergand thenModified Binghamand Proposed Models are the best to describe
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data. BinghanRobertsorStiff andHerschel Bulkey are not good representative
of data.

For 40FA0.8, Casson andahyaKhayat modelfails. De Keeis not good.
Bingham,RobertsorStiff andVom Bergare good models. Proposed model and
Herschel Bulkleymodels are showing good results.

5.6.3.2. Rheologyf FA at 10 minutes

For 40 FA 0.55 (10) and 40FA0.8(107) Pr o p 0 s e ds thm bestdit mindel. It is
suitable for all cases at 10 minute rheological interpretation in all cases.

Modified Binghamand De Keeare providing best result for 10 FA and 20 HAwW

amount of admixture). Yahya is one of the best for 10 FA (min amount of FA). But fails

at high amount of FAe. 40 FA.Cassommodel is not suitable because it may fail at low
and high both amount of FA.

1

For 10FA0.3(10) ,Modified Bingham De Kee and Yahya are best fit and
proposed model is acceptable model.

For 10 FA 0.35 (10), Yahya is the best fit model , followed by Proposed ,
Modified Binghamand other models. Casson is a faibeodel

For20 FA 0.4 (10)Modified Binghamand De Keemodels are follwed by
proposed and other models.

For 20FA0.45(10)Modified Bingham showed negative yield stresPe Kee
are best models followed byahyamodel. Proposed model is also well suited
model.

For 40 FA 0.55 (10) , proposed model is the best model followékiKeeand
Vom Bergmodels.YahyaKhayat models failed.

For40FA0.8(10), Proposed model is the best model followeddmy Bergand
Bingham. Yahya and Casson models are faléadified BinghamandHerschel
Bulkley are not as good representative modelstliis case. It is obvious from

graphs too

127



5.6.3.3. Rheology of FA at 20 minutes

At 20 minutes FA i Pr o p o s e ds thmoneé ef the best fit model. Yahya
and casson fails at 40 FAlom Bergis showing goodesultsfor FA at 20
minutes.

1 For 10 FA0.35(20), Proposed model is the best model, followed/but Berg
andYahyamodel.

1 For 20FA0.45(20)Modified Bingham De Keemodel followed byVom Berg
and proposed models are the best mo@RabertsorStiff is deviant model.

1 For 40 FA0.55(20)/om Bergand proposed models are the best fit. Bingham is
also showing minimum error.

1 For 40 FA (high amount of admixture) Proposed model is better applicable for
40FA0.55 and 40 FA 0.8.Casson and Yahya models fail for 40 FA.

5.6.4 Observation for SF

5.6.4.1. RIleology of SAMortars Right After Mixing

Mortars having silica fume as minemdmixtures are very well modeled by the
APr op os e drahya&lthgal modelis also well suited for Silica fume
mortar cases. But due to the complexity of models, CassorY amg-Khayat
modelfails in some cases.

T 5SF0. 4 is best descri bed \owBagawlYaiydr oposed m
models are better modelslodified Bingham Bingham andHerschel Bulkley
models are not comparatively good.

For5SFO. 5, AProposoeddnoceodel 0 i s a g
For 55F0.6,Yahya ,De Keeand Modified Binghamgives the best results. All
models are applicable but Casson model fails completely.

1 For 105F0.4, All of the models are applicable exc#&jathyamodel, which fails

to describe values.
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1 ForlSF.4 ,Bst suited model I's the Casson
All models are qualifying for this case.

1 For 15SF 0.45, Yahya Modified Binghamand #fAPr oposed model ¢
suited. Bingham does not show thixotropic character so can be excluded from
the lest list. So YahyaModified Binghamand t hen t he APropos:¢

the best. Casson Model fails completely.
1

5.6.4.2. Rheology of SF at 10 minutes

For 5SF0.5(10),10SF0.45(10) and B30.45(10), i Pr o p o s e dis thmdesefit 0
model. At 10 minuterad w/c 0.451 Pr o p o0 s e grovexbta leelthe best fit model.
Modified BinghamandDe Keemodels are showing good results at 20 minltesya

Khayat models good for low SF only. Casson is failed many times.

1 For 5SF0.4(10)Modified Bingham De Keeand Yahya are best fit but proposed
model is also shows good fit and highly acceptable. Casson is showing most
deviant result.

1 For5SF0.5(10), Proposed model is the best fit, followedviogified Bingham
which is average fit only.

1 For 5SF0.6(10Best result isgiven by Yahyaand De Kee then Modified
Bingham Proposed model is giving good acceptable result.

1 For 165F).4(10), Best result is shown Wodified Binghamand Herschel
Bulkley model. Proposed model is acceptable. Casson is failed model here.

1 For 10SF0.8(10) , Proposed model is the best fit followed Kpdified
Bingham De KeeandHerschel Bulkleymodel.

1 15SF0.4(10)Herschel Bulkley Modified Binghamand De Kee are best fit.
Proposed is an average acceptable model.

1 For 155F0.45(10), Proposed model is thest fit model, followed byodified
Bingham, De KeeandVom BergModels.
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5.6.4.3. Rheology of SF at 20 minutes

Modified Binghamis the goodt fit butand proposed is suitable model for all cases.

Yahya is failed many times.

T

For 5SF0.4(20)Modified Bingham De KeeandRobertsorStiff are giving best

fit. Proposed is highly acceptable.

For 166F0.4(20),Bingham , Yahya De Keeare best fit. Proposed aibdified
Binghamare good fitRobertsorStiff is deviant.

For 10SF0.45(20Modified Bingham RobkertsonStiff andDe Keeare the best

fit, while proposed model is well acceptabfahyaKhayat modefails.

For 15SF0.4(20Modified Bingham De KeeandRobertsorStiff are the best

suited model. Proposed model is good acceptable mdaleyaKhayat model

fails.

For 155F0.45(20), Modified Bingham, Herschel Bulkleyand RobertsorStiff

are the best fit models while Proposed model is average and acceptable.
Finally

AProposed model 06 is one of the best
minutes of mixing or even after 20 minutes of mixing. In many cases, it was the
best fit and in other cases, it was very well suited model. It never failed and

never gives negative values.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

6.1 Conclusions

6.1.1 Rheological behaviour of admixtures

1 Yield stress is the minimum force per unit area required to start the flow. It
mainly depends oWan der Waaldorces (Inter particle forces). When applied
force just overcomethese attractive forces then ityield force (corresponding
to yield stress). Torque which is product of this applied force and distance is
used to determine theS@an der Waaldorces per unit area (yield stress).

1 Yield stress is dependent on sizeijmberof particles and distance beten
them.

1 Plastic viscosity shows resistance to flow which depends on the roughness of
surface and the particle packing. Particle packing provide more resistance to
flow due to more rubbing between large surface areas. So this will be determined
by the eféct on velocity of rheometer by applying force (i.e. torque equal to
force into distance)

1 There is a specific or optimum water cement ratio for each case of cement plus
specific amount of admixture, below which yield stress may be less due to
improper mixng. Above this ratio yield stress is again less due to more water
causing dispersion and lubrication amqagticles

1 As yield stress and plastic viscosity values are obtained after the balancing of

different factorscausing increase or decrease in thedaes So theircombined
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effect will determine whether the value should increase or decrease. These
factors are interparticle forces.g.van der Waals( increase yield stress), particle
shape (roundgshapedecrease viscosity) and roughness (increasesityc and

hasa little effect on yield stress due to mechanical interlocking), particle size
distribution (increase viscosity anield stress, good packing) Surface area

per unit volume (increase viscosityjlensity (increase yield stress) , finesge
(increase both valueg, mineral character (lime&ombining capacity, glassy
phase etc), surface charge resulting in the flocculation or dispersion (flocculation
increase yield stress, dispersion decrease both), surface hardness and water
absorbing quigty (porosity, more free water less yield stress and viscosity),
temperature (increase viscosity and decrease slightly the yield stress due to far
particles), radioactivity

Yield stress increases with time for PC because of loss of water by absorption
and evaporation and due to hydration products (chemical bonding).

Plastic viscosity is decreased with high w/c because more water provides more
lubrication and dispersion. Water layer comes between rough particles and allow
them to slip easily.

By adding litle amount of BFS as 10% replacement, rough, polished and hard
surface angular BFS increases Yield stress due to mechanical interlocking
between angular and rough particles , hindering the flow to start. plastic
viscosity is increased due to same reason.

By increasing BFS, cement particles are reduced. As BFS surface is polished and
hard so free water is available reducing both yield stress and viscosity.

At 30 % replacement, there is almost no effect on rheology of mortar. It is
similar to PC. Even bothigld stress and plastic viscosity of the values are less
than 10 % incorporation but now they are comparable to ordinary PC values.

By increasing BFS amount, both of the values are decreased. But if flocculation
occurs (at higher replacement and higher)widoth yield stress and plastic

viscosity values usually increases.
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FA instantly reduces both yield stress and plastic viscosity to much lower values
due to smooth spherical shape (yield stress decreases due to ball bearing effect
and viscosity decreasesalto smooth and round particle).

Van der waal forces are less for distantly placed particle and round FA keeps
particle far and allow less interpacking. So they haveVessder Waaldorces

and hence the yield value.

Plastic viscosity increases wittmte forplain PCbut when Fly ash is added then

it instantly reduces. With the time, plastic viscosity increases as Fly ash lose its
round shape and irregular products are formed. This provides hindrance in
sliding.

FA vyield value increases after 10 andr@thutes because round particles (main
cause of lower yield value) are changing shapes due to deposition of hydration
products.

For higher amount of mineral admixture as 40FA and 60BFS and higher w/c, the
both value results are abnormal and usually higiemause of flocculation of
particles.

Relative viscosity in SF shows mixed results It is due to balancing of properties
e.g. fineness, interpacking (both implies to rubbing surface area), roughness and
water available. If rubbing area is more or roughrisskigh, and water (for
lubrication) is low, viscosity will be higher.

Yield stress decreases at 5 % incorporation and then increased continuously.
This is all due to balancing of properties e.g. fineness, interpacking, roughness
and water available. Smhabmount of SF particles come between cement
particles, thus separating them at a distance. This instantly reduces yield stress.
But when SF is increased, instead of separating cement particles, SF gathers in
between particles and increases yield value

Plastic viscosity is decreasddr small percentage of SRcorporation because

total surface area per unit volume is balancing with lubricating property of very
small silica fumeSmaller rounder particle, less in number, provide ball bearing
effect, causeasier slippingBut if SF amount is increased, surface area per unit

volume is much nicreased (due to fineness of Skgtually fineness also
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contributes to surface area per unit volume) and make tight interpacking and less
space hence viscosity is incsed. At higher SF, smaller round patrticles are v
high in number Hence smallness and roundness of particle contributes in
slipping. There is lessumberof big cement irregular rough particles. There is
less interlocking so viscosity may be reduced. Afvatancing of different
properties such as roughness, surface area per unit volume, size distribution,
interlocking, hence viscosity is decided

1 Itis also possible that at high replacement, cement particles are already less in
numberand silica fume comesebween them and nullify their effect in motion
resistance. The major flow resistance is mainly due to silica fume only.

1 In silica fume, yield stress and viscosity values usually increases with time..
Relative viscosities are showing mixed results becausadch time phase there
are different properties of mix and viscosity depends on available surface area

for rubbing, smoothness and water amount for lubrication at that time.

6.1.2 Suitability of different models

Bingham models ithe mostwidely used bualinear model.
Herschel Bulkleymodel is not linear and defines the shear thinning or
thickening but Yield stress is to be guessedt sonot much accurate amésy
to use

1 Modified Binghammodel seems to be most suitedniany casesbut it shows
negative viscosities and yield stress in sarases. So it is not much reliable
model

1 Herschel Bulkley model and Modified Bingham mode¢ correlatedbut they
may show opposite result about shear thinning and shear thickeMagya
Model and Casson odek are failed many times. DeeK model shows both
good and bad fits for dat&¥&om Bergmay fail too.

T AProposed model 06 is one of best fit model,
easily used thahlerschel Bulkley modednd one of the best models to represent

134



admixture mixed mortars. It never fails, never shows negative results, never have

larger errors and easily fit upto 20 minutes after mixing..

6.1.3Suitability of proposed model

A Pr op os e dtiee bestfidneotlelespeaciallywhen admixtures are added
mortar, when used instantly, after 10 minutes of mixing or even afteiriies

of mixing. In many casest was the best fit and in other cases, it was very well
suited model. It never failed and newtrowednegative valuesiMaria ldrees
Modelo hedest fit model at 10 minutes for PC 0.3 and PC 0.6, 20 minutes for
plain PC, 60BFS0.3, 6BFS0.4 , 3BFS0.4, 30BB0.45, 3BFS0.4(10) ,
30BFS 0.45 (10)an®0BFS 0.50(1)) 10FA, better for 20 FA and 40 FA., 40 FA
0.55 (10), 40FA0.8(10), 5SF0.5(10),L0SF0.45(10) and 15SF0.45(10).

Proposed model is showing the best result hence it can be easily and efficiently

used for cement based materials.

6.2 Future Recommendations

1 More research work is needed to find out the optimum results for desired
efficiencies.(30BFS0.4 has same rheological results to the simple PC0.4 so is
just useless in terms of rheology.)

1 The wk for max. yield stress for each mix should be found out. A formula, if
possible should be developed by considering basic parameters.

1 A study can ao be conducted to know the replacement percent of admixture on
which highest yield stress value can be obtained.

1 In other words new mix design methods should be developed considering the
rheology of mix. Much research is needed to propose mix desthmvimeral

admixtureand chemical admixtures. Formulae should be developed sdyha
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varying constituent amount ohix, desired yield stress and viscosity can be
obtained.

The relation between mortar and concrete should be developeddtamtheir
rhedogical properties.

Some studies show that slump is related to yield stress only. Yield stress may
reduce/increase with time but slump value is always decreased with time. So
slump value is not only dependent on yield stress. A new model for slump
correlaing to rheological parameters should be developed.

Different models show contradiction in shear thinning and shear thickening

behavior of mortar. More investigation should be done.
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