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ABSTRACT

Self-consolidating concrete (SCC) is ah emerging technology that utilizes flowable 

concrete that eliminates the need for consolidation. The advantages of SCC lie in a remarkable 

reduction of the casting time, facilitating the casting of congested and complex structural 

elements, possibility to reduce labor demand, elimination of mechanical vibrations and noise, 

improvement of surface appearance, producing a better concrete product.

Inadequate or intermittent supply of SCC, when placed in drier and warmer ambient 

conditions or in large formwork, and concrete is delayed may result in general weakness. 

Some SCC having thixotropic characteristics may be placed onto previously placed layers that 

have gelled but not yet achieved the initial set. This type of casting is named multi-layers 

casting. ACI (237R-07) recommends in such cases to use an internal or external vibrator for 2 

to 3 s duration to avoid multi-layers casting.

The research focused on reviewing the existing knowledge and recommendations along 

with proposing models for the bond between two successive layers of SCC. Secondly, an 

experimental program was undertaken to evaluate water permeability and the residual bond 

under slanted shear, direct shear, and flexure stresses in multi-layers casting. Moreover, the 

effect of vibrating the old layer before placing the second layer on the residual bond under 

direct shear stress was also investigated. Eight SCC mixtures with different workability and 

thixotropy levels were prepared to cast all the prism shaped formwork. The residual bond and 

the water permeability tests were conducted after 7 and 28 days of moist-curing, respectively. 

The workability was measured using slump flow, J-ring flow and T50 tests. The thixotropy 

was measured using MK-III modified rheometer, Portable vane (PV) and Inclined plane (IP) 

tests. The delay time between casting two successive layers ranged between 0 and 60 min.

In general, the results obtained showed that the loss in workability, thixotropy and delay
i

time had negative effect on performance of multi-layers casting o f SCC but the delay time had 

much higher impact than both workability and thixoropy. Multi-layers casting problem had 

much higher impact on transporting than mechanical properties of SCC. The recommendation 

of ACI regarding vibration is not valid for all circumstances or types of SCC because the 

vibration duration is a function of delay time between layers and thixotropy or workability 

level of concrete. Tests yielded good correlations between loss in workability and thixotropy.
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An improved surface appearance was generally improved with controlling rheological 

properties and avoiding bleeding. High yield stress SCC at formed surface may form similar 

shape of air or water bubbles. Low plastic viscosity may lead to segregation especially during 

casting deep elements. It is important to control the workability of concrete for longer duration 

otherwise the concrete may cause poor filling and surface defects. Surface defects may also 

occur due to the retarding effect of the superplasticizer and/or low casting temperatures. 

During prolonged setting time, the concrete may segregate or bleed, allowing water move to 

the mould surface, where it may produce air bubbles or flow upwards along the mould. Free 

fall of SCC mixtures into walls, columns, or other deep sections may trap air within the 

concrete. Vertical dropping of SCC directly into existing layers o f already placed concrete can 

produce a vortex of new concrete influx into the old, carrying a significant amount of air 

bubbles that will be retained within the concrete.

Also, the research focused on capturing existing knowledge, making recommendations 

and proposing models for surface quality of SCC. An experimental program was undertaken 

at the Universite de Sherbrooke to evaluate the surface quality and color of SCC. A new 

technique was developed to detect the defects on formed surface such as air bubbles and 

segregation using two software programs AutoCAD and ENVI 4.5. The Z-test with different 

surface orientations was built using five different types of formwork: plywood, steel, PVC, 

fixedglass and permeable formwork. The height of the Z-test is 1400 mm. The advantages of 

the Z-test lie in the possibility of studying the effect of surface orientation, type of formwork 

and free-fall height on surface quality of SCC at the same time. 32 mixtures of SCC with 

different rheological properties were prepared to cast concrete elements and to investigate the 

influence of rheology on surface quality. The rheology was measured using ICAR rheometer.

In general, the results obtained showed that yield stress and plastic viscosity of SCC 

should be maintained between (0-50 Pa) and (10-30 Pa.s), respectively. The free-fall height 

should be reduced to minimize the size and number of air bubbles on the formed surface and 

to achieve good surface quality in terms of segregation and bleeding. Moreover, permeable 

formwork was recommended to eliminate the air bubbles on the formed surface and to avoid 

any effect of bleeding on surface of SCC.

The influence of mix design parameters on workability, thixotropy and rheology of SCC 

was also included in the study. The mix design parameters included water to binder ratio
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(w/b), sand to total aggregates ratio by volume (S/A), binder content and type, and initial 

slump flow.

Keywords: Concrete surface, Concrete performance, Multi-layers casting, Rheology, 

Thixotropy, Viscosity, Workability, Yield stress
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RESUME

Les betons autoplagants (BAP) representent une technologie emergente basee sur la 

fluidite du materiau et 1’elimination de la vibration pour leur mise en place. Les avantages des 

BAP sont une reduction remarquable du temps de coulee, une plus grande facilite a remplir 

des elements structuraux fortement armes, une reduction de 1’effort physique, une elimination 

des vibrations et du bruit, une amelioration de la qualite de la surface et une confection de 

produits de beton de meilleure qualite.

Un approvisionnement inadequat ou interrompu du BAP lors d’une coulee dans des 

environnements chauds et secs ou dans des coffrages volumineux ou encore lorsque le beton 

est retenu peut causer des plans de faiblesses. Certains BAP ont des proprietes thixotropiques 

et peuvent ainsi etre mis en place sur un beton qui a fige mais qui n’a pas commence sa prise 

initiale. Ce type de coulee est appelee coulee multi-couches. Dans ces cas problematiques, 

l’ACI (237R-07) recommande d’utiliser un vibrateur exteme ou interne pour une duree de 2 a 

3 secondes afin d’annuler la formation de ces lignes de betonnage.

La recherche s’interesse a assimiler le savoir existant, effectuer des recommandations 

et de definir des modeles pour le lien entre 2 couches successives de BAP. Un programme 

experimental a ete entrepris a l’Universite de Sherbrooke pour evaluer la permeabilite a l ’eau 

et le lien residuel entre 2  couches par des essais de flexion et de cisaillements obliques et 

directs pour des coulees multicouches. De plus, l’effet de la vibration de la couche ancienne 

de beton avant de couler la nouvelle sur le lien residuel entre ces 2  couches a ete etudiee par 

des essais de cisaillement direct sur le BAP durci.

Huit melanges de BAP ont ete elabores avec des niveaux differents d’ouvrabilite et de 

thixotropie et ont permis de couler les corps d’epreuve prismatiques. Les essais pour 

determiner le lien residuel et la permeabilite a l’eau ont ete realises apres 7 et 28 jours de cure 

humide respectivement apres la mise en place du beton. L’ouvrabilite a ete evaluee a l’aide 

des essais d’etalement simple, d ’etalement au J-ring et du T50. La thixotropie a ete mesuree 

avec le rheometre MK-III modifie, le scissometre et le plan incline. Le temps d’attente entre la 

coulee de 2  couches successives se situe entre 0  et 60 minutes.

En general, les resultats obtenus montrent que la perte d’ouvrabilite, le niveau de 

thixotropie et le temps d’attente ont des effets nefastes sur la performance des coulees
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multicouches avec des BAP, cependant le temps d’attente a le plus grand impact que les 2 

autres parametres. Les problemes rencontres dans les coulees multicouches ont plus d’ impact 

sur les proprietes de transport du beton que sur ses proprietes mecaniques. La 

recommandation de l’ACI citee auparavant n’est pas valide pour tous les types de BAP parce 

que la duree de la vibration est fonction du temps d’attente entre 2  couches et de la thixotropie 

ou du niveau d’ouvrabilite du beton. De bonnes correlations ont ete etablies entre l’ouvrabilite 

et la thixotropie.

Une amelioration de la qualite de surface est generalement obtenue avec des proprietes 

rheologiques controlees et un tres faible ressuage. Des BAP avec des hauts seuils de 

cisaillement peuvent conduire a la presence de bulles d’air a la surface du beton durci. Une 

viscosite plastique faible peut etre associee a de la segregation surtout lors de la coulee 

d’elements profonds. II est tres important de controler 1’ouvrabilite du beton en fonction du 

temps car une perte d’ouvrabilite peut provoquer une faible habilete au remplissage et a des 

defauts de surface.

Ces defauts peuvent apparaitre suite a l ’effet de retardateur du superplastifiant et/ou 

des temperatures faibles lors de la coulee. Durant ce temps de prise retarde, le beton peut 

segreger ou ressuer, ainsi l’eau interstitielle peut migrer a la surface du moule, ou elle peut 

produire des bulles d’air ou des sillons.

La chute libre des melanges autopla§ants a l’interieur de murs, colonnes et autres 

sections profondes peut entramer de 1’air dans le beton. Le deversement vertical du BAP. 

directement sur du beton deja coule peut produire un vortex du nouveau beton a l’interieur de 

l’ancien, entrainant avec lui une quantite significative d’air qui sera piegee a l’interface.

Le programme experimental s’interesse egalement a l ’acquisition du savoir, la 

redaction de recommandations et la mise au point de modeles relies a la qualite de surface des 

BAP. Un programme experimental a ete entrepris a l'Universite de Sherbrooke pour evaluer la 

qualite de surface et la teinte des BAP. Une nouvelle technique a ete developpee pour detecter 

les defauts presents a la surface coffree comme les bulles d’air ou des traces de segregation en 

utilisant les logiciels AutoCAD et ENVI 4.5. L ’essai du Z-test avec differentes orientations 

des surfaces fut elabore en considerant plusieurs materiaux de coffrage : contreplaque, acier, 

geotextile, plexiglas et un materiau permeable. Le Z-test mesure 1400 mm de hauteur. Son 

avantage est de pouvoir etudier l’orientation et la nature des coffrages ainsi que la chute libre

v
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lors de la coulee. Pour cette etude, 32 melanges de BAP ont ete realises avec des proprietes 

rheologiques differentes afm de couler des elements de Z-test et d’etudier Pinfluence de la 

•rheologie du materiau sur la qualite de surface du produit fini. Le comportement rheologique a 

ete defini a l ’aide du rheometre ICAR.

En general, les resultats obtenus montrent que pour avoir une qualite de surface acceptable et 

une segregation et un ressuage faibles le seuil de cisaillement et la viscosite plastique doivent 

etre maintenues respectivement entre 0-50 Pa et 10-30 Pa.s, et la hauteur de chute libre doit 

etre reduite pour minimiser la taille et le nombre des bulles d ’air. De plus, les coffrages 

permeables sont recommandes pour eliminer completement les bulles d ’air sur les surfaces 

coffrees et pour annuler toute influence du ressuage sur la qualite de surface des BAP.

L’influence des parametres de formulation sur l’ouvrabilite, la thixotropie et la 

rheologie des BAP a egalement ete abordee dans cette etude. Ces parametres sont E/L en 

masse, S/A en volume, la teneur en liant, et la valeur initiale de l’etalement.

Mots cles: Surface du beton, Performance du beton, Coulage multi-couches, Rheologie, 

Thixotropie, Viscosite, Ouvrabilite, Seuil de cisaillement
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CHAPTER 1 - INTRODUCTION

1.1 Historical background

The standards for surface quality of most famous constructions among different 

civilizations have evolved and improved continuously. In 2575-2150 B.C. [Web site, M], the 

standard for surface quality of pyramids at Giza in Egypt was simple where the construction 

system was based on keeping similar dimensioned stone bricks in dimensions one above the 

other from very large base to the top of pyramid of height 146.5 meters. Therefore, in the 

ancient period, the surface quality was more dependent on the characteristics of stone surface.

The Ingalls Building, 15-stories high, built in 1903 at Cincinnati, in the USA, was the 

world's first reinforced concrete skyscraper [Steiger, 1993]. This skyscraper was built using 

conventional concrete with total cost of $400,000. The standards for surface quality at that 

time were focused mainly on limiting the segregation.

When casting conventional concrete into a formwork, a high amount of air is entrapped 

and must be removed to obtain the desired properties in the hardened state, in terms of 

strength and durability. As a result, the concrete needs to be consolidated by applying an 

external source of energy, mostly vibration. This procedure slows down the casting process 

and makes the properties of the structure dependent on the skills of workmen in-situ. 

Insufficient consolidation results in high air content and in reduction in both strength and 

durability. On the other hand, too much consolidation can lead to segregation resulting in an 

inhomogeneous product.

Recently, standards for surface quality are focused on preventing the formation of many 

defects, such as honeycomb, air bubbles, form streaking, aggregate transparency, subsidence 

cracking, color variation, sand streaking, layer lines, and surface cracks on formed surface 

[ACI 309.2R, 2008]. Self-consolidating concrete (SCC), as a modem construction material, 

can largely reduce these problems on formed surface [Vikan, 2007], SCC does not need any 

form of external consolidation due to its high fluidity. The application of SCC can accelerate 

the construction and lead to a reduction of skilled labor. These advantages made SCC the first 

choice in the construction of Burj Khalifa at Dubai in UAE which is currently the tallest man- 

made structure ever built, at 828 m [Bianchi and Andrew, 2010]. The total cost was 

$1.5 billion, and the building was officially opened on January 4, 2010. It would be
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unreasonable to spend such huge money on a concrete construction without having an 

acceptable surface quality. Nowadays, the available specifications on surface quality in 

several codes such as ACI, ASTM, and British standards are insufficient to evaluate the 

surface quality. ACI and ASTM enumerate many defects that may appear on the formed 

surface of concrete and the reasons of each defect. They also give guidelines to eliminate the 

defects. According to British Standards BS 8110-1 [1997] do not suggest any method for 

classifying concrete surface quality. Presently, a subjective assessment by experienced 

personnel in concrete construction is relied upon. The standard specifies two methods for 

characterizing the surface. The quality of finish is classified as follows:

Class 1 -  surfaces exposed to view in well lit areas e.g. external walls of buildings.

Class 2 -  surfaces that are exposed to view but where appearance is not critical, e.g. fire 

escape stairs, car parks.

Special class -  surfaces where the highest quality of finish is required, e.g. cathedrals, 

prestigious buildings.

The type of surface finish is described by the follow three types:

Type A -  is normally used where appearance is not critical as the surface is not exposed to 

view. Blowholes are permitted up to 20 mm diameter and 10 mm deep.

Type B -  is used where the finish is exposed to view and allows minor surface blemishes with 

no discoloration. Blowholes are permitted up to 10 mm diameter and 5 mm deep.

Type C -  is obtained by first producing Type B, then the surface is improved by filling and 

sanding to produce a smooth and even surface.

The non availability of standard tests for important structures in general and in particular 

when SCC is used, the demand is felt for special studies to standardize the tests and 

specifications for surface quality especially for SCC.

1.2 Research objectives

In view of the existence of major challenge for the concrete industry for controlling the 

concrete performance including surface quality, the goal of the present research is to study 

performance and surface quality of SCC. SCC has become the most commonly used structural 

material in recent decades because its surface quality is better than conventional concrete 

[Vikan, 2007], However in some cases, SCC still has some problems regarding the surface
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related to its rheology and placing characteristics. Many factors affect rheology of SCC, such 

as mix design, material properties, temperature and time. In addition, placing characteristics 

affect surface quality of SCC such as dimensions of concrete element, type of formwork 

material, release agent, temperature, casting rate, casting free-fall height, time, and 

applications of SCC.

Concrete elements with large dimensions such as raft foundation or long wall are cast 

with many successive layers of SCC. This type of placing is known as multi-layers casting of 

SCC. Surface between the two successive layers is defined as the interface in multi-layers 

casting. If the deference between workability and thixotropy of two successive layers is high 

and /or casting the second layer is delayed for a long time, some problems take place at the 

interface between layers of SCC such as reduction in the bond strength between layers and 

increase in the permeability. The interfaces of multi-layers casting with bad quality act as 

weak zones in the entire structure resulting in decreasing durability, maximum capacity load 

and service life. Factors affecting the deference between workability and thixotropy of two 

successive layers are due to hot weather concreting, low casting rate used to reduce formwork 

pressure and quality control for each ready mix SCC batches arriving at job site. The delay 

time of casting successive layers is influenced by quality control at job site, transporting SCC 

for long distance from ready mix SCC plant to job site and traffic jams. It is known that high 

temperatures accelerate the hydration rate of cement paste resulting in the deference in 

workability between the two successive layers. Recently, many researchers have 

recommended that to reduce formwork pressure, SCC should be placed with low casting rate 

[Omran, Ph.D. thesis 2009]. Care has to be taken in choosing the proper casting rate to avoid 

any change in yield stress of SCC during placing process. Quality control is very important to 

ensure that the ready mix SCC delivered to job site has the required slump flow. If not, an 

additional dosage of superplasticizer or viscosity-modified admixture is added to SCC batch 

to keep the slump flow at the required value. This additional dosage of admixtures leads to 

changes in workability and thixotropy of SCC batches. Moreover, this adjustment of slump 

flows at site takes time resulting in increasing the delay time between layers. Therefore, the 

effect of rheology in terms of workability and thixotropy as well as delay time between layers 

on the bond strength; under different stresses; and water permeability in multi-layers casting 

SCC are investigated in the study. In addition, the effect of disturbing the previously placed
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layer before placing the new layer on bond strength under direct shear stress is also 

investigated.

Formed SCC surface is defined as the interface between SCC and formwork sides. The 

quality of this surface is very important especially for SCC used for architectural precast 

applications. Concrete may at times have a low public image caused by some defects taking 

place on the formed SCC surface such as air bubbles, bug holes, segregation, cracks and non

homogeneity in color. These defects are influenced by rheology, mix design parameters, 

formwork characterizations, free-fall height, and temperature [Vikan, 2007].

In this research, effects of rheology, binder type, formwork material and free-fall height 

of casting on the quality of formed SCC surface are investigated considering air bubbles, bug 

holes, segregation and color of surface which is determined using an image analysis 

technique. This investigation is taken place for SCC used in architectural precast and cast-in- 

place for construction applications.

The general objectives of the proposed research are:

• to investigate the experimental correlations between thixotropy and workability of 

SCC at rest;

• to develop guidelines for the influence of rheological properties, delay between casting 

two successive layers, and vibration on the performance of multi-layers casting of 

SCC;

• to investigate the effect of rheology and formwork characteristics as well as binder 

type and content on formed surface quality of SCC;

• to study the influence of mix design on rheological properties of SCC.

1.3 Outline of the thesis

General structure of the thesis is presented in Fig. 1.1. The thesis is divided into 9 

chapters as follows:

Chapter (1) gives objectives and scope of the research work and offers a brief summary of 

the contents of the thesis.

Chapter (2) presents a literature review mainly concerning the test methods and factors 

affecting surface quality, bond between successive layers and fundamentals of rheology of 

concrete. The chapter also presents many specifications to evaluate and predict surface
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quality. The relation between surface quality and rheological properties are presented, 

including thixotropy.

C hapter (3) presents properties of materials and mixture compositions used throughout the 

experimental work. Fabrication of concrete and sequence of mixing are presented.

Chapter (4) discusses test methods used to determine concrete workability, rheology, and 

structure build-up at rest (thixotropy) of SCC. This chapter presents also the methodology 

used to evaluate formed surface quality of SCC used in architectural precast and cast-in place 

for construction applications.

Chapter (5) presents the correlation between workability retention at rest and thixotropy of 

SCC. Workability is described in terms of slump flow, J-ring flow and T50. Thixotropy is 

described in term of static yield stress and structural build-up rate. The data are analyzed using 

parametric and statistical methods.

Effect of rheology on surface quality and performance of SCC

Chapter 4Chapter 1 Chapter 2 Chapter 3

Test methodsIntroduction Literature review Materials and mix design

Correlations between workability and thixotropyChapter 5

Performance of multi-layers castingChapter 6

Chapter 9

Surface quality o f SCCChapter 7

Conclusions

Effect of mix design on workability, thixotropy 
and rheology of SCC

Chapter 8

Fig. 1.1 Structure of the thesis
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Chapter (6 ), the results of residual bond. strength and water permeability in multi-layers 

casting are analyzed using parametric study. Several models for residual bond strength and 

water permeability in terms of workability or thixotropy indices and delay time are proposed. 

Moreover, the effect of disturbing energy on residual bond strength under direct shear stress is 

presented. Models of disturbing time required to secure at least 90% of perfect bond are 

evolved as a function considering of indices of workability or thixotropy and delay time. 

C hapter (7), surface quality is quantified by determining the area and maximum diameter of 

defects and variations in color on formed surface of SCC in terms of mix design, dynamic 

yield stress, plastic viscosity, formwork type, formwork inclination, and vertical casting 

distance. Models of surface quality ranking and area or diameter of air bubbles are proposed 

in terms of yield stress and plastic viscosity. The influences of binder type and content on 

color of SCC used in architectural precast applications are also discussed in this chapter. 

Chapter (8 ) presents the results for workability, rheology, and thixotropy of SCC mixtures 

used in architectural precast and cast in place for construction applications. Moreover, the 

influences of different mix design parameters on workability, rheology, and thixotropy of 

SCC are also discussed. The data are analyzed using statistical method.

In the final chapter (C hapter 9), an overview of major findings obtained in the study is 

presented. Overall summary and conclusions with recommendation for future research are 

also presented.

6



Chapter 2 L iterature review

CHAPTER 2 -  LITERATURE REVIEW 

2.1 Introduction

An extensive literature review was earned out on rheology, surface quality and 

performance of SCC. Major four topics were given priority in the literature survey as follows:

1- Workability and rheology;

2- Thixotropy;

3- Bond between concrete layers;

4- Formed surface quality; and

In the first part of this review, consideration was mainly given on the fundamental 

meaning of workability and rheology as well as theoretical models for rheology of SCC 

proposed by various researchers. In the second part, the parameters affecting thixotropy and 

structure build-up of cement-based materials as well as evaluation methods of thixotropy are 

reviewed. The third part of literature review focus was on various test methods to determine 

bond between concrete layers. In the subsequent part, formed surface quality was concentrated 

including several parameters affecting surface quality, mix design of SCC and formwork 

material along with release agent.

2.2 Workability

Workability has always been a key characteristic of fresh concrete. In practice, concrete 

that can readily be placed into a formwork is considered to be workable. Several empirical 

tests were developed for measuring workability by many researchers. The slump test is well 

known and currently used empirical test. It gives a single value, namely the slump value (5). 

The test was developed in the USA around 1910. However, it was first used by Chapman. In 

many countries the test apparatus was associated with Abrams. The mini-slump test (paste 

spread) developed by Kantrol [1980], has been widely applied to evaluate the relative 

workability properties of cements pastes. The mini-slump test has been found to yield highly 

relevant information on relative performances of different superplasticizers and their 

compatibility with different cementitious systems. Another empirical workability test such as 

the flow/spread table test, was developed in Germany in 1933 by Graf, gives a “flow 

diameter” as single value. Although the slump flow test was quickly accepted in field of SCC 

after its introduction in the 1920s as easy and simple test, it is still insufficient for workability
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description because of its one-dimensional results. The problem with such a test is that the 

same result may be produced by two concretes with different rheological characteristics. It is 

also mentioned that the empirical tests are very often operator-sensitive. A term like 

workability has been used to describe the behavior of fresh concrete. This term is more 

reflected by personal viewpoint rather than of scientific precision. An interesting discussion 

about the self-meaning of the term “workability” is given in a textbook by Tattersall and 

Banfill [1983]. Other similar terms are also discussed there. The primary problem is that there 

is no guarantee that such a particular term means the same thing to different people. In fact, 

there has been a disagreement between different labors about the exact meaning of the term 

“workability”. In the author’s point of view, the term “workability” means casting concrete 

with less efforts, energy, noise, and number of workmen. The challenge is to identify exactly 

which terms of consistency, viscosity, flowability, passingability, mobility or pumpability 

satisfy this meaning.

2.3 Rheology

Rheology is the study of the deformation and flow of matter. Rheology enables the 

evaluation of the effects of mixture constituents on flow properties. Rheology can also be used 

on a routine basis to develop concrete mixture proportions and to monitor concrete 

workability in the field. In order to apply the fundamental meaning of rheology to concrete, it 

is necessary to assume concrete as a fluid. Concrete is essentially a concentrated suspension of 

aggregates in cement paste. The cement paste itself is a concentrated suspension of cement 

grains in water. This is a simple description of the rheological behavior of concrete. 

Rheometers of different types and qualities have been developed and used, to give some kind 

of rheological description of the fresh concrete.

Because rheological measurements on concrete require large resources in terms of test 

material, labor and time, it is not practical to apply a complete laboratory test program to 

concrete. Rather, mortar and/or cement paste are used. This is done in the anticipation that the 

mortar and cement paste will simulate the rheological behavior of the concrete. By this 

approach, it is possible to create a larger and more comprehensive test program, for example, 

to investigate the rheological effects of different admixture types. For such cases, different 

viscometers of smaller dimensions are usually used. The ConTec Viscometer 4 was used for
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such purpose. The use of coaxial cylinders for measuring the rheological properties of mortar 

and cement paste dates back to 1941 along with the use of the Plastometer developed by 

Powers and Wiler [1941], This approach is not used in the present research because of the lack 

of consideration of the effect of aggregates on the rheology of concrete in specific research 

topics.

2.3.1 Properties of fluids

Fluid rheology is a well-established and widely used science that can be applied to 

evaluate workability of fresh concrete. Although fresh concrete can be considered as fluid 

material, the characterization of the rheology of fresh concrete becomes complicated by the 

fact that concrete is a complex material with time-dependent properties and wide range of 

particle sizes. Fortunately, the rheology literature is full with experiences in measuring the 

rheology of concentrated suspensions [Chiara, 1999, Banfill, 2003, Alessandra and Jefferson, 

2006]. The following paragraphs describe the basic concepts of fluid rheology that are 

germane to fresh concrete, including basic fluid properties and the techniques for measuring 

these properties. Although rheology is concerned with the flow and deformation of matter 

including liquids, solids, and gasses, the term rheology is mainly used to refer to the study of 

liquids. Topics such as elasticity are not considered in the formal study of rheology.

To define a liquid, it is useful to make a distinction between an elastic solid and a viscous 

liquid. If a constant stress is applied to an elastic solid, the material will undergo a finite 

deformation; this deformation will be fully recovered upon removal of the load. For a linear- 

elastic solid material subjected to an applied stress ( o ) and undergoing a strain ( e ) the 

constitutive equation is given in Eq. 2.1 which is known also with Hooke law. The coefficient 

of proportionality relating stress and strain is the modulus of elasticity (E). 

a = E t  (2 . 1 )

In terms of shear properties, the shear stress ( r  ) on an elastic solid is related to the shear 

strain ( y  ) by the shear modulus (G) [Koehler and Fowler, 2004]:

x -  G y  (2.2)

In contrast to an elastic solid, a viscous liquid deforms continuously due to an applied 

shear stress; this deformation will not be recovered once the load is removed. The two
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dimensional case for the flow of a liquid between two parallel plates of sufficient length is 

given in Fig. 2.1 [Koehler and Fowler, 2004].

y

Fig. 2.1 Two-Dimensional Representation of Viscous Flow

In viscous flow, the shear stress and the time rate at which shear stress is applied are 

related, the faster the fluid is sheared the greater the shear stress that is required. For the case 

of constant flow, the shear stress ( t  ) is related to the shear rate (y)  by the coefficient of 

viscosity ( 7 7 ) [Koehler and Fowler, 2004]:

T = tj y  (2.3)

In the case shown in Fig. 2.1, the shear rate is equal to the velocity gradient [Koehler and 

Fowler, 2004]: 

dv
r  = dy

(2.4)

Eq. 2.4 does not hold true for all cases, such as for circular flow in a coaxial cylinders 

rheometer. The distinction between solid and liquid is not as clear as it seems in the above 

discretion. Certain elastic solid materials can undergo irrecoverable deformations over a 

certain range of strains. Likewise, viscous fluids may behave as elastic solids at very low 

shear strains. A viscoelastic material exhibits both a viscous and elastic response under a 

constant stress. Thus, from a rheological standpoint, it is not important to distinguish between 

solids and liquids in a formal sense but to consider the relevant type of behavior under a 

particular loading of a given material. Indeed, Whorlow [1992] states that a “formal 

distinction between solids and liquids is of little practical value”. Further, it has been argued 

that given sufficient time, all materials flow [Barnes, 1999].

Eq. 2.3 represents one of the combinations of shear stress and shear rate during steady 

flow; however, in measuring the rheology of a material it is important to know the flow
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properties over a range of shear stresses and shear rates. The relationship between shear stress 

and shear rate is represented graphically in a flow curve. Fluids may be distinguished by their 

flow curves.

Various models or constitutive equations have been developed to idealize flow curves. 

Six of the most common constitutive relationships associated with concrete are plotted in Fig. 

2.2. The most basic constitutive equation is for a Newtonian fluid, where the linear 

relationship between shear stress and shear rate given above as Eq. 2.3 applies for the entire 

range of shear rates and viscosity of a material is constant.

;asson

•Herschel-Bulkley

-Biughani 
"Power Law 
(Shear Thickening)

-Newtonian

Vi

O

Power-Law 
(Shear Thinning)

Shear Rate

Fig. 2.2 Basic constitutive relationships for flow [Eric and David, 2004]

Although the Newtonian model is simple equation that represents basic fluid flow, it fails 

to represent adequately the flow response of all fluids, including many concrete mixtures. 

Specifically, the Newtonian model assumes that the relationship between shear stress and 

shear rate is linear and that the flow curve intercepts the shear stress axis at the origin. In 

reality, most fluids do not behave linearly. Many fluids possess some minimum stress namely, 

a yield stress that must be exceeded before flow occurs. The concept of a yield stress is readily 

seen in the concrete slump test. When the slump cone is first removed, the stress induced by 

gravity is sufficient to exceed the yield stress. As a result, the concrete flows briefly until the 

height of the concrete is low enough that the stress induced by gravity no longer exceeds the 

yield stress. Materials that exhibit a yield stress are considered to be viscoplastic materials. 

The Bingham model incorporates a yield stress term ( to )  but maintains a linear relationship 

between shear stress and shear rate [Koehler and Fowler, 2004]:

11
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t = T0 + { i y (2.5)

In the Bingham equation, viscosity ( 7 7  ) is often replaced with plastic viscosity ( \i p). 

Technically, the terms viscosity and plastic viscosity refer to the same physical relationship 

despite the fact that different terminology is used.

One way to represent nonlinearity is with the power-law model, which still assumes a 

zero yield stress but represents the shape of the flow curve as an exponential relationship 

[Koehler and Fowler, 2004]:

In the above equation, both (a) and (b) are material constants. If the exponent b is set to 

be less than unity, the flow curve will be concave downward. Such a relationship is known as 

shear-thinning behavior. If constant (b) is set to be greater than unity, the resulting flow curve 

will be concave upward, representing shear-thickening behavior.

The Herschel-Bulkley model essentially combines the Bingham equation and power-law 

equations to represent both a yield stress and a nonlinear flow relationship [Koehler and 

Fowler, 2004]:

Making the exponent (b) equal to unity simply results in the Bingham equation. In 

concrete, the Hershcel-Bulkley equation may be either concave upward or downward over the 

range of shear rates commonly tested.

Another way to represent nonlinearity of flow in fluids with a yield stress is given by the 

Casson model [Koehler and Fowler, 2004]:

Additional constitutive equations for particulate systems are given by Hackley and 

Ferraris [2001] and by Whorlow [1992]. Although any of the above constitutive equations can 

be potentially used for concrete, the Bingham equation is used most commonly [Chiara, 1999]

requiring the determination of two parameters, yield stress and plastic viscosity. Even for 

fluids that exhibit nonlinear flow behavior, the linear Bingham equation may be an acceptable 

equation over a narrow range of low shear rates. Concrete mixtures subjected to vibration 

behave as Newtonian fluids for low shear rates [Tattersall, 1991]. Self-consolidating concretes

(2.6)

x = x0 + a f (2.7)

(2 .8)

because of its accuracy in representing most of the concrete mixtures and its simplicity in only
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have yield stress values near zero, and thus they approach the behavior of Newtonian or 

power-law fluids. The author does not agree with Tattersall's conclusion because the yield 

stress of some SCC mixtures exceeds 100 Pa.

2.3.2 Dynamic and static yield stress

The most commonly used method for obtaining a yield stress value is. to shear the sample 

over a range of shear rates. The shear stress as a function of shear rate is plotted and a curve 

through the data points is fitted (see Fig. 2.3). The intersection on the stress axis is then taken 

as the yield stress, the assumption being that any stress below this is insufficient to cause the 

sample to flow. Rheologists call this a dynamic yield stress [website, L].

<A<D

Dynamic yield stress

Shear rate

Fig. 2.3 Shear rate ramp reveals dynamic yield [website, L]

The first standard step is to measure the steady state behavior of the concrete by applying 

successive shear rate steps. The duration of these steps has to be sufficient to reach steady 

state [Geiker et al., 2002], From the measurements obtained with 60 s rotation speed steps, the 

value of the rheological parameters was determined by fitting a Bingham model to the 

measurements shown in Fig. 2.4 [Roussel, 2006A].

O E xperim ental results
1600

^  14(x) Fitted B in gh am  
m odel1200

800

400

0 2 4 6 8 10 12

Shear rate (1 /s )

Fig. 2.4 Shear stress as a function of shear rate at steady state for concrete [Roussel, 2006A]

Another approach is to start with the sample in its at-rest state (zero shear) and 

incrementally increase the stress until a value is identified at which sample starts to flow and 

non-zero shear rate is recorded (see Fig 2.5). This value is called a static yield stress; the stress
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at which flow is initiated and it is usually considerably higher than its dynamic counterpart for 

any given product.

<3
<00>£(/>

3K

Shear stress

Fig. 2.5 Fast stress ramp reveals static yield [website, L]

2.4 Effect of admixtures on rheology

Measurements of fundamental rheological parameters of cementitious systems (critical 

yield stress and dynamic viscosity) were earned out as a function of superplasticizer 

concentration; providing an ideal characterization of the rheological behavior of 

superplasticized cementitious system. However, because of experimental difficulties inherent 

to this type of investigation, relatively few detailed studies have been performed. 

Ramachandran et al. [1998] reported that among the extensive investigations on cement pastes 

shows that superplasticizers (PNS and PMS) reduce both the yield stress and viscosity of the 

paste. Typical data is reproduced in Figs. 2.6 and 2.7, showing that the reduction in yield 

stress is particularly important at low w/c. At high superplasticizer dosages, the yield value 

may be decreased to the point where the paste follows a near Newtonian behavior.

In the case of grouts or relatively fluid pastes, apparent fluidity data can be obtained by 

measuring the time required for a given paste volume to flow through a tube of appropriate 

diameter. This is the basis of the Marsh flow cone test [Aitcin and Mindess, 1998], which 

provides a rapid semi-empirical measure of the fluidity, or flow properties, of cement grouts. 

The Marsh flow cone method (ASTM C 939) has been extensively used in order to determine 

the minimum superplasticizer dosage required to achieve optimum fluidity with a given 

cementitious system [Ramachandran et al., 1998].

Measurements of flow time vs. superplasticizer concentration typically result in curves 

such as illustrated in Fig. 2.8. From such curves, a “saturation point” can be determined, as the 

minimum dosage beyond which little significant fluidity gain can be achieved. From several 

curves determined as a function of time (5 minutes, 60 minutes, etc.), the superplasticizer 

needed to achieve both optimum fluidity and fluidity loss can be determined. This type of
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result is shown to be adequately related to the slump and slump loss behaviors observed with 

concretes containing the same cement superplasticizer combination [Aitcin and Mindess, 

1998].

200 w/c — 0.3 \

150

100
w /c =  0 .35

50
w/c =  0.4

0
0 0.2 0.4 0.6 0.8 1

Admixture (wi?5)

Fig. 2.6 Effect of PNS on the yield stress of the cement pastes [Ramachandran et al., 1998]
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Fig. 2.7 Effect of PNS on the viscosity of the cement pastes [Ramachandran et al., 1998]
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Fig. 2.8 Determination of the saturation point of cement with a given superplasticizer by 
Marsh cone method [Ramachandran et al., 1998]
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The understanding of the effect of admixtures on the rheology properties is of special 

interest for the design of high-performance SCC. Ghezal and Khayat [2003] investigated the 

influence of the type and concentration of viscosity-modifying admixture (VMA) and high 

range water-reducing admixture (HRWRA) on flow properties o f concrete equivalent mortars 

(CEMs) deducted from high-performance SCC mixtures. Two sets of investigation were 

carried out to determine the influence of six VMA and HRWRA types on the rheology of 

CEM. For each system of the tested HRWRA, two reference admixtures were prepared: the 

first with 0.35 w/c and no VMA and the second with higher w/c of 0.43 and with VMA that 

are incorporated at various dosage rates. For each VMA, relatively low and medium contents 

were used to investigate the effect of the dosage on the flow characteristics. Four 

commercially available HRWRA were used; a naphthalene, melamine, copolymer and 

polycarboxylate based HRWRA. Ternary cement, containing 70% of Type 10 Canadian 

cement, 25% of fly ash and 5% of silica fume was used. The composition of the CEM was 

based on a proven SCC formulation prepared with w/c of 0.43 (0.35 with mixture made 

without any VMA), coarse aggregate volume of 300 L/m3, sand to cementitious materials ratio 

of 1.84 and sand to past volume ratio of 0.8. The employed sand used for the CEM was with a 

normal particle size of 300 pm. For mixture with mini slump spreads greater than 132 mm, the 

yield stress is found to be negative when a Bingham model was used to fit the shear stress- 

shear rate data. The Herschel model was then used to describe flow of some these highly 

flowable CEM systems. Parallel plate rheometer was used to characterize rheological 

properties of the CEM of SCC. The CEM showed the following:

1- The mixture made with the copolymer HRWRA was found to be more viscous than 

those tested with PNS, PMS or PCP-based HRWRA.

2- Mixtures made with PCP-based HRWRA exhibited greater degree of plasticity than 

those with PNS, PMS or copolymer HRWRA.

3- The efficiency of the VMA was found to be closely dependent on the class of 

HRWRA in use.

2.5 Effect of aggregates on rheology

It is well known that the concentration, shape and size distributions of particles have a 

profound effect on the rheological properties of a particle suspension. As for concrete it is
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known that the total content of aggregates influences the flow properties of concrete, 

especially the plastic viscosity. The particle shape of the coarse aggregates is also an 

important factor influencing the flow properties of concrete. Crushed aggregates are not as 

smooth and rounded as natural aggregates. In the fine fraction, the crushed rocks often consist 

of angular fragments influenced by mineral cleaver characteristics. The crushed aggregates 

generate both higher plastic viscosity and yield stress than spherical aggregates. Hence, a 

higher micro mortar volume is required to achieve the same flow properties when using 

crushed aggregates. However, the flowability of SCC is also a function of the properties of the 

micro mortar. Micro mortar can be considered as a fluid phase of SCC and includes all 

particles with size up to 125 pm, e.g. cement, filler, sand, water and admixtures. It is 

impossible to obtain a non-segregation SCC fulfilling the requirements of filling and passing 

ability without a proper amount and design of micro mortar. Crushed aggregates often contain 

relatively high amounts of aggregate fines (<125 pm) having different mineralogy and particle 

shapes than aggregate fines from naturally occurring aggregates.

The influence of aggregate fines on the flow properties of SCC and micro mortar has 

caught limited attention. The influence of aggregate fines was studied by Lagerblad [2003]. 

The aggregates used in his investigation were from different origin and display different 

mineralogy, particle size and particle shapes. The evaluation of these materials had been done 

by varying their concentration in the micro mortars and by varying superplasticizer dosage. 

Three of the fine aggregates were crushed (A2, A3 and A4) and one was a naturally rounded 

aggregate (Al). The particle size distribution of the fine aggregates was determined with an 

instrument based on laser diffraction technique. The size distribution of the aggregate showed 

that the material A3 contains large amounts of fine particles followed by A4 and A l. The 

particles of sample A2 were coarser. The sample was divided into two fractions, 0-75 pm and 

75-125 pm. The F-shape was determined, using a Scanning Electron Microscopy (SEM) 

coupled with image analysis software, on 400 particles in each fraction. F-shape was defined 

as the ratio between Dmin and Dmax where a ratio equal to one means that the particles were 

circular and a ratio of 0.71 means that the particles were square. Smaller values indicated an 

increased elongated shape. According to the analysis aggregate fines, A3 contained the most 

spherical particles of the different aggregates fines. Aggregate fines A2 and A4 contained the 

most elongated particles.
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Micro mortar mix design was based on a concept of one m of hypothetical SCC. The 

content of aggregate with fines <125 pm in the aggregate was set and all the particles greater 

than 125 pm were imaginary removed from concrete. The micro mortars evaluating was of the 

fluid phase of four hypothetical SCC where the fine aggregate contained 0, 5, 10 and 20% of 

aggregate.

The difference in yield stress for the micro mortars with aggregate fines corresponding to 

5% and 10% of the fine aggregate was small. These levels of crushed aggregate fines did 

probably not impair the flow properties of SCC. But at the highest amount equal to 20%, there 

were major differences in yield stress depending on the particle characteristics of the 

aggregate fines. Also, the plastic viscosity of the micro mortars increased with increasing 

amounts of aggregate fines. Compared to the yield stresses, the corresponding viscosities were 

more diverse.

2.6 Effect of time and temperature on rheology

The initial rheological parameters and their variations with time are closely affected by 

material temperature, and elapsed time. Petita et al. [2009] made an investigation aimed to 

evaluate the coupled influence of time and temperature on the variations of yield value of 

mortars made with two types of HRWRA: polynaphtalene sulfonate (PNS) and 

polycarboxylate polymer (PCP). Four mortars extracted from SCC mixtures proportioned with 

various binder types and with w/b of 0.42 and 0.53 were prepared at 10 to 30 °C. 

Polycarboxylate polymers constitute a family of these newly used admixtures that are highly 

effective in enhancing concrete workability and its retention with time. These advantages are 

especially noticeable in mixtures made with low w/b, given the superior dispersing ability of 

the PCP polymer compared to PNS- or PMS-HRWRA that can exhibit sharper drops in 

fluidity with time [Sakai et al., 2003]. The interaction of cement with other admixtures, such 

as viscosity-enhancing agents (VEA) and HRWRA, can lead to loss in fluidity or delay in set 

time. Golaszewki and Szwabowski [2003] reported that the rheological properties of mortar 

mixtures made with PNS-HRWRA were strongly influenced by temperature. The same trend 

was observed for mortar mixtures made with PCP-HRWRA; however, the mixtures had a 

lower rate of increase in to with time over a two hours test period than those prepared with 

PNS-HRWRA, regardless of the temperature of the mixture.
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In the investigation of Petita et al. [2009], the mortar mixtures were prepared in batches of 

six liters in a mixer with paddles rotating at successive speeds ranging between 140 and 285 

rpm. The temperature of the raw materials was adjusted to the targeted temperature of the 

fresh mixtures. In order to avoid heat loss or gain during mixing, the mixer, mixing bowl, and 

pan of the coaxial rheometer were also maintained at the targeted temperatures. At the end of 

mixing, samples were taken to monitor heat generation during the dormant period of cement 

hydration. Rheological measurements were determined at predetermined intervals. Yield value 

increased in a linear fashion with time up to the end of the dormant period in the case of 

mortars made with PNS-HRWRA, regardless of the test temperature (10-27 °C). In the case 

of the three mortars prepared with PCP-HRWRA, changes in yield value with time were 

shown to vary in different ways depending on mixture temperature. Below a given threshold 

temperature, the mortar exhibited a considerable degree of retention, or even reduction, in 

yield value over 30% of the dormant period. A sharp increase in yield value was observed 

beyond 30% of the dormant period. Above this threshold temperature, the mortar made with 

PCP-HRWRA behaved in a similar manner as the mixtures made with PNS-HRWRA where 

the yield value increased linearly with elapsed time.

2.7 Thixotropy

2.7.1 Physical explanation

Behavior of fresh concrete may be described using yield stress models such as Bingham 

or Hershel-Bulkley until steady state is reached. However, between two successive steady 

states, there is a transient regime, during which a yield stress model is not sufficient to 

describe the observed behavior [Roussel, 2006A]. A typical torque measurement, obtained 

from a concrete rheometer during an instantaneous rotating speed decreases or increases, is 

plotted in Figs. 2.9 a and b. The continued line shows what should be expected from a simple 

yield stress fluid whereas the dotted line shows the real measurement obtained in practice. The 

difference is due to the thixotropic behavior of the tested concrete that creates a delay in the 

material response. It has been shown recently by Roussel [2005] that this delay, in the case of 

cement pastes, can be correlated to the applied shear rate and to the recent flow history of the 

material. If the material is at rest before a low shear rate is applied to the sample, in a typical 

vane shear test, performance will be as shown in Fig. 2.9 c. After a linear increase due to the
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elastic part of the behavior, a static yield stress (xos) increases with the resting time, whereas 

the dynamic yield stress (t0d) corresponding to steady state does not change, not depending on 

the material flow history [Billberg, 2005]. The author does not agree with this conclusion 

because rod also increases with the resting time but with low rate comparing with increasing 

rate of tftv.

However, in the case of cementitious materials, things are not so simple as the hydration 

process starts as soon as cement and water are mixed together. The apparent viscosity of the 

cementitious material is continuously evolving as described by Otsubo et al. [1980] and 

Banfill and Saunders [1981]. It is shown by using MRI velocimetry device that, over short 

timescales, flocculation and de-flocculation processes dominate, which lead to rapid 

thixotropic (reversible) effects, while over larger timescales hydration processes dominate, 

which lead to irreversible evolutions of the behavior of the fluid [Jamy et al., 2005]. These 

two effects might in fact act at any time, and appear to have very different characteristic times. 

As a consequence it is reasonable to consider that there exists an intermediate period, during 

which irreversible effects not yet become significant. Therefore, it seems possible to model 

thixotropy for short periods of time (not more than 45 min) during which the irreversible 

evolutions of the concrete can be neglected.

k Torque (N.m)

(a)

Torque (N.m)

(b)
Tos

Time (s) Time (s)Time (s)

Fig. 2.9 Examples of transient flow behaviors: (a) Rotating speed decrease; (b) Rotating speed 
increase; (c) Rotating speed increase after a resting period [Roussel, 2006A],

The applications of such a model in cement concrete concerning thixotropy were listed in

[Roussel, 2006A] as follows:

1- SCC pressure on formwork: During placing, the fresh SCC behaves as a fluid when cast 

rapidly but, if cast slowly enough or at rest, it flocculates and builds up an internal structure 

and can withstand the load from concrete cast above it without increasing the lateral stress 

against the formwork.

20



Chapter 2 L iterature review

2- Multi-layers casting: During placing, a layer of SCC has a short time of rest to flocculate 

before a second layer of concrete is cast above it, causing too much flocculation. In that 

case the apparent yield stress increases above a critical value, and the two layers do not mix 

properly creating a weak interface in the final structure. Loss of bending capacity in three 

points bending test of more than 40% has been reported [Coussot and Roussel, 2006].

3- Stability of SCC: During placing, the cement paste is de-flocculated because of mixing and 

casting. This allows an easy placement of the material. However, as soon as casting is over 

and before setting, gravity may induce the sedimentation of coarse particles. A thixotropic 

cement paste will start flocculating once it is at rest. Its apparent yield stress will increase 

and will be sufficient to prevent the particles from segregation [Roussel, 2006B].

A simple physical explanation of the thixotropic behavior can be found in [Coussot, 

2005]. The particle interactional forces (colloidal interactions in the case of cement pastes) 

determine the potential energy for each particle, as shown in Fig. 2.10 a (i.e. there is an 

equilibrium position for each particle for which the energy is minimum) [Roussel, 2006A]. As 

long as the energy (AE) of the system is lower than a given value, the particle does not leave 

this potential energy well, as shown in Fig. 2.10 b. When the applied stress or strain stops, the 

particle comes back to its initial position (elastic solid behavior). However, if the energy given 

to the system is higher than a given value, the particle is then able to leave this potential 

energy well as shown in Fig. 2.10 c and flow occurs (yield stress behavior). In the case of 

systems displaying thixotropic behavior, the depth of the potential energy well increases at 

rest with time and possible evolution of the colloidal interactions [Roussel, 2006A], The 

needed energy (AE') for the particle to leave the well increases (increase of the apparent yield 

stress), as shown in Fig. 2.10 d. However, if the particle leaves the well, the well comes back 

to its initial depth.

(a) (b) (c) (d)

Fig. 2.10 A simple physical explanation of the thixotropic yield stress behavior of 
cementitious materials [Roussel, 2006A]
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As sand and gravel are inert non-colloidal particles, cement paste is the only potential 

source of thixotropy in a given concrete. Therefore, most of the results obtained either on 

concrete, cement pastes or mortar show similar rheological transient behavior. Most of the 

time, the only differences that can be spotted are due to the fact that cement pastes are often 

studied over a 0-100 or 0-200 s-1 shear rate range whereas concrete is studied over a 0 -  

10s_1 shear rate range [Roussel, 2006A], However, the shear rate experienced by the cement 

paste in concrete is higher than the shear rate experienced by concrete itself when considered 

as a homogeneous fluid. If the cement paste is mixed and measured alone in the same mixers 

or rheometers used for concrete, its behavior will be different (probably less fluid) than its 

behavior when mixed with coarse particles. The author agrees with this conclusion where the 

yield stress decreases with the increase in volume of coarse aggregate. As the thixotropic 

behavior is reversible, one needs to have an agreed reference states around which the 

variations of the rheological behavior can be studied. The only reference states that can be 

taken into account is the “most de-flocculated state”. This is reached at the time point in the 

material flow history when it is submitted to the highest shear rate. Maximum shear rates in 

various flow patterns are gathered in Table 2.1.

Table 2.1 Maximum shear rate in various steps of concrete flow history [Roussel, 2006A]

Flow p a tte rn A pprox im ate  m ax im um  sh e a r  ra te  ( s ' ')
Mixing 10-60
Mixing truck 10
Pumping 20-40
Casting 10
Tattersall two-point device (MK-III) 5
BM L rheometer 10
BTRHEOM  rheometer 15

2.7.2 Thixotropy measurements

A. Thixotropic loop

Thixotropy of cementitious materials in the last fifty years has often been quantified by 

measuring the area of so-called “thixotropic loop” or at least the area linked to this thixotropic 

loop [Lapasin et al., 1979, Lapasin et al., 1983, and Assaad et al., 2003] although Banfill and 

Saunders [1981] had warned that this method was very dependant on test apparatus and 

procedure. This method is based on the fact that, because of the transient nature of thixotropy 

and dependency of rheological behavior on the flow history, the stress/shear rates measured
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successively in a viscometer during increasing and decreasing sequences of applied shear rates 

will not superimpose. A typical viscometric test result is shown in Fig. 2.11 [Roussel, 2006A]. 

During the increasing shear rate ramp, de-flocculation occurs but not quickly enough to reach 

the steady state shear stress. The measured stress is thus always higher than that in steady state 

condition. On the other hand, during decreasing shear rate ramp, flocculation occurs but here 

again not quickly enough for steady state to be reached and the measured stress stays lower 

than that at steady state. The surface area between the two curves is measured and is 

considered as representative of the work done per unit time and unit volume of the cement 

paste to break some of the initially present linkages [Roussel, 2006A].

S tead y  state

a 3 5<X)

1- Increasing shear 
rate / B reak d ow n  area

2 -  D ecreasin g  sh ear rate

nx)

50 KM) 150 2<X) 250 300 350 4000
Shear rate ( s '1)

Fig. 2.11 Example of thixotropic loop obtained with a cement paste submitted successively to 
increasing and decreasing shear rate ramps [Roussel, 2006A]

B. Structural breakdown curves

Several attempts have been done to relate the experimental observations to physical 

processes taking place in flocculated suspensions in order to propose physical models 

accounting for the breakdown phenomenon. The basis of the structure breakdown theory is 

related to work done in a relational viscometer to overcome normal viscous force to break 

existing flocculation [Assaad, 2004], Structural breakdown curves can be achieved, as shown 

in Fig. 2.12, by testing the concrete sample with vane type rheometer when its vane rotates at 

a constant speeds (N= 0.3, 0.5, 0.7 and 0.9 rps).

Each curve determined at a given rotational speed shows a peak yield stress (r,) which 

corresponds to the initial structural condition and therefore shear stress decay with time 

towards a minimum value (re). This latter value corresponds to an equilibrium condition that is 

independent of the shear history. Since the difference between r, and xe is given, the area 

comprised between the initial flow curve (r, vs. N) and the equilibrium flow curve (xe vs. N)
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can be used to quantify the thixotropic phenomenon as shown in Fig. 2.12. This area is called 

the breakdown area (At,) and provides a measure of the work done per unit time and unit 

volume of concrete necessary to break the initial linkage and internal friction prior to passing 

to an equilibrium structure.
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600 - * Shear s tress  al equilibrium
y *  237.2 x + 316.3 x + 

FF sr 0.9986
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Breakdown area

- 7.6 t  235.9 x + 43.1 x* 
R2 = 0.9943  ____ •

200 -

0.80.6 10.40.2
Rotation sp e ed  (rps)

Fig. 2.12 Structural breakdown curves [Assaad, 2004]

C. Evolution of yield stress at rest

Billberg [2005], in his work on thixotropy of SCC, has developed a very interesting 

method to measure the increase of apparent yield stress at rest. The measurements were 

performed using a concrete rheometer slowly rotating. Both static and dynamic yield stresses 

were measured in order to distinguish the reversible flocculation due to thixotropy from the 

irreversible evolution due to normal slump loss. Using this methodology, Billberg [2005] 

showed that the static yield stress increases linearly with the resting time. This was also shown 

by Ovarlez and Roussel [2006]. In both studies, the order of magnitude of the flocculation rate 

Athix was between 0.1 and 1.7 Pa/s. Doing the same calculations on the experimental results 

obtained after a 2 min rest by Assaad et al. [2003] on various SCC, values between 0.3 and 

1.6 Pa/s were also obtained. According to these results, the classification given in Table 2.2 

could be proposed.

Table 2.2 Classification of SCC according to their flocculation rate [Roussel, 2006A]

Flocculation ra te  / l ,hix (Pa/s) SC C  type
Less than 0.1 Non-thixotropic SCC
Between 0.1 and 0.5 Thixotropic SCC
Higher than 0.5 High thixotropic SCC
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Between the two aspects of thixotropy of fresh concrete, structuration at rest and 

destructuration under flow, measuring the first one is more important for multi-layers casting 

and stability of SCC. Ovarlez and Roussel [2007] performed their experiments on a 

thixotropic past and also on a thixotropic colloidal suspension (that showed no irreversible 

behavior due to setting) in order to show that what they found was a common feature of 

thixotropic materials. White cement was used tta prepare all the cement pastes. The w/c was

0.35. A superplasticizer (Glenium 27) was added to the mixture with a Superplasticizer to 

cement ratio of 1%. The colloidal suspension was a bentonite suspension at a solid volume 

fraction of 5%; particles were clay particles of length of order 1pm and thickness 10 nm. The 

suspension was mixed during a couple of hours to ensure good homogenization and then was 

left at rest for one week to let all irreversible chemical reactions to occur. The yield stress 

measurements were performed within a vane in cup geometry with a Bohlin C-YOR 200 

rehometer that imposes either the torque or the rotational velocity. A six-blade vane was used 

as an inner tool and sandpaper was glued on the outer cylinder wall. As the cement paste and 

the bentonite suspension exhibited a dynamic yield stress zod, it was possible to impose any 

shear stress zr below zod after the preshear: the material then stopped flowing and aged under 

thus shear stress xr without flowing. Results of yield stress measurements in cement paste and 

a bentonite suspension are plotted in Fig. 2.13. In both cases, there is first a roughly linear 

increase of the shear stress with the deformation. At a critical yield strain of about 0.1, there is 

an overshoot, followed by a slow decrease of the shear stress.

Cement past Bentonite

"Static yield stress"Static yield stress 60 -

so -
40 -

30 -

20 -

0 0.2 0.4 0.6 0.8 0.20 0.4 0.6 0.8

Deformation Deformation
1y iFig. 2.13 Shear stress vs. deformation during slowly shearing a material at 10' s' after 5 min

of rest [Ovarlez and Roussel, 2007]

A strong preshear rate of 100 s '1 was applied during 2 minutes, so that the initial state of 

the material was always the same fully destructured state before any measurement. A shear
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stress t r below the dynamic yield stress of the material was applied during a time (t) (varying 

between 30 and 900 s), so that the material stopped flowing and aged at rest in a solid state 

during tw. The shear stress was relaxed at zero Pa during 5 min and then a slow shear rate of 

10'2 s '1 was applied to measure the static yield stress. The yield stress measurements 

performed on the cement paste and the bentonite suspensions are plotted in Fig. 2.14 as 

function of rest for various stresses (t) applied during the flow stoppage and rest. On both 

materials, it was found that the yield stress strongly depended on the shear stress (x) that was 

applied during the flow stoppage and the rest: at a given time of rest, the yield stress increased 

when increasing (t).

In the cement paste, it was found that the thixotropic law is = rs(o) + A,hlx t for the 

yield stress evolution at rest, seemed to apply whatever the shear stress xr applied during the 

flow stoppage and the rest. This investigation showed that the structuration at rest of 

cementious materials depends on the shear stress at flow stoppage and during rest: the higher 

this stress, the higher are yield stress and the structuration rate.

Cement past Bentonite
Shear stress flow 
stoppage and during rest • ,  
(Pa) /

Shear stress flow 
stoppage and 
during rest (Pa

T im e o f  res t tw(s) T im e o f  r e s t  tw(s)
Fig. 2.14 Yield stress measured in the cement paste and the bentonite suspension [Ovarlez and

Roussel, 2007]

The thixotropic law mentioned above was stated by Roussel [2007] based on the main 

assumptions were that a Bingham model is sufficient for the description of the steady flow of 

fresh concrete and that the apparent yield stress at rest increases as a linear function of time. 

The same model was used to determine thixotropy by measuring static yield stress of plastic 

concrete subjected to various times of rest; typically 0, 25, 60, 90, and 120 [Roussel and 

Cussigh, 2008] and 15, 30, 45, and 60 minutes [Kamal and Omran, 2009 and Kamal et al., 

2010],
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2.8 Multi-layers casting

At the building site, a given SCC is empirically classified in terms of its filling ability 

(estimated most of the time by its slump flow value) and passing ability (estimated by its J- 

ring value). From a physical point of view, the filling ability is directly linked to the yield 

stress of the mixture as it is the rheological parameter that governs the flow stoppage of the 

concrete during casting. Indeed, the stress generated by gravity during casting in the flowing 

concrete decreases until it may become equal to the yield stress of the material, at which point 

the flow stops, [Coussot and Boyer, 1995, Roussel and Coussot, 2005, Roussel, 2006C, and 

Roussel et al. 2007]. The passing ability, on the other hand, shows compatibility between the 

size of the coarsest particles of the concrete and the gap between the reinforcing steel bars in 

the structure to be cast. The passing ability is also representative of the yield stress of the 

material.

During placing, a layer of thixotropic SCC has a short time to rest and build structure 

before a second layer of concrete is cast above it; Fig. 2.15 a; the second layer (shining gray) 

is flowing above the first layer (dark grey) without any remixing. If it builds structure too 

much and it’s apparent yield stress increases above a critical value, then the two layers do not 

mix at all and, as vibrating is prohibited in the case of SCC, a weak interface between the 

concrete layers may appear in the final structure. The first consequence is often only visual; 

Fig. 2.15 b; lift line between two layers of concrete that formed during casting can be visually 

spotted after the removal of the formwork, but losses of mechanical strength of more than 

40% have also been reported [Coussot and Roussel 2006]. Moreover, it can be expected that 

this weak interface may locally increase the porosity and thus the permeability to aggressive 

substances. It seems thus necessary to be able to predict the conditions under which such a 

phenomenon may occur.

Fig. 2.15 Multi-layers casting; a) slab [Roussel and Cussigh, 2008] and b) wall
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2.8.1 Modeling of fresh concrete flow

The computational modeling techniques of fresh concrete floe found in the literature may 

be divided into three main families: (1) Single fluid simulations, (2) Numerical modeling of 

discrete particle flow and (3) Numerical techniques allowing the modeling of particles 

suspended in a fluid [Roussel et al., 2007].

A. Single fluid simulations

Single fluid simulations have mostly been used to model the flow of fresh concrete 

during testing. However, a few examples of computational modeling of full-scale castings 

assuming single fluid behavior can be found. The two main numerical difficulties in 

connection with single fluid simulations are the yield stress behavior of the material and the 

free surface displacement. It is necessary to avoid the indetermination of the deformation state 

below the yield stress in zones where flow stops or starts, which are most of the time the zones 

of interest. Moreover, as any continuum mechanics methods, single fluid simulation requires a 

clear definition of the boundary conditions. Fresh concrete displaying a moving free boundary 

is thus particularly delicate to simulate.

Mori and Tanigawa [1992] used the so-called Viscoplastic Finite Element Method 

(VFEM) and the Viscoplastic Divided Element Method (VDEM) to simulate flow of fresh 

concrete. Simulation of the testing of fresh concrete is shown in examples of two dimensional 

predicted shapes (Fig. 2.16) when ASTM Abrams cone [1996] was used. Two concretes were 

simulated with same density and different yield stress values; (left) yield stress = 2600 Pa 

(right) yield stress = 2000 Pa. The presence of an unyielded upper zone (non flowing zone) 

usual in this type of simulation can be noted. The calculated values of the slump confirmed the 

fact that slump (final shape) only depends on the yield stress and density of the concrete.

Fig. 2.16 Simulation of testing concrete with ASTM Abrams cone [Roussel et al., 2007A]

Numerical simulations were also applied to casting a pre-cambered composite beam of 

13 m in length with very high strength concrete (100 Mpa) [Roussel et al., 2007B], The
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simulations were carried out for various values of the rheological parameters. The numerical 

predictions were compared with the experimental observations carried out during two trial 

castings (see Fig. 2.17). The first phase of the casting is shown in upper part left. The second 

phase of the casting is shown in upper part right. Lower part presents comparison between 

experiments and numerical simulations for two SCC with yield stresses equal to 120 Pa (left 

figure) and 60 Pa (right figure). Black shading emphasizes the casting defect on the upper left 

picture. Lower yield stress concrete is better in casting.

(a) (b)

Fig. 2.17 Simulation of Casting concrete in composite beam [Roussel et al., 2007B]

Numerical simulations were carried out by Roussel [2006A] to predict the formation of 

weak interfaces in multi-layers casting if the fine particles of SCC layer flocculate too much 

and the apparent yield stress of the concrete increases above a critical value before a second 

layer of concrete is cast above it (see Fig. 2.18). According to the delay between the casting of 

two layers, it is shown that a distinct interface can or cannot be spotted. Upper figure is for a 

5 min resting time, the two layers mix perfectly; lower figure, for a 20 min resting time, the 

two layers do not mix at all.

I T o.i
Fig. 2.18 Numerical simulations of the multi-layers casting phenomenon [Roussel, 2006A]
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B. Simulation of suspension flow

The concrete is here assumed to consist of particles suspended in a fluid. There are two 

methods used in this simulation as following:

1. Viscoplastic suspension element method (VSEM)

2. Finite element method with lagrangian integration point (FEMLIP)

Mori and Tanigawa [1992] used a so-called Viscoplastic Suspension Element Method 

(VSEM) to simulate the flow of concrete in various tests. The concrete is divided into mortar 

and coarse aggregates and the aggregates are approximated as monosize spheres. The 

rheological properties of the concrete (suspension) are numerically predicted from the 

rheological properties of the matrix and the coarse aggregate volume fraction. The motion of 

stiff spheres in a viscoplastic body is simulated by introducing viscoplastic interactions 

between pairs of particles being closer than a given distance. Two examples of simulation of 

suspension flow using (FEMLIP) are shown in Fig. 2.19. Numerical simulations of the slump 

flow test using homogeneous and heterogeneous approaches are presented in top and bottom 

parts, respectively.

(c) (ill

Fig. 2.19 Numerical simulation of the slump flow test [Roussel, 2006A]

2.8.2 Bond between successive concrete layers

Cold joints may take place at multi-layers casting of SCC resulting from a delay in 

placement which is long enough to allow one concrete layer to harden before subsequent 

concrete is placed. Cold joints can cause problems such as moisture penetration or loss of
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bond and tensile strengths of the concrete across the joint [Vikan, 2007], Many test methods to 

determine bond between two layers of concrete were found in literature. The bond strength 

mainly depends on interface adhesion, friction, aggregate interlock, and time-dependent 

factors. Each of these main factors, in turn, depends on other variables. Friction and aggregate 

interlocking depends on parameters such as aggregate size and shape, texture, and surface 

preparation.

The most important time-dependent factor is the differential yield stress. Roussel [2008], 

investigated the effect of delay time on the bond between layers after 28 days from casting. 

The delay between layers has been varied between 30 and 180 min. The shear strength of the 

interface was determined using a simple compression test. It is noted that, some of the samples 

did not break at the interface of the two layers, especially for short delays between the two 

layers. In addition to these factors, the measured bond strength is highly dependent on the test 

method used. The size and geometry of the specimen and the state of stress on the contact 

surface are quite dependent on the chosen test method. While certain standard tests are 

available to evaluate bond strength, these are applicable to specific cases and states of stress. 

For example, the slant shear test is used to evaluate the bond strength under a combined state 

of stress of compression and shear. In this test, the standard cube molds that are readily 

available for casting compressive samples are used [Momayz et al., 2004],

2.9 Concrete surface defects

Freshly place unconsolidated concrete contains excessive and detrimental entrapped air. 

If allowed to harden in this condition, the concrete will be porous and poorly bonded to the 

reinforcement. It will have low strength, high permeability, and poor resistance to 

deterioration It may also have a poor appearance. The mixture should be consolidated if it has 

to achieve the desired and expected properties of concrete. Consolidation is the process of 

achieving a closer arrangement of the solid particles in freshly mixed concrete or mortar 

during placement by the reduction of voids, usually by vibration, centrifugation (spinning), 

rodding, spading, tamping or some combination of these actions [ACI 309R-05, 2008]. Also, 

using self-consolidating concrete (SCC) does the same purpose. SCC is high flowable, 

nonsegregating concrete that can spread into place, fill the formwork and encapsulate the 

reinforcement without any mechanical consolidation [ACI 237R-07, 2008].
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The aspects of surface quality vary according to the application of concrete. Architectural 

concrete is an important topic that is defined by the American Concrete Institute [ACI 303R- 

04, 2008] as “concrete which will be permanently exposed to view and which therefore 

requires special care in selection of the concrete materials, forming, placing and finishing to 

achieve the desired architectural appearance”. Architecturally acceptable concrete surfaces 

should be aesthetically compatible with minimal color and texture variations and minimal 

surface defects when viewed at a distance of approximately 6 m or more as agreed upon by 

the architect, owner and contractor or otherwise specified [ACI 303R-04, 2008]. In 

applications such as external wall of buildings and bridges, barrier walls of transportation 

structures as well as highways, good appearance is essential because the concrete is to be left 

exposed to harsh conditions. Achieving good surface characteristics requires thorough 

consolidation of the fresh concrete and thoroughly filled forms. Fortunately, this also leads to 

a durable material because water precipitation and aggressive chemicals/ions are shed by the 

surface skin. Conventional concrete is placed using vibrators to fill the forms. SCC is big steps 

forward in such procedure.

Guidance on the specification of architectural concrete is given in many publications 

where its appearance is important. In some cases, the requirements needed to achieve a high 

quality finish are more onerous than those needed for structural or durability aspects. There 

are many types of architectural finishes that can be achieved with concrete; they can be 

grouped under the following headings:

• Finish obtained on striking formwork;

• Finish obtained by working the fresh concrete surface e.g. toweling, imprinting;

• Exposed aggregate finishes;

• Tooled finishes; and

• Applied finishes e.g. dry shake, rendering, painting etc.

Details of five groups of finishes and how they may be achieved are described in [BCA, 

1988],

SCC technology is revolutionizing the concrete industry. Architectural concrete stands to 

benefit from easier construction techniques of SCC to obtain improved surfaces. The 

construction industry has always longed for a high-performance concrete that can flow easily 

into tight and constricted spaces without requiring vibration. The need for this technology has
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grown over the years as designers specify more heavily reinforced concrete members and ever 

more complex formwork. Honeycombing or exposed reinforcement in structural walls or 

columns is a constant concern in these structures. Until recently, the industry used 

superplasticizing admixtures (also known as high-range water reducers) in conventional mixes 

in an attempt to achieve flowable concrete and duplicate the advantages of a true “self- 

consolidating concrete.” This allowed the use of concrete having a 700 mm. or greater slump 

flow; however, some vibration is still required for adequate consolidation. While high doses of 

superplasticizers can create a very fluid concrete that flows readily, the concrete will segregate 

if the mortar is too thin to support the weight of the coarse aggregate. The key to creating self- 

consolidating concrete (SCC), also referred to as self-compacting, self-leveling, or self

placing concrete, is to produce a very flowable mortar that retains a viscosity great enough to 

support the coarse aggregate. Today, advances in admixtures and mix proportioning are 

making SCC a practical reality around the world.

Many methods can be used for the assessment of surface quality of SCC. Some of these 

methods are listed in [Vikan, 2007] such as surface hardness (measured by Rebound 

(Schmidt) hammer), abrasion resistance, pore volume, water and air permeability, depth of 

carbonation, chloride and oxygen diffusivity, freeze-thaw resistance and visual assessment 

such as counting of blowholes and pores and evaluation of color.

2.9.1 Honeycomb

Honeycomb (Fig. 2.20) is a condition of irregular voids due to failure of the mortar to 

effectively fill the space between coarse aggregate particles. Bridging of the coarse aggregate 

particles or stiffness of the mixture is a cause of honeycomb. Vibration mat assist in 

overcoming the bridging by increasing the flowability of concrete. Factors that may contribute 

to create honeycomb are:

1- congested reinforcement,

2- segregation resulting in insufficient paste content or improper fine aggregate to total 

aggregate ratio,

3- improper placing techniques,

4- rapid stiffening of hot concrete,

5- difficult construction conditions,
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2.9.2 Air bubbles in formed surface

One of the primary factors affecting the surface quality of concrete is air bubbles. Air 

bubbles, pinholes, bugholes, surface voids -  they are recognized by various names, but all 

refer to the same phenomenon. Air bubbles or bugholes (Fig. 2.21) are small regular or 

irregular cavities, ranging from nearly invisible to 25 mm in diameter, that result from 

entrapment of air bubbles in the surface of formed concrete during placement. Bugholes on 

vertical faces are more likely to occur in high yield stress concrete mixtures of low 

workability that may have an excessive fine aggregate content or entrapped air content, or 

both. Excess water normally manifests itself in other texture effects such as bleeding channels 

or sand streaks on vertical formed surfaces. Bleed water voids can form at the top of wall or 

column and on battered or inclined formed surface.

Fig. 2.20 Honeycomb, [web site, A] at left and [ACI 309.2R, 2008] at right
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Fig. 2.21 Air bubbles with different number and sizes at concrete surface [web site, B]

2.9.3 Form streaking

Form streaking (Fig. 2.22) is caused by mortar leaking through form joints and tie holes. 

Placing high flowable concrete will result in more mortar washing out through tie holes and
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loose fitting forms. Special care is sometimes required when HRWRA are used, as they tend 

to increase leakage at form joints. Early stripping and finishing requirements may dictate the 

system of form ties (see Figs. 2.23a and b). Concrete will seep between the snap-tie cone and 

form work if cones are not tight against form. Recommended form ties should leave no 

corrosive metal closer with 40 mm to the finishing surface. To minimize leakage, 

specifications should require form joints to be sealed (Fig. 2.23c). Chamfer and rustication 

strips should be sealed at the edges to prevent leakage behind the strips.

Fig. 2.22 Form streaking [ACI 303R-04, 2008]

ippK P S ^® f3jf
Fig. 2.23 Good (a) and bad (b) sealed tie holes, and form joints sealing [ACI 303R-04, 2008]

2.9.4 Aggregate transparency

Aggregate transparency (Fig. 2.24) is a condition characterized by a mottled appearance 

on the surface that results from deficiencies in the mortar. It may occur when glossy form 

surfaces are used and concrete mixtures have:

1- low fine aggregate content,

2- dry or porous aggregates,

3- some lightweight and normal-weight aggregates
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Fig. 2.24 Aggregate transparency [ACI 309.2R, 2008]

2.9.5 Subsidence cracking

Subsidence cracking (Fig. 2.25) results from the development of tension when the 

concrete settles closed to after time of initial sitting. Cracking is caused because the upper 

concrete bridges between the forms while the lower concrete settles. These cracks may occur 

when there is an insufficient interval between placing the concrete in the columns.

Fig. 2.25 Subsidence cracking [ACI 309.2R, 2008]

2.9.6 Color variation

Color variation (Fig. 2.26) may occur within a placement if the concrete is not uniform or 

is not completely mixed. Lumber and plywood forms can also affect the color of the concrete 

surface. A mottled effect is achieved through variations in water absorption of different 

densities in the grain of the board surfaces. The softer grains of the wood will absorb more 

water from the surface of fresh concrete, lowering the w/c of the concrete, which causes a 

darker surface color (see Figs. 2.27 and 2.28). In walls and columns, a 125 mm minimum 

space between vertical mats of reinforcement and formwork is recommended to allow 

concrete placement and consolidation. If this clear space is not adequate, shadowing may
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occur (see Fig. 2.29). Using different dosages or different types of admixtures in successive 

patches during casting concrete element may cause discoloration at surface (see Fig. 2.30).

Fig. 2.26 Color variation [ACI 309.2R, 2008]

Fig. 2.27 Color variation from the first use of forms to the next [ACI 303R-04, 2008]

Fig. 2.28 Absorption of medium-density plywood on left compared to regular plywood on
right [ACI 303R-04, 2008]

2.9.7 Sand streaking

Sand streaking (Fig. 2.31) is a streak of exposed fine aggregate in the surface of the 

formed concrete caused by heavy bleeding along the form. It frequency results from the use of 

harsh, wet mixtures, particularly those deficient in the 300 to 150 pm (No. 50 to 100) and 

smaller sizes. Streaking tendencies increase when the ratio of fine aggregate to cementitious
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materials increases. Sand streaking is controlled by the use of tight forms, proper mixture 

proportioning and using well graded fine aggregate to minimize bleeding.

Fig. 2.29 Reinforcement steel shadowing [ACI 303R-04, 2008]

1

Fig. 2.30 Concrete, wall at left [UdeS, 2008] and slab at right, discoloration due to the use 
different admixture dosages [ACI 302.1R-04, 2008]

2.9.8 Layer lines

Layer lines (Fig. 2.32) are dark horizontal or inclined lines on formed surfaces that 

indicate the boundary between concrete placements. Layer lines are caused by premature 

stiffening or insufficient consolidation of the previous layer.

Fig. 2.31 Sand streaking [ACI 309.2R, 2008]
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Fig. 2.32 layer lines [Montreal, 2008]

2.9.9 Surface Cracks

Care should be exercised during form removal to prevent sudden drops in concrete 

temperature or thermal shock (see Fig. 2.33). When concrete is being protected from low 

temperatures, the rate of cooling should be gradual and should not exceed 22 °C for the 24 h 

period following the termination of heat application. Loosening forms slightly, without 

complete removal, aids in gradual cooling and will minimize the occurrence of map cracking 

caused by thermal shock and shrinkage.

Fig. 2.33 Map cracking [UdeS, 2008] at left and [ACI 303R-04, 2008] at right

2.10 Air bubble detection and assessment

Concrete surface shall have a fine-grained texture with no air voids in excess of 0.8 mm 

and the density of such voids shall be less than three occurrences per any 25 mm2 and not 

obvious under direct day light illumination from 1.5 m distance [ASTM C 1364-07, 2008]. In 

order to recognize air bubbles in an image and at the same time overcome the limitations of 

the method reported by Suwwanakam et. al. [2007], a novel method for air bubbles detection 

and assessment was already presented by Zhu and Brilakis [2008]. Here, the method is briefly 

introduced. As shown in Fig. 2.34 a, the gray value of an air bubble in an image is changing
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from dark at the center to bright at perimeter, until reaching the same gray values as normal 

concrete surface. According to this characteristic, a spot filter is selected as an air bubbles 

detection filter. The spot filter is composed of three concentric, symmetric Gaussian filters 

with weights 1, -2, and 1, and corresponding sigma 0.62, 1 and 1.6. The 3D shape of air 

bubble is illustrated in Fig. 2.34 b.

(a) (b)
Fig. 2.34 One air bubble in gray-scale image (a), 3D Shape of the selected detection filter (b)

The response values of the image to the filter indicate the locations of air pockets that are 

as big as the filter. Compared with an original concrete surface figure (Fig. 2.35 a) and its 

response values to the selected spot filter (Fig. 2.35 b), it is found that the locations of high 

response values are the locations of filter-sized air bubbles. Therefore, air bubbles with the 

same size as the filter in an image can be directly recognized. Moreover, the area of these air 

pockets can be approximated using the size of the filter.

(a) (b)
Fig 2.35 Response values of convolving filters; a) Original image and b) Detected air pockets

Two visual impact ratios are further calculated for the sake of assessing the quality of the 

concrete surface with previously calculated properties, such as the positions, sizes and number 

of detected air pockets. The first one is the percentage of concrete surface that is covered by
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air pockets over the total area of the concrete surface. The other ratio is calculated by dividing 

the percentage of concrete surface covered by air pockets with the number of air pockets on 

the surface. When the first ratio is small/large, it means that the area of air pockets on the 

concrete surface is covered a little/lot. If the first ratio is fixed and the second one is small, it 

means the number of air pockets on the concrete surface is large compared to the surface they 

occupy. The number of air pockets visible from a distance is insignificant in this case. When 

this ratio is large, it means that the number of air pockets on the concrete surface is small 

compared to the surface they occupy.

A new technique was used to detect defection of material surface. This technique based 

on IR self-referencing thermograph was used by Omar et al. [2005]. The basic principle of 

their technique, which is referred to as “ self-referencing” , is to divide the thermogram image 

into small local neighborhoods to serve as the non-defective behavior required for the thermal 

contrast computation. A small indentation (dent of 0.75 mm size) was artificially applied on 

the sample surface to simulate a detectable defect. The sample was heated randomly (for 15 s) 

using a halogen lamp (150 W) and a thermal map of the surface was recorded using an 

infrared bolometer (ThermaCAM SC 2000 product of FLIR, with 200 lm Germanium lens). 

The thermal contrast was computed using two approaches; one using the traditional absolute 

contrast with prior knowledge of a defect free area within the thermogram (Fig. 2.36 a) and 

the other using the self-referencing approach (Fig. 2.36 b). The contrast computed using self- 

referencing technique is presented at left and intensity profile across the dent is at right.

i . r

m

Fig. 2.36 The contrast of self-referencing technique and intensity profile across the dent
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Recently in [Ricardo et al., 2011], pictures of the concrete surfaces were taken with a 

Sony DSC V 1 digital camera. A linear grid was marked on the surface of each concrete panel 

so that the pixel density per unit surface area could be determined for subsequent image 

analyses. The concrete surface analysis was based on an image processing method. For each 

concrete panel image, a grayscale version of the image was digitally filtered by reducing blur, 

enhancing contrast, and using morphological filtering to create a high-contrast image that 

highlighted the outlines of the bugholes. In the author’s point of view, there is no a need to 

this filtration if the images are picked under sun light which is sufficient to detect clearly the 

surface voids. The projected area of the bugholes on the test surface was then calculated based 

on the pixel density per unit surface area defined for each of the concrete panel images.

There is apparatus recommended in [WIPO, 2010] for measuring the bughole rating of 

concrete surface, as shown in Fig. 2.37. This invention provides a way of classifying voids (7, 

8, 9 and 10) on concrete surface (6). The apparatus uses air leakage methods for classification 

and rating of surface voids and comprises of an air pump (1), differential pressure sensor (3), 

measurement electronics (5) and resiliently flexible skirt (4) that comes in contact with 

concrete surface (6). Air pumped by the pump (1) fills the internal cavity (2) which leaks 

through the voids that skirt lip crosses over, the air pressure inside the cavity (2) indicates the 

amount and the size of the voids on concrete surface.

8 9 to7

Fig. 2.37 Apparatus for measuring bughole rating of concrete surface [WIPO, 2010]

This apparatus is actually used for measuring the surface roughness. Some researchers 

[Ozkul and Kucuk, 2011] argue that this apparatus is useless for surface voids measurement 

purposes for the following reasons:
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1. In case of surface roughness measurement, surface roughness is mostly continuous 

throughout the area of test sample. In case of bughole surface void measurement, the 

surface is smooth most of the time and bugholes appear only occasionally.

2. In case of surface roughness measurement, the roughness is proportional to height of the 

peaks. On the other hand, in case of bughole measurement, the actual depth of the 

bughole void is unimportant, it is the ratio of void area to total area of the surface we are 

interested in.

In [Ozkul and Kucuk, 2011], there is some sort o f modification applied on this apparatus 

to recognize the surface voids with high accuracy but this trial is still in studying mode and the 

intended apparatus is not used in actual experimental up till now.

2.11 Surface cracks detection and assessment

The Impact-Echo method uses transient stress waves generated on the surface of concrete 

or masonry structures by an elastic impact (Fig. 2.38). As the stress waves propagate through 

the material being tested, they are reflected by internal interfaces (discontinuities in the 

material) and external boundaries of the structure. Examples of such interfaces are voids, 

honeycombing and cracks, as well as rising mains or large steel bars. In order to detect such 

interfaces, the emitted waves are recorded by a displacement or acceleration transducer which 

is placed near the impact point on the surface of the structure. The depth and width of any 

external crack can be determined by analyzing the recorded signal; speed and delay time; and 

its characteristic frequency spectrum.

Sensor
ipact

ympactor
Sensor

Fig. 2.38 Principle of impact-echo measurements to detect cracks [Kruger, 2005]

A new concept for impact-echo testing systems was used by Kruger [2005]. A new 

device was developed, which is small, robust and easy to handle. The system utilizes 

advanced impact generation for fast scanning techniques and reproducible impacts. The
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system consists of a transducer and an automatic impactor (Fig. 2.39). The device is optimized 

for rough environments and a fast and easy data acquisition.

Fig. 2.39 Impactor and sensor (left) together with the tablet-PC control unit (right).

Sinha and Fieguth [2006] developed an automated method which classifies each object in 

the image into four classes: background, crack, joint, and lateral, as presented in Fig. 2.40. 

Fisher’s discriminate analysis [Duda and Hart, 1970] was used to enhance the contrast 

between the image background and cracks, comparing the original color image, its grayscale 

equivalent, and the enhanced projection onto the Fisher axis (Fig. 2.41).

Pipe joint Pipe lateral

Clean surface Cracked surface

Fig. 2.40 Typical images of underground concrete pipe showing different objects

a) Original color image b) Gray-scale image c) Fisher discriminate image 

Fig. 2.41 Fisher’s discriminate analysis
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In image analysis, the following classes need to be discriminated: pipe joints (a 

horizontal dark straight line), pipe lateral (a circular dark object), surface cracks (randomly 

shaped thin dark lines), and pipe background (highly patterned). A morphological approach 

for segmenting images was used, which includes the process of characterizing the object sizes 

in an image, thresholding the image into a binary image, and finally classifying the segmented 

image. An image processing and morphological approach were demonstrated to segment and 

classify images of underground concrete pipes. Experimental results demonstrate that the 

proposed approach is effective for dealing with the underground pipe images with varying 

background pattern and non-uniform illumination. Morphological segmentation approach can 

be used to distinguish between cracks, holes, laterals and joints, but it is difficult to classify 

these objects into various classes based on their severity of defects.

Various aspects of the automatic detection of the microcracks were described by 

Ammouche et al. [2000]. All algorithms for the image analysis operations were developed 

using the VISILOG 4 software. The image acquisition from the optical microscope was made 

using a tri-CCD color camera that is linked to a personal computer. The automatic field 

displacements of the sample were controlled by a motorized stage x-y-z controlled from the 

microcomputer. The procedure first involves the acquisition of a color image (Fig. 2.42).

Original color image Grey level-enhanced Binary image after 
image thresholding

Fig. 2.42 Image analysis

Treated microcrack
network

Three different black and white images are then derived from the original color image on 

the basis of its R (red), G (green), and B (blue) components. Each of these three images 

contains 256 possible grey levels ranging from 0 for black to 255 for white. To assess the 

characteristics of the crack network, it is necessary to convert the image (that may contain up 

to 256 possible grey levels) into a binary image. In this binary image, the pixels defining the 

defects are assigned a value of 1 and the background pixels are given a value of 0. The
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thresholding is probably the most critical operation. In general, the larger the contrast in 

intensity between the objects and the background, the easier the thresholding operation. 

Before testing sample and collecting data, surface of samples should be treated during 

preparing process with dye impregnation technique. This technique is described by Homain et 

al. [1996].

2.12 Factors affecting surface quality

Surface defects manifest themselves mostly in vertical and inclined formed surfaces. 

During consolidation, the densification and subsequent volume shrinkage of the fresh concrete 

forces entrapped air voids and excess water out of the cementitious matrix. The water tends to 

migrate upward due to a density differential and becomes bleed water. The air bubbles, 

however, seek the nearest route to reach pressure equilibrium. In a vertical form, the closest 

distance for the immigration of air bubbles to escape is to the interior form surface. If these 

bubbles do not directly move vertically to the free surface of concrete, after form removal, 

bugholes will present. Bug holes are found frequently in the upper portion of the concrete 

structure or at angled form surfaces as a result of additive accumulation from escaping air 

voids along the height of the structure.

The vibration sets the air and water bubbles into motion. A proper amount of vibration 

helps both entrapped air and excess water to migrate to the free surface of the concrete, either 

vertically or winding through the matrix or laterally in a direct route to the form wall. 

Improper vibration will either insufficiently liberate the voids or over-consolidate the concrete 

resulting in segregation and bleeding. Vibration should be completed with each lift of concrete 

placed. As successive lifts are placed, the vibrator should penetrate the previous lift, the 

entrapped air moves towards the form and then vertically up the sides. Another factor that 

promotes bug holes formation is the form material itself. Nonpermeable forms (i.e. polymer 

impregnated wood and steel) and the use of form-releasing agents can restrict the movement 

of the air voids between the concrete-form interfaces. It is imperative and necessary for 

bughole reduction that when form-releasing agents are used, they are used according to the 

manufacturer’s recommendations and used only with specified form material. When 

impermeable forms are used, more vibration is necessary to move the air voids to the free 

surface of the concrete. The use of permeable forms has been shown through research to
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reduce bug holes significantly by allowing escaping air to move through the form to the 

ambient air. Choosing the proper form releasing agent with proper amount can also improve 

the surface quality.

Mix design can also be considered a significant contributor to air bubbles formation. Mix 

designs vary widely in the use of aggregate type, size, and grading as well as the use of 

admixtures and air-entrainment. A sticky or stiff mixture that does not respond to 

consolidation can be directly linked to increased surface void formation. Workable, flowing 

mixtures are easier to place and consolidate and therefore reduce the risk of bug holes 

formation. Concrete with an optimally graded aggregate that avoids excessive quantities of 

fine aggregate, properly proportioned cement content, and any admixture that provides 

increased flow, workability, or ease of consolidation contributes to air bubbles reduction. SCC 

is becoming increasing popular for industries (precast especially) to improve surface quality. 

It is reported in [Ricardo et al., 2011] that mixtures with a low shear-stress ratio exhibited 

reductions in bughole quantities relative to mixtures with a higher shear-stress ratio. The 

shear-stress ratio increases with the increase in aggregate content and the decrement in SP 

content.

2.12.1 Rheology

Fig. 2.43 illustrates the effect of different rheological parameters on the qualitative 

behavior of SCC. The chart is based on more than 150 SCC mixtures. Yield stress and plastic 

viscosity are measured by automatic determination using 4C-Rheometer [web site, C]. The 

system is a PC automated slump flow test where the flow curve (spread vs. time) is 

determined using digital image analysis.

Collepardi et al. [2007] studied the surface of SCC for a building engineering application 

with white concrete characterized by a marble-like skin. The properties required were high 

fluidity in terms of slump flow not less than 600 mm after 1 hr at 30 °C and marble-like effect 

of the skin of the concrete placed in the absence of vibration due to a very congested 

reinforcement. As far as the marble-like effect of the skin was concerned which was very 

important for the work from an architectural point of view, it was visually assessed by 

comparison of two white concretes, both placed without any vibration: conventional concrete 

(slump = 225 mm) and SCC (slump flow = 600 mm). Fig. 2.44 shows, for instance, the
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marble-like effect of the skin obtained only in the case of the SCC at right. Nasvik [2006] 

reported that SCC can greatly improve the look of decorative work such as precast 

countertops, walls using form liners and architectural surfaces, and concrete sculpture using 

molds. SCC is ideal for filling artistic molds. It will fill small spaces and negative draft areas 

with few air bubbles.
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Fig. 2.43 Rheology-surface quality chart [web site, C]

SCC

Fig. 2.44 Skin effect marble-like of SCC with respect to CC [Collepardi et al. 2007]

2,12.2 Formwork material

Paul [2005] reported that one of outside influences that can greatly affect the appearance 

of concrete is forming materials, the most popular are steel and plywood. Wood and metal 

forms show significant differences in surface defects. Wood forms tend to produce fewer air 

bubbles than metal because wood forms soak up excess release agent that has been hastily 

applied. Any small amount of extra oil on a steel form reacts with the concrete mix and
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creates small bug holes, perhaps better termed “pinholes.” Therefore, proper application is 

absolutely necessary. Steel forms require more attention to ensure a clean and smooth surface 

to avoid rust stains on the concrete surface. Any defect on the-form creates a blemish on the 

concrete surface. But it is reported in [Vikan, 2007] that nonporous forms and form liners, 

including many polymers, elastomers, and steel, help to produce the best visual impact 

surfaces according to [ACI 303R-04, 2008]. The opposite is found in [Heimdal and Mathisen, 

2003 and Johansen, 1999] where steel formwork has been found to have a greater tendency of 

producing air bubbles on the concrete surface than wood which is a more absorbing formwork 

material. Cleanliness of formwork and smoothness greatly affect the appearance of the 

concrete surface. This simple, logical truth cannot be overstated when dealing with SCC. 

Forms should be as smooth as possible to allow entrapped air to move easily upward along the 

form system; they must be kept free of paste buildup, which prevent air and water pockets 

from traveling to the concrete surface. When forms are reused several times, considerable 

variation in concrete surface color and texture may be expected from the first use to the last 

unless the wood is treated. All form lumber should be obtained from the same source, and a 

form coating or sealer should be used to avoid reduced flow and color differences [Vikan, 

2007],

In Paul’s study [2005], as paste built up on each form with subsequent castings, the 

concrete surface appeared worse. Scratches or gouges hold air against the surface of the 

concrete. Any steel forms pitted with rust causes blemishes, which at times produce more air 

bubbles than are noticeable with vibrated conventional concrete. It is also noticed that when 

the form skin had a lower temperature than the SCC, air voids smaller than usual were 

present. That occurred at approximately a 4 °C temperature difference. The steel forms used in 

a study [web site, D] were seasoned after cleaning and before further castings took place. That 

helped the finish somewhat but the pits left in the forming material by the rusting process 

trapped air voids, creating bug holes. Any defect in a forming system becomes extremely 

visible in well developed SCC. An overall .smooth surface exaggerates the appearance of 

marks left on the concrete from scratches in formwork, rust pits, concrete paste buildup, or 

other defects.

Schubel et al. [2008A] used the controlled permeable formwork (CPF) to study concrete 

surface quality. It is noted that all surfaces cast against the CPF showed a uniform surface,
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free from the aforementioned surface defects (Fig. 2.45 b). Moreover, CPF surface is darker 

than plywood surface. They also studied [2008B] the influence of various filter fabrics, fixing 

methods and reciprocal usage on the efficiency of air and excess mix water removal from CPF 

cast concrete and the effect of this phenomenon on surface quality of concrete.

(b )

Fig. 2.45 Plywood surface (a) and CPF surface (b)

The goal in [Schubel et al., 2008A] was developing a filter liner to have a material that 

passes water and air without allowing the fine cement particles to escape. The filter fabric 

typically must be stiff enough to lay flat over a form/profile or must be finished with backing 

materials that prevent the fabric from wrinkling and provides a path for the water to move out 

of the form. Additionally, it is thought that the filter unit must retain some water to keep the 

surface of the concrete moist as it cures [Cairns, 1999].

The filter must also be manufactured from a material that minimizes the tendency of the 

concrete to adhere, hence prolonging the life of the liner for multiple uses. The water drained 

through the liner contains a variety of dissolved and fine suspended particles which are 

typically saturated calcium hydroxide solution with a pH in the range of 12.5-13.5. The fine 

suspended material can include cement particles with an average size of 10 pm and fine 

mineral admixtures such as silica fume etc. [Kosmatka and Panarese, 1988]. Filter membranes 

typically were found in the current market include woven [Peter and Chitharanjan, 1995], non

woven [Price, 1991 and Suryavanshi, A. and Swamy, 1997] and perforated sheet material 

[Cullen, 1998]. Typical woven fabrics used in CPF applications have 700-1000 yams/m in 

both directions using 100-2000 denier thread [Malone, 1999]. This filter has been found to be 

sufficient for retaining fine cement particles whilst allowing effective removal of air and
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water. To ensure that the fabric has sufficient strength to be stretched taut without tearing, the 

yam must withstand a tensile force of 49 N [Reddi, 1992]. Non-woven fabrics are widely used 

in the industry and generally consist of thermally bonded polypropylene or polyethylene. This 

process allows tailoring of pore size by spraying ethylene vinyl chloride foam over the base 

fabric which collapses as the solvents dissipate, producing a pattern of uniformly sized holes 

[US Patent, 1992]. Traditionally two fixing methods (stapling and gluing) were used for 

securing the CPF liners to the formwork. In both instances, care must be taken to ensure 

sufficient tension is applied to the liner to prevent wrinkles and creases. Fabric typically must 

be stretched to produce an elongation of 3-5 mm per meter of length [Marosszeky et al. 

1993]. Gluing of the liner is an emerging technique which allows rapid placement. However, 

reports have suggested that the application of glue affects the uniformity of the pore structure 

which influences the level of water and air removal [Beddoe, 1993],

Three filter mediums were used and chosen for their individual potential characteristics 

in serving the function of a CPF liner; Polypropylene (PP), Polyester (PE), and Nylon (N6); In 

[Schubel et al. 2008B]. The surface quality of the cast samples were analyzed by laser 

mapping techniques with the data being represented by various visual and numerical means in 

order to understand the complexity of the situation. All three samples showed no evidence of 

air bubbles or aggregate bridging and produced a uniform surface (see Fig. 2.46).
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Fig. 2.46 Enhanced laser generated images for representative cast surfaces [Schubel et al.
2008B]
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2.12.3 Release agents

Release agents fall into two primary types, barrier and reactive. Barrier release agents 

create a physical barrier between the form and the concrete. Barrier release agents fall into 

five primary categories [Vikan, 2007]:

1- Plain petroleum oils: are normally light bodied, low-viscosity petroleum oils that often 

contain paraffin. Straight diesel, fuel oil and kerosene fall into this category.

2- Water emulsions: are typically petroleum-based materials dispersed in water with the aid of 

polymers or surfactants. Water-based emulsions can also fall in the "reactive" category if they 

contain some type of reactive material such as fatty acid or tall oil.

3- Soaps: are surfactants. Application is relatively simple, but they are typically alkaline and 

often require special handling precautions. Soaps may also build up on the forms.

4- Nonreactive coatings with volatile solvents: are also typically petroleum-based. They 

contain waxes, rosins, silicones, soaps or synthetic resins, which act as a barrier between the 

form and the casting.

5- Waxes: include paraffin-based materials and even car-waxing compounds. They are 

difficult and labor-intensive to apply and generally build up on forms in a short period of time.

Reactive agents fall into two primary categories: vegetable oils and petroleum-based. 

Most reactive release agents on the market today have petroleum-based carrying agents.

Four agents were analyzed in [Paul, 2005]. One vegetable-based and three petroleum- 

based oils were considered. Vegetable-oil-based agents had two disadvantages. After five to 

eight castings on a form, a buildup of flaky residue from the agent was noticed. Repeated form 

cleaning was necessary to maintain a good finish. Also, vegetable oils normally turn rancid 

when exposed to air and heat. The limited temperature range for product storage poses a 

problem. The vegetable- and petroleum-based reactive agents were applied to the form in a 

thin mist, as prescribed by the manufacturers. The barrier type agent allowed the forming 

material to release from the concrete only when applied heavily. Heavy applications increased 

the presence of bug holes. The barrier agent also required five times more clean-up time to 

return the form surface to an acceptable casting condition after each pouring. The vegetable- 

based agent provided the best results when used on new plywood, though only a minor 

improvement over two other reactive agents in the study. The petroleum-based reactive agents 

produced the best average product appearance when used with steel forms. Not all of the
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reactive agents gave an acceptable appearance; even in certain reactive form oils various 

carrying agents can cause flaws in the concrete appearance. The barrier type agent 

consistently produced a poor finish, even when more labor than usual was put into release 

agent application. Barrier type release agents should not be used with SCC when the 

appearance of the formed finish is important. When barrier agents are applied thinly, the 

concrete does not release well from the form, and the surface of the concrete “peels” . When 

applied heavily, the barrier agent traps large numbers of air pockets.

Ichimiya et al. [2005] studied the relation between type of form oil and pores on the 

concrete surface. A non-stick oily-type form releasing agent with principal component 

consisting of a paraffin type hydrocarbon was compared with a water based agent. The 

generation of surface voids was examined by image analysis. Concrete samples cast in forms 

with the water based form-releasing agent had fewer surface voids than samples cast with the 

oil-based agent. The surface voids in samples prepared in forms with water-based form 

releasing agent were, however, found to be covered by a thin layer of cement paste and were 

thus named “invisible” surface voids. The results obtained by Ricardo et al. [2011] did not 

indicate a significant difference in the percentage of bugholes between the concrete surfaces 

produced with ethyl-alcohol and biodegradable oil-based form release agents.

2.12.4 Free-fall height

Free fall of SCC mixtures into walls, columns, or other deep sections should be avoided 

to avoid trapping air within the concrete. Vertical dropping of SCC directly into existing 

layers of already placed concrete can produce a vortex of new concrete influx into the old one, 

carrying a significant amount of entrapped air that will be retained within the concrete. 

Torrijos et al. [2008] studied surface finishing of SCC columns with 300 mm height. In their 

research, a large number of surface air voids was observed, especially at the upper end (see 

Fig. 2.47).

2.13 Concluding remarks

Several models used to describe the rheology of concrete are found in the literature. 

Regarding the specific field of cementitious materials, this literature survey has shown that 

Bingham model is significant to express the flow parameters of concrete; dynamic yield stress 

and plastic viscosity. Different methods to characterize thixotropy are treated in the review
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and merely all of them have been used for cement pasts and some also for concrete. The 

literature review has shown that these materials are true thixotropic and also that the structural 

build-up at rest is significant and could be used to express the thixotropy. Thixotropy can be 

determined using rheometers or field oriented tests. It has also been shown that the bond in 

multi-layers casting is influenced by delay time, workability retention and differential yield 

stress between successive layers. Concrete exhibiting faster degree of structuring will develop 

greater cohesiveness after casting, thus leading to less residual bond between layers in multi

layers casting. Indeed, this problem is investigated in some studies and more work is required 

to cover this topic for concrete construction works.

In recent decades, formed surface quality of SCC has grown. Several attempts are 

conducted to recognize and detect the defects on concrete surface to facilitate ranking of 

surface quality. The literature survey shows that the image analysis is significant and can be 

used to characterize the surface qualitatively as well as quantitatively. Formed surface of 

concrete may be defected in some cases by several defects, such as air bubbles, water bubbles, 

segregation, sand streaking, bleeding, settlement, and variation in color. Various parameters 

influence formed surface rather than rheology, such as formwork characteristics and mix 

design. Effective ways are required to improve bond in multi-layers casting and formed 

surface quality of SCC. Providing models compromising the most affecting parameters, 

guidelines and charts to the engineers and contractors while working with SCC is essential.

; y |

r.. r.
! V I a :

• • P i p -

SC C superio r SC C  superio r SC C  in fcriw  SCC in ferio r

T  —  V  -

^  . -

- 1
K -  . ' '

« ' J  

\

i'. . f i H l
SF R -SC C  25 

superior
SF R -S C C  25 

mi p e rk *
S F R -SC C  25  SFR SC C  25 

in terio r in ferior

ri f r .  ? i

1  1 /
% * 'f* • -■ i

x - ■ . ■
SFR -SC C  50  

u ip e r i i r
S F R -SC C  SO 

superio r
SF R -SC C  5 0  SFR -SC C  5 0  

Inferio r in ferior

Fig. 2.47 Surface Finishing

54



Chapter 3 M aterials a n d  m ix  designs

CHAPTER 3 -  MATERIALS AND MIX DESIGNS

1.1 M aterials

Many types of materials are used in this research. Specific characteristics are focused on 

the materials used in laboratory investigations. Mix designs and studied mixtures are 

presented in the following paragraphs.

1.1.1 Cement

Four types of cements are used. General type (Type GU cement), federal white cement 

(FW) and high early-strength hydraulic cement (Type HE) are used. Ternary cement 

(GUbS/SF) with approximately 22% granulated blast-furnace slag, 6% silica fume, and 72% 

Type GU cement is also used. The particle-size distributions for these cements are presented 

in Fig. 3.1, while physico-chemical properties as well as mineralogical compositions of these 

cements are given in Table 3.1.
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Fig. 3.1 Grain-size distributions of GU, HE, FW, and GUbS/SF cements 

1.1.2 Limestone filler

Three types of limestone fillers are used: LF1, LF2, and LF3. The physico-chemical 

characteristics of these fillers are presented in Table 3.2. The particle-size distributions of the 

fillers are shown in Fig. 3.2. The limestone filler is characterized by high calcium carbonate 

content (CaC0 3 ). This mineral filler is inert and is mainly used to increase paste content to 

improve rheological properties of SCC without increasing the heat of hydration. In fact, the 

addition of fine particles improves the granular skeleton and contributes in reducing water and 

superplasticizer demands.
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Table 3.1 Characteristics of GU, HE, FW, and GUbS/SF cements

Identification T ype GU Type H E F W G U bS /S F

Silicium (S i0 2), % 19.9 19.5 21.9 33.8

Alumina (AI2O3), % 4.7 5.9 4.3 10.4

Iron oxide (Fe20 3), % 3 2.3 0.25 3.4 .

Total calcium oxide (CaO), % 62.7 62.7 64.9 44

M agnesium oxide (MgO), % 2.1 1.8 0.8 1.4

Sulfur trioxide (S 0 3), % 3.4 3.8 2.9 2.6

Equivalent alkali (Na2Oeq), % 0.89 0.86 0.11 0.68

Loss on ignition (LOI), % 2.4 3.1 2.9 2.1

C3S, % 58.2 59.8 60 -

C2S, % 13.1 10.9 17 -

C3A, % 7.4 9.2 11 -

C4AF, % 9.3 7 - -

Blaine surface, m2/kg 384 476 459 443

Specific gravity 3.15 3.13 3.03 2.88

Autoclave expansion, % 0.03 0.101 0.09 0.022

W ater expansion, % - - - 0.004

Sulfate resistant, % - - - 0.042

Percentage passing 45 pm, % 94 98 94 83

Air content, % 6.4 7.1 5.04 5.7

Compressive strength at 1 day, M Pa - 21.2 15.7 -

Compressive strength at 3 days, M Pa 27.8 35.3 27.9 17.3

Compressive strength at 7 days, M Pa 31.9 39.7 35.2 22.5

Compressive strength at 28 days, M Pa 39 46.2 48.3 38.9

Initial setting tim e (Vicat), min 125 120 117 140

Final setting time (Vicat), min 210 205 - 230

Table 3.2 Physico-chemical properties of limestone fillers

Identification LF1 L F2 L F3

Calcium carbonate (C aC 03), % 97 95 94.5

M agnesium carbonate (M gC 03), % 0.5 2 1.5

Y Brightness 95.5 89 -

Retained on sieve (325 pm ), % 0.01 0.01 -

Humidity loss at 110 °C, % 0.07 0.05 0.05

Specific gravity 2.71 2.71 2.71

Average diameter, pm 2.7 7.5 -

Blaine surface, m2/kg 600 490 410
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Fig. 3.2 Grain-size distributions of limestone fillers

1.1.3 Slag

Two types of slag are used: GR100 and GR120 provided by Lafarge. The physical 

characteristics of these types are presented in Table 3.3. The particle-size distributions of the 

each type are shown in Fig. 3.3.

Table 3.3 Characteristics of slag types

Identification GR100 GR120
Blain specific surface, m2/kg 345 533

Passing 45 pm , % 94 99

Specific gravity 2.93 2.92

Compressive strength at 7 days, M Pa 31.6 32.8

Compressive strength at 28 days, M Pa 39.2 47.9
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Fig. 3.3 Particle-size distributions of slag types
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1.1.4 Metakaolin

One type of metakaolin is used and provided by Whitemud Inc. The particle-size 

distribution of Metakaolin is shown in Fig. 3.4.
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Fig. 3.4 Particle-size distributions of Metakaolin

1.1.5 Aggregate

Well-graded natural siliceous sand is used. It has saturated-surface dry (SSD) specific 

gravity of 2.70, absorption of 1.12%, and fineness modulus of 2.4. The particle-size 

distribution of sand is given in Table 3.4. As presented in Fig. 3.5, the particle-size 

distribution of the sand lies within CSA A23.2-5A recommended limits. In order to avoid 

contamination with external agents, the sand is stored in air-tight barrels.

Table 3.4 Particle-size distribution of sand

Sieve size (mm) Passing (%) Specification limits

10 100 100-100

5 97 100-94

2.5 83 100-80

1.25 73 90-50

0.630 58 66-24

0.315 31 34-10

0.160 8 10-2

pan 0.02 -
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Fig. 3.5 Grain-size distribution of sand

Crushed metallurgic calcareous aggregate is used. Two different maximum size of 

aggregate (MSA) of 10 and 14 mm are used. Some combinations between the different sizes 

of coarse aggregates are employed to enhance packing density of the aggregate. The coarse 

aggregates had SSD specific gravities of 2.72 and 2.71 and absorption values of 0.57% and

0.38%, respectively. The physical characteristics of the aggregates are given in Table 3.5 and 

the particle-size distributions are presented in Table 3.6.

Table 3.5 Physical characteristics of coarse aggregates

Test description 2.5-10 mm 5- 14 mm

Specific gravity (SSD) 2.72 2.71

Bulk specific gravity (dry) 2.70 2.70

Absorption (%) 0.57 0.38

Table 3.6 Grain-size distributions of coarse aggregates

Sieve size (mm)
Cum ulative passing (%)

2.5-10 mm 5-14 mm

25 100 100

19 100 100

12.5 100 95

9.5 100 69

4.75 13 18

2.36 2 4

1.18 2 3

pan 0 0
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1.1.6 Chemical admixtures

Several chemical admixtures are used in this study. Four high-range water-reducing 

agents (HRWRA) are used and provided by BASF, Euclid, Handy, and Chryso Incs. The 

HRWRA is blended with the mixing water in order to homogenize the solution. The water 

contained in the HRWRA is taken into account in mixture proportioning to maintain a fixed 

w/b. Set-retarding agent (SRA) is introduced in specific SCC mixtures.

In order to increase the stability of fluid concrete, viscosity-modifying agent (VMA) and 

air-entraining agent (AEA) are used and provided by Euclid Inc. Two VMA types and one 

type of AEA are used. The values for specific gravity, solid content, as well as the 

recommended dosages are presented in Table 3.7.

1.2 Mixture composition

In total, 45 mixtures including 37 SCC mixtures and 8 semi-flowable concretes (SF- 

SCC) are prepared and tested in this study. The mixture compositions are given in Table 3.8. 

The temperature, unit weight and air content of all mixtures at fresh age are presented in Table 

3.9.

Table 3.7 Characteristics of chemical admixtures used

Admixture Identification Specific gravity %  Solid content Recommended dosage

HRW RA

SP1 1.047 20.3 200-2000 mL/100 kg o f  binder

SP2 1.040 21.5 300-3000 m L/100 kg o f  binder

SP3 1.070 30.2 200-2000 m L/100 kg o f  binder

SP4 1.090 39 65-650 mL/100 kg o f binder

VMA
VMA1 1.002 - 130-920 mL/100 kg o f  binder

VMA2 1.210 43.5 1100-2700 mL/100 kg of water

AEA 1.000 10.5 30-100 mL/100 kg o f  binder

SRA 1.260 46.0. 80-450 mL/100 kg o f  binder

1.3 Mixing and testing sequence

All mixtures are prepared using 110-L capacity bowl mixer. Mixing speed, along the 

action of blades, enable good dispersion of particles and good homogenization of the mixture. 

The batching sequence is as follows:
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1. Sand is added to the mixer and homogenized for 60 seconds before taking 500-g sample to 

determine the humidity. Humidity and absorption of sand are required to make necessary 

corrections in the previously determined quantity of mixing water.

2. The quantity of sand determined from the humidity correction is discharged in the mixer.

3. Coarse aggregate corrected for the humidity is then introduced and mixed for one minute.

4. The AEA, if any, dissolved in one third of mixing water is then introduced and the 

materials are mixed for one minute.

5. The total powder (cement, limestone filler, and fly ash) and total quantity of HRWRA 

diluted in one third of mixing water are then introduced and mixing is resumed for 3 

minutes.

6. The VMA and/or SRA, if any, liquefied in the last third of the mixing water is then 

introduced and the mixing is continued for two minutes.

7. The mixture is then left at rest for two minutes, in which the concrete temperature is 

recorded, and after that it is agitated for 30 sec.

8. The slump flow is measured. For some mixtures, additional dosages of HRWRA are added 

to achieve the target slump flow. Two-minutes mixing are recommenced for each increase 

in the HRWRA dosage before measuring the slump flow again.

Once the target slump flow is obtained, the characterization tests for the concrete are

preceded.
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Table 3.8 Mixture compositions

Materials SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8 SCC9* SCC 10*
Slump flow (target value) mm 700+15 640+15 660+15 700±15 660±15 640+15 500+15
GUbS/SF

kg/m3

475 415 - - - 475 475 475 - -
GU - - 425 475 475 - - - - -
HE - - - - - - - - 200 200
FW - - - - - - - - 200 200
LF2 - 183 - - - - - - - -
Total binder: b 475 415 425 475 475 475 475 475 400 400
Total powder: p 475 598 425 475 475 475 475 475 400 400
Water: w 200 200 172 181 166 180 176 162 150 167
w/b 0.42 0.48 0.42 0.39 0.37 0.39 0.37 0.34 0.39 0.43
w/p 0.42 0.37 0.42 0.39 0.37 0.39 0.37 0.34 0.39 0.43
Sand/Total aggregate, by volume 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.45 0.45
Sand (0-5 mm)

kg/m3
783 766 816 803 844 803 803 803 756 737

Coarse aggregate (5-10 mm) 810 157 - 830 173 830 830 830 - -
Coarse aggregate (5-14 mm) - 628 835 - 692 - - - 949 925
SP1

1/m3

3.5 - - 4.84 8.78 4.0 4.96 6.7 - -

SP2 - 5.0 - - - - - - - -
SP3 - - 6.9 - - - - - - -
SP4 - - - - - - - - 2.77 2.65
VMA1 2.0 - - - 3.56 - - 2.76 - -
VMA2 - - 0.94 - - - - . - 0.9 0.9
SRA 0.9 - - 0.9 - 0.9 0.9 0.48 - -
AEA - - 0.14 - - - - - 2.1 0.68
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Table 3.8 (cont’d) Mixture compositions

Materials s e e n * SCC 12* SCC 13* SCC 14* SCC 15* SCC 16* SCC 17 SCC 18 SCC 19 SCC20
Slump flow (target value) mm 500+15 650+15
HE

kg/m3

200 200 240 240 240 240 200 200 200 200
FW 200 200 240 240 240 240 200 200 200 200
Total binder: b 400 400 480 480 480 480 400 400 400 400
Total powder: p 400 400 480 480 480 480 400 400 400 400
Water: w 151 167 182 202 182 200 146 164 145 166
w/b 0.39 0.43 0.39 0.43 0.39 0.43 0.39 0.43 0.39 0.43

w/p 0.39 0.43 0.39 0.43 0.39 0.43 0.39 0.43 0.39 0.43
Sand/Total aggregate, by volume 0.55 0.55 0.45 0.45 0.55 0.55 0.45 0.45 0.55 0.55

Sand (0-5 mm)
kg/m3

924 901 683 660 916 806 756 737 924 901
Coarse aggregate (5-14 mm) 776 757 856 827 769 677 949 925 776 757
SP4

1/m3
3.0 2.9 2.29 1.81 2.5 1.85 9.1 7.05 11.36 4.25

VMA2 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
AEA 0.03 - 1.4 0.9 0.22 2.0 2.0 0.68 0.68 0.36
* Semi-flowable self-consolidating concrete
A full two factorial design is from SCC9 to SCC28, which is presented in Chapter 8.
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Table 3.8 (cont’d) Mixture compositions

Materials SCC21 SCC22 SCC23 SCC24 SCC25 SCC26 SCC27 SCC28
Slump flow (target value) mm 650+15 575+15

HE

kg/m3

240 240 240 240 220
FW 240 240 240 240 220
Total binder: b 480 480 480 480 440
Total powder: p 480 480 480 480 440

Water: w 181 202 181 200 176
w/b 0.39 0.43 0.39 0.43 0.41

w/p 0.39 0.43 0.39 0.43 0.41
Sand/Total aggregate, by volume 0.45 0.45 0.55 0.55 0.5
Sand (0-5 mm)

kg/m3
683 695 916 806 788

Coarse aggregate (5-14 mm) 856 872 769 677 808
SP4

1/m3
2.67 2.16 3.47 2.57 2.96

VMA2 0.9 0.9 0.9 0.9 0.9

AEA 1.7 0.95 0.44 2.0 0.15
A full two-factorial design is from SCC9 to SCC28, which is presented in Chapter 8.
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Table 3.8 (cont’d) Mixture compositions

Materials SCC29 SCC30 SCC31 SCC32 SCC33 SCC34 SCC35
Slump flow (target value) mm 630+15 730+15 630+15 730+15 630+15

GU
kg/m3

425 425 425 425 319 319 319
LF3 - - - - 106 106 106

Total binder: b 425 425 425 425 319 319 319
Total powder: p 425 425 425 425 425 425 425
Water 165 230 159 229 119 171 117
w/b 0.4 0.55 0.4 0.55 0.4 0.55 0.4

w/p 0.4 0.55 0.4 0.55 0.3 0.41 0.3
Sand/Total aggregate, by volume 0.5 0.5 0.5 0.5 0,5 0.5 0.5

Sand (0-5 mm)
kg/m3

760 760 895 895 760 760 895

Coarse aggregate (5-14 mm) 781 781 920 920 781 781 920

SP3 1/m3 2.0 1.12 10.17 1.25 7.6 1.42 9.4
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Table 3.8 (cont’d) Mixture compositions

Materials SCC36 SCC37 SCC38 SCC39 SCC40
Slump flow (target value) mm 730+15 680+15
GU

kg/m3

319 372
LF3 106 53
Total binder: b 319 372
Total powder: p 425 425
Water: w 170 172
w/b 0.55 0.48
w/p 0.41 0.42
Sand/Total aggregate, by volume 0.5 0.5
Sand (0-5 mm)

kg/m3
895 827

Coarse aggregate (5-14 mm) 920 851
SP3 1/m3 2.24 2.0

Table 3.9 Fresh properties

Mixture Temperature, °C Unit weight, kg/m3 Air content, %
SCC1 21 2300 4.0
SCC2 20 2350 1.5

SCC3 16 2330 4.5
SCC4 16 2360 3.0

SCC5 17 2400 1.5

SCC6 15 2350 2.0

SCC7 21 2330 4.0

SCC8 20 2340 4.0

SCC9 21 2270 6.5

SCC 10 22 2300 5.5

s e e n 20 2330 5.5

SCC 12 21 2340 5.0

SCC 13 20 2280 6.5
SCC14 21 2300 5.5

SCC 15 21 2290 6.5

SCC 16 20 2270 5.5
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Table 3.9 (cont’d) Fresh age properties

Mixture Temperature, °C Unit weight, kg/m3 Air content, %
SCC 17 21 2310 6.0
SCC 18 21 2300 5.5

SCC 19 21 2320 5.0
SCC20 20 2270 7.0

SCC21 19 2280 6.5

SCC22 19 2300 5.0

SCC23 20 2290 6.0
SCC24 19 2280 5.0

SCC25 21 2310 5.5

SCC26 20 2320 5.0

SCC27 22 2330 5.0

SCC28 21 2310 5.5

SCC29 20 2350 4.0

SCC30 17 2280 2.0

SCC31 18 2430 1.0
SCC32 17 - -

SCC33 18 2430 2.0

SCC34 18 2350 3.0

SCC35 23 2460 1.0

SCC36 20 2360 2.5

SCC37 19 2380 1.5

SCC38 19 2360 2.0

SCC39 19 2370 2.0

SCC40 20 2390 1.5
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CHAPTER 4 -  TEST METHODS 

4.1 Workability

4.1.1 Slump flow and flow time

The slump flow test involves filling a slump cone with SCC, lifting the cone, and 

measuring the horizontal distance of which the concrete spreads. In addition, the time for the 

concrete to spread to a diameter of 20 in. or 500 mm (flow time or T50) is determined. The 

slump flow reflects the ability of concrete to flow under its own mass. The T50 measurement 

of different concretes with the same slump flow reflects the viscosity of the concrete. Higher 

viscosity (higher T50) corresponds to increased resistance to flow. Concrete with high 

viscosity is often described as sticky and cohesive. The ability of concrete to flow under its 

own mass and viscosity are independent properties. Concrete with high viscosity can still flow 

under its own mass and completely fill formwork; it will just do so more slowly than the 

concrete with lower viscosity.

4.1.2 J-ring flow

The J-ring test is conducted in the same manner as the slump flow test; however, a J-ring 

consisting of 16 equally spaced bars in a 12-inch diameter ring is placed around the slump 

cone. After the slump cone is lifted, the concrete flows though the bars in the J-ring. The 

horizontal distance the concrete spreads is measured. Higher J-ring flow measurements are 

associated with the increase in passing ability.

4.2 Thixotropy

Static and dynamic rheologies of concrete have considerable influence on bond in multi

layer casting and surface quality of SCC. Static rheology is described by static yield stress, 

rate of structural build-up, or thixotropy. Concrete exhibiting faster degree of restructuring 

will develop greater cohesiveness after casting, thus leading to less bond between layers in 

multi-layer casting. The structuring phenomenon is considered to be due to the development 

of internal friction and attractive forces among solid particles at rest, as well as to an increase 

in the degree of physical and chemical bond during cement hydration [Assaad et al., 2003]. 

The longer the concrete is left at rest, higher the build-up of internal structure and shear stress 

is assumed to become. The restructuring was indirectly assessed by determining the
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breakdown area: the energy needed to breakdown the interior structure of the material after a 

certain period of rest to reach an equilibrium state [Assaad et al., 2003], The structural build

up at rest was evaluated by Roussel and Ovarlez [2005], where the authors defined it as a 

thixotropy factor (Athix, Pa/s) which was the rate of variation of static yield stress with resting 

time. Billberg [2006] also utilized the time-dependent change of static yield stress at rest after 

a given resting period (xs, Pa/min) to estimate the structural build-up at rest of SCC.

The structural build-up at rest can be assessed using concrete rheometers. However, 

economical, portable and field-oriented test methods to assess it were developed and 

employed by a team of researchers at Universite de Sherbrooke [Roby et al., 2006, Khayat et 

al., 2008, and Khayat and Omran, 2009]. This chapter focuses on the MK-III concrete 

rheometer (commercially known as EBB rheometer), the portable vane (PV), based on the 

hand-held shear vane test used to determine the undrained shear strength of soil, and the 

inclined plane (IP) tests.

4.2.1 MK-III concrete rheometer

A. Background

The EBB rheometer modified by Tattersall and Bloomer [1979] (Fig. 4.1 left) was used 

initially to determine time-dependent viscosity changes necessary to assess thixotropy. The 

apparatus is provided with a data acquisition system to drive an H-shaped impeller rotating in 

a planetary motion at a constant rotational speed. The measurements taken by the rheometer 

are torque (N.m) as a function of time at rotational frequencies relative to the deformation-rate 

in (rps).

In order to facilitate the evaluation of thixotropy at early age, an alternative form of the 

impeller was designed by Assaad [2004]. The new impeller functions on the same principle as 

the EBB rheometer, except that the H-shaped impeller is substituted by four 1.5-mm thick 

blades arranged at equal angles around an 8-mm diameter shaft. A schematic illustration of the 

new impeller is given in Fig. 4.1 (right).

The vane geometry offers an important advantage in thixotropy measurements as it 

enables shearing to take place along a cylindrical surface circumscribed by the vane. Such 

surface can be considerably greater than that resulting from the use of the H-shaped impeller. 

The material yields within itself, so that all problems associated with slip flow against smooth
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surfaces are absent. In addition, the introduction of the vane into the suspension does not 

cause any significant disturbance to the sample prior to measurement even at high impeller 

speed, which is particularly important when evaluating thixotropic suspensions [Assaad, 

2004], To prevent progressive migration of large particles away from the center during 

rotation, a slot is cut through each of the four blades of the vane. Such design enables the 

impeller to remain in contact with “new” concrete during motion, as material displaces from 

the center of the bowel can be immediately replaced by fresh concrete coming from the outer 

part of the bowel. The vane dimensions are selected to satisfy the following criteria: HID < 

3.5, DjID > 2, Z//D > 1, Z2!D > 1, Z/IH > 0.5, and Z2!H > 0.5 [Nguyen, 1983]. Definitions of 

symbols are offered in Fig. 4.1 (right). The selected vane measures 130 mm in height and 90 

mm in diameter.

4 Main axis (0= 8  mm)

Concrete

Fig. 4.1 Modified vane MK-III concrete rheometer (left) and schematic of four-bladed
vane (right) [Assad, 2004]

B. Calculation of static yield stress at rest from the MK-III modified rheometer

The static yield stress (referred to as shear-growth yield stress) can be used as a measure 

of the strength and number of interparticle bonds that are raptured due to applied shear stress 

[Tattersall and Banfill, 1983]. The static yield stress values for conventional concrete range 

from 500 to several thousand Pa, and for SCC these values tend to ranges from 0-60 Pa 

[Wallevik, 2003],

The protocol adopted for the determination of static yield stress at rest xs consistes of 

applying a minute and constant speed N  to & vane immersed in undisturbed material following 

a certain period of rest and recording the resulting torque as a function of time. In the case of 

the results shown in Fig. 4.2, the SCC is placed in the bowl of the rheometer and allowed to
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rest for 5 min with N  set at 0.03 rps. This is chosen so that the maximum torque Tmax is not 

affected by the N  of the vane, the blades start rotating only when the applied shear stress 

exceeds the resistance created by the friction forces and bonds between particles. The profile 

shows a linear elastic region followed by a yielding moment where the torque exerted on the 

vane shaft reaches a maximum value corresponding to the beginning of the microscopic 

destruction of the bonds between the particles and the suspensions allowing the material to 

flow. Beyond this value, the torque decays towards a steady-state region. It constitutes a new 

dynamic arrangement of the particles, offering an internal friction less than that resisted the 

first destruction. Therefore, the peak shear stress value is considered as the t s . The calculation 

of t s  from the measured Tmax requires knowledge of the geometry of yield surface and shear 

stress distribution on the surface. Dzuy and Boger [1985] assumed that the material is sheared 

along a localized cylindrical surface circumscribed by the vane, and this shear stress is 

uniformly distributed over this surface. Hence, good approximation of the shear stress can be 

calculated as follows:

max

Variation of xs with resting time can also be used to determine another degree of 

thixotropy expressed as the rate of gain in static yield stress with time t s ( i) in Pa/min

0.20 -

m a x

0.15 -

oH
0.05 -

0.00
10 15 200 5

Time, sec

Fig. 4.2 Typical torque-time profile for concrete with 200 mm slump [Assad et al., 2003 A]

4.2.2 Portable vane

A. Background

Baure et al. [2007] reported that the vane test method (Fig. 4.3) is developed in soil 

mechanics to determine a parameter defined as “undrained shear stress soils” (in particular
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clay soils). Seed and Riemer [lecture] presented a vane shear tip of 75 mm in diameter and 

112 mm in height in field tests; typically the height of vane is double its diameter. They 

introduced the vane into the borehole to the depth where the measurement of the undrained 

shear strength is required. The vane was then rotated at a specified rate that should not exceed 

0.1 degree per second (particularly 1 degree every 10 sec) using a protractor fixed on the 

ground surface, and the torsional force required to cause shearing was measured using a 

torque-meter. The shear strength of the soil was calculated as the measured torque divided by 

a constant K, which depends on the van's dimensions and shape. The test procedure and 

equipment are described in ASTM D2573-72.

Bauer et al. [2007] reported that the vane test is in rheology studies of material in 

different fields. The vane test proves to be a simple and effective method in measuring non- 

Newtonian fluid properties and are common in devices used in different types of rheometers 

(parallel disc rheometers or coaxial cylinders). The value of the yield stress obtained by the 

vane test coincides to a great extent with the majority of currently available rheological 

methods [Nguyen and Boger, 1985] and [Barnes and Nguyen, 2001].

Fig. 4.3 Vane shear test used to determine undrained shear strength of clay soils

Roussel and Cussigh [2008] carried out two rheological tests on concretes, one of them is 

the scissometer or vane shear test. The geometry of the scissometer used in their work (Fig. 

4.4 left) is designed according to the recommendations of Nguyen and Boger [1985] 

considering size of the constitutive particles of the mixture. The apparatus records the highest 

torque needed to initiate flow after a time of rest. The vane and measurement protocol are 

similar to the apparatus used by Assaad et al. [2003A] or Billberg [2005] to measure the
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apparent (or static) yield stress. The highest torque measured is thus either proportional to the 

initial yield stress of the material (rS(Oj), if the test is carried out just after mixing, or to the 

apparent yield stress of the material (zS(,j) after a time of rest (t). The repeatability of the static 

yield stress measurement was estimated to be around 15% [Roussel and Cussigh, 2008].

'"ST

50 mm
104 mm

Fig. 4.4 Scissometer or vane shear test: (left) geometry and (right) measurement in circular 
bucket filled with concrete [Roussel and Cussigh, 2008]

B. Development of the PV test

In 2006 [Roby et al.], the standard hand-held vane test for soils was used to determined 

static yield stress on mortar. Four-blade vanes of different sizes (Table 4.1) are designed to 

enable the shearing of material at different rest times. The blades are designed then modified 

using stainless steel to enable the use of a torquemeter to capture shear strength of the plastic 

concrete (Fig. 4.5). The largest vane is used for the weakest structure, i.e., shortest resting 

time, and the smallest vane for the strongest structure, i.e., the longest resting time. Four 

square-shaped moulds are employed to avoid full rotation of relatively stiff SCC in the mould, 

or a plug flow. Three torque-meters of different configurations and precisions are used to 

capture the torque values needed for SCC during the development of the PV .test. The device 

of highest precision, as shown in Fig. 4.5 d, is selected for the test.

Table 4.1 Vane dimensions

Vane Time at rest, min Vane dimensions, mm
r h

#1 15 37.5 250
#2 30 37.0 200
#3 45 37.5 149
#4 60 37.5 100

Immediately after mixing, the four vanes are centered vertically in the containers. Then, 

the containers are filled with the tested mixture to a given height h indicated in Fig. 4.5. The
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rested material is protected from evaporation with plastic covers. A middle hole of a diameter 

2 mm greater than the vane’s shaft diameter is drilled in the plastic cover to help maintaining 

the vane vertically. It is worth noting that the conditions to obtain accurate measurements are 

a flat surface of vanes, vertical placing of the vanes in tested samples, and turning the 

torquemeter of a constant speed. Development was achieved with the collaboration of Ms. 

Siwar Naji, Master student, Concrete Group, Universite de Sherbrooke, [Naji, M. Sc. thesis 

2009],

Fig. 4.5 (a) Cylinderical bucket, (b) four square buckets and four vanes used in the PV test, 
(c) schematic of PV test and (d) torquemeter used in the PV test [Omran, Ph.D. thesis 2009]

C. Calculation of static yield stress from the PV test

The maximum torque needed to breakdown the structure is noted. This value is converted 

to static shear stress T rest using Eqs. 4.2 and 4.3.

T  = measured torque (N.m), h and r are defined in Fig. 4.5 (in m).

4.2.3 Inclined plane

A. Background

Evaluation of viscoelastic flow on an inclined plane (IP) is an important idealization in a 

variety of natural situations (avalanches, mud slides, liquefaction, etc.) and other viscous

(4.2)

f  1
where: G = i K r 1 h+—r [Khayat and Yahia, 2006] 

V 3 )
(4.3)
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materials such as commercial gels, bentonite slurries, and cementitious mixtures [Coussot et 

al., 1996]. The principle of the IP test can be explained by one-dimensional analysis. When a 

mass (m) is kept on a plane lifted by an angle (9), as shown in the free body sketch shown in 

Fig. 4.6, two external forces affect downward momentum of the system: (i) gravitational force 

(m g sin 9) and (ii) frictional force fk are found. The force initiating flow is the difference 

between these two forces (m g sin 9 - fk), where (g sin 9) is an acceleration due to the gravity 

resolved along the IP. The fk shown in Fig. 4.6 exists between the bottom of the mass (m ) and 

the top surface of the IP when the entire mass begins to slide downwards. However, when 

using an IP of roughened surface, the physical sliding of the material is avoided in order that 

the material may shear. Thus, in terms of the mobility of the flowing mass sheared at a 

particular inclination, only the gravitational force (m g sin£?) activates the downward flow. The 

downward movement of the sheared mass of cementitious material on the IP at an angle (9), 

and an effective height h due to gravitational acceleration is shown in Fig. 4.7 [Oremus, M. 

Sc. thesis 2006].

mgsin (0)

•mgcos (0)
-mg

Fig. 4.6 Free-body diagram of mass ([m) kept on an inclined plane with slope angle (9)
[Oremus, M. Sc. thesis 2006]

Tangential velocity

u(tx,y>

Fig. 4.7 Sketch showing the movement of cementitious material along the inclined plane at the
critical angle (9) [Oremus, M. Sc. thesis 2006]

Coussot and Nguyen [2002] studied the movement of a clay suspension (bentonite) on 

inclined plane tests. For a given thickness there is a critical slope above which the sample
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starts flowing. Once it is flowing, the decrease in viscosity is observed (Fig. 4.8). The exact 

same experiment had in fact been done earlier for a heap of dry sand, with results strikingly 

similar to those observed for bentonite (Fig. 4.9) [McDonald and Anderson, 1996], Coussot 

and Boyer [1995] determined yield stress of fluid behavior from the inclined plane test. The 

principal scheme used in their investigation is shown in Fig. 4.10, which is a channel equipped 

with a damming system located upstream.

Fig. 4.8 Avalanche flow of a clay suspension over an inclined plane covered with sandpaper
[Coussot and Nguyen, 2002]

20 cm

Depositional bump

Scarp

Pivot point

£O
O04

I
\

Leveesx, u

Fig. 4.9 The inclined plane experiment with a heap of dry sand [McDonald and Anderson,
1996]

B. Development of the IP test for SCC

The tested IP model is an advanced version of the test protocol developed by Pavate and 

Khayat in 2006 at Universite de Sherbrooke [personal communication]. As mentioned earlier, 

the surface of the inclined plane needed to be treated to avoid any slipping or sliding. After a 

number of attempts, superfine sand paper having grit number of 600 is selected to ensure 

proper performance. Grit is defined with reference to the number of abrasive particles per inch 

(25.4 mm) of sand paper. The sheets of sand papers are changed after 10-15 tests depending 

on the surface condition. The sand paper is secured to the top of PVC surfaces of inclined
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planes using adhesive glue, as shown in Fig. 4.11. Schematic detail of the IP giving all 

dimensions is shown in Fig. 4.12. A small convenient protractor can be held or secured 

between the joint of the horizontal and inclined plates to measure the inclination angle of the 

plane.

Flow $Uift after 
gate opening

Gate

Final fluid position 
after stoppage

Fig. 4.10 Side views of the principle scheme of the inclined plane apparatus used for yield 
stress determination. Fluid position at two different stages of one test: (a) just after beginning 

the test; (b) end of the test [Coussot and Boyer, 1995]
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Fig. 4.11 Inclined plane test at different rest times: 
increase in flow distance and critical angle

Fig. 4.12 Schematic of the IP test 
[Omran, Ph.D thesis 2009]

Several attempts are made to select a sample holder to ensure proper spread and height of 

spread. Finally, a transparent plexiglass cylinder of 60 mm in diameter, 120 mm in height, and 

5 mm in thickness, opened at both ends, is selected. When used with mortar, the cylinder is 

filled to a height o f 100 mm, whereas with concrete, it is filled to the top. The use of different 

heights for fluid mortar and SCC is for practical convenience so that the spread of flowing 

mortar and concrete after lifting the cylinders would be within the width of sand paper on the 

inclined plane.
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C. Calculation of static yield stress from the IP  test

The corresponding angles necessary to initiate flow are used to determine the static yield 

stress, zresi (Pa), as follows:

'Crest = P g h sin 0  (4.4)

where: p  : density of mixture (concrete or mortar) (g/cm3); g: gravitational acceleration (9.81 

m/s ); h : characteristic mean height of spread for tested mixture at horizontal position (mm); 

and 6 : critical angle of the plane when the sample starts to flow (degree).

4.3 Rheology

Rheology, defined as the scientific study of the flow and deformation of matter, provides 

a scientific, repeatable, relevant, and comprehensive means for measuring flow properties. 

Rheology involves determining the relationship between stress and speed. While solid 

materials like hardened concrete exhibit a specific relationship between stress and strain, fresh 

concrete and other fluids exhibit a specific relationship between shear stress and shear rate. 

This relationship between shear stress r and shear rate y is measured and plotted on a flow 

curve, as shown in Fig. 2.3. The behavior of freshly-mixed concrete can be described by the 

Bingham model, which is based on the yield stress (r0) and plastic viscosity (//) [Ferraris, 

1999] and [Banfill, 2003]. In practical terms, yield stress is the amount of stress needed to 

initiate or maintain the flow. Plastic viscosity describes the resistance to flow once the yield 

stress has been exceeded. This chapter will focus on the ICAR rheometer.

4.3.1 ICAR rheom eter

The ICAR rheometer is a rugged, portable instrument for measuring fundamental flow 

(rheological) properties of fresh concrete. The instrument was developed at the International 

Center for Aggregate Research (ICAR) located at The University of Texas at Austin to meet 

the need for a method to characterize the true flow behavior of concrete mixtures. The 

traditional methods of measuring slump or slump flow are not capable of characterizing the 

fundamental rheological properties of concrete during mixing, transporting, and placement. As 

a result, the true performance of innovative concrete mixtures cannot be measured with these 

traditional slump-based methods. The ICAR rheometer is designed to characterize the static 

yield stress, the dynamic yield stress and the plastic viscosity of the concrete. The ICAR 

rheometer is composed of a container to hold the fresh concrete, a driver head that includes an
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electric motor and torquemeter, a four-blade vane that is held by the chuck on the driver, a 

frame to attach the driver/vane assembly to the top of the container, and a laptop computer to 

operate the driver, record the torque during the test and calculate the flow parameters (Fig. 

4.13). The container is equipped with a series of vertical rods around the perimeter to prevent 

slipping of the concrete along the container wall during the test. The size of the container and 

length of the vane shaft are selected based on the nominal maximum size of the aggregate. 

The vane has a diameter and a height of 127 mm.

4.3.2 Calculation of dynamic yield stress and plastic viscosity

A flow curve test is performed to determine the dynamic yield stress and the plastic 

viscosity. The flow curve test begins with a “breakdown” period in which the vane is rotated 

at maximum speed. This is done to breakdown any thixotropic structure that may exist and to 

provide a consistent shearing history before measuring the Bingham parameters. The vane 

speed is then decreased in a specified number of steps, which is selected by the user, through 

at least six steps are recommended. During each step, the speed is held constant and the 

average speed and torque are recorded. The plot of torque versus speed of vane rotation is the 

flow curve.

C o n ta in e r

Computer'

Fig. 4.13 ICAR rheometer

The ICAR rheometer software performs all the necessary functions: operates the driver, 

records the torque, computes test results, and stores data. The user defines the test geometry 

and provides the test parameters to run the flow curve test. Fig. 4.14-left shows the results of a 

stress growth test. Fig. 4.14-right shows the plot of the average torque and average vane 

rotation measured during six steps of decreasing vane speed. The software computes a best-fit 

line to the data and reports the intercept and slope as relative parameters. The software also 

computes the Bingham parameters: dynamic yield stress and plastic viscosity.
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Fig. 4.14 Stress growth and dynamic flow curves

4.4 Bond between successive concrete layers

4.4.1 Slanted shear stress

A. Background

This test method covers the bonding of hardened concrete to hardened or freshly mixed 

concrete and further covers the determination of bond strength of epoxy-resin-based bonding 

system for use with Portland cement concrete [ASTM, C882 / C882M], The moulds shall be 

constructed in the form of cylinders of 100 mm in inside diameter and 200 mm in inside 

height. The side of mold shall be sufficiently rigid to prevent spreading or warping. The molds 

shall also be made watertight before use. A satisfactory material for this purpose is a paraffin- 

rosin mixture. The concrete is placed in the mold into two layers where the interface between 

them is inclined at an angle of 30° from the vertical, as shown in Fig. 4.15. Three test 

specimens are required. The bond strength between the two layers or the resin bonding system 

is calculated by dividing the load carried by the specimen to failure by the area of the bonding 

surface. The actual area of the bonded surface should be based on measuring the length of the 

two axes for the area of an ellipse (A = 0.7854 a b) as shown in Fig. 4.15 b. The load shall be 

applied corresponding to a stress rate on the specimen of 35+7 psi/s [0.25± 0.05 MPa/s] 

[ASTM C 39/C 39M], which means that if a specimen of 100 mm in diameter is used, the rate 

will be 4580+920 lb/10 s ~ 5000 lb/10 s.

Bao et al. [2004] conducted research on the bonding material (Ti3AlC2). Samples 

measuring 2x2x4 mm3 for compressive strength tests are cut with the bulk disk. The height of 

the sample was 4 mm and parallel to the compressive load. The average compressive stress 

corresponding to the shear slip in the sample is taken as the compressive strength. The slip 

angle between the loading direction and the slip plane was measured after testing using an 

optical microscope.
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Fig. 4.15 The split cylinder strength specimen [David, 2001]

The shear failure planes are observed by scanning electron microscopy (SEM) after 

compressive tests. The critical shear stress on the slip plane (r„), as illustrated schematically in 

Fig. 4.16 showing the shear and normal stresses on the slip plane, can be calculated based on 

elastic mechanics.

(cr) is the applied compressive stress and (a) is the angle between the loading direction 

and the slip plane. Thus, the critical stresses on the slip plane can be calculated using the 

measured compressive strength and slip angle. In this test [Momayz et al., 2004], the bond 

strength is measured under a state of stress that combines shear and compression. All slant 

tests fall under this category, as shown in Fig. 4.17. This test requires a square prism or a 

cylindrical sample made of two equal halves bonded at 30 degrees and tested under axial 

compression. During loading, the interface surface is placed under compression and shear 

stresses. The slant shear test has become the most widely accepted test for bond evaluation 

and has been adopted by a number of international codes as a test for evaluating the bond of 

resinous repair materials to concrete substrates (BS 6319 and ASTM C 882-99).

ra -  o cos a sin a (4.5)

a

a) B5 6319 Part 5 b) ASTM 882-99

Fig. 4.16 Schematic of shear slip plane in 
the sample under uniaxial compressive 

stress [Bao et al., 2004]

Fig. 4.17 Geometry of existing bond test 
methods under states of shear and 

compression stress [Momayz et al., 2004]
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B. Testing

Specimens are prepared in accordance with C 31/C 31M, C 192/C 192M and C 617 

ASTM sandards. Fifteen cylinders measuring 100 mm in diameter and 200 mm in height are 

prepared for each mixture. PVC material is used for building the moulds. Three reference 

cylinders are normally cast in one layer where the molds are arranged in a vertical position. 

Twelve cylinders are cast in two layers with the interface between layers inclined at 30 degree 

from the top, as shown in Fig. 4.18. For achieving the inclination of the interface between 

layers, molds are arranged in an inclined position, as shown in Fig. 4.19. The delay time 

between casting the first and the second layer is varied from 15 to 60 min with 15-min 

intervals. Three cylinders for each delay time are considered. Specimens are stored in a moist 

curing room for six days.

Casting point

Fig. 4.18 Interface between Fig. 4.19 Mold arrangement 
lavers for slanted shear stress for slanted shear stress

This test method consists of applying a compressive axial load to molded cylinders in 

accordance with C 42/C 42M and C 873 ASTM standards. Load is continuously applied 

without shock until the specimen fails using hydraulically operated machines corresponding to 

a loading rate on the specimen within the range of 0.15 to 0.35 MPa/s. The designated loading 

rate is maintained during the testing cycle. The specimens are tested on the seventh day from 

casting. The dimensions of the cylinder and load of failure are recorded. The type of failure 

and the appearance of the concrete are noted, as shown in Figs. 4.20 and 4.21.

The compressive strength of the specimen ( f  c) is calculated by dividing the maximum 

load carried by the specimen during the test (P) by the average cross-sectional area (A) and 

express as the result to the nearest 0.1 MPa, C 39/C 39M (see Eq. 4.6). The residual bond 

between two layers at certain delay time (RB,) is calculated by dividing the compressive 

strength of specimen of the same delay time ( f  c,) by the compressive strength of the reference 

specimen ( f  cQ) (see Eq. 4.7). The average of results of three specimens is considered.
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(4.7)

(4.6)

Fig. 4.21 Failure pattern of cylinder 
under slanted shear stressFig. 4.20 Specimen is under testing apparatus

4.4.2 Direct shear stress

A. Background

In most cases, the bond surface for a direct shear test is actually subjected to a shear 

stress and a small bending stress. Direct shear samples may have different geometries, that is, 

L-shaped and cubic (Fig. 4.22). In the study conducted by Momayz et al. [2004], the results of 

two different cubic direct shear samples were reported (Fig. 4.22 b and c). The concrete cube 

is symmetrically loaded at three points using 30 mm-thick steel plates. This loading produces 

two shear planes. One of these shear planes is located directly on the interface surface. The 

other shear plane is in the substratum concrete and usually has a better shear strength 

compared with the interface. A shear failure is expected in the interface.

Fig. 4.22 Geometry of existing bond test methods under state of shear stress [Momayz et al.,

Fig. 4.23 shows a 200 mm cubic specimen under loading. Failure of the specimens 

occurred across a fairly flat bond plane. The bond strength is calculated by dividing the 

maximum load at failure by the bond area. For continuous bond specimens, specimens that are

a) L-shaped direct

JL

150

150

200

200

t r

b) 150 mm  Bi-Surface c) 200 mm Bi-Surface 
sample (as tested) sample (as tested)

2004]
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monolithically cast in a single stage, there is no predefined interface plane and the plane of 

failure is not usually flat. Although bond failure calculations do not have any physical 

significance for a monolithic specimen, to allow comparison of the results with repaired 

specimens, equivalent bond strengths for these specimens are calculated by dividing the 

applied force by the corresponding interface bond area.

Fig. 4.23 Bi-surface shear specimen under loading [Momayz et al., 2004]

Fig. 4.24 illustrates the theoretical arrangements of the test samples; newly shaped 

concrete specimens with cuts and notches. The cuts have a constant width equal to that of the 

cutting disk. Fig. 4.25 shows the actual loading arrangements: a) shear test of 70 x 70 mm 

excised block, b) shear test of notched cylinder of 60 mm diameter, and c) sheared specimen.
100

-/
67

i
!

42

120 200

67

Fig. 4.24 Schematic shape of a half notched prism and cylinder [Fehervari et al., 2010]

Fig. 4.25 Loading arrangements [Fehervari et al., 2010]
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In a research project conducted by Roussel and Cussigh[2008], cylindrical core samples 

from small slab samples cast in two layers with various delays between layers are used. These 

slabs measured 400x450x200 mm and each layer is 100 mm in thickness (see Fig. 4.26 a). 

After 28 days, cylindrical core samples are drilled and extracted from the slabs and prepared 

as shown in Fig. 4.26 b. Four SCC mixtures with different levels of thixotropy are used. The 

expression of the critical delay between the two layers can be simplified as:

♦ _ P Z h
3.5 A

(4.8)
ihix

where {p) is concrete density, (g) is gravity acceleration and (h) is layer height. This 

means that for traditional SCC mixtures with a structuration rate (A,/,;*: variation rate of yield 

stress with resting time) of the order of 0.3-0.5 Pa/s, the critical delay is of the order of 20 to 

30 min. It is also concluded that for slab casting, the main difficulty can come from the risk of 

distinct-layer casting and therefore SCC should be as non thixotropic as possible.

(a

J  FV il lary«r

find
tay*r

Mcond
layef

(b

Fig. 4.26 Casting protocol (a) and shear strength test (b) [Roussel and Cussigh, 2008]

In work of Bao et al. [2004], the shear strength is measured using double-notched 

specimen under uniaxial compressive load. The specimens are electrical-discharge machined 

and the surfaces are diamond-polished; the configuration is schematically shown in Fig. 4.27. 

In this work a height of h=20 mm, width of W=1 mm, and thickness of S=2 mm and 3 mm 

were used. The arc shape at both ends of the specimen is designed to avoid unsymmetrical 

stress in the sample.

B. Testing

Plywood material is used to fabricate all molds. Fifteen cubes with dimensions of 150 

mm in width, length and height are prepared for each mixture, as shown in Fig. 4.28. All
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moulds are arranged in horizontal position (see Fig. 4.29). Three reference cubes are cast 

normally in one layer. Twelve cylinders are cast in two layers considering the interface 

between layers as vertical during the test, as shown in Fig. 4.28. The delay time between 

casting the first and second layer is varied from 15 to 60 min with 15 min interval. Three 

cylinders for each delay time are considered. Specimens are stored in moist curing room for 

six days.

y  7 ~ 7 " 7 s  .

Fig. 4.27 Double-notched sample for measuring the shear strength [Bao et al., 2004]

Casting point

Second layer 

F irst layer

25 mm

100 ran
150 mm

25 m m T
Second layer

First layer 50 50 50 mm

Fig. 4.28 Cube dimensions and casting direction for direct shear stress

Fig. 4.29 Mold arrangement for direct shear stress and casting steps from left to right

This test method consists of applying a shear load to molded cubes. The load is 

continuously applied without shock until the specimen fails using hydraulically operated 

machines corresponding to a loading rate on the specimen within the range of 0.15 to 0.35 

MPa/s. The designated loading rate is maintained during the testing cycle. The specimens are 

tested on the seventh day after casting. The dimensions of the cube and load of failure are
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recorded. The type of failure and the appearance of the concrete are noted, as shown in Figs. 

4.30.

Fig. 4.30 Specimen under testing apparatus and failure pattern under direct shear stress

The shear strength of the specimen (Sh ') is calculated by dividing half of the maximum 

load carried by the specimen during the test (P) by the failure cross-sectional area (A), and 

expressing the result to the nearest 0.1 MPa (see Eq. 4.8). The residual bond between two 

layers at a given delay time (RB,) is calculated by dividing the shear strength of a specimen of 

the same delay time (Sh ',) by the shear strength of reference specimen (Sh\,) (see Eq. 4.10). 

The average of results of three specimens is considered.

Sh' = —  (4.9)
2A

Sh '
RB, = (4.10)

'  sh,;

4.4.3 Flexural stress

A. Background

The flexural strength of concrete specimen can be taken as an indication of bond strength

between existing and new layers of concrete. The surface between the two layers in the testing

samples of flexural strength test can be horizontal, vertical and inclined, as shown in Fig. 4.31. 

A horizontal surface occurs in case of casting beam, slab, and column or wall structure 

elements. In the case of column or wall, the element can be subjected to moment from the 

eccentricity of vertical load or lateral forces such as wind, earthquake, earth pressure and 

liquid pressure, so that in this case of loading the interface between the two layers in the 

samples for testing should be vertical. The four-point loading method shall be used in making 

flexure tests of concrete using bearing blocks, which will ensure that forces applied to the
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beam will be perpendicular to the face of the specimen and applied without eccentricity. A 

diagram of an equipment that accomplishes this purpose is shown in Fig. 4.32.

a) Horizontal surface b) Vertical surface a) inclined surface

Fig. 4.31 Bi-surface flexural specimen

H#ad of Tasting Machine

Optional Petitions For 0ns Stool Rod 
8  Ono S tts l  Ball

—I*.. I-In. min.

Lood-applpng and support 
'  blocks.

Iteol Rod I
Rigid loading structure 
or,if it is o loading 
accessory, Stool Proto 
or Channel.

*B sd of 
Tooting Mochfno  Spon Length, L

Fig. 4.32 Apparatus for flexural test of concrete [ASTM C78 / C78M - 10]

Loading the specimen should be continuous and without shock. The load shall be applied

at a constant rate until the breaking point. The rate of applied load, inorder to ensure that the

extreme fiber stress increases constantly between 125 and 175 psi/min (0.86 and 1.21 

MPa/min) until rupture occurs, is calculated using the following equation [ASTM C78 / 

C78M - 10]:

5 b d *r = ---------- (4.11)
L

Where:

r = loading rate, MN/min,

S = rate of increase in extreme fiber stress, MPa/min, 

b = average width of the specimen, mm, 

d = average depth of the specimen, mm, and 

L = span length, mm.

If the fracture initiates in the tension surface within the middle third of the span length, 

calculate the modulus of rupture as follows:
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R =
P L

bf df
(4.12)

Where:

R = modulus of rupture, MPa,

P = maximum applied load indicated by the testing machine, N,

L -  span length, mm,

bf= average width of specimen, mm, at the fracture, and 

d/= average depth of specimen, mm, at the fracture.

If the fracture occurs in the tension surface outside of the middle third of the span length

by not more than 5 % of the span length, the modulus of rupture is calculated as follows:

3 P aR = (4.13)
b d 2 

Where:

a = average distance between line of fracture and the nearest support measured on the tension 

surface of the beam, mm.

Fig. 4.33 illustrates the theoretical arrangement of the test samples, and new shape 

concrete specimens with cuts and notches. The cuts have a constant width equal to that of the 

cutting disk. The depth of the cut was always 20% of the greatest thickness of the test 

specimen measured in the direction of crack propagation in the plane of notching [Fehervari et 

al., 2010]. All tested samples are subjected to flexure stress, as shown in Fig. 4.34.

70 200

v~
100125

120

t 60 !

Fig. 4.33 Schematic shape of a half notched beam and halved cylinder [Fehervari et al., 2010]

Fig. 4.34 Bending test of halved notched cylinder [Fehervari et al., 2010]
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B. Testing

PVC material is used to make all the molds. Fifteen small beams measuring 100 mm in 

width and height and 400 mm in length are prepared for each mixture (see Fig. 4.35). A small 

notch is formed during casting at the mid-length point to ensure that failure takes place at mid

span. All molds are arranged in a vertical position (see Fig. 4.36). Three reference beams are 

cast normally in one layer. Twelve beams are cast in two layers considering the interface 

between layers to be vertical at mid-span. The delay time between casting the first and second 

layer is varied from 15 to 60 min with 15 min interval. Three beams for each delay time are 

considered. Specimens are stored in moist curing room for six days before testing.

Casting point ^

100 m
f

-< ^ 4 0 0  mm

h- ------------►H------------200 mm 200 mm

Fig. 4.35 Specimen 
dimensions for flexure stress

Small
notch

Fig. 4.36 Mold arrangement for 
flexure stress

Fig. 4.37 Beam under testing Fig. 4.38 Failure pattern of
apparatuse beam under flexural stress

This test method consists of applying four loading points to a molded beam in 

accordance with C 1161 standards. The load is continuously'applied without shock until the 

specimen fails using hydraulically operated machines corresponding to a loading rate on the
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specimen within the range of 0.15 to 0.35 MPa/s. The designated loading rate is maintained

during the testing cycle. The specimens are tested on the seventh day of casting. The 

dimensions of the beam and failure load are recorded. The type of failure and the appearance 

of the concrete are noted, as shown in Figs. 4.37 and 4.38.

The flexural strength of the specimen iff') is calculated using Eq. 4.14. The residual bond 

between two layers at a certain delay time iRB,) is calculated by dividing flexural strength of 

specimen of the same delay time i f f ',) by the flexural strength of the reference specimen f f 0', 

see Eq. 4.15. The average of results of three specimens is considered.

Where (P) is failure load, (L) is span, (b) is width of beam and (d) is height of beam.

4.4.4 Water permeability

A. Background

Permeability of SCC and lift surfaces between layers are key elements for concrete 

structures. The permeability of SCC is largely controlled by mixture proportioning, placement 

method and forming of lift surfaces. Concrete with low permeability generally has a low 

water-cementitious material ratio, is well mixed and consolidated, is proportioned with 

adequate paste and mortar to sufficiently fill all voids, and has been properly cured to allow 

for the continued hydration of cement. High cementitious material content mixtures have 

lower permeability than low cementitious material content mixtures. Permeability of SCC 

cylinders and cores can be tested using CRD-C 163, “Test Method for Water Permeability of 

Concrete Using Triaxial Cell.” This test method produces a value of coefficient of 

permeability (K).

PVC material is used to make all the molds. Eight cylinders measuring 150 mm in 

diameter and 300 mm in height are prepared for each mixture (see Fig. 4.39). A narrow 

channel is formed during casting at the central line of a cylinder measuring 25 mm in diameter 

and 300 mm in height. The central channel, presented in Fig. 4.41, is formed by placing a

(4.14)

(4.15)

B. Testing
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circular tube vertically at the central line of the mold before casting. The base and cover of the 

mould are drilled to make a hale measuring 25 mm to facilitate placing the tube vertically. The 

tube is slowly and gently pulled out from the specimen before hardening and after setting. All 

moulds are arranged in the vertical position (see Fig. 4.40). Two reference cylinders are cast 

normally in one layer. Six cylinders are cast in two layers considering the interface between 

layers to be horizontal at mid-height, as shown in Fig. 4.42. The delay times between casting 

the first and second layer are 20, 40 and 60 min. Two cylinders for each delay time are 

considered. Specimens are tested after storing in a moist curing room for 27 days.

Casting point
Tube

150 mm
150 mm

Mold
150 mm

Fig. 4.39 Specimen dimensions and Fig. 4.40 Mold arrangement for
casting direction for water permeability water permeability

Fig. 4.41 Central channel Fig. 4.42 Lift line between layers

This test method consists of applying pressured water to side surface of molded cylinder 

in accordance with CRD-C 48-92 standard. The water migrates through the concrete from the 

outside to the inside, and is collected outside the specimen by escaping through the central 

channel. The water permeability test apparatus is as shown schematically and is illustrated 

typically in Fig. 4.43. The apparatus is composed of a specimen container, water reservoir, 

water supply and vacuum pump or other source for producing pressure. The container consists 

of a steel cylinder with a retainer ring at the bottom and a flange at the top. The water 

reservoir consists of a glass pipe connected with suitable fittings, valves and regulators to 

permit the admission of water for filling and for appliying air pressure. The top and bottom of
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the specimen are sandblasted to remove the cement paste surface layer. The specimen is 

lowered into the container and firmly seated using metal rods as guides and a lever between 

the specimen and the container to assist in centering the specimen, as shown in Fig. 4.44. All 

specimens are subjected to three pressure values around 2.1, 3.4 and 5.5 MPa. The specimens 

are tested at 28 days after casting. The dimensions of specimens and water reservoir level with 

time are recorded. The specimens are broken and divided into two parts to check the water 

flow through the lift line, as shown in Fig. 4.44. The permeability of the specimen {Kp) is 

calculated using Darcy’s law for fluid in a permeable medium, expressed in Eq. 4.16. The 

residual water permeability resistance at certain delay time (Rp,) is calculated by dividing the 

permeability of reference specimen (Kp0) with the permeability of a specimen of the same 

delay time Kp, (see Eq. 4.17). The average of results of two specimens is considered.

M
K p  =

Rp, =

a (A)

Kp ,, 
Kp,

(4.16)

(4.17)

Specimen

Container 

Steel rods ■ 
Water under pressure' 

Pressure control gaugegaugeit
Water

s

S ■

s 
s  s \

T *

Resin material

Glass pipe

Fig. 4.43 Water permeability apparatus
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(M) is flow rate and is obtained by dividing the water volume that migrates through 

concrete by elapsed time. (A) is the area of permeable medium perpendicular to flow and 

calculated using Eq. 4.18.

A = 1.57 H  (Dcy+Dch) (4.18)

H  is height of specimen. (Dcy) is the diameter o f specimen. {Dch) is the diameter of the 

central channel. (h) is the hydraulic head and is obtained by dividing water pressure (P) by 

density of water (y). (L) is the length of flow path and is calculated using Eq. 4.19.

Lift line 
between 

layers

Fig. 4.44 Broken specimen after water permeability test

4.5 Formed concrete surface quality

4.5.1 Z-test

The casting mold is designed to have vertical, inclined, and horizontal oriented surfaces, 

similar to the Z letter, as shown in Fig 4.45, (Z-test). Two casting mold are used Z-test 1 and 

Z-test2. The Z-test 1 is build with four different materials; three impermeable materials: 

plywood, steel, and PVC, as well as a permeable polyester filter medium. The properties of 

polyester filter are presented in Table 4.2. Non-flat sides (sides a and c) are formed with steel 

and flat sides (sides b and d), are formed with PVC. Plywood plates of 3-mm thickness are 

glued on the inner side of one of steel sides (side 1) using silicon. Polyester filter medium is 

placed between concrete and the inner surface of one of PVC sides (side d) without using any 

pasting materials. Some holes are prepared in the polyester filter medium to allow scrows, 

used to gather all four sides, to pass through the filter. With this fixation method, enough 

tensile stress is applied on the filter to be flat without waves. The properties of polyester filter
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are presented in Table 4.2. To increase the service life of plywood side, demolding oil is used 

with two days before casting to dry the plywood from any exceess oil and to insure that there 

is no impact of oil on surface quality.

Table 4.2 Properties of permeable formwork

Fiber Polyester
Thickness CAN 148.1 N o.3-85 (mm) 0.6
Voids per surface (%) 0.8
Surface water permeability (10 IU m/s) 60
Scaling of surface (ASTM  C-672) (Kg/m2) 0.2
Surface water absorption (10 s m m /m inl/2) 6.0

Casting point

Fig. 4.45 Dimensions of the Z-test mold

Z-test2 also is built using four different materials as shown in Fig. 4.47. Three materials; 

Plywood, steel, andfixedglass; are impermeable while the fourth one, polyester filter medium, 

is permeable. Basically, non-flat sides (sides a and c) of Z-test are formed with steel and flat 

sides (sides b and d) are formed with fixedglass and PVC, respectively. Plywood plates 

measuring 3 mm thickness are glued at three locations only, all of which are vertical parts, on 

the inner side of side c using silicon. Two locations, inclined and horizontal parts, are kept as 

they are steel in order to make a direct comparison between surface quality of concrete against 

inclined parts in sides a and c. Polyester filter medium is placed between concrete and the 

inner surface of the PVC sides (side d); using the same attaching method as in Z-testl.
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Approximately 82 liters of concrete are needed to cast the mold of Z-test. The concrete is 

placed from the top at casting rate of 10 m/hr without any kind of vibration. The concrete 

element of Z-test is demolded on second day of casting. After demouding, the steel and 

plywood sides are cleaned from cement paste using sandpaper for subseqounte casting. The 

cleaning of the steel side is more difficult than plywood side. The PVC side is cleaned using 

water and normal paper because sandpaper affects the texture of PVC. Polyester filter medium 

is changed each time of casting and replaced with new one to insure that all the voids are 

clean because some of these voids are blocked with harden cement past.

Non-permeable Permeable 

/  A  \

a b e d

Fig. 4.46 Z-testl; (a) Plywood, (b) PVC, (c) Steel, and (d) Polyester filter

Non-permeable 

/  A  \

Permeable

4 -  Plywood

4 -  Steel

4 -  Plywood 

4 -  Steel 

4-  Plywood

Fig. 4.47 Z-test2; (a) Steel, (b) Fixedglass, (c) Steel and Plywood, and (d) Polyester filter
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4.5.2 Surface defects assessment

The Z shaped concrete element is divided into zones using a marker pen, as shown in 

Fig. 4.48. Plywood side (a) is divided into five zones. Steel side (c) is divided into six zones. 

PVC (b) and filter (d) sides are divided into seven zones. The hatched zones are not 

considered in the study because surface of hatched zone in plywood side is affected by 

demolding, and hatched zone in steel side is confined zone subjected to concrete pressure. 

This means that air bubbles can not escape to outside of formwork. Therefore, noisy and large 

air bubbles are observed in this zone. A photographic image is taken for each zone under sun 

light from a constant distance about (30-40) cm from the surface of the concrete elements. The 

procedure of surface quality measurement is reported. For example, an image for zone 5 of 

steel side of mixture SCC 15 is shown in Fig. 4.49. The original image is restricted with 

cutting the exceeded area from four sides to focus on concrete surface, as shown in Fig. 4.50. 

The image is converted from original color photograph into black and white view as shown in 

Fig. 4.51.

The surface defects are indicated by the area occupied with black color. The black and 

white image is analyzed using ENVI 4.5 and AutoCAD software programs. The area of black 

color as a percentage of total image area is determined using ENVI 4.5 program. The steps for 

using ENVI 4.5 are summarized as follows:

1- Opening ENVI 4.5 and then opening image file; Fig. 4.52;

2- Choosing gray scale and then loading band; Fig. 4.53;

. h  (a) Plywood side
c Y  d (b) PVC side

(c) Steel side 
1 1 . (d) Filter side

Fig. 4.48 Zones remarked on surface of concrete element
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3- Choosing unsupervised classification based on K-mean value; Fig. 4.55;

4- Selecting classification input file; Fig. 4.56;

5- Selecting two classes (black and white); Fig. 4.57;

6- Choosing overlay classification; Fig. 4.58;

7- Selecting interactive input file; Fig.4.59;

8- Selecting classes used in the classification; Fig. 4.60;

9- Class distribution; Fig. 4.61;

10- The results; Fig. 4.62;

Fig. 4.49 Original image of zone 5 of steel side of mixture SCC 15

Fig. 4.50 Image curing
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Fig. 4.51 Black and white view

|  Fife Basic Tods Classification Transform Filter Spectral Map Vector Topographic Radar Window Help

Open Vector File

' Open Remote File

Fig. 4.52 Step 1: opening image file

K  - I D I  x j

File Options

B- zone 5.bmp
j— o  R (zone 5.bmp) 

□ G (2one 5.bmp) 
•••••■ □ . B (zone 5.bmpj

|
1

i

(* Gray Scale P  RGB Color

Selected Band
|B (zcme 5.bmpJzorte 5.bmp

Dimsjl673 x 1B30 (Byte) (BIP]

load  Band |  Display 111 »J

Fig. 4.53 Step 2: loading band
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g  t ) l  S c ro ll ( 0 .1 5 1 4 8 )

v

#1 8 (zone 5.bm p)^one 5»bmp
F3e Overlay Enhance Took Window

‘B E D ..

Fig. 4.54 Image in gray scale with three different scales

; File Basic Tools j Classification Transform Filter Spectra! Map Vector Topographic Radar Window Help 
Supervised ►.| .................... ....

IsoDeta
Decision Tree ►
Endmember Collection
Oeate Class Image from ROIs

Post Classification ►

Fig. 4.55 Step 3: choosing type of classification

n: j
F ie  Irlomariort 

Fie: CAwsH «bd e l m egid\D octora\ftctect of t a w  
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Size: [Byte) 6.4B3.85< bytes.
Fie Type : BMP 
Sensor Type: Urfcnown 
Byte Order: Host (Intel)
Protection: None 
W ave len tfh : N one 
Upper Lett Com er 1.1 
Description. BMP F ie  Imported into 
ENVI [W ed Oct 2 0 1 7 :5 0 .S  2010)

Spatial Subset IjF tJ  Scene

S p e c tra lS tto e t | [3/3Bend»~*

Select Meek Band j|<N one Selected>

0K  |  C m c d  | ft&VlOUf |j O p m  * j

Fig. 4.56 Step 4: selecting of classification input file
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K-Means Param eters *]
Number of Classes |2

C hange ThreshoW ^ (O-IOOlJ^OO 

Maximum Iterations | l  Cj

Maximum Stdey From Mean 

Mawnum Distance Error I

Output RestA to C  R e  (• (Memory;

OK I Queue j Cancel J Help

Fig. 4.57 Step 5: selecting two classes (black and white)

I Fie fO ver lay Enhance Took Window 
j: j Annotation.,

I !  l
jf |  Contour Lines...
[I ! Densfcy 5£ce...
|| { Gridlines...
|| | Region of Interest...

1 Vectors...

Y

I

Fig. 4.58 Step 6: selecting overlay classification

Select Input File: File Information:

zone5.bmp
Fie: (Memoryl1
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Size: jByte) 2.827.370 ty es .
F ie Type : ENVI Dawrficatbn 
Sensor Type: Unknown 
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Projection: None 
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Upper left Corner 1,1 
Description: K-Means Classification 
Resuk (Wed Oct 2016:22:38 20101

OK j C aned |j j  Previous j O pen^j

Fig. 4.59 Step 7: selecting interactive input file
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g* #  1 In te rac tive  Class Tool
Fite Edit O ptions Help

Active D a s s H  [ U n d a t e d

f“  O n |  jU ndassified 

I ?  O n I

W  On jCJass 2

|  Class 1

Fig. 4.60 Step 8: selecting classes

0  #1 Interactive Class Tool

Class distribution...

Jnlxj
File Edit j Options Heip 

Active Cla Edit class colors/names... 
Merge d asses...

f~  On 

R  On

Mean for active dass
Mean for all dasses
Stats for active dass
Stats for all classes
Calculate Covariance with Stats

Associated stats data  file... 
Class Transparency...

Hide Window

Class 2

Fig. 4.61 Step 9: class distribution

S i r  - i n i  x i l
File

| File: [Memory:
! Class Name 1
1 Unclassified 
j Class 1 
i Class 2

I] [2.827.370 points]
Jpts Pet
[0] 0 . 000* 
[32300] 1.142* 
[2795070] 98.858*

Fig. 4.62 Step 10: the results

The surface defects occupy 1.142% with respect to total image area as shown in Fig. 

4.62. The diameter of defects is measured using AutoCAD. The maximum diameter of defects 

(0d.m ax) is considered in this study, and it is determined by multiplying the maximum diameter 

of defect with scale of image. The maximum diameter in Fig. 4.63 is 4.62 mm and the scale of 

image is 2.05 so the maximum diameter of defects (0d.m ax) is 9.5 mm. Segregation is 

investigated in some concrete elements due to low viscosity of mixture and high free drop 

height during casting. For example, zone 6 of PVC side of mixture SCC22 is shown in Fig. 

4.64. Area of defects (A d ) is 7.650% as indicated in Fig. 4.65 using ENVI 4.5. The maximum 

diameter of defects (0d.m ax) is 115.5 mm using AutoCAD, see Fig. 4.66.
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4  ) -% > \V w

Scale =  2.05

Fig. 4.63 Measuring diameter of defects using AutoCAD

Fig. 4.64 Surface showing the defects caused by segregation

■r-JDfxJ
Ffe j
File: [Memoryl] [1.951.525 
Class Name Npts Pet

points]

00*
SO*
350*

Onclassi £ led [0] 0.01 
Class 1 [149294] 7.6! 
Class 2 [1802231] 92.:

Fig. 4.65 Area of defects caused by segregation
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Scale =

Fig. 4.66 Diameter of defects caused by segregation

4.5.3 Concrete color assessment

The color of concrete surface is determined using a colormeter, as shown in Fig. 4.67. 

The daylight colors of opaque specimens are represented by points in a space formed by three 

rectangular axes representing lightness-darkness, redness-greenness and yellowness-blueness. 

It is produced by plotting in rectangular coordinates the quantities (L*, a* and b*) of 

CIE 1976 (see Fig. 4.68). The difference between two color samples is represented in 

components (AL* A a* and A b*) as shown in Fig. 4.68. The signs of the components (AL* 

A a* and A b*) have approximate meanings as indicted in Table 4.3. Forjudging the direction 

of the color difference between two color samples, it is useful to calculate their CIE 1976 

metric hue angles (H *) and CIE 1976 chroma (C*) as follows:

'b * 'H * = tan' (4.20)

C* = y j (a*)2 + (b*)2 (4.21)

The total color-difference and hue difference should not be greater than 6 and 2 units, 

respectively, from the approval sample or between units of comparable age subjected to 

similar weathering [ASTM C 1364-07, 2008].

Fig. 4.67 Colormeter
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Fig. 4.68 Color plotting in rectangular coordinates using ColoQA Pro III 

Table 4.3 Meanings of signs of color components

AL* + lighter
- darker

A a*
+ redder (less green)
- greener (less red)

A b*
+ yellow (less blue)
- bluer (less yellow)

The colors in the Federal Standard (FS) code have no official names, just five-digit 

numbers [Web site E], The first figure can be 1, 2 or 3 and indicates the level of sheen where 

1 is gloss, 2 is semi-gloss, and 3 is matt. The second figure of FS code indicates a general 

color classification group as indicated in Table 4.4. The remaining figures (third to fifth) 

combined into a number indicate the intensity. Lower value indicates a darker color and 

higher value indicates a lighter color. The numbers have been assigned with gaps to allow 

addition of new colors.

Table 4.4 Meanings of second figure of FS code

0 brown
1 red
2 orange
3 yellow
4 green
5 blue
6 grey
7 other (white, black, violet, metallic)
8 fluorescent

105



Chapter 4 Test m ethods

The surface color of each zone, remarked on Z-shaped concrete element, is measured 

using colormeter. Colormeter measures the color and expresses it in three digit numbers. The 

first digit indicates the degree of lightness or darkness. The second digit indicates the degree 

of redness or greenness. The third digit indicates the degree of yellowness or blueness. The 

white color is considered as a reference and expressed in 255/255/255. The change in degree 

of white color is considered in this study. For example, the color of zone 1 in plywood side of 

mixture SCC24 is 100/101/83. The difference between white color and color of zone 1 is 

shown in Fig. 4.69. The difference between the two colors in absolute values is 155/154/172. 

The difference between the two colors in relative values is 2 55/ 255/255  and equals 61/60/68 in 

percentage format. To simplify calculations, the average value of last three digital numbers; 

64%; is considered in this study.

X Target + Samote
(zone i  Tn'ptywoofl side of SCC9

[■&|lD|y||aj [M e a su re d ROB J ; |fr)w ~  z j f X

10/21/2010
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10/ 2 1 /2 0 1 0
1 3 :2 7 :3 9

P '  A verage

P. Pass/Rail

-R 2SS.OO 
-G 2S5.00 
-B 2SS.OO

pP. 100.00 
-G 101.00 
-a 03.00

AE* 31.99 
ACMC 28.39! 

ACTE: 94 30.32
a CJE oo 2 2 . 6 9

61 02  63  04 a s  a s  sx7 a s

Fig. 4.69 Difference between white color and sample color
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CHAPTER 5 -  CORRELATIONS BETWEEN WORKABILITY AND THIXOTROPY

5.1 Introduction

At fresh state, SCC behaves as a fluid with a minimum stress required to make it flow. 

Any stress at which irreversible deformation occur is called as yield stress in the literature. 

The yield stress is one of the important properties used to describe the thixotropy and rheology 

of SCC. The other important property of fresh concrete is “workability” . Although the 

definition of workability has been debated between scientists and engineers for several 

decades, it generally refers to the consistency, flowability, pumpability, compactability, and 

harshness of the mix [Tattersall, 1991]. As concrete construction applications become more 

demanding, there is an increasing pressure on engineers to ensure high workability while at 

the same time maintain the structural properties necessary to meet design specifications. In 

understanding and controlling the workability of fresh concrete, advancements are to be made. 

The testing procedures and industrial standards must be based more on fundamental 

quantitative aspects. Accordingly, workability should be defined in terms of established 

measurable rheological parameters such as yield stress and viscosity.

Several authors have acknowledged the need for a more quantitative measure of the 

fluidity of fresh concrete [Mindess and Young, 1981; Tattersall, 1991; Powers, 1968; and 

Tattersall and Banfill, 1983], However, measuring the fundamental rheological properties of 

concrete is experimentally challenging due to the large particle size of aggregates. 

Furthermore, the equipment used for field testing must be relatively inexpensive, easy to use, 

and sufficiently small to be of practical use at construction sites. For these reasons, there is a 

renewed interest in understanding how the workability tests correlate with the rheological 

properties of fresh concrete. The slump flow, J-ring flow and T50 tests are the most widely 

used methods to evaluate the fluid properties of any fresh concrete. The simplicity of the 

measurements and the low cost of these tests are among the reasons why these tests remain the 

most common methods for quality control evaluation of fresh concrete in the field.

On the other hand, the conventional workability tests [European Guidelines, 2005] slump 

flow, J-ring, and T50 do not give any value of a physical parameter at all. Their results can not 

be expressed in physical rheological units but they have proved through the years to be able to 

classify different SCC in terms of their ability to be cast. Analysis of the results of the
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workability tests has never moved past a qualitative understanding. Fresh concrete is often 

described as “workable,” “harsh,” or “fluid” based on the results from the workability tests 

[Powers, 1968]. It is extremely difficult, if not impossible, to fully understand the flow 

properties of fresh concrete using such qualitative descriptions.

Using the “two-point” method developed by Tattersall [1976], it is concluded that the 

slump has a negative power law dependence on yield stress and is largely independent of 

viscosity. Morinaga [ 1973] also found an inverse relationship between slump and yield stress 

using a concentric cylinder concrete rheometer. Murata [1984] confirmed the results of 

Morinaga [1973] using normal and lightweight concrete and further suggested that slump was 

not influenced by viscosity. Murata [1984] also related slump to yield stress based on a simple 

force balance model. Christensen [1991] corrected the integration errors in the original Murata 

model [1984] and converted the units to dimensionless quantities. Christensen's model [1991] 

was independent of the particular material under investigation and the size of the slump cone. 

However, Christensen [1991] did not experimentally confirm the accuracy of the model.

Schowalter and Christensen [1998] wrote a relation between slump and yield stress and a 

relation between the final total height of the cone and the yield stress that did not depend on 

the mould geometry. The similar relation was successfully validated by Clayton et al. [2003]. 

Hu et al. [1996] gave a semi empirical correlation between the yield stress measured using the 

BTRHEOM, the density and the slump. Roussel [2006C] proposed a correlation between yield 

stress and slump based on comparison between numerical simulations and results measured 

using concrete rheometers for concrete with slump ranges from 50 to 250 mm. Saak et al. 

[2004] proposed a three-dimensional model relating slump to yield stress as a function of cone 

geometry. The results of their study indicated that the model fits the experimental data for 

cylindrical slump over a wide range of yield stress values for cement paste.

5.2 Objectives

Most of studies done regarding correlation between rheology and workability parameters 

are in the field of conventional concrete at dynamic state. There is little knowledge about the 

relationship between workability and thixotropy of SCC at rest. The aim of this chapter is 

therefore to propose an experimental correlation between thixotropy and workability 

parameters of SCC.
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Thixotropy of SCC is determined by evaluating the rate of increase in static yield stress 

at rest and the changes in the structural build-up rate at rest [Roussel and Cussigh, 2008]. This 

can be done using concrete rheometer or other empirical tests such as PV and IP tests. 

Workability is described in three parameters [Koehler and Fowler, 2007] such as filling 

ability, passing ability, and viscosity level which are measured using slump flow, J-ring flow, 

and T50 test, respectively.

The methodology of this chapter consists of five tasks, as shown in Fig. 5.1. First, find an 

experimental correlation between different workability indices of SCC. Second, find an 

experimental correlation between different thixotropy indices of SCC determined using 

different test methods. Third, find an experimental correlation between the static yield stresses 

of SCC determined using different test methods; modified MK-HI rheometer, PV, and IP tests; 

on one hand and slump flow or T50 of SCC on the other hand. Forth, propose model for static 

yield stress in terms of slump flow, J-ring flow, and T50 of SCC. Finally, find an experimental 

correlation between thixotropy and workability indices. Eight (SCC1 to SCC8) SCC mixtures 

are prepared. Their compositions are given in Table 3.8. Unit weight, air content, and concrete 

temperature are determined for each mixture, and the details are given in Tables 3.9.

8 SCC 
mixtures

Task III: Correlation between static yield 
stress and one parameter of workability

Task IV: Model for static yield stress as a 
function in two parameters of workability

Task V: Correlation between 
workability and thixotropy indices

Task I: Correlation between 
workability indices

Task II: Correlation between 
thixotropy indices

Thixotropy
•  MK-III
•  PV

Workability
•  S.flow
•  J-ring flow
•  T50

Chapter (5): Correlation between workability and thixotropy

Fig. 5.1 Flowchart of Chapter (5)
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5.3 Workability

The workability of SCC is defined in terms of three properties: filling ability, passing 

ability, and viscosity. Filling ability describes the ability of concrete to flow under its own 

mass and completely fill the formwork. It is an essential property where concrete cannot be 

consolidated adequately. Passing ability describes the ability of concrete to flow through 

confined conditions, such as the narrow openings between reinforcing bars. With an increase 

in filling ability, automatically passing ability increases. This does not mean that high level of 

filling ability assures passing ability. Viscosity or segregation resistance describes the ability 

of concrete to remain uniform in composition during placement and until setting. Each of 

these three workability properties should be evaluated independently. The extent to which 

SCC must exhibit filling ability, passing ability, and viscosity can vary widely depending on 

the application. In selecting target workability properties, it is important to only design for 

what is needed, with adequate tolerances for anticipated construction variations. Increasing the 

levels of filling ability, passing ability, and viscosity will often result in increasing costs. 

Further, the reduction in viscosity typically increases the filling ability.

5.3.1 Filling ability

All readings of slump flow for eight tested SCC mixtures; SCC1 to SCC8; are presented 

in Table A .I. Each concrete is prepared and tested three times. In addition, coefficient of 

variation (COV) is calculated for the three readings at each resting time; 0, 17, 34, and 52 

min; with maximum acceptance value of 4. The concrete is kept inside the mixer at rest 

without rotation until the testing time. Concrete sample used for each test is not returned to the 

mixer. Filling ability retention is described by plotting the variation in slump flow results with 

resting time as shown in Fig. A .I. The value of R2, determined from the regressive line of the 

results of each mixture, is not less than 0.83. Variations in S.flow (SF) with resting time (RT) 

for all tested mixtures are plotted in Fig. 5.2. Very useful and informative phenomena are 

observed. Some mixtures have the same initial slump flow (SF0) but with different slump flow 

retention rate (SFRR). For example, SFo of both SCC6 and SCC7 is 665 mm but they have 

different SFRR of 2.20 and 2.35 mm/min, respectively. Moreover, some mixtures have 

different SFo but with the same SFRR. For example, SFRR of both SCC4 and SCC5 is 1.8 

mm/min but they have different SFo of 650 and 705 mm, respectively. SFo is insufficient to
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rank SCC mixtures regarding to the filling ability because some mixtures are found to have 

different SFRR with the same SFo. For example, SFo of both SCC1 and SCC5 is around 700 

mm but they have different SFRR of 0.5 and 1.8, respectively. To rank the eight SCC mixtures 

from very high to very low workability level in terms of filling ability, a certain value as an 

index is required to include the two characteristics of slump flow measurements; SFo and 

SFRR. This index is called slump flow index (SFI) and is calculated by multiplying the value 

of SFo with SFRR. SFI ranges from minimum to maximum values of 345 to 2120 

mm.mm/min, respectively, as shown in Table 5.1. SFRR has the higher impact on SFI than 

SFo, as shown in Fig. 5.3.

750
SFo SFI = SF0 . SFRR

700

345 mm.mm/minSFRR650
S
^  600
So

550
c<6

 SCC1

- - SCC3

- - SCC5 

 SCC7

SCC2

SCC4

SCC6

SCC8

500

2120 mm.mm/min450

400
0 4010 20 30 50 60

RT, min
Fig. 5.2 Variation in slump flow retention time for all tested mixtures 

Table 5.1 Slump flow index

Mixtures SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8
SF0, mm 695 640 630 650 705 665 665 625

SFRR, mm/min 0.50 0.75 1.75 1.80 1.80 2.20 2.35 3.40
SFI, mm.mm/min 345 485 1090 1170 1270 1460 1560 2120

- 1000

6 6 0  6 8 0  7 0 0

S F o .  m m

2500

2000

E  150 0

"  1000

5 0 0

0 2 3 4

SFRR . m m /m in

Fig. 5.3 Power impact of both initial slump flow and its retention rate on its index
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5.3.2 Passing ability

All readings of J-ring flow for eight tested SCC mixtures; SCC1 to SCC8; are presented in 

Table A.2. Each concrete is prepared and tested three times. In addition, COV is calculated for 

three readings at each resting time; 0, 17, 34, and 52 min; with maximum acceptable value of 

5. The concrete is kept inside the mixer at rest without rotation until the testing time. Concrete 

sample used for each test is not returned to the mixer. Passing ability retention is described by 

plotting the variation in J-ring flow results with resting time as shown in Fig. A.2. The value 

of R2, determined from the regressive line of the results of each mixture, is not less than 0.87. 

Variations in J-ring flow (JRF) with RT  for all tested mixtures are plotted in Fig. 5.4. The 

same phenomena are observed also in J-ring measurements. Some mixtures have the same 

initial J-ring flow (JRFo) but with different J-ring flow retention rate (JRFRR). For example, 

JRFq of SCC4 and SCC7 are 640 and 645 mm with very small difference but they have 

different JRFRR of 1.35 and 2.00 mm/min, respectively. Moreover, some mixtures have 

different JRFq but with the same JRFRR. For example, JRFRR of both SCC3 and SCC4 are 

1.30 and 1.35 mm/min with very small difference but they have different JRFo of 590 and 640 

mm, respectively. To rank the eight SCC mixtures from very high to very low workability 

level, a certain value as an index is required to include the two characteristics of J-ring flow 

measurements; JRFo and JRFRR. This index is called J-ring flow index (JRFF) and calculated 

by multiplying the value of JRFo with JRFRR. JRFI ranges from minimum to maximum 

values of 435 to 1785 mm.mm/min, respectively as shown in Table 5.2.
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Fig. 5.4 Variation in J-ring flow retention for all tested mixtures

435 mm.mm/min

JRFRR

JRFI =  JRFo. JRFRR

1785 mm.mm/min
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Table 5.2 J-ring flow index

M ixtures SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8
JRF0, mm 715 630 590 640 685 660 645 570

JRFRR, mm/min 0.60 1.10 1.30 1.35 1.40 1.60 2.00 3.10
JRFI, mm.mm/min 435 690 765 850 950 1070 1285 1785

5.3.3 Viscosity

All readings of T50 for eight tested SCC mixtures; SCC1 to SCC8; are presented in 

Table A.3. Each concrete is prepared and tested three times. In addition, coefficient of 

variation (COV) is calculated for three readings at each resting time; 0, 17, 34, and 52 min; 

with maximum value of 18. COV of T50 test results is higher than COVs of results obtained 

using both slump flow and J-ring flow tests. This means that the variation of T50 test is higher 

than the other two workability tests because the values of T50 are very sensitive to human 

error at starting and stopping points of stopwatch. Viscosity increase is described by plotting 

the variation in T50 values with resting time as shown in Fig. A.3. The value of R2, 

determined from the regressive line of the results of each mixture, is not less than 0.9. 

Variations in T50 with RT  for all tested mixtures are plotted in Fig. 5.5.
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-  SCC7
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SCC8
30 T501 = T50„ . T501R

24 T50IR

18

12
T50o

6

0
0 10 20 30 40 50 60

RT, min
Fig. 5.5 Variation in T50 with resting time for all tested mixtures

Only one phenomenon is observed where some mixtures have different initial value of 

T50o but with the same T50 increasing rate (T501R). Two observations are recorded. The first, 

T50IR of both SCC1 and SCC2 is the same and equal to 0.03 s/min but they have different 

T500 values of 1.11 and 1.51 s, respectively. The second, T50IR of both SCC5 and SCC6 is
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the same and equal to 0.09 s/min but they have different T50o values of 2.04 and 3.45 s, 

respectively. To rank the eight SCC mixtures from very high to very low workability level 

regarding to viscosity, a certain value as an index is required to include the two characteristics 

of T50 measurements; T50o and T50IR. This index is called T50 index (T50I) and is calculated 

by multiplying the initial value of TSOo with T501R. TSOI ranges from minimum to maximum 

value of 0.03 and 5.26 s.s/min, respectively as shown in Table 5.3.

Table 5.3 T50 index

Mixtures SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8

T50o, s 1.11 1.51 1.65 1.79 2.04 3.45 4.42 8.71
T501R, s/min 0.03 0.03 0.06 0.08 0.09 0.09 0.21 0.60
730/, s.s/min 0.03 0.05 0.11 0.14 0.18 0.33 0.93 5.25

5.3.4 Correlations between workability parameters

Based on experimental results, good relations can be derived between SF  and JRF  

resulting in R value of 0.9. That means slump flow directly relates to J-ring flow because 

they describe the fundamental behavior of concrete during casting but with different meanings 

as mentioned in paragraph 5.3. The relationship between SF and JRF  is plotted in Fig. 5.6 and 

expressed in following equation:

JRF =0.81 SF + 128 (5.1)

720

680
y =  0,81x + 128,05 

R2 = 0,90
640e

E 600

o  560 q=
520

•c
■A 480

440

400

400 440 480 520 560 600 640 680 720
S .flo w , mm

Fig. 5.6 Relation between slump flow and J-ring flow

This correlation is valid only if SF  and JRF  are less than 720 mm and more than 400 mm. 

The results demonstrate that the workability of SCC is very sensitive to any disturbing energy 

if slump flow is less than 675 mm. As mentioned in Chapter 4, J-ring flow test is conducted 

after slump flow test. During taking the concrete sample for slump flow test, the concrete 

inside the mixer was little bit disturbed resulting in breaking some connections between
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particles generated during resting time. Therefore, sometimes the results of J-ring flow test are 

little bit higher than results of slump flow test where the opposite is predicted.

5.3.5 Correlations between workability indices

Based on experimental results, good relationships can be derived between all the three 

workability indices SFI, JRFI and TSOI using Lap-fit program. That means each workability 

index directly relates to the other two indices. The relationships between SFI, JRFI and TSOI 

are plotted in Figs. 5.7, 5.8 and 5.9. The R2 values of the three relationships are 0.95, 0.92, and 

0.99, respectively. Depending on these relationships, there are three developed models which 

can be used to predict a certain workability index if another one is available, as follows:

JRFI = 0.0003 S F I2 - 0.04 SFI + 502 (5.2)

SFI =  331 LnTSOI +1684 (5.3)

JRFI = 247 LnT50I +1350 (5.4)
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R2 = 0.97E 1400
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Fig. 5.7 Relation between slump flow and J-ring flow indices
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Fig. 5.8 Relation between slump flow and T50 indices

The relationship between SFI, JRFI and T50I in contour line diagram is plotted in Fig. 

5.10. This model is valid only if SFI, JRFI and TSOI are less than 2115 mm.mm/min, 1783
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mm.mm/min and 5.3 s.s/min, respectively, and more than 343 mm.mm/min, 435 mm.mm/min 

and 0.03 s.s/min, respectively.
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Fig. 5.9 Relation between J-ring flow and T50 indices
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Fig. 5.10 Contour diagram of J-ring flow index 
345 < SF I < 2120 & 0.03 < TSOI < 5.3

5.4 Thixotropy

A thixotropic material becomes more fluid with increasing time of applied force. The 

applied force may be stirring, pumping or shaking. This effect is sometimes called “structural 

break-down”, as shown in Fig. 5.11 (left). It is often reversible observed trend. When the 

sample is left undisturbed for some time, thixotropic slurry regains its viscosity. This effect is 

sometimes called “structural build-up”, as shown in Fig. 5.11 (right). Only, the structural 

build-up is considered in this research.
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Structural
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apparent
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Structural
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Fig. 5.11 Two reversible states of thixotropic material

5.4.1 MK-III concrete rheometer

All readings of eight tested SCC mixtures; SCC1 to SCC8; are presented in Table A.4. In 

addition, COV is calculated for at least three readings at each resting time with maximum 

acceptable value of 8. Five mixtures are tested three times except SCC2 (5 times) and both of 

SCC1 and SCC7 (6 times). Structural build-up is described by plotting the variation in static 

yield stress values ts(i)mk-iii with resting time RT  as shown in Fig. A.4. The minimum value of 

R2 is 0.85. Variations in rs (,)M k -i i i  with RT  for all tested mixtures are plotted in Fig. 5.12.
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Fig. 5.12 Variation in thixotropic behavior measured with MK-III rheometer for all mixtures

A very interesting phenomenon is observed. Some mixtures have different static yield 

stress at 15 min of resting time rs ( i s )m k -i i i  but with the same structural build-up rate R S B U m k -i i i - 

For example, R S B U m k -i i i  of both SCC3 and SCC4 are the same and equal to 2.3 Pa.Pa/min but 

they have different t s ( i 5)m k -i i i  of 350 and 380 Pa, respectively. Moreover, R S B U m k -i i i  of both
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SCC6 and SCC7 are the same and equal to 3.3 Pa.Pa/min but they have different ts(J5)mk-iii of 

520 and 1100 Pa, respectively. To rank the eight SCC mixtures from very low to very high 

thixotropy level, a certain value as an index is required. Two thixotropy indices are 

considered. The first one is Athixl m k -u u  which is directly considered as the value of t s ( / s )m k -i i i - 

The second index of thixotropy, AthixlMK.m , which is calculated by multiplying ts(i5)mk-ui 

with R S B U m k - i i i■ Athixlm k -i i i  and Athix2MK-m range from minimum to maximum values about 

270 to 2000 Pa and 760 to 35000 Pa.Pa/min, respectively as shown in Table 5.4.

Table 5.4 Thixotropy indices determined using MK-IT rheometer
M ixtures SCCl SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8

A t h i x l M K . m ,  Pa 270 330 350 380 440 520 1100 2000

R S B U m k -i i i , Pa/min 2.80 2.35 2.30 2.30 3.00 3.30 3.30 17.30

A th ix2MK-nh Pa.Pa/min 760 780 820 870 1300 1700 3600 35000

5.4.2 Portable vane

All readings of eight tested SCC mixtures; SCC1 to SCC8; are presented in Table A.5. 

Each mixture Is repeated and tested three times. In addition, COV is calculated for three 

readings at each resting time with maximum value of 24. This means that the variation of this 

test is higher than the other two thixotropy tests because of the low accuracy of used 

torquemeter. Structural build-up is described by plotting the variation in static yield stress 

values ify^ywith resting time RT  as shown in Fig. A.5. The value of R2 is not less than 0.85. 

Variations in r s ^ y  with RT  for all tested mixtures are plotted in Fig. 5.13.

5000
O SC C 1 A th ix2pv  =  ts/ / s )pv  ■ R s b u  pv4500 -
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500 - -S C C 8
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A th ix l pv — TS(is)pv
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Fig. 5.13 Variation in thixotropic behavior measured with PV for all mixtures
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To rank the eight SCC mixtures from very low to very high thixotropy level, a certain 

value as an index is required. Two thixotropy indices are considered. The first one is Athixl pv, 

which is directly considered as the value of static yield stress at 15 min of resting time ts(/s)pv- 

The second index of thixotropy, Athix2py, which is calculated by multiplying tsasjpv with 

structural build-up rate RSBUpv■ Athixlpy and Athix2PV range from minimum to maximum 

values about 160 to 1300 Pa and 1300 to 99000 Pa.Pa/min, respectively as shown in Table 

5.5. The static yield stress at 15 min of resting time and structural build-up rate have the same 

power of impact on the second index of thixotropy, as shown in Fig. 5.14.

Table 5.5 Thixotropy indices determined using PV

M ixtures SCCl SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8
Athixl pv, Pa 165 270 340 385 465 500 1080 1300

R SB U pv, Pa/min 8 10 9 12 16 20 38 76
Athix2pV, Pa.Pa/min 1300 2600 3100 4400 7600 9900 41000 99000
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t s ( 15) p v  , Pa R S H U , Pa/min

Fig. 5.14 Power impact of both static yield stress at 15 min of resting time and structural 
build-up rate on the second index of thixotropy

5.4.3 Inclined plane

All readings of eight tested SCC mixtures are presented in Table A.6. In addition, COV 

is calculated for two readings at least at each resting time with maximum value of 10. Four 

mixtures are tested two times except SCC3, SCC5, and SCC7 (3 times) and SCC4 (5 times). 

Structural build-up is described by plotting the variation in static yield stress values xs^pp with 

resting time RT, as shown in Fig. A.6 (Appendix A). The value of R2 is not less than 0.85. 

Variations in rs(i)tp with RT  for all tested mixtures are plotted in Fig. 5.15. The same 

interesting phenomenon is observed where some mixtures have different static yield stress at 

15 min of resting time rs^spp but with the same structural build-up rate RSBU/p. For example, 

RSBU/p of both SCC5 and SCC8 are the same and equal to 8.1 Pa.Pa/min but they have
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different rsfispp of 290 and 575 Pa, respectively. To order the eight SCC mixtures from very 

low to very high thixotropy level, a certain value as an index is required. Two thixotropy 

indices are considered. The first one is Athixl ip, which is directly considered as the same 

value of ts(/s)ip. The second index of thixotropy, Athix2/p, is calculated by multiplying tsf/spp 

with RSBU/p. Athixl/p and Athix2/p range from minimum to maximum values about 160 to 

575 Pa and 235 to 4700 Pa.Pa/min, respectively as shown in Table 5.6.
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Fig. 5.15 Variation in thixotropic behavior measured with IP for all mixtures 

Table 5.6 Thixotropy indices determined using IP

M ixtures SCCl SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8
A th ix l ip,  Pa 160 210 240 250 290 320 520 570

R SBU /p, Pa/min 1.5 1.7 2.5 5.2 8.1 8.0 6.8 8.1
Athix2]p, Pa.Pa/min 230 360 600 1300 2300 2600 3500 4700

5.4.4 Correlations between static yield stresses measured using different test methods

Based on experimental results, good relationships are derived between static yield 

stresses measured using all the three test methods ts^ m k -iii. xs(t)pv , and Ts(t)iP. That means static 

yield stress measured using certain method directly relates to stresses measured using the 

other two methods. The relations between t s ( , ) m k - i i i ,  x s ( , ) p v ,  and t s ( , ) i p  are plotted in Figs. 5.16 

and 5.17. The three correlations result in R2 values of 0.86, 0.87, and 0.93, respectively. 

Depending on these relationships, there are three models evaluated which can be used to 

predict the static yield stress at any time of rest measured using PV or IP test if the result of 

MK-III rheometer is available, as follows:
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Ts(t)pv =2.89 Ts(t) M K  -III

Ts(t)lp = 1.38 ts { t)MK_m -  265

*(0.004 T su 'ifp )

645 (5.5)

(5.6)

Ts(t)pv = 171 (5.7)

The main goal of these three equations is to facilitate the characterization process of SCC 

mixtures before and during casting. The MK-III rheometer is used in the laboratory to 

characterize SCC mixtures before using in the work site. Because of the low price and weight 

benefits of both PV and IP tests, they are used in work site as alternatives for rheometer. 

These equations provide a convertor between the values of static yield stress measured in the 

laboratory and the work site. The relationships between static yield stresses measured using 

MK-III rheometer and PV or IP are valid only if the zs^mk-iii, zs(,)pv, and zsapp are less than 

700, 1400, and 700 Pa, respectively. The relations between static yield stresses measured 

using PV and IP are valid only if zs (I) p v  and z s ( i) i p  are less than 5000 and 1000 Pa, respectively.

y = 2.89x - 644.

R = 0 .
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Fig. 5.16 Correlation between static yield stresses determined using all test methods
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Fig. 5.17 Correlation between yield stresses determined using two test methods
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The static yield stress determined by IP test is all the time less than static yield stress 

determined using both MK-III rheometer and PV test. This refers to the fact that there are 

some differences between IP test and both MK-III rheometer and PV tests. The first reason is 

about the volume of tested concrete sample. The volume of tested sample in IP test; 0.34 liter; 

is very small comparing with the volume of tested sample in both MK-III rheometer and PV 

test; 26 and 14 liters; respectively. The second reason is the fundamental meaning of shearing 

process. In IP test, the concrete sample is sheared by the friction force generated reward the 

opposite direction of gravity force during the movement on sand paper at inclined position. In 

both MK-III rheometer and PV test, the concrete sample is sheared by the horizontal rotation 

of a vane submerged inside the sample. The energy required to start the movement at inclined 

position is less than that required at the horizontal position.

The static yield stress determined using PV test is less than that determined using MK-III 

rheometer since the value is less than 340 Pa. This value is observed for low thixotropic SCC, 

and the resting time is less than 15 min. But in the majority of medium or high thixotropic 

SCC and resting time is more than 15 min, the static yield stress determined using PV test is 

higher than that determined using MK-III rheometer. The low thixotropic SCC refers to that 

concrete which its static yield stress values increase with small increments with resting time. 

As contrasted with high thixotropic SCC which its values of static yield stress increase with 

big increments with resting time. This observation refers to the fact that the shear history of 

the MK-III rheometer is not the same of PV test. In PV test, the measurements are determined 

on four virgin, undisturbed samples, while for MK-III rheometer; the measurements are 

carried out on the same sample sheared after resting times over 60 min. The sample is 

manually rehomogenized for one minute after each measurement and is left to rest until the 

following measurement. The static yield stresses determined using MK-III rheometer and PV 

test are the same for medium thixotropic SCC and after resting time of maximum 15 min as 

shown in Fig. 5.18. The static yield stresses determined using IP and PV test are nearly similar 

for low thixotropic SCC and after resting time of maximum 15 min as shown in Figs. 5.17, 

5.18 and 5.19. The static yield stresses determined using IP test and MK-BI rheometer are 

nearly similar for high thixotropic SCC and after resting time of minimum 45 min as shown in 

Fig. 5.16.
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Fig. 5.18 Relation between first thixotropy indices determined using all test methods
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Fig. 5.19 Relation between first thixotropy indices determined using two test methods

5.4.5 Correlations between thixotropy indices measured using different methods

Based on experimental results, good agreements are found between all the three 

thixotropy indices AthixM K-m , Athixpv, and A th ix ip . That means each thixotropy index directly 

relates to the other two indices. The relationships between Athixl m k - i u ,  Athixl pv, and Athixl ip are 

plotted in Figs. 5.18 and 5.19. The three correlations resulte in R2 values of 0.99, 0.98, and 

1.0, respectively. Depending on these relationships, there are three models which can be used 

to predict thixotropy index determined using a certain test method if result of another test 

method is available, as presented in Eqs. 5.8, 5.9 and 5.10. The relationships between Athix2MK- 

iii, Athix2pV, and Athix2IP are plotted in Figs. A.7 and A.8. The rest of all models and 

relationships between thixotropy indices are listed in Appendix A3.

Athixlpv = 585 Ln AthixlMK_lu-3100 (5.8)
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A thixl IP =215 Ln A thix 1MK _!U -1000 (5-9)

AthixlpV =0.002 Athixl,p2+1.23 Athixl,p - 70 (5.10)

5.5 Correlations between static yield stress and workability parameters

Based on experimental results reported in paragraphs 5.3 and 5.4, good correlations can 

be derived between static yield stresses and all the three workability parameters S.flow, J-ringj 

and T50. The correlation between static yield stresses determined using modified MK-III 

rheometer x s m k -u i  and T50 is presented in Fig. 5.20 resulting in R2 value of 0.97. This means 

that the static yield stress determined by the modified MK-III rheometer is basically affected 

by viscosity of concrete. Based on this correlation, there is a model which can be used to 

predict the static yield stress determined using modified MK-III rheometer x s m k -u i  if T50 at 

certain time of rest is available as follows:

TsMK_m = 64.3 T50 + 187 (5.11)
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Fig. 5.20 Correlation between static yield stress determined using MK-III rheometer and T50
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Fig. 5.21 Correlation between static yield stress determined using PV and slump flow
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The correlation between static yield stresses determined by PV test xsPV and SF  is 

presented in Fig. 5.21 resulting in R2 value of 0.91. This means that the static yield stress 

determined using PV test is basically affected by filing ability of concrete. Based on this 

relationship, there is a model which can be used to predict the static yield stress determined 

using PV test xspv if SF at certain time of rest is available as follows:

TSpv = 0.05 S F 2 - 74.4 SF  + 27455 (5.12)

The correlation between static yield stresses determined using PV test xspv and JRF  is
'y

presented in Fig. 5.22 resulting in R value of 0.86. This means that the static yield stress 

determined using PV test is basically affected by passing ability of concrete. Based on this 

relation, there is a model which can be used to predict the static yield stress determined using 

PV test xspv if JRF at certain time of rest is available as follows:

Tspv = 0.04 JRF 2 - 57.3 JRF + 20904 (5.13)
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Fig. 5.22 Correlation between static yield stress determined using PV and J-ring flow
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Fig. 5.23 Correlation between static yield stress determined using PV and T50
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The correlation between static yield stresses determined using PV test rsPV and T50 is

presented in Fig. 5.23 resulting in R2 value of 0.98. This means that the static yield stress

determined using PV test is basically affected by viscosity of concrete. Based on this

relationship, there is a model which can be used to predict the static yield stress determined

using PV test rsPv. if T50 at certain time of rest is available or the oboist as follows:

Tspv = 161 T50 -61.2 (5.14)
The correlation between static yield stresses determined using IP test t s / P  and SF  is

presented in Fig. 5.24 resulting in R2 value of 0.79. This means that the static yield stress

determined using IP test is basically affected by filing ability of concrete. Based on this

relationship, there is a model which can be used to predict the static yield stress determined

using IP test ts/P if S.flow at certain time of rest is available as follows:

Tslp = 2232 - 2.93 SF  (5.15)
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Fig. 5.24 Correlation between static yield stress determined using IP and slump flow
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Fig. 5.25 Correlation between static yield stress determined using IP and J-ring flow
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The correlation between static yield stresses determined using IP test zsip and JRF  is 

presented in Fig. 5.25 resulting in R value of 0.79. This means that the static yield stress 

determined using IP test is basically affected by passing ability of concrete. Based on this 

relationship, there is a model which can be used to predict the static yield stress determined 

using IP test zsiP if JRF  at certain time of rest is available as follows:

Tslf, = 1956 - 2.48 JRF  (5.16)

The correlation between static yield stresses determined using IP test zs/P and T50  is 

presented in Fig. 5.26 resulting in R2 value of 0.92. This means that the static yield stress 

determined using IP test is basically affected by viscosity of concrete. Based on this 

relationship, there is a model which can be used to predict the static yield stress determined 

using IP test zsip if T50  at certain time of rest is available as follows:

Tslp = 292 Ln T50  - 48.5 (5.17)
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Fig. 5.26 Correlation between static yield stress determined using IP and T50
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Fig. 5.27 Model of static yield stress determined with PV in terms of slump flow and T50
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5.6 Models of static yield stress as a function of two workability parameters

Based on experimental results reported in paragraphs 5.3 and 5.4, good models can be 

established to predict static yield stress in terms of two workability parameters. The model of 

static yield stress determined using PV test zsPV as a function of SF and T50 is presented in 

Fig. 5.27. The model of static yield stress determined using PV test zspv as a function of JRF 

and T50 is presented in Fig. 5.28. The model of static yield stress determined by IP test zsip as 

a function of SF and T50 is presented in Fig. 5.29. The model of static yield stress determined 

using IP test zs/p as a function of JRF and T50 is presented in Fig. 5.30.
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Fig. 5.28 Model of static yield stress determined with PV in terms of J-ring flow and T50
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Fig. 5.29 Model of static yield stress determined with IP in terms of slump flow and T50
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Fig. 5.30 Model of static yield stress determined with IP in terms of J-ring flow and T50

5.7 Correlations between thixotropy and workability indices

Based on experimental results reported in sections 5.3 and 5.4, good relations can be 

derived between thixotropy index and all the three workability indices SFI, JRFI and T50I. 

The correlation between thixotropy indices determined using modified MK-III rheometer 

Athixl m k - i i i  and JRFI is presented in Fig. 5.31 resulting in R2 value of 0.96. Based on this 

relationship, there is a model which can be used to predict the thixotropy index determined 

using modified MK-III rheometer Athixl m k -i i i  if JRFI is available as follows:

A  th ixlMK = 0.001 JRFI2 - 1.02 JRFI + 500 (5.18)

2100

1700 -
y = 0 .0 0 1 x- - 1.019x + 499.749 

R2 =  0.984
Q.

s  1300 -

500 -

100
400 1200600 800 1000 1400 1600 1800

J R F I ,  ram .m m /m in

Fig. 5.31 Correlation between first thixotropy index determined with MK-III rheometer and J-
ring flow index

The correlation between thixotropy index determined using modified MK-III rheometer 

A th ix l m k -i i i ,  A th ix2MK-in, and T50I is presented in Figs. 5.32 and 5.33. The two correlations
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result in R values of 0.96 and 1.0, respectively. Based on these relationships, there are two 

models which can be used to predict the thixotropy indices determined using modified MK-D3 

rheometer Athixl m k -i i i  and Athix2MK-in if TSOI is available as follows:

r0'41 (5.19)

r2 . rrcnw . (5 20)

A t h i x l MK_m = 972 T50I1

A t h i x l  MK_m = 757 TSOI1 + 2561 T501 + 662

2100

1600eda

I  1100 -

^  6 00  -

100
0 2 3 4 65

TSOI, s .s /m in

Fig. 5.32 Correlation between first thixotropy index determined with MK-III rheometer and
T50 index
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Fig. 5.33 Correlation between second thixotropy index determined with MK-III rheometer and
T50 index

The correlation between thixotropy indices determined using PV test Athixl pv, Athix2PV, 

and SFI is presented in Figs. 5.34 and 5.35. The two correlations result in R2 values of 0.89 

and 0.86, respectively. Based on these relationships, there are two models which can be used 

to predict the thixotropy indices determined using PV test Athixl pv and Athix2pv if SFI is 

available as follows:

A t h i x l HV = 120 e0 001 SFI (5.21)
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A  thix2 m/ =470e '0.002 SFI (5.22)
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Fig. 5.34 Correlation between first thixotropy index determined with PV and slump flow
index
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Fig. 5.35 Correlation between second thixotropy index determined with PV and slump flow
index
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Fig. 5.36 Correlation between first thixotropy index determined with PV and J-ring flow index 

The correlation between thixotropy indices determined using PV test A th ix lp v , A th ix2 p y ,

and JRFI is presented in Figs. 5.36 and 5.37. The two correlations result in R values of 0.95
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and 0.97, respectively. Based on these relationships, there are two models which can be used 

to predict the thixotropy indices determined using PV test Athixlpv and Athix2pv if JRFI  is 

available as follows:

A  th ix l pv = 0.01 J R F I ' 5*

A th ix 2 „  = 260 e°003 mn
100000

80000 -
c

20000 -

300 500 700 900 1100 1300 1500 1700

J R F I ,  m m .m m /m in

(5.23)

(5.24)

Fig. 5.37 Correlation between second thixotropy index determined with PV and J-ring flow
index

The correlation between thixotropy indices determined using PV test Athixlpv, Athix2PV, 

and T50I is presented in Figs. 5.38 and 5.39. The two correlations result in R2 values of 0.94 

and 0.99, respectively. Based on these relations, there are two models which can be used to 

predict the thixotropy indexes determined using PV test Athixlpv and Athix2PV if T50I is 

available as follows:

(5.25)A th ix lp y  = 236Ln T S O I  +917

Athixlpv  = 28745 T S O I 0.87 (5.26)
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Fig. 5.38 Correlation between first thixotropy index determined with PV and T50 index
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Fig. 5.39 Correlation between second thixotropy index determined with PV and T50 index

The correlation between thixotropy indexes determined using IP test Athixlip, Athix2 /p, and 

SFI is presented in Figs. 5.40 and 5.41. The two correlations result in R2 values of 0.87 and 

0.91, respectively. Based on these relationships, there are two models which can be used to 

predict the thixotropy indexes determined using IP test Athixlip and Athix2 ip if SFI is available 

as follows:

A  th ixllp = 125 e0 0007 sn (5.27)

A th ix2 lp = 0.0009 S F I2 + 0.45 SFI - 160 (5.28)
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y= 126.3469e 
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Fig. 5.40 Correlation between first thixotropy index determined-with IP and slump flow index
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Fig. 5.41 Correlation between second thixotropy index determined with IP and slump flow
index
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The correlation between thixotropy indices determined using IP test Athixlip, Athix2/p, and 

JRFI is presented in Figs. 5.42 and 5.43. The two correlations result in R2 values of 0.94 and 

0.93, respectively. Based on these relationships, there are two models which can be used to 

predict the thixotropy indexes determined using IP test Athixlip and Athix2ip if JRFI  is available 

as follows:

A  th ix l lp = 0.32 JRFI (5.29)

A  thix2lp = 3.15 JRFI - 1730 (5.30)
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Fig. 5.42 Correlation between first thixotropy index determined with IP and J-ring flow index
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Fig. 5.43 Correlation between second thixotropy index determined with IP and J-ring flow
index

The correlation between thixotropy indexes determined using IP test Athixlip, Athix2/p, and 

TSOI is presented in Figs. 5.44 and 5.45. The two correlations result in R2 values of 0.95 and

0.94, respectively. Based on these relationships, there are two models which can be used to 

predict the thixotropy indexes determined using IP test Athixlip and Athix2/P if TSOI is available 

as follows:
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A thixl,F = 87.7 Ln T50I + 452 

Athix2 IP = 942 Ln T50I + 3361

(5.31)

(5.32)
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Fig. 5.44 Correlation between first thixotropy index determined with IP and T50 index
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Fig. 5.45 Correlation between second thixotropy index determined with IP and T50 index
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Fig. 5.46 Model of first thixotropy index determined with MK-III rheometer in terms of J-ring

flow and T50 indices
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5.8 Models of thixotropy index as function of two workability indices

Based on experimental results reported in paragraphs 5.3 and 5.4, good model can be 

proposed to predict thixotropy index in terms of two workability indices. The model of 

thixotropy index determined using modified MK-III rheometer AthixlMK-w as a function of 

JRFI and TSOI is presented in Fig. 5.46. The models of thixotropy index determined using PV 

and IP tests Athixlpv, Athix2pv, Athixl/p, and Athix2 /p are presented in Appendix A4.

5.9 Conclusions

Based on experimental results presented in this chapter aiming to correlate the responses 

of thixotropy for workability measurements, the following conclusions are warranted:

1. All the workability tests show better repeatability when used for low workable SCC 

than high workable SCC. Low workable SCC refers to that concrete rapidly loses the 

workability. High workable SCC refers to that concrete which maintains the 

workability for long time. The R2 values of variation in workability results with 

respect to resting time for SCC1 and SCC2 are lower than those other tested SCC 

mixtures as shown in Fig. 5.47. High workable SCC is very sensitive to any little 

change in mix composition, temperature, or the experience of the person doing the test.

1,00

0,96

£  0,92 a
oe, 0,88 

0,84 

0,80

SCC1 SCC2 SCC3 SCC4 SCC5 SCC6  SCC7 SCC8  

M ixture

Fig. 5.47 variation in R2 values with workability level and test methods

2. All the thixotropy tests show better repeatability when used for low thixotropic SCC 

than high thixotropic SCC. Low thixotropy means that the static yield stress slowly 

increases. High thixotropic SCC refers to that concrete with high rate of structural 

build-up. The R2 values of variation in static yield stress results with resting time for 

SCC7 and SCC8 are lower than those other tested SCC mixtures as shown in Fig. 5.48.
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Fig. 5.48 variation in R values with thixotropy level and test methods

3. Both portable vane and inclined plane are simple and easily to be used in the 

laboratory or the field to assess thixotropy of SCC.

4. The R values of the correlations between results of static yield stress obtained from 

different test methods are presented in Table 5.7. The R2 value of correlation “PV vs. 

IP” is higher than R2 values of correlations “PV vs. MK-III” and “IP vs. MK-III” . This 

observation refers to the fact that the shear history of the MK-III rheometer is not the 

same of PV and IP tests. In PV and IP tests, the measurements are determined on four 

virgin, undisturbed samples, while for MK-III rheometer; the measurements are 

carried out on the same sample sheared after resting times over 60 min. The samples 

are manually rehomogenized for one minute after each measurement and left to rest

until the following measurement.

Table 5.7 R values of correlations

Correlation R
Static yield stresses from different test methods M K-III vs. PV 0.86

M K-III vs. IP 0.89
PV vs. IP 0.93

Static yield stress and workability parameters IP vs. S.flow 0.79
IP vs. J-ringf 0.79
PV vs. J-ringf 0.82
PV vs. S.flow 0.88
IP vs. T50 0.91
PV vs. T50 0.96
M K-III vs. T50 0.97

5. The R2 values of the correlations between results of static yield stress obtained from 

different test methods and workability parameters are presented in Table 5.7. The R2 

values of correlations “Static yield stress vs. T50” are higher than R2 values of

■ mk-mi o p v  d i p

Jill,
M
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correlations “Static yield stress vs. S.flow or J-ringf”. This observation demonstrates 

that T50 as a workability parameter of SCC has the highest impact on the static yield 

stress than filling or passing abilities of SCC.

6. It is more useful to compare thixotropy levels determined using MK-III rheometer, PV 

or IP tests rather than to compare the numerical values of static yield stresses or 

thixotropy indices. Each test particularly gives its own value of static yield stress or 

thixotropy index but they globally show agreement on the levels of thixotropy. In 

general, the static yield stress determined using IP test is always less than the static 

yield stress determined using both MK-III rheometer and PV test. This refers to the 

fact that the volume of the tested concrete sample and the shearing process of IP test 

are not similar comparing with both MK-III rheometer and PV test.
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CHAPTER 6 -  PERFORMANCE OF MULTI-LAYERS CASTING

6.1 Objectives

The objective of this chapter is. to determine the effects of workability, thixotropy, and 

delay time between two successive layers of SCC on the residual bond between the layers. 

Four different test methods are employed: slanted shear stress, direct shear stress, flexure 

stress, and water permeability. These test methods can be used for selecting raw materials, 

developing mix designs, and measuring the actual residual bond for a given concrete, which 

could be special interest to design and construction engineers and contractors.

The experimental program presented in this chapter is divided into two tasks. The main 

objective of Task I is to evaluate the effect of workability, thixotropy, and delay time between 

two successive layers of SCC on the performance of multi-layers casting SCC. This 

performance evaluation includes water permeability and residual bond between layers under 

slanted shear, direct shear and flexure stresses. In Task II, the required energy to disturb the 

top fiber of existing concrete layer before casting the new layer to secure a residual bond of 

90% between layers under direct shear stress at different delay times is investigated.

Eight SCC mixtures (SCC1 to SCC8) of various workability and thixotropy properties are 

prepared. Their compositions are given in Table 3.8. Unit weight, air content, and concrete 

temperature are determined for each mixture, and the results are presented in Tables 3.9.

Fig. 6.1 Flow chart of Chapter 6

Perform ance of multi-layers casting

Task I
Effects of workability, thixotropy, and delay time

Task II
Effect of disturbing energy*

• Eight SCC mixtures
• Delay time between two successive layers of 

SCC: 0 to 60 min
• Test method:

Slanted shear stress, direct shear stress, 
flexure stress, and water permeability

• Number of specimens: 424

• Eight SCC mixtures
• Four durations of disturbing
• Delay time: 0 to 60 min
• Test method: direct shear stress
• Number of specimens: 288

* Time of vibration with tip of vibrator (drill) inserted 15 mm into bottom layer before 
casting top layer
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6.2 Residual bond under slanted shear stress

The compressive strength (f'c) and residual bond under slanted shear stress (RBssh) of all 

specimens of mixture SCC1 are presented in Table 6.1. The mean and coefficient of variation 

(COV) are calculated for three values for each delay time {DT). The results of mixtures SCC2 

to SCC8 are presented in Tables from B1 to B.7. The increase in delay time between casting 

bottom and top layers of SCC leads to a clear reduction in residual bond under slanted shear 

stress (RBssh) from 100% to 90% as presented in Table 6.1 and Fig. 6.2. The variations in 

residual bond under slanted shear stress (RBssh) with delay time (DT) of specimens cast with 

mixtures from SCC2 to SCC8 are plotted in Figs. from B.l to B.7. Variations in residual bond 

under slanted shear stress (RBssh) with delay time (DT) for all tested mixtures are plotted in 

Fig. 6.3. The increase in delay time (DT) from 15 to 60 min leads to decrease in residual bond 

under slanted shear stress (RBssh) from 98% to 92% and from 88% to 52% for SCC1 and 

SCC8, respectively.

Table 6.1 Results of specimens of mixture SCC1 under slanted shear stress

DT, min iS/p, Pa Specimen code f c \  MPa M ean COV RBssh%

0 SCC101 44.0
44.2 0.5 100(one layer - SC C 102 44.5

specimen) SC C 103 44.2
SCC1151 43.5

43.5 0.4 98
15 160 SCC 1152 43.7

SCC 1153 43.3
SCC 1301 43.3

43.2 0.2 98
30 180 SCC 1302 43.2

SCC 1303 43.1
SCC 1451 41.9

41.9 0.0 95
45 200 SCC1452 41.9

SCC 1453 41.9

60 220
SCC 1601 
SCC 1602

39.2

39.6
39.6 1.0 90

SCC 1603 40.0

6.3 Effect of rheology and delay time on residual bond under slanted shear stress

The variations in workability and thixotropy levels result in large variations in residual 

bond under slanted shear stress (RBssh) profile as plotted in Fig. 6.3. Variations in slump flow, 

J-ring flow, and T50 indices (SFI, JRFI, and T50T) play an important role on residual bond 

under slanted shear stress (RBSsh) profile. The increase in Athixl and Athix2 , measured with
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MK-III rheometer, PV and IP; lead to a reduction in the residual bond under slanted shear 

stress (RBssh)• For example, the increase in slump flow index (SFI) from 343 to 2116 

mm.mm/min and in first thixotropy index determined using MK-III rheometer {Athixlm k - i i i )  

from 270 to 2023 Pa leads to a reduction in residual bond under slanted shear stress (RBssh) 

from 98% to 88% and from 92% to 52% at certain delay time (DT) of 15 min and 60 min, 

respectively, as illustrated in Figs. 6.4 and 6.5, respectively.

100
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v =  -0 .l416x+  100 
R -=  0.S6.o

35
i

<50 -

0 3010 20 40 60
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Fig. 6.2 Variation of residual bond under slanted shear stress with delay time of mixture SCC1
...High workable and

ioo ,  low thixotropic SCC

8 = 80 -

 SCC3
 SCC4

- - SCC5 
SCC6 
SCC7 
SCC8

as 70 ...Low workable and 
high thixotropic SCC

4 0  5 0  60
D T ,  min

Fig. 6.3 Variation of residual bond under slanted shear stress with delay time of all mixtures

Two models for residual bond under slanted shear stress (RBssh) in terms of slump flow 

index (SFI) and delay time (DT) on one hand and thixotropy index I determined using MK-III 

rheometer {Athixlm k - i i i )  and delay time {DT) on the other hand are derived as shown in Eqs. 6.1 

and 6.2, respectively. The two models are presented in contour diagrams, as plotted in Figs.

6.6 and 6.7, respectively. These two models are valid only if the value of slump flow index
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(SFI) is in between 345 and 2120 mm.mm/min and the value of thixotropy index I determined 

using MK-III rheometer {Athixlm k - i i i )  is between 270 and 2000 Pa.Pa/min. The residual bond 

under slanted shear stress (RBssh) reduces from 100% to 34% and 51% as shown in Figs. 6.6 

and 6.7, respectively. The rest of models and contour diagrams for the effect of workability 

and thixotropy indices and delay time between two successive layers of SCC on residual bond 

under slanted shear stress are given in Appendix B3 and B4, respectively.

R B 5Sh% = -3X101 DT S F I2 +2x10" D T SFI -0.19 DT  + 100 (6.1)
RBSSh % = -0.35 D T  Ln A thixl MK + 1.82 DT + 100 (6.2)

v =  -4E-06x2 + 0.0034x + 97.174 
y =  -8E-0(5x2 + 0.00(59x + 94.34S 
y =  -1H-95x2 + 0.0103m + 91.322 
y =  -2E-05x2 + 0.0138x + 88.69(5 

r-= 0.009

19 -]----1——i---1------- 1--- 1--- »--- 1--- '--- 1---- 1--p——----1---1—i--------
320 520 720 920 1120 1320 1520 172(2 1920 2120

SFI. mm.mm.inin

Fig. 6.4 Variation of residual bond under slanted shear stress with slump flow index and delay
time

100 )BK X X

-S
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y =  - 15,54Ln(x)+ 181,75 
y = -20 ,73L n (x)+209,00  

R2 = 0,98
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A t h ix l  m k -iii, Pa.

Fig. 6.5 Variation of residual bond under slanted shear stress with first thixotropy index 
determined using MK-III rheometer and delay time

The maximum delay time, between placing two successive layers of high workable or 

low thixotropic SCC, ranges between 30 and 40 min to secure a residual bond under slanted
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shear stress of 95%. This time reduces to 5 min if low workable or high thixotropic SCC is 

used in multi-layers casting.

45  \

7 0
40

c

400 6 0 0  800 1000 1200 1400 1600 1800 2000

SFI, mm.mm/min

Fig. 6.6 Contour diagram of residual bond under slanted shear stress-model in terms of slump
flow index and delay time

60

50

40

“ 30

20

10
 95-

0
400 60 0  800 1000 1200 1400 1600 1800 2000
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Fig. 6.7 Contour diagram of residual bond under slanted shear stress-model in terms of first 
thixotropy index determined using MK-III rheometer and delay time

6.4 Residual bond under direct shear stress

The shear strength (fs) and residual bond under direct shear (RBosh) of all specimens of 

mixture SCC1 are presented in Table 6.2. The average and coefficient of variation (COV) are 

calculated for three values for each delay time {DT). The results of mixtures SCC2 to SCC8
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are presented in tables from B.8 to B.14. The increase in delay time between casting bottom 

and top layers of SCC leads to a clear reduction in residual bond under direct shear stress 

(RBosh) from 100% to 78% as presented in Table 6.2 and Fig. 6.8. The variations in residual 

bond under direct shear stress (RBosh) with delay time (DT) of specimens cast with mixtures 

SCC2 to SCC8 are plotted in Figs. from B.22 to B.27.

Table 6.2 Results of specimens of mixture SCC1 under direct shear stress

DT, min tSip, Pa Specimen code fs ,  M Pa M ean COV R B l ) S h %

0
(one layer 
specimen)

-
SCC101 11.5

10.3 11.9 100SCC 102 9.1
SCC 103 10.3

15 160
SCC1151 10.5

10.0 7.0 97SCC 1152 9.2
SCC1153 10.3

20 -
SCC 1201 8.9

9.6 7.2 93
SCC 1202 10.3
SCC 1203 9.6
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Fig. 6.8 Variation of residual bond under direct shear stress with delay time of mixture SCC1

Variations in residual bond under direct shear stress (RBosh) with delay time (DT) for all 

tested mixtures are plotted in Fig. 6.9. The increase in delay time (DT) from 15 to 60 min
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leads to decrease in residual bond under direct shear stress (RBosh) from 97% to 75% and 

from 78% to 14% for SCC1 and SCC8, respectively.

100

DT,  mm

.H igh w orkable and 
. /  low thixotropic SCC

...Low w orkable and 
high thixotropic SCC

Fig. 6.9 Variation of residual bond under direct shear stress with delay time of all mixtures

6.5 Effect of rheology and delay time on residual bond under direct shear stress

The variations in workability and thixotropy levels result in large variations in residual 

bond under direct shear stress (RBosh) profile as plotted in Fig. 6.9. Variations in slump flow, 

J-ring flow, and T50 indices (SFI, JRFI, and T50I) play an important role on residual bond 

under direct shear stress (RBssh) profile. The increase in Athixl and Athix2 measured with MK- 

III rheometer, PV and IP leads to reduction in residual bond under direct shear stress (RBosh)• 

The increase in slump flow index (SFI) from 345 to 2120 mm.mm/min and in first thixotropy 

index determined using MK-III rheometer (Athixlm k - i i i )  from 270 to 2000 Pa. leads to a 

reduction in residual bond under slanted shear stress (RBosh) from 94% to 78% and 75% to 

14% at certain delay time (DT) of 15 min and 60 min, respectively, as illustrated in Figs. 6.10 

and 6.11, respectively.

D T  -  0 mir

y = -4E-06X + I Ep05x + 94,31 

y = -7E-06x2 + 3E-05x + 88.62 

y « -1  E-05x‘ + 4E-05x + 82,931

yss-1 E-05x* + 6E-05x + 77,241

R = 0.9907

320 520 720 920 1120 1320 1520 1720 1920 2120

S F I , m m .m m /m in

Fig. 6.10 Variation of residual bond under direct shear stress with slump flow index and delay
time

145



Chapter 6 Perform ance o f  m ulti-layers casting

100
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6 0  -

§  4 0 - y = -7,04Ln(x)+ 132,33 

y = - l4,09Ln(x) + 164,66 

y = -21,13Ln(x)+ 196,98 

y = -2 8 ,18Ln(x) + 229,31 

R- = 0,92

20 -

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
A i h ix l  m k -iii. Pa,

Fig. 6.11 Variation of residual bond under direct shear stress with first thixotropy index 
determined using MK-IQ rheometer and delay time

Two models for residual bond under direct shear stress (RBosh) in terms of slump flow 

index (SFI) and delay time (DT) on one hand and thixotropy index I determined using MK-III 

rheometer (Athixlm k - i i i )  and delay time (DT) on the other hand are derived, as shown in Eqs. 

6.3 and 6.4. The two models are presented in contour diagrams, as plotted in Figs. 6.12 and 

6.13, respectively. These two models are valid only if the value of slump flow index (SFI) is 

in between 345 and 2120 mm.mm/min and the value of thixotropy index I determined using 

MK-III rheometer (Athixlm k - i i i )  is in between 270 and 2000 Pa.Pa/min. The residual bond 

under slanted shear stress (RBpsh) reduces from 100% to 23% and 15% as shown in Figs. 6.12 

and 6.13, respectively. The maximum delay time between placing two successive layers of 

high workable or low thixotropic SCC is 10 min to secure a residual bond under slanted shear 

stress of 95%. This time reduces to 5 min if low workable or high thixotropic SCC is used in 

multi-layers casting. The rest of models and contour diagrams for the effect of workability and 

thixotropy indices and delay time between two successive layers of SCC on residual bond 

under direct shear stress are given in B7 and B8, respectively.

R B mh% = 100 -  0 .2x107 DT S F I2 -  1x10" DT SFI -  0.38 D T  (6.3)
RB DSh % = 100 - 0.47 DT  Ln A thixlMK_m + 2 A 6 D T  (6.4)

6.6 Residual bond under flexural stress

The flexural strength (fj) and residual bond under flexure stress (RBf) of all specimens of 

mixture SCC1 are presented in Table 6.3. The average and coefficient of variation (COV) are 

calculated for three values for each delay time (DT). The results of mixtures SCC2 to SCC8 

are presented in Tables from B.15 to B.21. The increase in delay time between casting bottom

146



Chapter 6 Perform ance o f  m ulti-layers casting

and top layers of SCC leads to a clear reduction in residual bond under flexure stress ( RBf )  

from 100% to 82% as presented in Table 6.3 and Fig. 6.14. The variations in residual bond 

under flexure stress ( RBf )  with delay time ( DT)  of specimens cast with mixtures SCC2 to 

SCC8 are plotted in Figs. from B.40 to B.46. Variations in residual bond under flexure stress 

(RBf )  with delay time ( DT)  for all tested mixtures are plotted in Fig. 6.15. The increase in 

delay time ( DT)  from 15 to 60 min leads to decrease in residual bond under flexure stress 

(RBf )  from 95% to 80% and from 88% to 52% for SCC1 and SCC8, respectively.

45

4 0  ■

 95.

>5------

400 600 800 1000 1200 1400 1600 1800 2000

SFT,

Fig. 6.12 Contour diagram of residual bond under direct shear stress-model in terms of slump
flow index and delay time

'4 0

50  -

-40-

40

-70.
-70------ .

20  -

>0—

—90---------

400 600  800 1000 1200 1400 1600 1800 2000

AthixJM KiU yYz.

Fig. 6.13 Contour diagram of of residual bond under direct shear stress-model in terms of first 
thixotropy index determined using MK-III rheometer and delay time
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Tab! e 6.3 Results of specimens o f mixture SCC1 under flexural shear stress
DT, min zsip, Pa Specimen code fr, M Pa Average COV RBt %

SCC 101 5.1
0 - SCC 102 5.3 5.1 3.0 100

SCC 103 5.0
SC C 1151 4.9

15 160 SCC 1152 4.3 4.7 6.7 91
SC C 1153 4.8
SCC 1301 4.5

30 180 SCC 1302 4.9 4.5 9.4 88
SCC 1303 4.1
SCC 1451 4.5

45 200 SCC 1452 4.6 4.3 8.9 84
SCC 1453 3.9
SCC 1601 3.6

60 220 SCC 1602 4.6 4.2 13.7 82
SCC 1603 4.4

100

y = -0.34x+ 100.00 

R2 = 0.87

0 10 20 30 40 50 60

DT,  min

Fig. 6.14 Variation of residual bond under flexure stress with delay time of mixture SCC1

...High w orkable and 
/  low  thixotropic SCC

..Low w orkable and 
high thixotropic SCC

0  10 2 0  3 0  4 0  5 0  6 0

D T ,  min

Fig. 6.15 Variation of residual bond under flexure stress with delay time of all tested mixtures

6.7 Effect of rheology and delay time on residual bond under flexural stress

The variations in workability and thixotropy levels result in large variations in residual 

bond under flexure stress ( RBf )  profile as plotted in Fig. 6.15. Variations in slump flow, J-ring
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flow, and T50 indices (SFI, JRFI, and T50I) play an important role on residual bond under 

flexure stress (RBf) profile. The increase in Athixl and Athix2 \ measured with MK-III 

rheometer, PV and IP; leads to reduction in residual bond under flexure stress (RBf). The 

increase in slump flow index (SFI) from 345 to 2120 mm.mm/min and in first thixotropy 

index determined using MK-III rheometer (Athixlm k - i i i )  from 270 to 2000 Pa. leads to a 

reduction in residual bond under flexure stress (RB f) from 95 to 88 % and 80% to 52% at 

certain delay times (DT) of 15 min and 60 min, respectively, as illustrated in Figs. 6.16 and 

6.17, respectively.

100

90 -

U.03
*  70 -

y =  -2E-06x2 + 0 ,0016x +  94,46  

y = -5E-06x2 + 0,0032x + 88,92  

-7E-06x2 + 0,0048x +  83,381y =
y =  -9E-06x2 + 0,0064x +  77,841 

R2 = 0 ,9 2 17

60 •

920320 520 720 1120 1320 1720 1920 21201520
S F I , m m .m m /m in

Fig. 6.16 Variation of residual bond under flexure stress with slump flow index and delay time

ioo -r - x  >**  x  x

y =  -3,42Ln(x)+ 113,98 
y= -6 ,85L n (x)+  127,95 

y = -10,27Ln(x) + 141,93 
y = - 13,69Ln(x)+ 155,91 

R2 = 1,00

60 -

50 •

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
A  thixl m k -iii, Pa.

Fig. 6.17 Variation of residual bond under flexure stress with first thixotropy index 
determined using MK-III rheometer and delay time

Two models for residual bond under flexure stress ( R B f )  in terms of slump flow index 

(SFI) and delay time (DT) on one hand and first thixotropy index determined using MK-III 

rheometer (Athixlm k -i i i )  and delay time (DT) on the other hand are derived, as shown in Eqs.

6.5 and 6.6. The two models are presented in contour diagrams, as plotted in Figs. 6.18 and

149



Chapter 6 Perform ance o f  m ulti-layers casting

6.19, respectively. These two models are valid only if the value of slump flow index (SFI) is 

between 345 and 2120 mm.mm/min and the value of first thixotropy index determined using 

MK-m rheometer (Athixlm k -i i i )  is between 270 and 2000 Pa.Pa/min. The residual bond under 

flexure stress (RBp) reduces from 100% to 37% and 52% as shown in Figs. 6.18 and 6.19, 

respectively. The maximum delay time between placing two successive layers of high 

workable or low thixotropic SCC is 15 min to secure a residual bond under slanted shear

stress of 95%. This time reduces to 5 min if low workable or high thixotropic SCC is used in

multi-layers casting. The rest of models and contour diagrams for the effect of workability and 

thixotropy indices and delay time between two successive layers of SCC on residual bond 

under flexure stress are given in Appendix B.l 1 and B.12.

R B f % = 100 - 2 x l0 '7 DT S F I 2 + 0.0001 D T SFI - 0.37 DT  (6.5)
R B r% = 100 - 0.23 DT  Ln AthixlMK_U, + 0.93 DT  (6.6)

45

40 *

c£

20  -

 9 5 .

-95— .

400 600 800 1000 1200 1400 1600 1800 2000

SFI, mm.mm/min

Fig. 6.18 Contour diagram of residual bond under flexure stress-model in terms of slump flow
index and delay time

6.8 Water permeability

The typical raw data of water permeability test is presented in Fig. B.59. The water 

pressure is increased after the steady state flow is reached. Three values of water pressure are 

employed resulting in three flow profiles. The slope of linear part of each flow profile is 

considered as flow rate used to calculate the coefficient of water permeability (Kp). The (Kp) 

and residual water permeability resistance (Rp) of all specimens of mixture SCC1 are 

presented in Table 6.4. The average and coefficient of variation (COV) are calculated for at

150



Chapter 6 Perform ance o f  m ulti-layers casting

least three values for each delay time DT. The results of mixtures SCC2 to SCC8 are 

presented in Tables from B.22 to B.28. The increase in delay time between casting bottom and 

top layers of SCC leads to a clear reduction in residual water permeability resistance (Rp) 

from 100% to 62% as presented in Table 6.4 and Fig. 6.20. The variations in residual water 

permeability resistance (Rp) with delay time (DT) of specimens cast with mixtures SCC2 to 

SCC8 are plotted in Figs. from B.60 to B.66. Variations in residual water permeability 

resistance (Rp) with delay time (DT) for all tested mixtures are plotted in Fig. 6.21. The 

increase in delay time (DT) from 20 to 60 min leads to a reduction in residual water 

permeability resistance (Rp) from 85 to 68% and from 27 to 2% for SCC1 and SCC8, 

respectively.

50 -

•70-40 -

30 -

20  -

■90-

10 -

600 800 1000 1200 1400 1600 1800 2000400

A th ix l isb, Pa.

Fig. 6.19 Contour diagram of residual bond under flexure stress-model in terms of first 
thixotropy index determined using MK-III rheometer and delay time

Table 6.4 Results of water permeability for mixture SCC1

DT, min Specimen
code

Kpx  10s, cm/hr under water pressure o f Average COV Rp%
= 2.1 MPa = 3.4 MPa = 5.5 M Pa

0
(one layer)

SCC101 - - 0.63
0.63 14.28 100

SCC 102 - 0.54 0.72

20
SCC 1201 - - -

0.72 - 88
SCC 1202 - 0.80 0.63

40 SCC 1401 - 0.83 0.97
0.90 7.8 71

SCC 1402 - - 0.90

60
SCC 1601 - 1.02 0.82

1.02 19.6 62
SCC 1602 - 1.22 -
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6.9 Effect of rheology and delay time on residual water permeability resistance

The variations in workability and thixotropy levels result in large variations in residual 

water permeability resistance (Rp) profile as plotted in Fig. 6.21. Variations in slump flow, J- 

ring flow, and T50 indices (SFI, JRFI, and T50I) play an important role on residual (Rp) 

profile. The increase in two thixotropy indices (Athixl and Athix2 )\ measured with IP; leads to 

reduction in residual water permeability resistance (Rp). The increase in slump flow index 

(SFI) from 345 to 2120 mm.mm/min and in thixotropy index I determined using IP (AthixliP) 

from 160 to 570 Pa. lead to a reduction in water permeability resistance (Rp) from 85% to 27 

% and 68% to 2% at certain delay time (DT) of 20 min and 60 min, respectively, as illustrated 

in Figs. 6.22 and 6.23, respectively.

100

60 -

40 -

20 -

0 10 20 50 6030 40
D T , min

Fig. 6.20 Variation of residual water permeability resistance with delay time of mixture SCC1

100
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 SCC2
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— - -  SCC4
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05 40 -
Low workability and 
high thixotropic SCC20  -

10 20 30 500 40 60
D T ,  min

Fig. 6.21 Variation of residual water permeability resistance with delay time of all tested
mixtures

Two models for residual water permeability resistance (Rp) in terms of slump flow index 

(SFI) and delay time (DT) on one hand and first thixotropy index determined using IP
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(Athixlip) and delay time (DT) on the other hand are derived, as shown in Eqs. 6.7 and 6.8. The 

two models are presented in contour diagrams, as plotted in Figs. 6.24 and 6.25, respectively. 

These two models are valid only if the value of slump flow index (SFI) is in between 345 and 

2120 mm.mm/min and the value of first thixotropy index determined using IP (Athixl//>) is in 

between 160 and 575 Pa.Pa/min. The residual water permeability resistance (Rp) reduces from 

100% to 1% and 2% as shown in Figs. 6.24 and 6.25, respectively. The maximum delay time 

between placing two successive layers of high workable or low thixotropic SCC is 5 min to 

secure a residual bond under slanted shear stress of 95%. This time reduces to 0 min if low 

workable or high thixotropic SCC is used in multi-layers casting. The rest of models and 

contour diagrams for the effect of workability and thixotropy indices and delay time between 

two successive layers of SCC on residual water permeability resistance are presented in 

Appendices B.15 and B.16, respectively.

/?,,% =  (0.69 DT  +100) e(00000,-°00004 D/ )5#-7 (6.7)

R„ % = 100 e°23 07 A  thixlIFl0xm0]-° w*m)  (6.8)

100
D T  =  0  mir

-0 .0001%8 0  - y =  112 ,49e' 

y =  126,54e' 

y =  142,34e"

R 2 =  0,8597

6 0  -

£  4 0  -

□ 20
20  -

4 0
6 0

2 5 0  4 5 0  6 5 0  8 5 0  1050  125 0  1 4 5 0  1650  1 8 5 0  2050 2 2 5 0

S F I ,  m m.mm/min

Fig. 6.22 Variation of residual water permeability resistance with slump flow index and delay
time

6.10 Critical delay time between layers

The maximum critical delay time (tc) between placing SCC layers to secure a residual 

bond or water permeability resistance of 90% for all tested methods are plotted in Figs. 6.26 

and 6.27 as a function of workability and thixotropy indices, respectively. The rest of these 

figures are presented in B.17. The critical delay times can be calculated using Eqs. from 6.9 to 

6.12 and from 6.13 to 6.16 as a function of slump flow index (SFf) and thixotropy index I 

determined using MK-III rheometer (Athixlm k -i i i ) ,  respectively. The minimum accepted
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residual bond or water permeability resistance has to be designed before applying these 

equations. The rest of these equations in terms of other workability and thixotropy indices are 

gathered in Appendix B.18.

100 -©— © e -
D T  =  0  min-0.9547y  =  1 0 7 1 0 x '  

y  =  1 E + 0 6 X 1 9095  

y  =  1 E + 0 8 x ' 2 8 6 j2  

R 2 =  0 . 8 5 0 9

8 0  -

6 0  -

20
20  -

4 0

6 0

1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0  6 5 0

A i f t i x / t p ,  Pa.

Fig. 6.23 Variation of residual water permeability resistance with first thixotropy index
determined using IP test and delay time
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Fig. 6.24 Contour diagram of residual water permeability resistance-model in terms of slump
flow index and delay time
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Fig. 6.25 Contour diagram of residual water permeability resistance-model in terms of 
thixotropy index I determined using IP test and delay time
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Fig. 6.26 Variation in critical delay time with slump flow index and performance testing
method
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Fig. 6.27 Variation in critical delay time with first thixotropy index determined using MK-III
rheometer and performance testing method
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= (0.004 R B ssh - 0.35) SFI -8.17 R B ssh +817 (6.9)

= 2x10'5(1-0.01 R B OSh) 5772+(0.002 R B DSh-0.16) S F I -2.96 RBOSh+ 296 (6.10)

=  2 x l0 '5(0.0l R B f - 1) S F I 2 +(0.0005 R B F-0.05) S F /-3 .07  R B F + 307 (6.11)

=  (61.1 In R p - 281) In SFI  - 469 In R p + 2158 (6.12)

=  (89452 - 895 R B ssh) A thixlMK_m~°'m (6.13)

= (4440 - 44.4 R B osh) AthixlMK_,„“°56 (6.14)

=  (2810 - 28.1 R B F) AthixlMK_m ~°A2 (6.15)

=  (4 8 4 8 8 6 6 4 7 6 4  - 10544397148 In R p) AthixlMK_m~3 26 , (6.16)

The results demonstrate that the delay time between placing concrete layers has a very 

high impact on water permeability resistance, moderate impact on bond under direct shear and 

flexural stresses and low impact on bond under slanted shear stress. The maximum critical 

delay time between placing two successive layers of high workable or low thixotropic SCC is 

65, 25, and 20 min to secure a residual bond under slanted shear, flexure, and direct shear 

stresses of 90%, respectively. This time reduces to 10, 10, and 5 min for residual bond under 

slanted shear, flexure, and direct shear stresses, respectively, when low workable or high 

thixotropic SCC is used in multi-layers casting. In water permeability, the maximum critical 

delay time between placing two successive layers of high workable or low thixotropic SCC is 

10 min but any delay in casting low workable or high thixotropic SCC is prohibited.

6.11 Effect of disturbing energy on residual bond under direct shear stress

The influence of disturbing energy, workability, thixotropy and delay time on bond in 

multi-layers casting are evaluated using a parametric study. Four levels of disturbing energy 

are evaluated. Disturbing energy is produced by using hand drill as shown in Fig. 6.28. 

Disturbing energy is calculated considering three parameters; area and depth factors and 

duration of disturbing using Eq. 6.17.

^dis ~ f  a I d his (6-17)

Wher area factor (fA) is the ratio between cross section area of drill head, 0.44 cm , and 

casting surface area of specimen, 150 cm2, and equals to 0.00293. Depth factor (fo) is the ratio
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between penetration depth of drill head inside the old layer, 1.5 cm, and depth of the old layer, 

10 cm, and equals to 0.15.

Four disturbing times (f^) are considered; 5, 10, 15, and 20 sec to produce four levels of 

disturbing energy of 0.002, 0.004, 0.006, and 0.008 sec. Residual bond is measured under 

direct shear stress because it is only test method where it is practically easy to disturb the old 

layer with any disturbing tools because the moulds are arranged horizontally with enough 

shallow surfaces casting area and without high sidewalls. Delay times elapsed between casting 

the first and second layers are 20, 40, and 60 min.

Hand drill

Casting surface area

|  i  Penetration depth

§ First concrete laver

Fig. 6.28 Disturbing process

The effects of workability and thixotropy parameters, delay time and disturbing energy 

on residual bond are discussed below. Relations between residual bond, disturbing energy, and 

delay time are plotted. Because the area and depth factors are fixed during this research, 

disturbing time is considered as disturbing energy. Contour lines diagrams of disturbing time 

demand to secure a residual bond of 90% in multi-layers casting in terms of workability or 

thixotropy indices and delay time are established. Statistical models derived for disturbing 

time are presented.

The shear strength (fs) and residual bond under direct shear (RBosh) of all specimens of 

mixture SCC1 are presented in Table 6.5. The mean and COV are calculated for three values 

for each disturbing time (/<*>)• The two-layers specimens of mixture SCC1 are cast with delay 

times (DI)  of 20, 40, and 60 min. The first layer is disturbed before casting the second layer 

using hand drill during four different (tjis) of 5, 10, 15, and 20 sec. The results of mixtures 

SCC2 to SCC8 are presented in Tables from B.29 to B.35. The increase in disturbing time 

itdiS) leads to clear increase in residual bond under direct shear (RBosh) of specimens cast with 

mixture SCC1, as illustrated for in Fig. 6.29. For example, the increase in disturbing time (tdis)
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from 5 to 20 s leads to an increase in residual bond under direct shear stress {R B Dsh) from 97% 

to 100 % and 91% to 98% at certain delay time (DT) of 20 min and 60 min, respectively, as 

illustrated in Figs. 6.29. The variations in residual bond under direct shear (RBosh) with 

disturbing time (tdis) of specimens cast with mixtures SCC2 to SCC8 are plotted in Appendix 

B, as shown in Figs. from B.84 to B.90.

Table 6.5 Results of disturbed specimens of mixture SCC1 under direct shear stress

DT, min tdm sec Specimen code fs ,  M Pa M ean COV R B D.sh%
SCC 1205 10.7

5 SCC 1205 9.2 10.0 11.2 96
SCC 1205 -

SCC12010 10.1
10 SCC12010 10.3 10.2 0.9 99

20 SCC12010 10.2
SCC12015 10.5

15 SCC12015 10.3 10.3 1.6 100
SCC 12015 10.2
SCC 12020 9.7

20 SCC 12020 11.0 10.4 8.4 100
SCC 12020 -

SCC 1405 9.5
5 SCC 1405 10.1 9.8 4 .3 95

SCC 1405 -

SCC14010 10.0
10 SCC14010 10.9 10.0 8.4 97

40 SCC14010 9.2
SCC14015 10.1

15 SCC 14015 10.7 10.2 4.4 99
SCC14015 9.8
SCC 14020 11.3

20 SCC 14020 11.0 10.5 9.8 102
SCC 14020 9.4
SCC 1605 9.1

5 SCC 1605 9.6 9.6 5.0 92
SCC 1605 10.0

SCC16010 10.0
10 SCC16010 9.2 9.6 6.5 93

60 SCC16010 -

SCC 16015 11
15 SCC 16015 11.4 9.9 22.2 96

SCC16015 7.4
SCC 16020 11.3

20 SCC 16020 7.6. 10.2 22.2 99
SCC 16020 11.8
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Fig. 6.29 Variation in residual bond under direct shear with disturbing time and delay time of
mixture SCC1

The models of disturbing time (tdis) demand to secure a residual bond under direct shear 

(RBosh) of 90% in terms of slump flow index (SFI) and delay time (DT) on one hand and 

second thixotropy index determined using IP (Athix2ip) and delay time (DT) on the other hand 

are derived, as shown in Eqs. 6.18 and 6.19. The two models are presented in contour

diagrams, as plotted in Figs. 6.30 and 6.31. Fig. 6.30 indicates that when slump flow index

(SFI) is below 920 mm.mm/min, there is no need to disturb the old layer before casting the 

new layer of SCC to secure a residual bond under direct shear (RBosh) of 90% if delay time is 

very short. Moreover, when the delay time is less than 48 min, there is no need to disturb the 

old layer before casting a new layer of high workable SCC to secure a residual bond under 

direct shear (RBosh) of 90%. Fig. 6.31 indicates that when Athix2,P is below 1000 Pa.Pa/min, 

there is no need to disturb the old layer before casting the new layer of SCC to secure a 

residual bond under direct shear (RBosh) of 90% if delay time is very short. Farther more, 

when the delay time is less than 42 min, there is no need to disturb the old layer before casting 

the new layer of low thixotropic SCC to secure a residual bond under direct shear (RBosh) of 

90%. The rest of models and contour lines diagrams of the effect of workability, thixotropy, 

disturbing duration and delay times are given in B20 and B21, respectively. 

t dis = (27.5 - 0.26 D T ) Ln SFI + 2.09 D T  - 188.3 (6.18)

t A  =(14.8 - 0 A 4 D T ) L n A i h i x 2 lp+  1.3 D T  - 103 (6.19)
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Fig. 6.30 Contour diagram of disturbing time-model in terms of slump flow index and delay
time
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Fig. 6.31 Contour diagram of disturbing time-model in terms of thixotropy index I determined
using IP and delay time

6.12 Effect of free-fall height, thixotropy, and delay time on surface roughness

In multi-layers casting, the new layer may penetrate the old layer if there is enough free- 

fall height (FFH) during placing the new layer. Moreover, the penetration of new layer inside 

the old layer is affected by thixotropy level of concrete and delay time between placing two 

successive layers. The surface roughness between the two layers is influenced by how much 

the new layer penetrates inside the old layer. The green pigment is added to the concrete 

before casting the upper layer to identify the interface between lower and upper layers. The
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penetration area, considered as the area occupied by green color, decreases with the increase 

in delay time as shown in Fig. 6.32.

These two images are picked after the flexural test for two prisms cast using the same 

mixture, SCC8, in two layers. The delay time between layers is 30 min, as shown in Fig. 6.32 

a and 60 min , as shown in Fig. 6.32 b. The top layers of two prisms are placed with same 

FFH of 30 cm. Fig. 6.32 demonstrates that surface roughness between the two successive 

layers decreases with the increase in delay time in multi-layers casting using the same 

concrete. Moreover, the residual bond under flexure stress increases with the increase in 

surface roughness between the two successive layers of SCC.

a) Delay time (DT) = 30 min,
Penetration area = 1 8 % , and
Residual bond under flexure stress = 74%

b) Delay tim e (DT) = 60 min,
Penetration area = 7%, and
Residual bond under flexure stress = 59%

Fig. 6.32 The effect of delay time on penetration area
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High surface roughness due to heavy penetration is observed after flexure test for a prism 

cast in two layers using mixture SCC1, as shown in Fig. 6.33 a. The delay time between 

placing two layers is 60 min, and the FFH is 30 cm. Smooth surface due to poor penetration is 

observed after direct shear test for a prism cast in two layers using mixture SCC las shown in 

Fig. 6.33 b. The delay time between placing two layers is 60 min, and the FFH is 5 cm. Fig. 

6.33 demonstrates that surface roughness between two layers increases with the increase in 

FFH in multi-layers casting using the same concrete. The surface roughness between two 

layers is also affected by the workability and thixotropy of concrete. A large difference in 

surface roughness is observed between the two surfaces presented in Figs. 6.32b and 6.33a. 

Although FFH and delay time are same in two cases but the prism presented in Fig. 6.32b is 

cast using low workable and high thixotropic concrete SCC8, and other prism presented in 

Fig. 6.33a is cast using high workable and low thixotropic concrete SCC1.

a) FFH = 30 cm and Residual b) FFH =  5 cm and Residual bond under
bond under flexure stress =  82% direct shear stress = 78%

Fig. 6.33 The effect of free fall height on surface roughness

6.13 Conclusions

Based on the above results, the following conclusions can be drawn:

1- Increasing the delay between casting two successive lifts of SCC leads to reduction in 

residual interlayer bond as presented in Table 6.6. For example, when the delay time (DT) 

between casting two layers of medium workable and thixotropic SCC increases from 15 to 

60 min, the residual bond under slanted shear stress decreases from 96% to 84%, 

respectively.

2- Residual interlayer bond decreases with the increase in thixotropy and the reduction in 

workability of SCC used in multi-layers casting as presented in Table 6.6. For example,
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when thixotropy index of SCC used in multi-layers casting determined using MK-H1 

rheometer (Athix2MK.m) increases from 760 (low level) to 35000 Pa.Pa/min (high level) and 

delay time (DT) between casting two successive layers is 30 min, the residual bond under 

direct shear stress decreases from 88% to 57%, respectively. Moreover, when workability 

level of SCC used in multi-layers casting decreases from high level with slump flow index 

(SFI) of 340 mm.mm/min to low level with SFI of 2120 mm.mm/min and delay time (DT) 

between casting the two successive layers is 45 min, the residual bond under flexure stress 

decreases from 85% to 64%, respectively.

3- Residual strength in direct shear is much adversely affected by the coupled effect of 

workability or thixotropy and elapsed time as compared to flexural strength and slanted 

shear strength as presented in Table 6.6. For example, when the delay time between casting 

two successive layers of low workable and high thixotropic SCC is 60 min, the residual 

bond determined under slanted shear and flexure stresses are the same with value of 52% 

but the residual bond determined under direct shear stress is 14% with difference of 38%.

Table 6.6 Effect of workability, thixotropy and delay time on residual interlayer bond, critical

delay time and vibration energy

Test method slanted shear Direct shear Flexure W ater perm eability
W orkability level H M L H M L H M L H M L
SFI, mm.mm/min 340 1270 2120 340 1270 2120 340 1270 2120 340 1270 2120

JRFI, mm.mm/min 435 950 1785 435 950 1785 435 950 1785 435 950 1785
T501, s.s/min 0.03 0.18 5.25 0.03 0.18 5.25 0.03 0.18 5.25 0.03 0.18 5.25

Thixotropy level L M H L M H L M H L M H
Athix2MK.m, Pa.Pa/min 760 1300 35000 760 1300 35000 760 1300 35000 760 1300 35000

Aihix2PV, Pa.Pa/min 1300 7600 99000 1300 7600 99000 1300 7600 99000 1300 7600 99000
Aihix2,P, Pa.Pa/min 230 2300 4700 235 2300 4700 235 2300 4700 235 2300 4700

Residual 
interlayer 
bond, %

D T  -  15 98 96 88 94 89 78 95 93 88 89 48 38
30 ,  min 96 92 76 88 77 57 90 86 76 79 23 14
45 ,  min 94 88 64 82 66 35 85 79 64 70 11 5
60 ,  min 92 84 52 75 54 14 80 72 52 62 5 2

min 60 40 15 20 15 10 30 20 15 15 5 0

Vibration 
time*, s

D T  = 20 - - 0 15 17 - - - - - -

40,  min - - - 0 20 23 - - - - - -
60,  min - - - 2 22 25 - - - - - -

* Vibration time is determined when depth factor is 0.15 and, area factor is 0.003.

4- Residual water permeability resistance is more adversely affected by the coupled effect of 

workability.or thixotropy and elapsed time than the mechanical properties as presented in 

Table 6.6. For example, when the delay time between casting two successive layers of 

medium workable and thixotropic SCC is 15 min, the residual bond determined under
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flexure stress is 93% but the residual water permeability resistance is 48% with difference 

of 45%.

5- Maximum critical delay time between casting two successive lifts of SCC to secure a 

residual interlayer bond of 90% is governed by the level of workability or thixotropy and 

test methods as shown in Table 6.6. For example, the maximum critical delay time between 

casting two successive layers of medium workable and thixotropic SCC to secure a residual 

bond under slanted shear, direct shear and flexure stresses of 90% is 40, 15 and 20 min, 

respectively.

6- To improve the performance of multi-layers casting SCC, the slump flow should be wqual 

to or more than 700 mm with retention rate of 0.5 or less and a maximum delay time 

between casting two successive layers of 15 min. Moreover, the static yield stress 

determined using IP test should be equal to or less than 150 Pa with structural build-up rate 

of 1.5 or less.

7- The disturbing or vibration energy required to remix the old layer increases with the 

increase in thixotropy level and delay time. For example, the vibration time required to 

secure a residual bond under direct shear stress of 90% between two successive layers of 

low and high thixotropic SCC is 2 and 25 s, respectively, at constant depth and area factors 

when the delay time is 60 min.

8- Measuring bond in multi-layers casting under slanted shear stress shows better repeatability 

than others test methods. The COV value determined for results of slanted shear test 

method is 2 but the COV values determined for results of direct shear stress, flexure stress 

and water permeability test methods are 8.

9- The surface roughness between two layers in multi-layers casting increases with the 

increase in free fall height and the reduction in both thixotropy level and delay time 

between placing successive layers. The bond in multi-layers casting increases with the 

increase in surface roughness between layers.
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CHAPTER 7 -  SURFACE QUALITY OF SCC

7.1 Objectives

The aim of the proposed research is to evaluate the effect o f rheology, formwork material 

type, and casting distance from top on surface quality of SCC in terms of the presence of 

surface defects, such as air bubbles, voids, segregation, and homogeneity of color. The general 

objectives are:

• to develop guidelines for the influence of Theological properties on surface quality;

• to investigate the effect of formwork material type on surface quality;

• to study the influence of formwork surface orientation on surface quality;

• to investigate the effect of casting distance from top on surface quality; and

• to investigate the possibility of replacing part of the white cement with Metakaolin,

limestone filler, and slag without significant changes in white color.

Surface quality is investigated for SCC designed for precast architectural applications as 

well as cast in-place SCC for building construction. The investigation is divided into three 

main phases, as follows:

Phase I -  Effect of rheology, formwork material type and surface orientations inclination, as 

well as casting distance from top on surface quality of SCC used in precast architectural 

applications;

Phase II -  Effect of binder type and content on the color homogeneity of flowable cement 

paste used in precast architectural applications; and

Phase HI -  Effect of mixture parameters, rheology, formwork material types, as well as 

casting distance from top on the surface quality and color of SCC used in cast in-place for 

construction applications.

7.2 Testing program

The testing program is divided into three phases, as indicated above. The experimental 

program of phase I consists of 20 SCC mixtures; SCC9 to SCC28. The compositions of these 

mixtures are given in Table 3.8. Slump flow of the mixtures investigated in Phase I ranged 

mostly between 575 and 650 mm, although some supper workable concrete mixtures with 

slump flow of 500 mm are used. The experimental program of Phase II consists of 11 cement 

pastes; CPI to CP11. Six binder types are used; High Early Strength Cement (HE), White
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Cement (FW), Metakaolin (MK), High Blaine Limestone Filler (HBLF), Normal Blaine Slag 

(NBS), and High Blaine Slag (HBS). The cement pastes are based on SCC24 in terms of w/b 

or w/p, HRWRA, VMA, and AEA types. The experimental program of Phase III consists of 

12 SCC mixtures; SCC29 to SCC40. The compositions of these mixtures are given in Table 

3.8. Slump flow of mixtures investigated in Phase III ranged between 630 to 730 mm. Unit 

weight, air content, and concrete temperature for all the mixtures discussed in this chapter are 

presented in Tables 3.9.

7.2.1 Casting mold

The Z-test is used to study the surface quality and color of mixtures in Phases I and ID. 

All details of the Z-test are presented in Chapter 4. For Phase n, one cylinder of 100 mm in

diameter and 200 mm in height is cast to evaluate the color.

7.2.2 Rheology measurements

The dynamic yield stress (to) and plastic viscosity (p.) are measured using the ICAR

rheometer, as reported in Chapter 4, immediately before actual casting.

7.2.3 Surface quality assessment

The formed concrete surface quality is evaluated using image analysis, as reported in 

Chapter 4.

7.2.4 Color measurements

The color is determined using colormeter, as reported in Chapter 4.

7.3 Surface quality of SCC used in precast architectural applications

7.3.1 Rheology

The dynamic yield stress and plastic viscosity values of 20 mixtures are presented in 

Table 7.1 as well as slump flow, J-ring flow, and T50 values.

7.3.2 Surface quality

The area of defects (Ad) and maximum diameter of defects (0d.m ax) are determined for all 

zones. The average value of (Ad) and ( 0 d.max) are calculated for each side and are presented in 

Table 7.2.
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Table 7.1 Rheological properties of Phase I

Mixture T0, Pa p, Pa.s S.flow, mm J-ringf, mm T50,s
SCC9 165 34 510 425 4.15
SCC 10 189 22 515 450 5.47
s e e n 101 60 490 405 9.88
SCC12 109 28 490 430 3.68
SCC 13 338 18 500 410 3.59
SCC14 231 5 495 435 2.16
SCC 15 134 30 490 405 3.59
SCC16 349 4 505 460 1.46
SCC 17 0 40 670 645 5.46
SCC 18 19 24 670 695 2.89
SCC 19 4 66 660 665 4.46
SCC20 44 24 640 645 5.86
SCC21 24 17 655 615 2.07
SCC22 71 9 640 600 1.55
SCC23 43 24 650 605 1.99
SCC24 8 9 660 640 1.18
SCC25 81 18 575 545 2.56
SCC26 102 18 565 530 2.14
SCC27 54 22 575 510 2.05
SCC28 40 20 565 490 2.41

Table 7.2 Values of area and maximum diameter of defects

Mixture Plywood PVC* Steel Filter
A„,% 0 d .m a x ,  mm Ad, % 0 d .m a x ,  mm Ad, % 0 d .m a x ,  mm Ad, % 0 d . ma*, mm

SCC9 3.211 87.4 1.251 48.3 1.503 46.1 1.344 83.2
SCC 10 3.151 50.0 1.003 32.1 1.424 22.7 1.334 42.4
s e e n 3.220 86.5 1.279 50.8 1.906 53.6 0.987 79.1
SCC 12 3.101 31.7 0.812 20.8 0.928 16.4 0.882 27.0
SCC 13 3.222 95.9 1.290 54.7 2.340 53.0 3.107 82.8
SCC 14 2.927 10.4 0.405 5.5 1.532 2.7 0.854 4.5
SCC 15 3.151 41.2 0.977 30.0 1.230 25.1 0.956 26.9
SCC 16 2.988 13.1 0.522 8.2 2.375 6.0 1.120 8.4
SCC 17 1.057 3.8 0.270 3.5 0.324 4.3 0.000 0.4
SCC 18 1.083 4.5 0.292 6.1 0.474 4.5 0.002 0.4
SCC 19 1.123 3.8 0.276 6.3 0.445 4.2 0.000 0.6
SCC20 1.326 6.5 0.327 6.6 0.478 5.3 0.009 1.0
SCC21 1.150 4.6 0.294 5.9 0.464 4.8 0.003 0.6
SCC22 0.288 4.1 0.336 5.6 0.563 4.3 0.009 1.4
SCC23 1.270 6.9 0.330 6.7 0.489 5.2 0.010 1.2
SCC24 1.115 3.8 0.278 5.1 0.406 4.2 0.000 0.0
SCC25 1.566 10.1 0.380 6.1 0.490 5.8 0.043 3.8
SCC26 1.690 12.8 0.412 6.3 0.507 6.4 0.069 5.9
SCC27 1.368 7.2 0.344 6.3 0.498 5.6 0.018 1.7
SCC28 1.171 6.6 0.322 6.2 0.469 4.9 0.008 1.2
* Reference formwork
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7.3.3 Color

The color is determined for all zones. The average value of variation in white color is 

calculated for each side and is presented in Table 7.3.

7.3.4 Effect of rheology on surface quality

The average ( X  ,_20) and standard deviation (< 5 i_ 2 o )  of area o f defects (A<j) and maximum 

diameter of defects ( 0 d  max) are calculated for each side of Z-shaped mold. For each mixture, a 

dimensionless value is calculated for each value of defects area (A d) and maximum diameter 

of defects (0d .m ax) using the following equations:

„ X  . - X .  ?nY = — '-=— ^20 (7 .1)

Table 7.3 Variation in white color

Mixture Plywood PVC Steel Filter
SCC9 64 55 54 61
SCC 10 66 52 52 66
seen 56 52 54 58
SCC 12 58 50 53 64
SCC 13 59 54 54 67
SCC 14 57 56 57 68
SCC 15 57 52 54 63
SCC 16 56 53 54 65
SCC 17 54 52 54 56
SCC 18 58 52 52 59
SCC 19 54 51 51 55
SCC20 51 48 48 54
SCC21 57 51 53 64
SCC22 60 53 54 67
SCC23 57 51 54 63
SCC24 61 52 54 63
SCC25 60 50 51 60
SCC26 57 48 49 60
SCC27 62 52 53 64
SCC28 59 52 53 63

X  1-20 58 52 53 62

The lowest value of Y indicates the best surface quality. The 20 mixtures are ranked from 

best to worst surface quality two times; Ranking 1 and Ranking 2; based on area of defects 

(Ad) and maximum diameter of defects (0d.maxX respectively; for each side as shown in Tables

7.4 and 7.5. The average of the two rankings is considered in this study for final result of
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surface quality. Models are established for all formwork types to estimate the surface quality 

ranking (SQR) as a function of dynamic yield stress (to)  and plastic viscosity (p). All the 

models are presented in Table 7.6. All proposed models indicate that the reduction in yield 

stress and plastic viscosity lead to high surface quality whatever the formwork type is used.

Table 7.4 Surface quality ranking for plywood and PVC formworks

Plywood PVC
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% |-20 1.89% 23.5 mm 0.58% 15.3 mm

<5l-20 1.36 22.57 0.38 14.13
Y1 Y2 Y1 Y2

SCC9 1.27 2.08 17 16 17 1.86 1.92 16 13 15
SCC 10 1.21 0.84 16 14 15 1.18 0.96 15 12 14
s e e n 1.28 2.05 18 15 17 1.93 2.07 17 14 16
SCC12 1.16 0.24 15 12 14 0.66 0.28 13 10 12
SCC 13 1.28 2.36 18 17 18 1.96 2.30 18 15 17
SCC 14 0.98 -0.47 13 9 11 -0.45 -0.63 10 3 7
SCC 15 1.21 0.55 16 13 15 1.11 0.83 14 11 13
SCC 16 1.04 -0.38 14 11 13 -0.13 -0.47 12 9 11
SCC 17 -0.92 -0.69 2 1 2 -0.82 -0.75 1 1 1
SCC 18 -0.89 -0.66 3 3 3 -0.76 -0.59 3 6 5
SCC 19 -0.85 -0.69 5 1 3 -0.80 -0.58 2 7 5
SCC20 -0.64 -0.60 9 4 7 -0.66 -0.56 6 8 7
SCC21 -0.82 -0.66 6 3 5 -0.75 -0.60 4 5 5
SCC22 -1.70 -0.68 1 2 2 -0.64 -0.62 7 4 6
SCC23 -0.70 -0.58 8 6 7 -0.66 -0.56 6 8 7
SCC24 -0.86 -0.68 4 2 3 -0.80 -0.65 2 2 2
SCC25 -0.40 -0.48 11 8 10 -0.52 -0.59 9 6 8
SCC26 -0.27 -0.39 12 10 11 -0.43 -0.58 11 7 9
SCC27 -0.60 -0.57 10 7 9 -0.62 -0.58 8 7 8
SCC28 -0.80 -0.59 7 5 6 -0.68 -0.59 5 6 6

The model of surface quality ranking (SQR) of plywood formwork is plotted in contour 

diagram, see Fig. 7.1. The variation in plastic viscosity has no impact on surface quality 

ranking (SQR) of SCC against plywood formwork if yield stress is less than 25 Pa. The 

models of PVC, steel, and permeable formworks are plotted in Appendix C. All these models 

have some limitations, as follows:

1- Segregation is observed when plastic viscosity is less than 10 Pa.s, and concrete are 

poured in the formwork with free fall height (FFH) more than one meter. The 

segregation risk increases when casting direction changes suddenly. When the concrete 

is poured in deep formwork with inclined side, the casting direction suddenly changes
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under gravity force because of free drop effect. At this moment, the low viscous 

concrete may separate into two parts; mortar and coarse aggregates; because of the 

difference in specific gravity of each part as shown in Fig. 7.2. The coarse aggregate 

distribution at left side is noisy comparing with coarse aggregate distribution on right 

side. Therefore, segregation is observed in zones 5 and 6 of plywood, PVC, and 

permeable filter sides (a), (b), and (d), respectively. No segregation is observed in steel 

side (d) at all.

2- Low filling ability or insufficient consolidation of concrete is observed when yield 

stress is more than 100 Pa (slump flow = 500 mm). Vibration is recommended to 

achieve high surface quality.

3- High filling ability of concrete is observed when yield stress is less than 100 Pa (slump 

flow = 575-650 mm).

Table 7.5 Surface quality ranking for steel and permeable formworks

Steel Permeab e
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gY A 1-20 1.089% 12.7 mm 0.483% 20.3 mm

<5i-20 0.64 12.34 0.77 24.00
Y1 Y2 Y1 Y2

SCC9 0.85 1.92 14 16 15 1.04 2.25 12 15 14
SCC 10 0.73 0.51 13 14 14 1.02 0.83 11 12 12
s e e n 1.46 2.37 16 18 17 0.58 2.11 9 13 11
SCC 12 -0.02 0.13 11 13 12 0.44 0.29 7 11 9
SCC 13 2.12 2.34 17 17 17 3.30 2.23 13 14 14
SCC 14 0.90 -0.70 15 1 8 0.41 -0.49 6 8 7
SCC 15 0.44 0.65 12 15 14 0.54 0.29 8 11 10
SCC 16 2.18 -0.50 18 11 15 0.75 -0.36 10 10 10
SCC 17 -0.94 -0.60 . 1 3 2 -0.69 -0.64 1 2 2
SCC 18 -0.71 -0.59 6 4 5 -0.69 -0.63 1 3 2
SCC 19 -0.76 -0.61 3 2 3 -0.69 -0.63 1 3 2
SCC20 -0.71 -0.54 6 8 7 -0.68 -0.61 2 4 3
SCC21 -0.73 -0.57 4 5 5 -0.69 -0.63 1 3 2
SCC22 -0.58 -0.60 10 3 7 -0.68 -0.60 2 5 4
SCC23 -0.69 -0.55 7 7 7 -0.68 -0.61 2 4 3
SCC24 -0.82 -0.61 2 2 2 -0.69 -0.65 1 1 1
SCC25 -0.69 -0.51 7 10 9 -0.64 -0.52 4 7 6
SCC26 -0.66 -0.47 9 12 11 -0.60 -0.44 5 9 7
SCC27 -0.68 -0.52' 8 9 9 -0.67 -0.59 3 6 5
SCC28 -0.72 -0.56 5 6 6 -0.68 -0.61 2 4 3
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According to the limitations mentioned above, the diagram of surface quality is divided 

into three main zones as shown in Fig. 7.3. Segregation risk is covered by zone 1. Low filling 

ability or surface quality of semi-flowable SCC is covered by zone 2. High filling ability or 

surface quality of SCC is covered by zone 3. This diagram is valid only if yield stress is less 

than 350 Pa, and the plastic viscosity is less than 65 Pa.s.

Table 7.6 Models of surface quality ranking

Formwork type Model
Plywood SQR = 0 .3 (r  ju) 041

PVC SQR = 0.35 ( r  f i f n

Steel SQR = 0.45 ( r  m ) 042

Permeable SQR =0.09 ( r / / ) 057

5 0

I
I? 40
©u
O  3 0

<8
Cl,

20
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0  5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0

Yield stress. Pa

Fig. 7.1 Contour diagram of surface quality ranking of plywood formwork
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Free fall Section x-x /

Coarse \ y  llJM prtar
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•Side c

Fig. 7.2 Hypothesis of dynamic segregation occurring during casting low viscosity SCC
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Fig. 7.3 Surface quality chart

Models are established for all formwork types to estimate the area (Ab%) and maximum 

diameter (0b.m ax) of air bubbles of zone 3, zone of SCC, as a function in dynamic yield stress 

( t o )  and plastic viscosity (p). All the models are presented in Table 7 . 7 .  The model of the area 

( A b % )  and maximum diameter (0b .m ax) of air bubbles against plywood formwork are plotted 

in contour diagrams;.see Figs. 7.4 and 7.5, respectively. These figures demonstrate that the 

yield stress has much higher impact on surface quality against plywood formwork in terms of 

area and diameter of air bubbles than the plastic viscosity. For example, when the yield stress 

increases from 10 to 90 Pa, the area ( A b % )  of air bubbles increases from 1.1 to 1.8 with a big 

difference of 0.7 at constant plastic viscosity of 45 Pa.s. But, when the plastic viscosity 

increases from 20 to 60 Pa, area ( A b % )  of air bubbles increases from 1.4 to 1.5 with a small 

difference of 0.1 at constant yield stress of 60 Pa. Moreover, when the yield stress increases 

from 10 to 90 Pa, the maximum diameter (0b .m ax) of air bubbles increases from 4 to 18 mm 

with a big difference of 14 mm at constant plastic viscosity of 45 Pa.s. But, when the plastic 

viscosity increases from 20 to 60 Pa, the maximum diameter (0b .m ax) of air bubbles increases 

from 8 to 11 mm with a small difference of 3 mm at constant yield stress of 60 Pa. The models 

of PVC, steel, and permeable formworks are plotted in Appendix C.
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Table 7.7 Models of surface quality in terms of air bubbles only

Formwork type Area o f air bubbles Maximum diameter o f  air bubbles, mm

Plywood Al % =  1 .05  / J 00016 T) A =  3 . 4 6 / / (00046r)
PVC A b% = 0.21 / / (°-ool5r> A . „  = 4 -74  *'°M y
Steel Ah% =  0 .3  ( t / / ) 0'07

Permeable Ah% =  l 0~5 ( 2 / /  +  r 2+  1 2 4 .9 8 ) = 1 0 ‘J ( 8 2 4 / ; + 0 . 5 6  t 1)
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Fig. 7.4 Contour diagram of area of air bubbles on surface of SCC against plywood formwork
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Fig. 7.5 Contour diagram of maximum diameter of air bubbles on surface of SCC against
plywood formwork

In the case of the PVC formwork, the figures demonstrate that the yield stress has much 

higher impact on surface quality against formwork in terms of area of air bubbles than the 

plastic viscosity. For example, when the yield stress increases from 1 0  to 9 0  Pa, the area 

( A b % )  of air bubbles increases from 0 . 2 8  to 0 . 4 6  with a big difference of 0 . 0 8  at constant
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plastic viscosity of 45 Pa.s. But, when the plastic viscosity increases from 20 to 60 Pa, area 

(Ab%) of air bubbles increases from 0.35 to 0.39 with a small difference of 0.04 at constant 

yield stress of 60 Pa. Moreover, the figures demonstrate that the plastic viscosity has much 

higher impact on surface quality against formwork in terms of diameter of air bubbles than the 

yield stress. For example, when the yield stress increases from 10 to 90 Pa, the maximum 

diameter (0b.m ax) of air bubbles increases from 7 to 10 mm with a small difference of 3 mm at 

constant plastic viscosity of 45 Pa.s. But, when the plastic viscosity increases from 20 to 60 

Pa, the maximum diameter ( 0 b .max) of air bubbles increases from 6.25 to 12 mm with a big 

difference of 5.75 mm at constant yield stress of 60 Pa.

In the case of the steel formwork, the figures demonstrate that the yield stress has much 

higher impact on surface quality against formwork in terms of area and diameter of air 

bubbles than the plastic viscosity. For example, when the yield stress increases from 10 to 90 

Pa, the area (Ab%) of air bubbles increases from 0.45 to 0.54 with a big difference of 0.09 at 

constant plastic viscosity of 45 Pa.s. But, when the plastic viscosity increases from 20 to 60 

Pa, area (Ab%) of air bubbles increases from 0.49 to 0.53 with a small difference of 0.04 at 

constant yield stress of 60 Pa. Moreover, when the yield stress increases from 10 to 90 Pa, the 

maximum diameter (0b.m ax) of air bubbles increases from 4.3 to 6.8 mm with a big difference 

of 2.5 mm at constant plastic viscosity of 45 Pa.s. But, when the plastic viscosity increases 

from 20 to 60 Pa, the maximum diameter ( 0 b .max) of air bubbles increases from 5.4 to 5.8 mm 

with a small difference of 0.4 mm at constant yield stress of 60 Pa.

In the case of the permeable formwork, the figures demonstrate that the yield stress has 

much higher impact on surface quality against formwork in terms of area and diameter of air 

bubbles than the plastic viscosity. For example, when the yield stress increases from 10 to 90 

Pa, the area (Ab%) of air bubbles increases from 0.25 to 5.0 with a big difference of 4.75 at 

constant plastic viscosity of 45 Pa.s. But, when the plastic viscosity increases from 20 to 60 

Pa, area (Ab%) of air bubbles decreases from 2.25 to 2.1 with a small difference of 0.15 at 

constant yield stress of 60 Pa. Moreover, when the yield stress increases from 10 to 90 Pa, the 

maximum diameter (0b.m ax) of air bubbles increases from 0.3 to 4.7 mm with a big difference 

of 4.4 mm at constant plastic viscosity of 45 Pa.s. But, when the plastic viscosity increases 

from 20 to 60 Pa, the maximum diameter (0b .m ax) of air bubbles increases from 2.2 to 2.4 mm 

with a small difference of 0.2 mm at constant yield stress of 60 Pa.
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7.3.5 Effect of formwork material types on surface quality

The 20 tested mixtures are divided into three groups. First group is eight mixtures; from 

SCC9 to SCC16; with S.flow of 500 mm. Second group is four mixtures; from SCC25 to SCC 

28; with S.flow of 575 mm. Third group is eight mixtures; from SCC17 to SCC24; with 

S.flow of 650 mm. The average x,_N of each group is calculated for area of defects (Ad) and

maximum diameter of defects ( 0 d  max) for each formwork material as presented in Table 7.8. 

The variation in area of defects (A d ) and maximum diameter of defects (0d .m ax) of concretes 

with different slump flow and formwork material types are presented in Figs. 7.6 and 7.7, 

respectively.

Table 7.8 Ad and 0 d .max values for different formwork materials

Formwork types Plywood PVC Steel Filter
S.flow = 650 mm X,-8

&■o
<

1.171 0.301 0.439 0.003
0d.max, mm 1.2 5.8 0.4 0.6

S.flow = 575 mm X,.4 Ad, % 1.439 0.369 0.492 0.034
0 d  max, mm 9.2 6.1 5.6 3.1

S.flow = 500 mm X,.B Ad, % 3.121 0.928 1.636 1.312
0d.max, mm 52.0 30.0 29.3 43.4

The variation in area of air bubbles (A b ) and maximum diameter of air bubbles (0b .m ax) of 

concretes with formwork material types and different yield stress at same plastic viscosity are 

presented in Fig. 7.8 and 7.9, respectively. The variation in area of air bubbles (A b ) and 

maximum diameter of air bubbles (0b.m ax) of concretes with formwork material types and 

different plastic viscosity at same yield stress are presented in Fig. 7.10 and 7.11, respectively.
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Fig. 7.6 Variation in area of defects with formwork materials and slump flow
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Fig. 7.11 Variation in maximum diameter of air bubbles with formwork materials and plastic
viscosity

The increase in slump flow or reduction in yield stress leads to decay in area of defects 

(Ad) and maximum diameter of defects ( 0 d . m a x )  values and better surface quality. In general, 

for all categories of SCC, using of plywood formwork results in worst surface quality. 

According to [web site, I), air bubbles are encountered with the use of plywood formwork. 

The grain of plywood may be visible after formwork stripping. Up to 15-20 times of it use can 

be expected from well-maintained plain plywood.

For slump flow of 575 and 650 mm or yield stress below 100 Pa., using permeable 

formwork achieves better surface quality. According to [web site, I], permeable formwork 

eliminates air bubbles and excess water from the surface of the concrete. Some types of 

permeable formwork are intended for one use only and concrete that is cast using this 

formwork is left with a finely textured pattern.
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For slump flow of 500 mm or yield stress above 100 Pa., using PVC and steel formworks 

lead to better surface quality than using of plywood and permeable formworks. The friction 

between concrete and PVC or steel is less than that in case of plywood and polyester filter. 

According to study of Djelala et al. [2004], friction exerted by concrete on surfaces plays an 

important role during placing operations. This friction may be affected by roughness, velocity 

and nature of the demolding agent. Velocity is affected by casting rate which is constant for 

all the 20 tested mixtures. In the experimental work, no demolding agent is used. So, there is 

only one factor affects this friction which is roughness of formwork. This means the concrete, 

poured in plywood and permeable formworks, needs more consolidation energy than in case 

of PVC and steel formworks. According to [web site, I], steel and PVC formworks are 

completely impermeable, and as such it can lead to the formation of air bubbles in 

inadequately compacted concrete, as there is no route for the air to escape through the 

formwork. The quality of concrete surface against steel or PVC will improve as long as their 

internal surfaces are smooth and free of markings.

For slump flow of 575 and 650 mm or yield stress below 100 Pa., the distribution of air 

bubbles on the surface of concrete against steel formwork is more noisy but less in dimensions 

than air bubbles observed on concrete surface against PVC formwork. The variation in yield 

stress leads to high variation in surface quality of concrete against both of plywood and 

permeable formworks and small variation in surface quality of concrete against both of PVC 

and steel formworks. Plastic viscosity has much higher impact on diameter of air bubbles than 

area of air bubbles on the surface of concrete against PVC formwork.

Large difference between area of air bubbles against plywood and each of steel and PVC 

formworks are shown in Figs. 7.29 and 7.31. This refers to a lot of air bubbles which are 

observed on concrete surface against the inclined part of plywood formwork. Fig. 7.32 

indicates that the diameter of air bubbles present on concrete surface against PVC formwork is 

larger than diameter of air bubbles present on concrete surface against steel and plywood 

formworks at. constant yield stress and different plastic viscosity. This refers to plastic 

viscosity has much higher impact on diameter of air bubbles present on concrete surface 

against PVC formwork than yield stress as contrasted in cases of steel and plywood 

formworks, as shown in Fig. 7.32.
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The average values of variation in white color of 20 mixtures are determined for each 

formwork types in Table 7.3 and plotted in Fig. 7.12. The highest value indicates the darkest 

color. Using PVC formwork leads to lighter concrete comparing with other formwork types. 

Using permeable formwork results in darker concrete compared to other formwork types 

because the concrete loses some of its water content which migrates to outside of formwork 

among the polyester filter medium. According to [web site, I], steel and PVC can lead to shiny 

finish of concrete. Moreover, concrete that is cast using permeable formwork is usually darker 

because the surface water is reduced.
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Fig. 7.12 Variation in white color degree with formwork materials

7.3.6 Effect of casting distance on surface quality

AH the 20 tested mixtures are cast in the Z-test from the same casting level. The casting 

distance from top ( D c a s t j n g )  of each zone is determined as the distance between casting level 

and central point of each zone as shown in Fig. 7.13.

Immediately after casting a deep element, the air bubbles located at the interface between 

concrete and formwork start to move vertically from bottom to top until reaching the entrance 

of formwork. The time required for air bubbles to reach the entrance of formwork is affected 

by friction exerted between concrete and formwork and height of formwork. This time 

increases with the increases in height of formwork and the friction exerted between concrete 

and formwork. This friction is influenced by many factors such as rheology of concrete, 

surfaces orientations and type of formwork as discussed in section 7.3.7.
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Fig. 7.13 Casting distance of all zones in concrete element

The presence of air bubbles on concrete surface is affected by both of time required for 

air bubbles to reach the entrance of formwork and initial setting time of concrete. If the initial 

setting time is more than the time required for air bubbles to reach the entrance of formwork, 

all the air bubbles escape before the initial setting of concrete and no caves or bugholes 

present on formed concrete surface. If the initial setting time is less than the time required for 

air bubbles to reach the entrance of formwork, some of air bubbles escape before the initial 

setting concrete, and the rest escapes after the initial setting concrete. In this case, the concrete 

surface takes the same form of air bubbles that escape after the initial setting producing caves 

and bugholes on formed concrete surface.

The initial setting time is influenced by the rheology of concrete. It is reported in [Dale 

and Chiara, 2010] that the setting time of concrete decreases with the increase in yield stress. 

When the formwork is very deep, the time required for air bubbles at bottom zone of 

formwork to reach the entrance of formwork is more than initial setting of concrete. This 

demonstrates what is reported in [Torrijos et al., 2008] where large number of surface air 

voids are observed, especially at the upper end. In the Z-test, the surface quality of zones 5 

and 7 are better than zone 1 against steel formwork where the area of air bubbles at 150 mm 

Dcasting is higher than at 1100 and 1300 mm D castjng, as shown in Fig. 7.14 (left). The same 

phenomenon is observed on plywood side where the surface quality, in term of diameter of air

180



Chapter 7 Surface quality o f  SCC

bubbles, of zone 5 is better than zone 1 as shown in Fig. 7.14 (right). This means that the 

surface quality in terms of air bubbles is improved by decreasing the height of formwork.
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Fig. 7 . 1 4  Variation in surface quality with casting distance from top ( D casting) of steel and
plywood form works

The area and diameter of air bubbles present on the concrete surface against plywood 

formwork increase with the increase in yield stress and reduction in initial setting time. The 

area and diameter of air bubbles increase from 6.0% to 6.8% and from 4 to 9 mm, 

respectively, when the yield stress increases from 19 to 4 4  Pa. at constant plastic viscosity of 

approximately 24 Pa.s, and casting distance from top is 150 mm, as shown in Fig. 7.15. 

Moreover, the area and diameter of air bubbles increase from 0% to 0.5% and from 2.9 to 3.4 

mm, respectively, when the yield stress increases from 19 to 4 4  Pa. at constant plastic 

viscosity of approximately 24 Pa.s, and casting distance from top is 1100 mm.
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Fig. 7.15 Variation in surface quality of concrete against plywood formwork with casting
distance from top ( D casting) and yield stress

Casting distance from top ( D cas,jng)  is limited because after a certain D casting, other defects 

may be formed on concrete surface due to segregation. In steel and plywood sides, the results
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of all zones can not be considered because zones 2, 3, and 4 are located in inclined part and 

there is no continuity in the vertical surface. This continuity is established in permeable and 

PVC formworks. So, the results of all zones are considered. The same influence of D casting on 

surface quality is observed in concrete surface against polyester filter as shown in Fig. 7.16 

where the area and diameter of air bubbles decrease with the increase in D castjng. The results 

presented in Fig. 7.16 refer to small amount of air bubbles located at the interface between 

concrete and permeable formwork which can not migrate horizontally through the polyester 

filter because this filter is blocked by cement paste after certain time from casting. These air 

bubbles migrate vertically to the entrance of formwork.
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Fig. 7.16 Variation in surface quality of concrete against permeable formwork with casting
distance from top ( D ca.stjng)

Some differences are observed in surface quality profile against PVC formwork where 

area and diameter of air bubbles decrease with the increase in casting distance from top 

(D c a s t in g )  when it is more than 875 mm, but they increase with the increase in casting distance 

from top (D casting) when it is less than 875 mm as shown in Fig. 7.17. This refers to the 

concrete surface against PVC formwork is divided into three sections based on formwork 

shape and migration direction of air bubbles, as shown in Fig. 7.18. Section I consists of only 

zone 7. Most of air bubbles located in this section tries to migrate vertically. A small part of 

them moves to the horizontal interface between concrete and steel formwork, and the rest can 

not escape. Section II consists of zones 6, 5, and parts of zones 4, 3, and 2. Most of air bubbles 

located in this section try to migrate vertically. Only small amount of them move to the 

inclined interface between concrete and plywood formwork. The rest can not escape and is 

detained in hatched area of triangle abc, as shown in Fig. 7.18. Therefore, it is expected that
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the area of air bubbles located in zone 4 is higher than zones 5, 6, and 7. Moreover, the 

moderate value of area of air bubbles is observed in zone 5, as shown in Fig. 7.17.
0.7

xr"Urn
CD

o
CDa — □ —  slump flow =  5 7 5  mm 

— &—  slump flow =  6 5 0  mm
<

0.0
200 6 0 0 8 0 0  1000  1200 14000 4 0 0

E
E

«
Ib-O
uO4)
E

s

10
9

8
7

6 D -------------- - O ' "

5
slump flow  =  5 7 5  mm  

— &—  slump flow  =  6 5 0  mm4

0 600 800 1000 1200 1400200 400

Dcasiing, m m  Dcasting, m m

Fig. 7.17 Variation in surface quality of concrete against PVC formwork with casting distance
from top ( D CaStin g )

Steel
sideFilter side

Plywood side
Geotextil 

side /

Z-test Zones

Many air 
bubbles

Few  air 
bubbles

Sections

Fig. 7.18 Hypothesis of escaping and distribution of air bubbles on concrete surface against
PVC side

Section HI consists of three parts of zones 4, 3, and 2 and zone 1. Most of air bubbles 

located in this section try to migrate vertically. Therefore, they escape from the entrance of 

formwork. Fig. 7.17 indicates that area of air bubbles located in zone 2 is less than zones 3 

and 4. Moreover, the moderate value of area of air bubbles is observed in zone 3. This refers 

to ratio between hatched and non-hatched areas presented in zones 2, 3, and 4 are 0.2, 1.0, and 

5.0, respectively.

The area and diameter of air bubbles detained in hatched area of triangle abc increase 

with the increase in yield stress and plastic viscosity and the decrease in the initial setting
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time. The area and diameter of air bubbles increase from 0.4% to 0.8% and from 6 to 15 mm, 

respectively, when the plastic viscosity increases from 9 to 66 Pa.s at constant yield stress of 

approximately 6 Pa, as shown in Fig. 7.19. The area and diameter of air bubbles increase from 

0.4% to 0.7% and from 8.5 to 15 mm, respectively, when the yield stress increases from 19 to 

44 Pa. at constant plastic viscosity of approximately 24 Pa.s, as shown in Fig. 7.20.
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Fig. 7.20 Variation in surface quality of concrete against PVC formwork with casting distance
and yield stress

The influence of casting distance from top ( D casim g )  on surface quality against PVC and 

polyester filter are different because the ways used by air bubbles to migrate to outside the 

formwork in tow cases are not the same. In case of PVC, the air bubbles located at the formed 

concrete surface migrate vertically against gravity force to reach the entrance of formwork. In 

case of polyester filter, the air bubbles located at the formed concrete surface migrate directly 

in horizontal direction through the voids of filter to the outside of formwork.
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7.3.7 Effect of formwork orientations on surface quality

All the 20 tested mixtures are cast in the Z-test with vertical, inclined, and horizontal 

orientations, as shown in Fig. 7.21. According to the study of Djelala et al. [2004], friction 

exerted by concrete on surface of formwork plays an important role during placing operations. 

The great friction between the formwork and concrete, the worst the surface quality may be 

observed.

Vertical

Inclined

Horizontal

H

Plywood Steel

Fig. 7.21 Different geometry orientations in plywood and steel sides

The coefficient of friction is the ratio between the force of friction acting between two 

surfaces in contact and the force needed to slide one over the other. Coefficient of friction, 

friction coefficient or frictional coefficient, as it is also known, cannot be determined by 

calculations, but by experiment. Its value depends on the materials in contact with each other, 

and it ranges from near zero to above one [web site, J], If coefficient of friction is zero or 

negative value, it means that there is no friction existing between the surfaces. However, this 

is only a hypothetical value, since no surfaces in contact are found to be frictionless. The 

higher the value of coefficient of friction, the greater the frictional force acting between the 

surfaces, and this means a higher force will be needed to slid one of them over the other. The 

coefficient of static friction (p) between two surfaces in the form of a plane, (see Fig. 7.22), is 

to place a body (W) on the plane, and gradually increase the angle of inclination (6 ) of the 

plane until the body is just about to slide down the plane. Therefore, this friction is affected by 

the fabrication angle of formwork surface, which is the fundamental cause of different surface 

orientations.
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R

Fig. 7.22 Determining the coefficient of static friction [web site, J]

By assuming (/?) to be the normal reaction and (F) to be the static or limiting frictional 

force acting when the body is about to slide down. Resolving along the plane for equilibrium, 

F= W sin 6

Resolving perpendicular to the plane,

R = W cos 6

Dividing the static frictional force by the normal reaction,

FIR = /j = tan 6

In Z-test, there are three values of 6  of different surface orientations. The first is 180° for 

upper horizontal surface of steel side (see Fig. 7.23 a) where the coefficient of static friction 

(p s.h) is zero. This means that there is no static friction force existing between concrete and 

formwork or surfaces in contact have not been found to be frictionless. This is similar to what 

occurs at non-formed surface of concrete at the entrance of the Z-test. In this case, no air 

bubbles are observed because there is no impediment between the concrete and surrounding 

air for air bubbles to escape (see Fig. 7.24). Zero coefficient of static friction is found also 

between formed surface of concrete against the top horizontal surface of steel side (see Figs. 

7.21 and 7.23). As contrast with what is expected, many and large air bubbles are observed, 

see Fig. 7.25, because the formwork acts as impediment between the concrete and surrounding 

air for air bubbles to escape. The second is 70° and 250° for inclined surfaces of steel and 

plywood formworks, respectively as shown in Figs. 7.23 b and c. Therefore, the coefficients 

of static friction for both steel and plywood (pw.,) are 2.75. The third is 90° and 270° for 

vertical surfaces of steel and plywood formworks, respectively as shown in Figs. 7.23 d and e. 

Therefore, the coefficients of static friction for both steel (ps.v) and plywood (pp.v) are 

infinitive value.
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Fig. 7.23 Different surface orientations in the Z-test

Fig. 7.24 Unformed surface quality of SCC 16
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Fig. 7.25 Surface quality of SCC 16 against top horizontal surface of steel formwork

The higher the value of coefficient of friction, the greater the frictional force acting 

between concrete and surface. At this harsh condition, the air bubbles, after arriving to the 

interface between concrete and formwork, cannot migrate to reach the entrance of formwork. 

This phenomena demonstrates that many and large air bubbles are observed on concrete 

surface against the vertical steel formwork where coefficients of static friction (p,v.„) is infinity 

as compared with the inclined steel formwork where coefficients of static friction (psf) is 2.75 

as shown in Fig. 7.26. The opposite is observed on concrete surface against plywood 

formwork as contrasted with what is expected. Many and large air bubbles are observed on 

concrete surface against the inclined plywood formwork where coefficients of static friction 

(jjp.i) is 2.75 comparing with the vertical plywood formwork where coefficients of static 

friction (ptp.v) is infinitive, as shown in Fig. 7.27.

a) Inclined surface, = 2.75 b) Vertical surface, (jus.v) = oo

Fig. 7.26 surface quality of mixture SCC 19 against steel formwork
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a) Inclined surface, ( j j w.d  = 2.75 b) Vertical surface, (j j w.v) =  oo

Fig. 7.27 surface quality of mixture SCC 17 against plywood formwork

This observation refers to the amount of air bubbles which migrate to the interface 

between concrete and both of inclined and vertical surfaces of plywood and steel formworks 

that are not the same. By assuming that 50% of air bubbles migrate horizontally and the rest 

migrates vertically, the amount of air bubbles migrate towards both inclined and vertical 

surfaces of steel formwork is 50%, as presented in Fig. 7.28 b. In case of plywood, the amount 

of air bubbles migrate towards inclined and vertical surfaces is 100% and 50%, respectively, 

as presented in Fig. 7.28 a. Therefore, the amount of air bubbles migrating towards surface, 

rather than coefficients of static friction, is the major factor affecting surface quality of SCC in 

term of air bubbles.
50% 50%

100%

50%

50%

50%

50%

50%
50%

a) Plywood form work b) Steel formwork

Fig. 7.28 Migration directions and amount of air bubbles

The mathematical values of coefficient of static friction reported above are not the final 

values because these value are calculated based only on angle of inclination. The final 

coefficient of static friction is affected by material types of surfaces in contact. The results of
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surface quality can be used to determine the relative coefficients of static friction between 

different formwork materials and concretes with variation in flowability. The results of 

surface quality of SCC with different slump flow in term of area of defects against different 

formwork types are presented in Table 7.9. The coefficient of static friction between plywood 

and SCC with slump flow of 650 mm is considered as reference and equal one.

Table 7.9 Coefficients of static friction between different formwork materials and concretes

Ad, %
S.flow, mm 650 575 500 650 575 500
Plywood 1.171 1.439 3.121 1.00 1.23 2.67
Steel 0.439 0.492 1.636 0.37 0.42 1.40
PVC 0.301 0.369 0.928 0.26 0.32 0.79

It is reported in [web site, K] that the coefficient of static friction between concrete and 

wood is 0.62 and between wet and dry concrete and rubber is 0.3 and 1.0, respectively. If 

concrete with 575 mm slump flow is assumed as wet concrete and conventional concrete is 

considered as dry concrete, the concretes with 650 mm and 500 mm slump flows may be 

assumed as more and less wet concretes, respectively. Based on an assumption that the surface 

properties of rubber and PVC are approximately the same, the coefficient of static friction 

between wet concrete (s.flow = 575 mm) and PVC is 0.32 as reported in [web site, K]. 

Moreover, the coefficient of static friction between dry concrete (convention concrete) and 

PVC is expected to be one as reported in [web site, K] because the coefficient of static friction 

between less wet concrete (s.flow = 500 mm) and PVC is 0.79. This investigation clearly 

demonstrates that all values of coefficient of static friction, based on material types of surfaces 

in contact, which is presented in Table 7.12 are correct. The coefficients of static friction of 

PVC are less than steel and plywood and steel has the moderate values. The coefficient of 

static friction decreases with increasing flowability of concrete as shown in Fig. 7.29.

To study the effect of coefficient of static friction on surface quality, concrete surface 

against steel formwork of the Z-test is considered because the amount of air bubbles migrate 

towards both of inclined and vertical surfaces of steel formwork is the same. A comparison 

between surface quality against inclined (jjsj = 2.75) and vertical (jjsv = oo) parts of steel 

formwork is conducted in terms of area and diameter of defects and plotted in Fig. 7.30. 

Generally, small differences are found in area of defects approximately 12% but large 

differences are found in diameter of defects approximately 45%. This investigation clearly
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demonstrates that the friction exerted between concrete and formwork has higher impact on 

diameter of defects than area of defects. As expected, the surface quality against the inclined 

surface is better than surface quality against the vertical surface where the coefficient of static 

friction of inclined surface is lower than the coefficient of static friction of vertical surface.
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Fig. 7.29 Variation in coefficient of static friction with materials and rheology
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Fig. 7.30 Variation in surface quality with steel formwork orientations

7.4 Effect of binder type and content on color of SCC used in precast architectural 

applications

The experimental program of this phase is undertaken to investigate the influence of 

various replacement percentage of white cement with different white cementing materials and 

powders on color of SCC. Six cementing materials and powders are employed; white cement 

(FW), high early strength cement (HE), high blaine limestone filler (HLF), normal blaine slag 

(NBS), high blaine slag (HBS), and metakaolin (M). The total binder or powder content is 416 

kg per meter cube of concrete. The composition of binder content is presented in Table 7.10. 

The color of concrete prepared with only white cement (FW) is considered as a reference.
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Three readings for each cement paste sample are taken for outside color after 10 days of 

moisture curing followed by drying period of 1 day only. All the samples are divided into two 

equal halves, as shown in Fig. 7.31. Another three readings are taken for inside color. All the 

readings indicated that the outside and inside colors are the same for all cement pastes except 

those contain slag. The difference in white color is calculated relating to the color of white 

cement paste as presented in Table 7.10 and Fig. 7.31 where the average of 3 or 6 readings is 

determined. The highest value indicates the darkerest color.

Table 7.10 Color of cement paste samples containing different binder types and content

Paste Readings No. Difference in white color, %Code Meaning
FW 100%FW 6 0
HEC 100%HE 6 45
WC+HEC 50%FW+50%HE 6 31
HLF25 25%FW+50%HE+ 25% HLF 6 23
HLF50 50%HE+ 50% HLF 6 19

HBS25 25%FW+50%HE+25%HBS Inside 3 50
Outside 3 36

HBS50 50%HE+50%HBS Inside 3 55
Outside 3 56

NBS25 25%FW+50%HE+25%NBS Inside 3 55
Outside 3 52

NBS50 50%HE+50%NBS Inside 3 50
Outside 3 49

M5 45%FW+50%HE+5%M 6 32
M10 40%FW+50%HE+10%M 6 35
M25 25%FW+50%HE+25%M 6 36

High Blaine limestone filler produces concrete with higher degree of white color which 

increases with the increase in HLF content, as shown in Fig. 7.32. Moreover, Metakaolin 

produces darker concrete where degree of white color decreases with the increase in 

Metakaolin content. Using slag is not recommended because the outside color of cement paste 

sample contains slag as replacement in white cement tends to light blue, as shown in Fig. 7.33. 

The blue color rapidly turns to white with time after the removal the formwork (demoulding) 

and samples are exposed to fresh and dry air. Therefore, the upper part of cement paste sample 

turns to white before the lower part. Moreover, the inside color is dark blue which its degree 

increases with the increase of slag content. The degree of inside blue color slowly decreases
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when divided samples expose to fresh and dry air as presented in Figs. 7.34 a and b. The 

relevant equation for decreasing rate of blue color degree is plotted in Fig. 7.34 a.

)utside

:HB'S50- OutsideFW+HE

.NBS25- Outside;

HLF50 :N.BS:WOutside

Fig. 7.31 Outside and inside color of all tested cement paste samples
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O  Outside B  Inside

HE W C4HE HLF25 HLF50 HBS25 HBS50 NBS25 NBS50 M5 M10 M25

B in d e r ty p e

Fig. 7.32 Variation in color with binder types

Fig. 7.33 Outside color of cement paste samples containing slag immediately after demolding
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Fig. 7.34 Variation of inside color of divided cement paste samples containing slag expose to

air with time
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7.5 Surface quality of SCC used in cast in-place for construction applications

7.5.1 Rheology

The dynamic yield stress and plastic viscosity values of 20 mixtures are presented in 

Table 7.11.

7.5.2 Surface quality

The area of air bubbles (A b ) and maximum diameter of air bubbles ( 0 b . m a x )  are 

determined for all zones. The average value of ( A b) and ( 0 b . m a x )  are calculated for each side 

and presented in Table 7.12.

Table 7.11 Dynamic yield stress and plastic viscosity values

M ixture t 0, Pa p, Pa.s S .flow , mm T 50, s SP  d osage, 1/m3
SCC 29 32 34 620 2.47 2 .0 0
SC C 30 28 3 725 0 .6 1 . 1 2
SCC31 45 31 720 2 .06 10.17
SCC 32 72 3 620 0 .94 1.25
SCC 33 15 66 720 6 .12 7 .6 0
SC C 34 70 14 635 1.41 1.42
SCC 35 0 83 630 17.5 9 .4 0
SC C 36 2 8 730 1.22 2 .2 4
SCC 37 3 27 690 2 .22 2 .0 0
SCC 38 3 27 6 7 0  ' 1.69 2 .0 0
SCC 39 3 22 680 1.78 2 .0 0
SC C 40 2 29 680 2 .3 4 2 .0 0

Table 7.12 Values of area and maximum diameter of air bubbles

M ixture P lyw ood F ixed glass** Steel Filter
Ab, % 0b.max, mm A b,% 0b.max, mm A b, % 0b .rax, mm Ab,% 0b.max, mm

SCC29 1.114 4.1 0 .327 6 .8 0 .5 0 2 4 .7 0 .0 1 0 0.5
SC C 30 1.067 3.8 0 .263 4 .6 0 .4 2 0 4 .5 0 .0 1 0 0.5
SCC31 1.400 5.8 * * 0 .4 7 0 5 .0 0 .0 2 5 1.5
SCC32 1.200 5.6 0 .298 5 .0 0 .4 6 0 5 .0 0 .0 4 5 2 .4
SCC33 1.056 5 .0 * * 0 .4 8 0 4 .7 0.000 0.7
SCC 34 1.402 8.0 0 .355 5 .4 0 .4 8 0 5.3 0 .0 5 4 2 .6
SCC35 1.000 4.0 * * * * 0.000 1.1
SC C 36 1.085 3.2 0 .2 8 0 4 .5 0 .3 7 2 4 .3 0 .0 1 9 0 .2
SCC37 1.060 3.4 0 .255 5.3 0 .3 9 3 4.1 0.000 0 .5
SCC38 1.070 4 .0 0 .272 5 .6 0 .4 3 0 4.1 0.000 0 .2
SCC 39 1.080 3 .0 0 .2 7 9 5.1 0 .4 0 0 4 .0 . 0.000 0 .2
SC C 40 1.114 2 .6 0.271 5 .0 0 .3 9 5 4.1 0.000 0 .6

* No air bubbles can be detected because o f bleeding effect 
** p v c  formwork is replaced with fixedglass formwork
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7.5.3 Models of surface quality in terms of rheology

The variation between the actual and expected values of area and diameter of air bubbles 

on concrete surface against different formworks are plotted in Figs. From 7.35 to 7.38. The 

actual values are determined from experimental program of Phase III. The expected values are 

determined from derived models which are based on the results of experimental program of 

Phase I and presented in Table 7.7. By assuming that the surface properties of PVC and 

fixedglass formworks are the same, all figures indicate that there are good agreements 

between actual and expected values for all types of formworks.
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Fig. 7.35 Variation between actual and expected values of area and diameter of air bubbles on
concrete surface against plywood formwork
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Fig. 7.36 Variation between actual and expected values of area and diameter of air bubbles on
concrete surface against fixedglass formwork

Segregation is observed in zones 5 and 6 that are remarked on surface of concrete 

element against steel, fixedglass, and permeable formworks. Segregation is observed in 

concrete elements cast with SCC30, SCC32, and SCC36 where plastic viscosity is 3, 3, and 8 

Pa.s, respectively. This investigation demonstrates what is reported in section 7.3.4. The
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segregation risk increases when plastic viscosity is less than 10 Pa.s and concrete are poured 

in deep formwork with free-fall height (FFH) more than one meter and with inclined side.
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concrete surface against permeable formwork

7.5.4 Effect of bleeding on surface quality

Heavy bleeding is observed during preparing SCC31 and SCC33 and measuring slump 

flow, as shown in Fig. 7.39. This bleeding is observed because the mix design is insufficient 

to secure the target slump flow of 730 mm. Moreover, high dosage of HRWRA of 10.17 and 

7.60 1/m is used in SCC31 and SCC33, respectively. This indicates that the bleeding intensity 

of SCC36 is higher than the bleeding intensity of SCC33. Light bleeding is observed during 

preparing SCC35. The bleeding is observed also immediately after casting the Z-test at the top 

entrance, as shown in Fig. 7.40. Moreover, the air bubbles migrate to the top entrance of 

formwork. The bleeding is observed after demolding the formwork at the horizontal concrete 

surface against the horizontal part of steel formwork, as shown in Fig. 7.41. The excess
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bleeding water at this zone cannot escape to outside of the formwork. This water is detained 

between the concrete surface and formwork. The dimensions of concrete element are affected 

by the volume of space occupied by bleeding water, as shown in Fig. 7.42. No air bubbles are 

investigated at this zone because this space is occupied by bleeding water which is a good 

field for air bubbles to escape. The volume of space occupied by bleeding water ( V o .b ), 

measured using AutoCAD program, in Fig. 7.42 (a) is larger than V0 .b in Fig. 7.42 (b). This 

demonstrates that bleeding of SCC31 is heavier than bleeding of SCC33.

SCC31

Fig. 7.39 Heavy bleeding observed during slump flow test

SCC31 Air bubbles

Fig. 7.40 Heavy bleeding observed after casting the Z-test

Bleeding water carries the fine particles during the migration from bottom to top using 

bleeding channels, as shown in Fig. 7.43. The bleeding water evaporates, and fine particles 

rest on the top surface of concrete element, as shown in Fig. 7.44. The fine particles deposit 

into many thin layers with five main visible layers. The top layer contains high fine particles 

as contrasted with the bottom layer which contains the less fine particles. The weakest layer is 

the first one from top where many wide cracks are produced because of quick drying. This 

layer can be easily removed by hand fingers. The strength of these layers increases from top to 

bottom.
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Fig. 7.41 Bleeding observed after demolding the formwork

Space occupied by bleeding water

mf-ff

s s

a) SC C 31 b) SCC33

Fig. 7.42 Variation in concrete dimensions with intensity of bleeding

Fig. 7.43 Bleeding channels

199



Chapter 7 Surface quality o f  SCC

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Layer 1

Fig. 7.44 Deposited fine particles after evaporation of bleeding water

The amount of fine particles migrating with bleeding water increases with the increase in 

bleeding intensity. For example, the thickness of fine particle layer at the top of concrete 

element of SCC31, SCC33, and SCC35 are 16.6, 11.1, and 2.5 mm, respectively, as shown in 

Fig. 7.45. Therefore, the area occupied by aggregate without cement paste on concrete surface 

increases with the increase in bleeding intensity. For example, the area of defects (Ad) of 

SCC31, SCC33, and SCC35 are 18.30%, 11.56%, and 8.15%, respectively, as shown in Fig. 

7.46. The bleeding affects the surface quality of concrete against steel, fixedglass, and 

plywood formwork. The surface quality of concrete against permeable formwork is not 

affected by bleeding, as shown in Fig. 7.47. This refers to the migration ways of excess water
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to escape are not same. In case of steel, fixedglass, and plywood formwork, the excess water 

migrates vertically to escape from the entrance of the Z-test. As contrast with the case of 

permeable formwork, the excess water migrates horizontally to escape from the voids of 

polyester filter, as shown in Fig. 7.48. Moreover, the cement paste deposits against the filter, 

as shown in Fig. 7.49. The bleeding has much higher impact on the surface quality of top 

zones than bottom zones of concrete element, as shown in Fig. 7.50.
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Fig. 7.45 Variation in thickness of fine particles layer with bleeding intensity
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Fig. 7.46 Variation in area of defects with bleeding intensity
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Fig. 7.47 Effect of bleeding on surface quality of SCC36 against different types of formwork

Polyester filter

Excess water

Fig. 7.48 Escaping of excess water through permeable formwork
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Cement paste

Fig. 7.49 Deposited cement paste of SCC31 against the permeable formwork

Fig. 7.50 Variation in bleeding effect with casting distance from top

7.5.5 Effect of settlement on surface quality

Visible settlement is observed after casting some mixtures, as shown in Fig. 7.51. The 

settlement was measured two times. The first and second readings are measured after 1 and 24 

h from casting at four sides of the Z-test, as presented in Table 7.13. Some mixtures show

203



Chapter 7 Surface quality o f  SCC

constant values of settlement at four sides. As contrast with other mixtures show variation in 

values of settlement at four sides such as SCC30 and SCC36.

Concrete surface at casting

Concrete surface after 24 h from casting

Permeable formwork Fixedglass formwork

SCC30

Fixedglass formwork 

Concrete surface at casting

Permeable form w ork

Concrete surface after 24 h from casting

SCC36

Concrete surface at casting

Concrete surface after 24 h from  casting

SCC31

Fig. 7.51 Effect of settlement on surface quality
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Table 7.13 Variation in settlement with respect to formwork type and elapsed time from 
__________  casing____________________

Form work Settlem ent, m m
SC C 30 SCC31 SC C 33 SCC35 S C C 36

1 h 24  h 1 h 2 4  h 1 h 24  h 1 h 2 4  h 1 h 2 4  h
F ixedglass 20 25 0 10 0 13 0 9 10 10

Steel 11 15 0 10 0 13 0 9 5 5
P lyw ood 11 15 0 10 0 13 0 9 5 5

Perm eable 2 5 0 10 0 13 0 9 0 0

The settlement value of concrete surface against fixedglass formwork is higher than the 

settlement value of concrete surface against the permeable formwork. This refers to the 

friction exerted between concrete and fixedglass is less than the friction exerted between 

concrete and polyester filter. Moderate values of settlement are observed at concrete surfaces 

against steel and plywood formwork.

7.6 Conclusions

Based on the above results, the following conclusions can be drawn:

1 - The reductions in yield stress and plastic viscosity improves the surface quality of SCC.

The increase in slump flow leads to reduction in area of defects (Ad) and maximum 

diameter of defects ( 0 d . m a x )  values and better surface quality.

2- The variation in plastic viscosity has no impact on surface quality ranking (SQR) of SCC 

against formwork if yield stress is less than 25 Pa.

3- Segregation may occur when plastic viscosity is less than 10 Pa.s, and concrete is poured 

in the formwork with free-fall height (FFH) more than one meter. The segregation risk 

increases when the concrete is poured in deep formwork with inclined side and casting 

direction suddenly changes under gravity force because o f free drop effect. At this 

moment, the low viscous concrete may separate into two parts; mortar and coarse 

aggregates because of the difference in specific gravity of each part.

4- Vibration is recommended to improve formed surface quality of SCC with low filling 

ability or insufficient consolidation where yield stress is more than 100 Pa., and slump 

flow is about 500 mm.

5- Filling ability of SCC improves when yield stress is less than 100 Pa., and slump flow is 

more than 575 mm.
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6- The yield stress has much higher impact on surface quality of SCC against plywood, 

steel, and permeable formworks in terms of area and diameter of air bubbles than the 

plastic viscosity.

7- The yield stress has much higher impact on number of air bubbles present on surface of 

SCC against PVC formwork than the plastic viscosity but it has much higher impact on 

diameter of these bubbles than the yield stress.

8- The presence of air bubbles on formed surface of SCC including the number and 

distribution is influenced by yield stress rather than plastic viscosity, and the diameter of 

these bubbles is affected by plastic viscosity rather than yield stress.

9- In general, for all categories of SCC, the grain of the plywood may be visible after 

formwork striking as contrasted with PVC, steel, and permeable formworks (see Fig. 

7.52). This phenomenon is governed by the light direction and the number of using the 

formwork. Up to 10-15 uses can be expected from well-maintained plain plywood. Using 

plywood formwork is recommended instead of PVC or steel formwork only if the 

employed SCC is very flowable (slump flow > 700 mm and yield stress < 25 Pa). Air 

bubbles are encountered with plywood resulting in large surface voids comparing with 

steel or geotectile since yield stress of employed SCC is above 25 Pa.
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Fig. 7.52 Surface quality of SCC24 against plywood formwork

10- Using permeable formwork achieves better surface quality for SCC with slump flow 

above 575 mm or yield stress below 100 Pa. Permeable formwork eliminates air bubbles 

and excess water from the surface of the concrete. By using permeable formwork,
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customers can expect SCC surface manufactured with no voids as contrasted with what is 

mentioned in [Ozkul and Kucuk, 2011], It is also reported that there will always be some 

surface voids on the surface. However, it is possible to reduce the number of bugholes, 

and reduce their sizes by using various techniques. In most cases, reducing the surface 

void area contributed by the bugholes to 1% is considered a successful goal in bugholes 

reduction. The author does not agree with these sentences because using permeable 

formwork eliminates surface voids completely. Concrete that is cast using this formwork 

is left with a finely textured pattern.

11- Using of PVC and steel formworks lead to better surface quality for SCC with slump 

flow of 500 mm or yield stress above 100 Pa. than using plywood or permeable 

formworks. The friction between concrete and both of PVC and steel is less than in case 

of plywood and polyester filter. Such concrete, poured in plywood and permeable 

formworks, needs more consolidation energy than in case of PVC and steel formworks.

12- For slump flow above 575 mm or yield stress below 100 Pa., the distribution of air 

bubbles on the surface of SCC against steel formwork is more noisy but less in 

dimensions than air bubbles observed on SCC surface against PVC formwork.

13- The variation in yield stress leads to high variation in surface quality of concrete against 

both plywood and permeable formworks and small variation in surface quality of 

concrete against both PVC and steel formworks.

14- Using PVC and steel formworks lead to shiny concrete comparing with other formwork 

types. Using of permeable formwork results in darker concrete because the concrete loses 

some of water content which migrates to outside of formwork among the polyester filter 

medium.

15- The presence of air bubbles on formed surface is affected by initial setting time of SCC at 

constant height and type of formwork. The surface quality in terms of air bubbles is 

improved by the increase in initial setting time.

16- The surface quality in term of air bubbles is improved by decreasing the height of 

formwork if it is possible. This conclusion is not valid unless the slump flow is more than 

575 mm or yield stress is less than 100 Pa.

17- The surface quality of SCC is improved by decreasing the coefficient of static friction 

between concrete and formwork. The higher value of coefficient of friction, the greater
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the frictional force acting between concrete and surface. At this harsh condition, the air 

bubbles; after arriving at the interface between concrete and formwork; cannot migrate to 

reach the entrance of formwork. The friction exerted between concrete and formwork has 

much higher impact on diameter of defects than the area of defects.

18- The amount of air bubbles migrate towards the internal side surface of formwork, rather 

than coefficients of static friction, is the major factor affecting surface quality of SCC in 

terms of air bubbles.

19- The values of coefficient of static friction is calculated based only on angle of inclination 

and is affected by material types of surfaces in contact. The results of surface quality can 

be used to determine the relative coefficients of static friction between different 

formwork materials and concretes with variation in flowability. For example, the results 

show that the coefficient of static friction between high wet concrete (slump flow = 650 

mm), wet concrete (slump flow = 575 mm), low wet concrete (slump flow = 500 mm), 

and dry concrete (conventional concrete) and PVC are 0.26, 0.32, 0.79 and 1.0, 

respectively.

20- Limestone filler can be used instead of white cement to produce white color concrete. 

The degree of white color increases with the increase in limestone filler content and 

fineness.

21- Metakaolin and slag are not recommended to use as alternative for white cement since 

white color concrete is the target in architectural applications. The replacement in white 

cement with metakaolin produces darker concrete comparing with concrete prepared 

without replacement. The degree of white color decreases with the increase in metakaolin 

content. The replacement in white cement with slag produces blue color concrete if there 

is not enough fresh and dry air for this concrete to get dry.

22- The validation of surface quality models, in term of air bubbles as a function of rheology 

for different types of formwork, shows good agreements between actual and expecting 

values.

23- The dimensions of concrete element after hardening are affected by bleeding that may 

occur during preparing and casting the concrete elements. The dimensions decrease with 

the increase in bleeding intensity. This phenomenon takes place at confined zones of 

formwork where there is no way for bleeding water to escape. The concrete surface is
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influenced by the volume of space reserved by bleeding water between concrete and 

formwork. After demolding, the bleeding water evaporates and leaves this space without 

concrete.

24- The fine particles are carried by bleeding water during the migration trip from bottom to 

top. The bleeding water evaporates, and fine particles rest and deposit on the top surface 

of concrete element into very thin layers. The concrete surface is defected by many wide 

cracks produced in these layers because of low strength and quick drying.

25- The amount of fine particles migrate with bleeding water increases with the increase in 

bleeding intensity. Therefore, the area occupied by fine aggregate without cement paste 

(sand streaking) on formed surface of concrete increases with the increase in bleeding 

intensity. The surface quality of concrete against permeable formwork is not affected by 

bleeding as contrasted with impermeable formwork.

26- The surface quality and dimensions of concrete element are influenced by settlement that 

may occur after casting. The settlement is affected by type of formwork and the friction 

exerted between concrete and formwork. The settlement decreases with the increase in 

friction exerted between concrete and formwork. The settlement of concrete poured in 

PVC formwork is higher than settlement value of concrete poured in permeable 

formwork. Steel and plywood formwork produce concrete with moderated values of 

settlement.

27- SCC, with yield stress values increase and plastic viscosity values decrease with elapsed 

time at rest, is very stable with no segregation, bleeding or settlement. This phenomenon 

is observed during preparing and testing SCC29, SCC30 and SCC34.

28- SCC, with yield stress values decrease and plastic viscosity values increase with elapsed 

time at rest, is unstable with heavy segregation, bleeding or settlement. This phenomenon 

is observed during preparing and testing SCC31 and SCC33.

29- SCC, with yield stress values and plastic viscosity values increase with elapsed time at 

rest, is less stable with risk of segregation, bleeding or settlement with low intensity. This 

phenomenon is observed during preparing and testing SCC32, SCC35 and SCC36.
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CHAPTER 8 -  EFFECT OF MIX DESIGN ON WORKABILITY, THIXOTROPY AND 

RHEOLOGY 

8.1 Objectives

Chapter 6 demonstrates that workability and thixotropy at rest have negative effects on 

performance of multi-layer casting of SCC. This negative effect can be minimized in job site 

with the knowledge of which and how factors affect the workability and thixotropy. Chapter 7 

demonstrates that rheology in terms of yield stress and plastic viscosity play the main roll in 

surface quality of SCC. There are many factors affect workability, thixotropy, and rheology of 

SCC such as w/b, binder content and type, admixtures dosage and type, volume of coarse 

aggregate, S/A by volume, initial slump flow and temperature. The main goal of this chapter 

is to study the influence of w/b, binder content, S/A by volume and initial slump flow on 

workability, thixotropy, and rheology of SCC.

8.2 Research approach

A full-two factorial design is carried out to model the effect of mix design and mixture 

parameters on workability, thixotropy, and rheology of SCC used for precast architectural 

applications. The modeled parameters include w/b, S/A by volume, binder content (BC), and 

initial slump flow (S.flowo). The number of experiments equals 2" plus the number of central 

points, "n" is the number of modeled parameters. "2" refers to two distinct levels for each 

parameter. Four central points are involved in this factorial design. In all, 20 mixtures are 

made with various mixture parameters and are investigated. The factorial design enables the 

evaluation of four selected parameters with each evaluation at two distinct levels of -1 and +1 

(minimum and maximum levels). Absolute and coded values of the modeled parameters are 

presented in Table 8.1.

Table 8.1 Absolute and coded values of modeled parameters

Variables Absolute values Coded values
w/b 0.39 0.41 0.43 -1 0 + 1

S/A by volume 0.45 0.50 0.55 -1 0 + 1
BC, kg/m3 400 440 480 -1 0 + 1

S.flowo, mm 500 575 650 -1 0 +1
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The coded values are calculated as the difference between the absolute values and values 

corresponding to the central points divided by the difference between the absolute values 

corresponding to the 0 and 1 coded points.

The coded values are determined, as shown below:

1- Coded w/b = (absolute w/b - 0.41)/0.02

2- Coded S/A = (absolute S/A - 0.5)/0.05

3- Coded BC = (absolute BC - 400)/40

4- Coded S.flowo = (absolute S.flowo - 575)115

All values of slump flow (SF), J-ringf (JRF) and J-ring flow index (JRFI) of 20 tested 

SCC mixtures are presented in Table 8.2. Each mixture is prepared and tested only once using 

slump flow and J-ring flow tests. The test is conducted four times for each mixture at different 

resting times (RT); 0, 17, 34, and 52 min; as mentioned in Chapter 4.

All values of static yield stresses of 20 tested SCC mixtures are presented in Table 8.3. 

Each mixture is prepared and tested only once using IP test. The test is conducted four times 

for each mixture at different resting times (RT); 15, 30, 45, and 60 min; as mentioned in 

Chapter 4.

Table 8.2 S.flow and J-ringf retention at rest

Mixture SF, mm JRF, mm JRFI,
m m .m m /m inr t = h

min
RT= 34 

min
RT= 52 

min
RT=0
min

RT=  17 
min

RT= 34 
min

RT= 52 
min

SCC9 443 384 321 424 384 343 301 1009
SCC 10 444 392 337 450 402 355 304 1259
s e e n 421 365 305 407 317 341 307 779
SCC 12 438 396 353 432 395 358 318 951
SCC 13 425 375 322 410 384 358 330 637
SCC 14 430 379 324 435 401 367 331 867
SCC 15 412 367 319 403 373 343 311 720
SCC 16 460 419 376 459 424 389 353 939
SCC 17 640 618 595 646 626 605 583 781
SCC 18 669 667 664 695 673 651 628 895
SCC 19 655 646 636 664 646 627 608 711
SCC20 620 595 569 643 623 604 583 741
SCC21 583 529 472 617 560 504 444 2047
SCC22 583 533 480 602 552 502 450 1758
SCC23 581 531 478 605 549 493 434 1990
SCC24 602 549 492 639 583 527 468 2095
SCC25 528 490 451 602 497 450 400 1758
SCC26 508 469 426 531 489 446 401 1334
SCC27 515 469 421 450 478 444 409 1259
SCC28 514 466 415 435 449 408 364 867
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Table 8.3 Static yield stress

M ixture t s , Pa
RT= 15 min RT=30 min RT— 45 min RT=  60 min

SCC9 635 715 795 875
SCC 10 476 515 553 592
SCC11 727 777 828 878
SCC 12 706 759 812 866
SCC 13 507 620 733 846
SCC 14 562 616 671 726
SCC 15 619 704 790 875
SCC 16 599 822 1044 1266
SCC 17 297 351 404 458
SCC 18 305 368 431 494
SCC 19 343 414 485 556
SCC20 290 372 455 537
SCC21 336 372 409 446
SCC22 290 358 421 496
SCC23 265 360 454 549
SCC24 275 346 416 486
SCC25 426 496 566 636
SCC26 436 508 581 654
SCC27 451 524 597 670
SCC28 426 514 601 689

All values of yield stress and plastic viscosity of 20 tested SCC mixtures are presented in 

Table 8.4. Each mixture is prepared and tested only one time using ICAR rheometer. The test 

is conducted three times for each mixture at different resting times (RT); 0, 20, and 40 min; as 

mentioned in Chapter 4.

Statistical models are established using multi-regression analysis. The estimate for each 

factor refers to the contribution of that factor to the modeled property. Tests are carried out to 

evaluate the significance of modeled factors and their second-order interaction on a given 

response. For each response, single-operator relative error corresponding to 90% confidence 

limit is used to perform significance evaluation. Probability values less than 0.1 are considered 

as significant evidence that the factor has major influence on the response. Single-operator 

relative errors are determined using a mixture corresponding to the central point of the 

experimental domain. The mean value for each response and calculated relative errors 

corresponding to 90% confidence limits are summarized in Table 8.5.

The responses of workability at rest include slump flow values at 17, 34, and 52 min; 

SF/7, SF34, and SF52, J-ring flow values at 0, 17, 34, and 52 min; JRF0, JRFn, JRF34, and 

JRF52, and J-ring flow index JRFI. The responses of thixotropy include static yield stress 

values at 0, 15, 30, and 60 min; rs0, tsI5, tS30, ts4s and rsso- It is important to mention that the
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static yield stress is not measured at zero time of rest but is calculated using the trend equation 

of other four measurements. The responses of rheology include yield stress and plastic 

viscosity values at 0, 20, and 40 min; zOo, ZO20, t 04o,Mo, H20, and p 4o-

Table 8.4 Dynamic yield stress and plastic viscosity

Mixture r0, Pa p , Pa.s
RT= 0 min RT= 20 min RT=40 min RT=0 min RT= 20 min RT=40 min

SCC9 165 235 257 34 44 46
SCC 10 189 212 267 22 29 29
SC C 11 101 398 567 60 57 54
SCC 12 109 319 418 28 27 25
SCC 13 344 664 913 20 18 17
SCC 14 231 422 566 5 5 5
SCC 15 134 665 884 30 24 18
SCC 16 349 693 798 4 4 , 4

SCC 17 0 114 141 39 41 59
SCC 18 19 235 282 24 17 9
SCC 19 4 95.3 179 66 65 65
SCC20 44 222 337 24 22 13
SCC21 24 88.5 113 17 22 26
SCC22 71 103 192 9 17 26
SCC23 45 253 461 24 19 15
SCC24 8 36.8 57.6 9 12 15
SCC25 81 211 332 18 19 21
SCC26 58 194 351 18 24 29
SCC27 54 185 336 22 27 33
SCC28 40 186 324 20 23 28

The highest value of relative error of workability models is 19.7% and is found in the 

model of J-ring flow index (JRFI). In fact, the values of input data for this modeled response 

are calculated by multiplying the initial value of J-ring flow (JRF0) with the decreasing rate of 

J-ring flow with time of rest. Therefore, the four measurements of J-ring flow test are involved 

in the final input data of this modeled response. So, it is logicaly and acceptable to get this 

high relative error that is accumulated result from errors of the four measurements of J-ring 

flow test.

8.3 Statistical models for workability

The derived statistical models in actual and coded values for fresh properties of SCC are 

summarized in Tables 8.6 and 8.7, respectively. All factors are expressed in terms of absolute 

values. The correlation coefficient R2 values of the proposed models ranged from 0.84 to 0.98. 

A negative estimate signifies that an increase in the modeled parameter can lead to a reduction
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in the measured response. For example, in the case of SF /7 model, an increase in binder 

content can decrease the slump flow value at 17 min. The S.flow0 and BC are found to have 

the most significant effect on workability.

Table 8.5 Mean values and relative errors of central points (90% confidence limit)

Mean A bsolute error Relative error (%)
SF t7, mm 516 9.7 1.9
S F j 4< mm 473 13.5 2 . 8

SF 5 2 , mm 428 18.5 4.3

JRF0, mm 519 27.6 5.3
JR F n, mm 478 24.5 5.1

JRF34, mm 437 22.9 5.2

JRF52, mm 393 23.3 5.9
JRFI, mm.mm/min 1260 248.5 19.7

rs0, Pa 359 19.2 5.4

r.v/5, Pa 435 14.1 3.2

ts30. Pa 511 14 2.7

TS4 5 , Pa 586 19.1 3.3

rs60, Pa 662 26.5 4

t00( Pa 58 2 0 . 1 34.5

t02O, Pa 194 13.9 7.1

r040, Pa 336 13.3 4

P o, Pa s 19 2.3 1 1 . 8

P 20, Pa.s 23 3.7 16

Pan, Pa.s 28 5.8 2 1

Table 8.6 Derived statistical models in actual values for workability parameters

M odeled response Derived equations R2

SF 1 2 , mm - 1138 + 2.19 (BC) + 3.2 (S.flow0) - 0.005 (BC) (S.flow„) 0.98

SF3 4 , mm - 2056 + 4.04 (BC) + 4.87 (S.flow0) - 0.008 (BC) (S.flow0) 0.97

SF5 2 , mm - 3021 + 5.98 (BC) + 6.64 (S.flow0) - 0 .012 (BC) (S.flow0) 0.96

JRF0, mm -2 7 6 + 1 .4 1  (S.flow0) 0.87

JRF, 7, mm -2596 + 669 (w/b) + 4.51 (BC) + 5.18 (S.flow0) - 0.009 (BC) (S.flow0) 0.96
JRF34, mm - 2983 + 434 (w/b) + 5.62 (BC) + 6 .1 6  (S.flow0) - 0.011 (BC) (S.flow0) 0.98

JRF 3 2 , mm - 3859 + 366 (w/b) + 7.6 (BC) + 7.8 (S.flow0) - 0.015 (BC) (S.flow0) 0.98

JRFI, mm.mm/min 26079 - 60.9 (BC) - 48.1 (S.flow0) + 0 .1 2  (BC) (S.flow0) 0.84
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Table 8.7 Derived statistical models in coded values for workability parameters

Modeled response Derived equations R2

SF m  mm 525 - 15.9 (BC) + 91.3 (S.flow0) - 13.5 (BC) (S.flow0) 0.98

SFs4 , mm 484 - 23.8 (BC) + 99.4 (S.flow0) - 24.2 (BC) (S.flow0) 0.97

SFS2 , mm 440 - 32.3 (BC) + 108 (S.flow0) - 35.4 (BC) (S.flow„) 0.96

JRF0, mm 533 + 106 (S.flow0) 0.87

JRFn , mm 493 + 13.4 (w/b) - 15 (BC) + 108 (S.flow0) - 25.5 (BC) (S.flow0) 0.96

JRF3 4 , mm 460 + 8.69 (w/b) - 25.1 (BC) + 104 (S.flow0) - 32.6 (BC) (S.flow0) 0.98

JRFS2, mm 422 + 7.31 (w/b) - 31.9 (BC) + 103 (S.flow0) - 43.8 (BC) (S.flow0) 0.98

J R F I , mm.mm/min 1136 + 245 (BC) + 241 (S.flow0) + 350 (BC) (S.flow0) 0.84

Secondly, the w/b also shows a significant effect on slump flow values. For example, the 

S.flow value at 52 min is affected, in order of significance, by the S.flowo (108), BC (- 32.3), 

and second-order interactions between S.flow0 and BC (- 35.4). Second-order interactions are 

obtained for most of the modeled responses. For the majority of the modeled responses, the 

second-order interaction between S.flowo and BC is obtained and has a relative significance 

on the order of the main effect of S.flowo and BC. Based on the derived models for 

workability, the S.flowo plays key role for workability. Workability retention and passing 

ability can be improved by the decrease in BC.

8.4 Effect of mixture parameters on workability

The following section presents the results of full two-levels factorial design elaborated in 

Table 3.8 (Chapter 3). This section also discusses the effect of mixture parameters on 

workability of SCC. The mixture parameters include w/b, BC, and S.flowo.

Slump flow retention

Slump flow values at 17, 34, and 52 min of SCC made with BC of 400 and 480 kg/m3 are 

compared in Fig. 8.1 a. In general, SCC made with lower BC of 400 kg/m3 has higher slump 

flow values determined at 17, 34 and 52 min than those prepared with 480 kg/m3 BC. The 

same conclusion is reported in study of Long et al. [2010] where the slump flow loss increases 

with the increase in binder content. Moreover, it is reported that better slump flow retention is 

obtained with SCC proportioned with low w/cm given the higher HRWRA demand. The last 

conclusion is true because at constant w/b and when BC decreases, the water content also
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decreases. In this case the HRWRA dosage should be increased to achieve the target slump 

flow as plotted in Fig. 8.1 b. slump flow values at 17, 34, and 52 min of SCC made with 

S.flowo of 500 and 650 mm are compared in Fig. 8.2. In general and as expected, SCC made 

with higher S.flowo of 650 mm had higher slump flow values determined at 17, 34 and 52 min 

than those prepared with 500 mm S.flowo.
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Contour diagram for the SF n  is illustrated in Fig. 8.3 which demonstrates that the 

increase in binder content leads to the reduction in SF / 7 values. Moreover, the increase in 

S.flowo leads to the increase in SF 17 values. Contour lines diagrams for the SF34 and SF52 are 

presented in Appendix D l.
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Fig. 8.3 BC - S.flowo contour diagram of SF i7  (R2 = 0.98)

As expected, the S.flow0 has much higher impact on SFn , SF34, and SF52 than BC. For 

example, when the S.flowo increases from 500 to 650 mm, SF n  increases from 430 to 615 mm 

with a big difference of 175 mm at constant BC of 440 kg/m3, as shown in Fig. 8.3. When the 

BC increases from 400 to 480 kg/m3, SF17 decreases from 575 to 510 mm with a small 

difference of 65 mm at constant S.flowo of 575 mm, as shown in Fig. 8.3.

J-ring flow retention

As expected, only the S.flowo exhibited significant effect on initial J-ring flow JRF0. In 

general, the effect of mixture parameters on J-ring flow values at 0, 17, 34, and 52 min of 

SCC is the same effect of these parameters on slump flow retention. Moreover, w/b exhibits 

significant effect on JRF 1 7 , JRF3 4 , and JRF5 2 . The effects of mixture parameters on J-ring flow 

retention as well as contour diagrams for the JRF17, JRF34, and JRF52 are presented in 

Appendix D l.

As expected, the S.flowo has much higher impact on JRF 1 7 ,  JRF3 4 , and JRF5 2  than BC 

and w/b but BC has the moderate effect. For example, when the S.flowo increases from 500 to 

650 mm, JRF 17 increases from 390 to 600 mm with a big difference of 201 mm at constant 

w/b of 0.41, as shown in Fig. D.7. When the w/b increases from 0.39 to 0.43, JRFI7 increases
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from 480 to 510 mm with a small difference of 30 mm at constant S.flow0 of 575 mm, as 

shown in Fig. D.7. Moreover, when the S.flow0 increases from 500 to 650 mm, JRF t7 

increases from 390 to 600 mm with a big difference of 210 mm at constant BC of 440 kg/m3, 

as shown in Fig. D.8. When the BC increases from 400 to 480 kg/m3, JRF /7  decreases from 

510 to 480 mm with a small difference of 30 mm at constant S.flow0 of 575 mm, as shown in 

Fig. D.8.

BC has much higher impact on J-ring flow retention than w/b. For example, when the BC 

increases from 400 to 480 kg/m3, JR F 52  decreases from 455 to 390 mm with a big difference 

of 65 mm at constant w/b of 0.41, as shown in Fig. D.12. When the w/b increases from 0.39 to 

0.43, JR F 52 increases from 415 to 430 mm with a small difference of 15 mm at constant BC of 

440 kg/m , as shown in in Fig. D.12. The effect of w/b on J-ring flow retention decreases with 

the increase in time of rest. At constant BC of 440 kg/m3, when the w/b increases from 0.39 to 

0.43, JR F  17, JR F 2 4 , and JR F 5 2  increase from 480 to 505, from 450 to 470, and from 415 to 430 

mm with difference of 25, 20, and 15 mm, as shown in Figs. D.6, D.8, and D.12, respectively.
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.T-ring flow index

JRFI of SCC made with BC of 400 and 480 kg/m3 are compared in Fig. 8.4. In general, 

SCC made with lower BC of 400 kg/m3 had lower JRFI values than those prepared with 480 

kg/m3 BC. Contour diagram for the JRFI are illustrated in Fig. 8.5. The increase in BC leads 

to the increase in JRFI values if S.flowo is more than 530 mm. The increase in BC leads to the
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reduction in JRFI values if S.flowo is less than 530 mm. The increase in S.flow0 leads to the
■j

increase in JRFI values if BC is more than 415 kg/m . The increase in S.flowo leads to the
•5

reduction in JRFI values if BC is less than 415 kg/m . Therefore, to improve the J-ring flow 

retention, the binder content should be around 400 kg/m3 and slump flow should be more than 

530 mm.
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Fig. 8.5 BC - S.flowo contour diagram of JRFI (R2 = 0.84)

8.5 Statistical models for thixotropy

The statistical models in actual and coded values for static yield stress of SCC are 

summarized in Tables 8.8 and 8.9, respectively. All factors are expressed in terms of absolute 

values. The correlation coefficient (R2) values of the proposed models ranged from 0.75 to 

0.95. A negative estimate signifies that an increase in the parameter can lead to a reduction in 

the measured response. For example, in the case of tso model, an increase in S.flow0 can 

decrease the static yield stress at 0 min. The S/A by volume and S.flowo are found to have the 

most significant effect on thixotropy. The binder content (BC) also shows a significant effect 

on static yield stress. For example, the static yield stress at 15 min is affected, in order of 

significance, by the S/A by volume (26.3), BC (- 20.3), S.flow0 (- 152), and second-order 

interactions between S/A by volume and BC (- 18.1) and between S/A by volume and S.flowo 

(- 32.8).

Second-order interactions are obtained for most of the modeled responses. For the 

majority of the modeled responses, a second-order interaction between S/A by volume and 

S.flowo is obtained and had a relative significance on the order of the main effect of S.flowo 

and BC.
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Table 8.8 Statistical models in actual values for static yield stress

M odeled response Derived equations R2

t s 0, Pa 4 1 8 7 -6 .1 9  (BC) - 5.94 (S.flow0) + 9.2 x 1CT3 (BC) (S.flow0) 0.84

t i / 5 , Pa - 2930 + 9538 (S/A) + 4.03 (BC) + 2.34 (S.flow0) - 9.07 (S/A) (BC) - 8.74 (S/A) (S.flow0) 0.95

t s s o , Pa - 1280 + 6098 (S/A) + 2.45 (S.flow0) - 9.22 (S/A ) (S.flow0) 0.94

r s 45, Pa - 1382 + 6613 (S/A) + 2.52 (S.flow0) - 9.62 (S/A ) (S.flow0) 0 . 8 8

tsao, Pa 1400 + 1350 (S/A) - 2.42 (S.flow0) 0.75

Table 8.9 Statistical models in coded values for static yield stress

M odeled response Derived equations R2

t s 0, Pa 375 - 36.1 (BC) - 142 (S.flow0) + 27.6 (BC) (S.flow„) 0.84

rs/5 , Pa 452 + 26.3 (S/A) -  20.3 (BC) -  152 (S.flow0) -18 .1  (S/A).(BC) - 32.8 (S/A) (S.fiowo) 0.95

rs3u, Pa 529 + 39.9 (S/A) -  162 (S.flow0) -  34.6 (S/A) (S.flow0) 0.94

rs4S, Pa 606 + 54.2 (S/A) -  172 (S.flow0) - 36.1 (S/A) (S.flow0) 0 . 8 8

rs6U, Pa 684 + 67.5 (S/A) -  181 (S.flow0) 0.75

8.6 Effect of mixture parameters on thixotropy

The following section presents the results of full two-levels factorial design elaborated in 

Table 3.8 (Chapter 3). This section also discusses the effect of mixture parameters on static 

yield stress of SCC. The mixture parameters include S/A by volume, BC, and S.flowo.
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Fig. 8.6 Comparison of static yield stresses of SCC made with different a) S/A by volume and
b) S.flowo
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S/A by volume and S.flowo have the higher impact on static yield stress. Static yield 

stress values at 0, 15, 30, 45, and 60 min of SCC made with S/A by volume of 0.45 and 0.55 

are compared in Fig. 8.6 a. In general, SCC made with lower S/A by volume of 0.45 has lower 

static yield stress values than those prepared with 0.55 S/A by volume. Static yield stress 

values at 0, 15, 30, 45, and 60 min of SCC made with S.flowo of 500 and 650 mm are 

compared in Fig. 8.6 b. In general, SCC made with lower S.flowo of 500 mm has higher static 

yield stress values than those prepared with 650 mm S.flow0. For the majority of modeled 

responses, all of w/b, S/A by volume, S.flowo and binder content have significant effect on 

thixotropy. The S/A by volume and S.flow0 play a key role for static yield stress values at all 

resting time. Binder content plays a key role for fastest values of static yield stress. Contour 

diagram for the static yield stress values at 0 min is illustrated in Fig. 8.7. The increase in 

binder content and S.flowo lead to the reduction in static yield stress values at 0 min. The 

Contour diagrams for the static yield stress values at 15, 30, 45, and 60 min of SCC are 

presented in Appendix D2.
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Fig. 8.7 BC -  S.flowo contour diagram of zso (R2 = 0.84)

The initial slump flow (S.flow0) has much higher impact on static yield stress than S/A 

by volume and BC. For example, when the S.flowo increases from 500 to 650 mm, zsjs 

decreases from 600 to 300 Pa. with a big difference of 300 Pa. at constant S/A by volume of 

0.5, as shown in Fig. D.16. When the S/A by volume increases from 0.45 to 0.55, zs/s 

increases from 420 to 480 Pa. with a small difference of 60 Pa. at constant S.flowo of 575 mm,
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as shown in Fig. D.16. Moreover, when the S.flow0 increases from 500 to 650 mm, tsi5 

decreases from 600 to 300 Pa. with a big difference of 300 Pa. at constant BC of 440 kg/m3, as 

shown in Fig. D.17. When the BC increases from 400 to 480 kg/m3, ts/s decreases from 470 to 

440 Pa. with a small difference of 30 Pa. at constant S.flowo of 575 mm, as shown in Fig. 

D.17. In general, the increase in both slump flow and binder content and the reduction in S/A 

by volume lead to a reduction in static yield stress.

8.7 Statistical models for rheology

The statistical models in actual and coded values for dynamic yield stress and plastic 

viscosity of SCC are summarized in Tables 8.10 and 8.11, respectively. All factors are 

expressed in terms of absolute values. The correlation coefficient (R2) values of the proposed 

models ranged from 0.79 to 0.97. A negative estimate signifies that an increase in the modeled 

parameter can lead to a reduction in the measured response. For example, in the case of zs0 

model, an increase in S.flowo can decrease the dynamic yield stress at 0 min.

Table 8.10 Statistical models in actual values for rheology

M odeled response Derived equations R2

r0o (Pa) - 1783 + 5.85 (BC) + 2.61 (S.flow0) - 0.009 (BC) (S.flow0) 0.79

10 2 0  (Pa) - 7374 + 760 (S/A) + 19.3 (BC) + 11.4 (S.flow0) - 0.03 (BC) (S.flow0) 0.87

r04 0  (Pa) - 9182 + 1214 (S/A) + 23.6 (BC) + 13.8 (S.flow0) - 0.04 (BC) (S.flow0) 0.81

Po (Pa.s)
- 293 + 244 (w/b) + 2351 (S/A) - 0.79 (BC) - 4063 (w/b) (S/A) + 2.89 (w/b) (BC)
- 1.34 (S/A) (BC) 0.97

Pm  (Pa.s)
427 - 1450 (w/b) + 1739 (S/A) - 1.76 (BC) - 2688 (w/b) (S/A) + 5.23 (w/b) (BC) 
- 1.34 (S/A) (BC) 0.92

p 40 (Pa.s) 2089 - 4738 (w/b) -4 .1 8  (BC) + 9.53 (w/b) (BC) 0.84

Table 8.11 Statistical models in coded values for rheology

M odeled response Derived equations R2

t0 0  (Pa) 115 + 35.9 (BC) - 87.9 (S.flow0) - 25.8 (BC) (S.flow0) 0.79

zO 20 (Pa) 297 + 38 (S/A) + 68.5 (BC) - 154 (S.flow0) - 91.5 (BC) (S.flow0) 0.87

x04 0  (Pa) 402 + 60.7 (S/A) + 96.1 (BC) - 182 (S.flow0) - 110 (BC) (S.flow0) 0.81

Po (Pa.s)
25.9 - 10.3 (w/b) + 4.69 (S/A) - 11.2 (BC) - 4.06 (w/b) (S/A) + 2.31 (w/b) (BC) 
-2.69 (S/A) (BC)

0.97

P 20 (Pa.s)
26.4 - 9.81 (w/b) + 2.31 (S/A) - 11.3 (BC) - 2.69 (w/b) (S/A) + 4.19 (w/b) (BC) 
- 2.69 (S/A) (BC)

0.92

p 4 0  (Pa.s) 26.6 - 10.9 (w/b) - 10.9 (BC) + 7.63 (w/b) (BC) 0.84
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In full two-levels factorial design, the BC and S.flowo are found to have the most 

significant effect on yield stress. The w/b and BC are found to have the most significant effect 

on plastic viscosity. S/A by volume also showed a significant effect on both of static yield 

stress and plastic viscosity. For example, the yield stress at 20 min is affected, in order of 

significance, by BC (68.5), S/A by volume (38), S.flow0 (- 154), and second-order interactions 

(- 91.5) between BC and S.flow0.

Second-order interactions are obtained for most of the modeled responses. For the 

majority of the modeled responses, a second-order interaction has a relative significance on 

the order of the main effect of w/b, S/A by volume, BC, and S.flowo.

8.8 Effect of mixture parameters on rheology

The following section presents the results of the factorial designs elaborated in Table 3.8 

(Chapter 3). This section also discusses the effect of mixture parameters on dynamic yield 

stress and plastic viscosity of SCC. The mixture parameters include w/b or w/c, S/A by 

volume, binder content (BC), and S.flowo.

w/b has no significant effect on dynamic yield stress. S.flow0 has no significant effect on 

plastic viscosity. Dynamic yield stress and plastic viscosity values at 0, 20, and 40 min of SCC
•a

made with binder content of 400 and 480 kg/m are compared in Figs. 8.8 a and 8.9 a, 

respectively. In general, SCC made with lower BC of 400 kg/m3 has lower dynamic yield
a

stress and higher plastic viscosity values than those prepared with 480 kg/m BC. Dynamic 

yield stress values at 0, 20, and 40 min of SCC made with S.flowo of 500 and 650 mm are 

compared in Fig. 8.8 b. In general, SCC made with lower S.flow0 of 500 mm has higher 

dynamic yield stress values than those prepared with 650 mm S.flowo. Plastic viscosity values 

at 0, 20, and 40 min of SCC made with w/b of 0.39 and 0.43 mm are compared in Fig. 8.9 b. 

In general, SCC made with lower w/b of 0.39 mm has higher plastic viscosity values than 

those prepared with 0.43 w/b. Contour diagram for the dynamic yield stress values at 0 min is 

illustrated in Fig. from 8.10. The increase in both binder content and S/A by volume leads to 

an increase in dynamic yield stress values. The yield stress decreases with the increase in 

s.flowo. The Contour diagrams for the dynamic yield stress values at 20 and 40 min are 

presented in Appendix D3.
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The orders of significance for the effect of different parameters on yield stress at different 

time of rest (RT) are presented in Fig. 8.11. The S.flowo has much higher impact on yield 

stress than BC and S/A by volume but BC has the moderate effect. For example, when the 

S.flowo increases from 500 to 650 mm, r0o decreases from 200 to 30 Pa. with a big difference 

of 170 Pa. at constant BC of 440 kg/m3, as shown in Fig. 8.10. When the BC increases from 

400 to 480 kg/m3, tOq increases from 80 to 150 Pa. with a small difference of 70 Pa. at
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constant S.flowo of 575 mm, as shown in Fig. 8.10. Moreover, when the S.flowo increases 

from 500 to 650 mm, rO20 decreases from 450 to 140 Pa. with a big difference of 310 Pa. at 

constant S/A by volume of 0.5, as shown in Fig. D.22. But, when the S/A by volume increases 

from 0.45 to 0.55, rO20 increases from 260 to 340 Pa. with a small difference of 80 Pa. at 

constant S.flowo of 575 mm, as shown in Fig. D.22.
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Fig. 8.11 Variations in order of significance for the effect of different parameters on yield
stress at different time of rest

The orders of significance for the effect of different parameters on plastic viscosity at 

different time of rest (RT) are presented in Fig. 8.12. Contour diagrams for the plastic 

viscosity values at 0 min are illustrated in Fig. 8.13. The increase in both w/b and binder 

content lead to the reduction in plastic viscosity values. The increase in S/A by volume leads
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to the increase in plastic viscosity values. The Contour diagrams for the plastic viscosity 

values at 20 and 40 min are presented in Appendix D3.
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The w/b and BC have much higher impact on plastic viscosity than S/A by volume. For 

example, when the w/b increases from 0.39 to 0.43 mm, pt0 decreases from 36 to 16 Pa.s with a 

big difference of 20 Pa.s at constant S/A by volume of 0.5, as shown in Fig. 8.13 a. But, when 

the S/A by volume increases from 0.45 to 0.55, fio increases from 21 to 30 Pa.s with a small 

difference of 9 Pa.s at constant w/b of 0.41, as shown in Fig. 8.13 a. Moreover, when the BC 

increases from 400 to 480 kg/m3, fi0 decreases from 37 to 15 Pa.s with a big difference of 22 

Pa.s at constant S/A by volume of 0.5, as shown in Fig. 8.13 c. But, when the S/A by volume 

increases from 0.45 to 0.55, no increases from 21 to 31 Pa.s with a small difference of 10 Pa.s 

at constant BC of 440 kg/m3, as shown in Fig. 8.13 c.

The w/b and BC have approximately equal effect on plastic viscosity. For example, when 

w/b increases from 0.39 to 0.43 mm, fto decreases from 36 to 16 Pa.s with a difference of 20 

Pa.s at constant BC of 440 kg/m3, as shown in Fig. 8.13 b. Moreover, the plastic viscosity 

decreases with approximately the' same difference when the BC increases from 400 to 480 

kg/m3 at constant w/b of 0.41. The orders of significance for the effect of different parameters 

on both yield stress and plastic viscosity at different time of rest (RT) are presented in Fig. 

8.14. BC and S/A by volume have much higher impact on yield stress than plastic viscosity.
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8.9 Conclusions

Based on the results presented in this chapter, the following findings can be drawn:

1- The initial slump flow and binder content have the most significant effect on 

workability. Moreover, the initial slump flow plays a key role for workability. The 

filling and passing abilities are improved by increasing the initial slump flow.

2- The initial slump flow has much higher impact on filing ability than the binder content.

3- The initial slump flow, binder content and w/b exhibit significant effect on passing 

ability. The initial slump flow has much higher impact on passing ability than binder 

content and w/b but binder content has the moderate effect.

4- The filling and passing abilities decrease with the increase in binder Content. 

Workability retention and passing ability can be improved by decreasing the binder 

content.

5- The passing ability may be improved with an increase in w/b but this improvement 

decreases with the time. To improve the passing ability retention, the binder content 

should be around 400 kg/m3 and slump flow should be more than 530 mm.

6- Sand to total aggregate (S/A) by volume has no significant effect on workability.

7- w/b, S/A by volume, initial slump flow and binder content have significant effects on 

thixotropy. S/A by volume and S.flowo have the higher impact on static yield stress 

when resting time is more than 15 min.

8- The S/A by volume and initial slump flow play key role for static yield stress values at 

all other resting times. The static yield stress decreases with the reduction in S/A by 

volume and the increase in initial slump flow.

9- Binder content plays a key role for fastest values of static yield stress only. The static 

yield stress after 15 min of rest decreases with the increase in binder content.

10-For the majority of responses, all of w/b, S/A by volume, initial slump flow and binder 

content have significant effect on rheology. The S/A by volume, initial slump flow, 

and binder content play a key role for dynamic yield stress values at all resting time. 

The w/c, S/A by volume, and binder content play a key role for plastic viscosity values 

at all resting time.

11-The increase in both binder content and S/A by volume lead to an increase in dynamic 

yield stress values. The yield stress decreases with an increase in initial slump flow
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and w/b. The increase in all w/b, initial slump flow, and binder content lead to the 

reduction in plastic viscosity values. The increase in S/A by volume leads to an 

increase in plastic viscosity values. The effects of all these parameters on rheology are 

presented in Table 8.12.

Table 8.12 The effect of mix design parameters on rheology

w/b | S/A by volume f BC t S.flowo t
Yield stress 4 T t 4
Viscosity 4 T 4 4

12-The comparison between different mix design parameters according to order of 

significance for the effect on each of yield stress and plastic viscosity is presented in 

Table 8.13.

Table 8.13 The order of significance for the effect of different mix design parameters 

on each of yield stress and plastic viscosity

Yield stress Plastic viscosity
S.flowo High Low

BC Moderate High
S/A by volume Low Low

w/b High High
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CHAPTER 9 -  SUMMARY AND CONCLUSIONS 

9.1 Introduction

The study presented in this thesis aims at investigating the effect of the loss in 

workability, thixotropy and delay between placing two successive layers on the mechanical 

properties and permeability of SCC at lift lines in multi-layers casting as well as with use of 

vibration energy. The study aims also at investigating the effect of rheology and formwork 

characteristics on formed surface quality of SCC including the color. The role of mix design 

parameters on workability, thixotropy and rheology are investigated. The correlation between 

loss in workability at rest and thixotropy is included in the study.

9.2 Correlation between workability and thixotropy of SCC

Most of the studies are generally conducted with respect to conventional concrete. 

Therefore, there is very less available information in regard to SCC. One of the objectives of 

this thesis is to propose an experimental correlation between thixotropy and workability 

parameters of SCC. Workability is described with three parameters; filling ability, passing 

ability and viscosity level. The thixotropy is described by an increase in static yield stress with 

respect to elapsed time.

Thixotropy and workability at rest are two phenomena characterizing the flow properties 

of fresh concrete at rest for a certain period which simulates in multi-layers casting. Six tests 

methods are used in this study, three for measuring the workability (slump flow, J-ring flow, 

and T50) and three for determining thixotropy (modified MK-IU rheometer, PV, and IP). Each 

test method has a distinct explanation for the flow property of fresh concrete. In slump flow 

and J-ring flow tests, the flow of fresh concrete is described by the maximum spread diameter 

that can be reached. The largest spread diameter indicates the perfect concrete in flowability 

and passability. In T50 test, the flow of fresh concrete is described by the time required to 

reach a certain distance with uniform viscosity and particle distribution without segregation. 

At the same slump flow, the highest T50 value is recorded for the concrete with the maximum 

viscosity. In modified MK-III rheometer, PV, and IP tests, the flow of fresh concrete is 

described by the minimum stress required to flow which equivalents the yield stress of 

concrete at steady state. The lowest required stress is the best concrete to flow.
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During the tests, IP approach is proved to be very useful test because the fresh concrete 

flows on inclined planes with the same manner like in case of slump flow, J-ring flow, and 

T50 tests. The flow of fresh concrete in IP test exactly simulates the casting concrete in job

stress vs. S.flow or J-ringf”. This observation demonstrates that T50 as a workability 

parameter of SCC has the highest impact on the static yield stress rather than filling or passing 

abilities of SCC. The static yield stress at rest (ts/p) interrelates with measurements of 

workability. Very good relations are observed between thixotropy and workability indices.

The most important models evolved from experimental results are as follows:

9.3 Performance of multi-layers casting SCC

It is impossible to cast mass concrete or any structural element having large dimensions 

such as raft foundation and long wall elements in one layer because it is very difficult for any 

ready-mix concrete batching plant to supply the job site with such large volume of concrete at 

the same time. In such situation, engineer may be facing some problems in job site. The first is 

transporting concrete for long distance. The second is lengthening concrete delivery time by 

traffic jams. The third is adjustment the slump flow of delivered concrete for quality control. 

These three tasks lead to increase the delay time between placing old and new layers. 

Moreover, the difference in rheological properties between old and new layers increases with 

any increase in delay time. The same effect may be generated by a dry and hot weather 

concreting which results in rapid loss in workability of the old layer due to the increase 

hydration rate of cement paste. The basic explanation of the defect of all these problems on 

bond strength in multi-layers casting SCC is that during placing, a layer of SCC often has a 

short time to rest and flocculate before a second layer of concrete is cast above it. If the fine 

particles flocculate too much and the workability or static yield stress of the concrete 

decreases or increases below or above a critical value, the two layers do not combine at all and

site where the concrete flow under its self-weight on rough surface. The R2 values of 

correlations “Static yield stress vs. T50” are higher than R2 values of correlations “Static yield

slump flow
(9.1)

(9 .2)

Athix2„, = 350 (JRFI . T 5 0 1 )”’ (9.3)
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a plane of weakness is formed. The mechanical properties of the weak interface between 

existed and new concrete is investigated with the determination of the bond under slanted and 

direct shear stresses as well as flexure stress. The transporting property of this interface is 

investigated with determining the water permeability.

The results show that an increase in delay between casting two successive lifts of SCC 

leads to reduction in residual interlayer bond which also decreases with the increase in 

thixotropy and the reduction in workability. The residual bond strength determined under 

slanted shear stress (RBssh in %) as a function of delay time (DT  in min) and thixotropy index 

determined using IP test (Athix2tP in Pa.Pa/min) is presented in Eq. 9.4.

R B ssh% = 100-3xl(T8 D T Athix2 IP2 -2x l(T 5 D T Athix2 IP -0 .1 5  DT (9.4)

The roughness of interface between casting two successive lifts is governed by the free 

fall of SCC. The surface roughness increases with the increase in the free fall height. This 

increase leads to an increase in bond between layers in multi-layers casting SCC. The elapsed 

time has much higher impact on mechanical and transporting properties of multi-layers 

casting SCC than workability and thixotropy. The transporting properties of multi-layers 

casting SCC are more adversely affected by the coupled effect of workability or thixotropy 

and elapsed time than its mechanical properties. Residual bond strength at an interface 

between two successive lifts of SCC subjected to direct shear stress is more adversely affected 

by the coupled effect of workability or thixotropy and elapsed time than the residual bond at 

an interface subjected to flexure or slanted shear stresses. Therefore, it is recommended to 

keep the interface between layers all the time inclined with angle ranging between 30° and 60° 

if there is no way to avoid multi-layers casting.

The low and high thixotropic SCC are defined as those SCC mixtures with thixotropy 

index determined with IP test less and more than 250 and 4700 Pa.Pa/min, respectively. SCC 

mixtures lay between these two values of thixotropy index are defined as medium thixotropic 

SCC. The maximum critical delay between placing two successive lifts of low, medium and 

high thixotropic SCC to secure at least 90% of ideal strength is 60, 40 and 15 min, 

respectively, since the interface between layers is subjected to slanted shear stress. The 

maximum critical delay (tc in min) as a function in thixotropy index determined using IP test 

(Athix2fp in Pa.Pa/min) and minimum accepted residual bond (RBssh >n %) is presented in Eq. 

9.5.
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tc = (736 - 7.36 R B SSh) e ^ 0004“ «- (9.5)

To improve the performance of multi-layers casting SCC, the slump flow should equal to 

or more than 700 mm with retention rate of 0.5 mm/min or less and maximum delay time 

between casting two successive layers of 15 min. T50 value should be less than two seconds 

with increasing rate less than 0.03 s/min. Moreover, the static yield stress determined using IP 

test should be or less than 150 Pa. with structural build-up rate of 1.5 or less. No vibration is 

required to remix the old layer before casting the new layer since low thixotropic SCC is used 

and delay time is less than 40 min. This recommendation is made to secure at least 90% of 

ideal strength and is valid only if the interface between layers is subjected to direct shear 

stress. The vibration time (VT in s) as a function in delay time (DT in min) and thixotropy 

index determined using IP test (Athix2 /P in Pa.Pa/min) is presented in Eq. 9.6. The guideline 

for engineers and contractors to evaluate the performance of multi-layers casting of SCC is 

presented in Table 9.1.

V T  =(14.77 - 0.14 D T ) Ln Athix2u, + 1.3 D T  - 103 (9.6)

Table 9.1 Guideline for performance of multi-layers casting of SCC

Slump flow Initial value without rest >  700 mm
t/3■o

W orkability Retention rate at rest <  0.5 m m /m in
w4)
B

T50 Initial value without rest <  2 s
Increasing rate at rest <  0.03 s/min

C/5<D Thixotropy Inclined plane Static yield stress after 15 min o f rest <  150 Pa
H Structural build-up rate at rest <  1.5 Pa/min

Critical delay time to secure > 90%  o f ideal U nder direct shear stress <  20 min
Interlayer bond U nder flexure stress <  30 min

9.4 Surface quality of SCC

A major challenge of concrete industry today is to control the surface quality of concrete. 

There are many methods found in the literature can be for assessment of surface quality such 

as surface hardness (measured by Schmidt hummer), abrasion resistance, water permeability, 

depth of carbonation, Freeze-thaw resistance and visual assessment. The last method is 

concerned in the current study. Despite the available specifications for surface quality in 

several codes, such as ACI, ASTM, and British standards, there is currently no guideline 

covering the area of test method to quantify surface quality and influence of rheology on 

surface quality. These two areas are concerned in the current study. Moreover, the effect of 

formwork, including material types, surface orientations and free fall height on concrete
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surface, is involved in the study. One of the objectives of this investigation is studying the 

influence of form work type as well as different binder type and content on the concrete color.

A new method based on image analysis is developed and used to detect the defects on 

formed concrete surface such as air bubbles or caves, bleeding, settlement and segregation in 

the current study. Two software programs are employed. The first is ENVI (the Environment 

for Visualizing Images) used to measure the area of surface defects. The second is AutoCAD 

(Computer Aided Design) used to measure the diameter of air bubbles and settlement. All 

images are picked for concrete surface under sun light for a distance no more than 300 mm.

0.03% 0.07% 0.54% 2.30% 2.57% 2.78% 9.66%

Fig. 9.1 CIB scale for surface quality [1973] and area of defects determined using current
image analysis method

Concrete surface quality can be evaluated through the comparison of the actual surface to 

photographs of reference samples (Fig. 9.1) with different degrees of defects coverage [CIB,
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1973], While simple in principle, this type of classification can be problematic due to 

variations in the scales of the printed reference samples and the subjectivity of the human eye. 

Moreover, one surface can group together several types of defects, so objective application of 

a reference sample can be difficult. The current image analysis method is also used to analyze 

reference photos of CIB scale for surface quality by determining only area of defects, as 

shown in Fig. 9.1. The diameter of defects can not be determined because the scale of CIB 

scale photographs is not known. The current results are compared with the result of two recent 

studies found in the literature using also image processing, as shown in Fig. 9.2. Broadly, this 

figure argues that the proposed image analysis method is very solvent to detect the blemishes 

on formed surface of SCC.

16

H 10 -
O Q"O o ‘
o 6 -

0
0 2 4 6 8 10

CIB scale

Fig. 9.2 Defects percentages of reference surfaces as they are calculated by different image
analysis methods

The concrete color is directly determined from the surface of concrete element or cement 

pastes samples using the colormeter. Five types of formwork are used to build the mold with 

different surface orientations. Four types of impermeable formwork fabricated with plywood, 

steel, PVC and fixedglass. One type of permeable formwork fabricated with polyester filter 

fixed on PVC plane. The rheology is determined in terms of slump flow, yield stress and 

plastic viscosity.

The reductions in yield stress and plastic viscosity improve the surface quality of SCC. 

A sticky or stiff mixture that does not respond to consolidation may be directly linked to an 

increase in air bubbles formation at formed surface of concrete. The presence of air bubbles 

on formed surface of SCC including the number and distribution is influenced by yield stress 

rather than plastic viscosity, and the diameter of these bubbles is affected by plastic viscosity

-O— Current image analysis method 

-O - Ricardo et a l , 2011 

-A—  Lemaire et aL, 2005
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rather than yield stress. The increase in slump flow leads to a reduction in the area and 

maximum diameter of air bubbles values and better surface quality. Workable, flowing 

mixtures are easier to place and consolidate and reduce therefore the risk of air bubbles 

formation. The ability of SCC to fill completely the mold especially the edges improves when 

yield stress is less than 100 Pa, and slump flow is more than 570 mm. The chart of surface 

quality of SCC as a function of rheology is illustrated in Fig. 9.3.

The results indicate that SCC having yield stress less than 50 Pa and plastic viscosity 

ranges between 10 and 30 Pa.s produces very nice formed surface. Moreover, the variation in 

plastic viscosity has no impact on formed surface quality of SCC since yield stress is less than 

25 Pa. Segregation may occur when plastic viscosity is less than 10 Pa.s, and concrete are 

poured in the formwork with free fall height more than one meter. The segregation risk 

increases when the concrete is poured in deep formwork with inclined side and casting 

direction suddenly changes under gravity force because of free drop effect. Bleeding may be 

occurring during placing high viscous SCC since yield stress is less than 50 Pa.
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Fig. 9.3 Chart of surface quality of SCC
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Vibration is recommended to improve formed surface quality of SCC with low filling 

ability or insufficient consolidation where yield stress is more than 100 Pa., and slump flow is 

about 500 mm. improper vibration is perhaps the most influential cause of air bubbles. 

Consolidation, usually through vibration, sets air and water bubbles into motion. A proper 

amount of vibration sends both entrapped air and exceeded water to the free surface of 

concrete either vertically through the element or laterally in a direct rout to the form sides. 

When an impermeable formwork is used more vibration is required to move the air bubbles to 

the free surface of concrete. The friction between concrete and both of PVC and steel is less 

than in case of plywood and polyester filter. Therefore, concrete poured in plywood and 

permeable formworks, needs more consolidation energy than in case of PVC and steel 

formworks. The friction exerted between concrete and formwork has much higher impact on 

diameter of defects than area of defects. Moreover, the settlement decreases with the increase 

in friction exerted between concrete and formwork. The settlement of concrete poured in 

fixedglass formwork is higher than settlement value of concrete poured in permeable 

formwork, as shown in Fig. 9.4. Moreover, steel and plywood formwork produce concrete 

with moderated values of settlement.

■ 24 h 
□  1 h

Permeable ^.4

Plywood *® '4

Steel ^ — 6  1 0 4  

Fixedglass *3.4

Settlement, mm

Fig. 9.4 Variation in settlement in zone 4 with formwork type 

Permeable 0 .005(1)

Steel I 10 .45(3)

Plywood \ /  ' . *' ■ . I 1.2 (4 )

PVC or fixedglass I 10.3 (3)

Occupied surface with air bubbles, %

Fig. 9.5 Variation in area of air bubbles and (CIB scale) in zone 5 with formwork type
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* ...................... Limit of ASTM  [C 1364-07, 2008]

Permeable □ 3  0 .8

Steel | 14.6

Plywood | |5.1

PVC or fixedglass |

Diameter of air bubbles, mm

Fig. 9.6 Variation in diameter of air bubbles in zone 5 with formwork type

In general, for all categories of SCC, the grain of the plywood may be visible after 

formwork striking as contrasted with PVC, steel, and permeable formworks. In the fact, the 

highest value presented in Fig. 9.5 of 1.2% displays the occupied surface area with both the air 

bubbles and the shadow of plywood grain. Using of permeable formwork secures better 

surface quality for SCC. Permeable formwork eliminates air bubbles and excess water or 

bleeding effect from the surface of the concrete, as shown in Figs. 9.5, 9.6 and 9.7. Permeable 

formwork is intended for one use only and concrete that is cast using this formwork is left 

with a finely textured pattern. The plain plywood formwork should be the second choice after 

permeable formwork to cast SCC mixtures lay in zone 5a presented in Fig. 9.3.

Steel I I 18.3(7)

PVC or fixedglass [ 14 . 7 5  (7 )

Plywood 1 I 2.24 (4)

Permeable 0.04 (1)

Effect o f bleeding on surface quality, %

Fig. 9.7 Variation in bleeding effect and (CIB scale) in zone 4 with formwork type

PVC, steel or fixedglass is recommended than plywood to be used for fabricating the 

formwork when the employed SCC mixtures lay in zone 5b. Polymer impregnated formwork 

can restrict the movement of the air voids between the concrete-form interfaces, as shown in 

Fig. 9.8. According to the acceptable limits for the characteristics of air bubbles on formed 

surface of SCC reported in ASTM [C 1364-07, 2008] and results obtained in the study, it may 

be concluded that the formed surface quality of SCC should be governed by the diameter
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rather than the area or the number of air bubbles. All types of formworks involved in the study 

manifest less than 6% of formed surface area occupied with air bubbles when they are used to 

cast SCC mixtures with wide range of rheological properties, as shown in Fig. 9.5.

PVC, fixedglass and steel formworks produce shiny concrete as contrasted with 

permeable formwork which results in darker concrete because of the loss in water content that 

migrates to outside of formwork through the polyester filter medium. Limestone filler can be 

used as alternative instead of white cement to produce white color concrete. The degree of 

white color increases with the increase in limestone filler content and fineness. The 

replacement in white cement with Metakaolin produces darker concrete. Concrete containing 

slag tends to blue color concrete if there is no enough fresh and dry air for this concrete to get 

dry. The guideline for engineers and contractors to evaluate formed surface quality of SCC is 

presented in Table 9.2.

Fig. 9.8 Surface quality against a) clean and b) polymer impregnated plywood formwork 

Table 9.2 Guideline for surface quality of SCC

Order of 
choice Formwork material Slump flow, mm T50, s Yield stress, 

Pa
Plastic 

viscosity, Pa.s No. o f use

I Permeable filter > 5 7 0 > 1.5 <  1 0 0 10-65 N A 2

II plywood > 6 9 0 < 2 5 < 153
III Steel

650-690
1.5-4.5

25-50
10-30 CO4

IV PV C 1 or fixedglass1 00s

Reference formwork material
2 Should be investigated
3 Needs a special treatment (cleaning immediately with sand paper after demolding and then treatm ent with oil 

following with drying for at least two days before next casting)
4 Since it is free from harden cem ent paste although cleaning process is very hard
5 Cleaning process, to erase the harden cem ent paste if  any, is easy
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9.5 Effect of mix design on workability, thixotropy, and rheology of SCC

A high workable or low thixotropic SCC is recommended to improve the performance of 

multi-layers casting as reported in section 9.3. Surface quality of SCC is particularly improved 

when the rheological properties of concrete lay in defined zone with certain values as reported 

in section 9.4. Therefore, workability, thixotropy and rheology of SCC particularly come in 

the view as major factors that have great impact on performance of SCC including surface 

quality. There is no doubt that the mix design is the most important factor affects all of 

workability, static yield stress, dynamic yield stress and plastic viscosity of SCC. The main 

goal of this part in current study is to capture adequate knowledge about the effect of different 

mix design parameters on workability, thixotropy and rheology of SCC. Moreover, proposing 

models for rheological properties of SCC as functions of mix design parameters is one of the 

objectives of this investigation. The workability is measured using slump flow and J-ring flow 

tests. The static yield stress is measured using IP test. The dynamic yield stress and plastic 

viscosity are measured using ICAR rheometer. All the concretes involved in this part are 

prepared one time. All the testes are conducted at different time of rest up to 60 min for each 

mixture.

The results indicated that the initial slump flow and binder content have the most 

significant effect on workability at rest and S/A by volume has no significant effect. 

Moreover, the workability retention is improved by the increase in initial slump flow and the 

reduction in binder content. The initial slump flow has much higher impact on workability 

retention than binder content. As expected, the increase in w/b improves the workability 

retention but this improvement decreases with the time.

w/b, S/A by volume, initial slump flow and binder content have significant effect on 

thixotropy. The static yield stress decreases with the reduction in S/A by volume and the 

increase in initial slump flow. The impact of these two parameters static yield stress increases 

with elapsed time. Only the fast value of static yield stress decreases with the increase in 

binder content because this impact particularly disappear after 15 min of elapsed time.

w/b, S/A by volume, initial slump flow and binder content have significant effect on 

rheology. The S/A by volume, initial slump flow, and binder content play a key role for 

dynamic yield stress. The w/b, S/A by volume, and binder content play a key role for plastic 

viscosity. The increase in binder content or S/A by volume lead to an increase in dynamic

240



Chapter 9 S u m m a ry  a n d  conclusions

yield stress as contrasted with the impact of initial slump flow. The increase in w/b or binder 

content lead to the reduction in plastic viscosity values as contrasted with the impact of S/A 

by volume.

9.6 Further work

1. The effect of temperature and dry or wet condition on bond between two successive 

layers of SCC should be investigated.

2. Studying the effect of free fall height during pouring SCC in a deep element on bond 

between two successive layers is required.

3. Modeling the bond between two successive layers of SCC using software based on the 

finite element analysis.

4. The influence of vibration on surface quality of SF-SCC is very interesting subject in 

order to determine what maximum vibration energy is required to achieve a nice 

formed surface and preventing any negative side effect such as bleeding.
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APPENDIX A: CHAPTER 5 -  CORRELATIONS BETWEEN WORKABILITY AND 
THIXOTROPY

Appendix A l - Workability

Table A .l Slump flow test results, mm

Mixture Resting time, min Test (1) Test (2) Test (3) Average cov

SCC1

0 690 695 700 695 1
17 690 695 685 690 1
34 680 685 675 680 1
52 670 675 665 670 1

SCC2

0 645 635 640 640 1
17 635 630 625 630 1
34 625 620 615 620 1
52 595 600 605 600 1

SCC3

0 635 630 640 635 1
17 600 595 590 595 1
34 565 570 575 570 1
52 545 540 545 543 1

SCC4

0 650 665 655 657 1
17 615 620 620 618 0
34 580 585 580 582 0
52 570 560 565 565 1

SCC5

0 710 700 705 705 1
17 690 680 685 685 1
34 635 '620 630 628 1
52 630 610 620 620 2

SCC6

0 670 665 655 663 1
17 630 640 620 630 2
34 600 580 590 590 2
52 545 550 555 550 1

SCC7

0 670 665 660 665 1
17 630 620 630 627 1
34 590 565 585 580 2
52 545 540 550 545 1

SCC8

0 630 640 635 635 1
17 540 585 555 563 4
34 490 530 495 510 4
52 465 450 460 • 458 2
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Table A.2 J-ring flow test results, mm

Mixture Resting time, min Test (1) T es t(2) Test (3) Average cov

SCC1

0 710 720 715 715 1
17 705 715 710 710 1
34 690 700 695 695 1
52 685 680 690 685 1

SCC2

0 630 625 620 625 1
17 620 615 610 615 1
34 590 580 600 590 2
52 580 560 570 570 ■ 2

SCC3

0 600 590 595 595 1
17 565 555 560 560 1
34 545 535 540 540 1
52 535 515 530 527 2

SCC4

0 640 640 640 640 0
17 615 630 625 623 1
34 590 585 590 588 0
52 580 570 575 575 1

SCC5

0 690 680 670 680 1
17 675 650 665 663 2
34 640 630 645 638 1
52 615 600 610 608 1

SCC6

0 660 670 650 660 2
17 630 650 640 640 2
34 610 600 590 600 2
52 580 590 570 580 2

SCC7

0 655 625 640 640 2
17 625 600 620 615 2
34 590 565 585 580 2
52 550 520 540 537 3

SCC8

0 560 605 585 583 4
17 480 530 500 503 5
34 460 485 445 . 463 4

. 52 400 440 410 417 5
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Table A.3 T50 test results, s

Mixture Resting time, min Test (1) Test (2) Test (3) Average c o v

SCC1

0 1.14 1.09 1.04 1.09 5
17 1.55 1.41 1.48 1.48 5
34 2.4 2.22 2.34 2.32 4
52 2.4 2.6 2.34 2.45 6

SCC2

0 1.26 1.35 1.39 1.33 5
17 2.23 2.45 2.08 2.25 8
34 2.65 2.9 2.71 2.75 5
52 3.16 3.05 2.87 3.03 5

SCC3

0 1.35 1.64 1.93 1.64 18
17 2.34 3.14 2.74 2.74 15
34 3.34 3.84 4.33 3.84 13
52 4.22 5.73 4.98 4.98 15

SCC4

0 2.03 2.22 1.83 2.03 10
17 2.77 2.64 3.07 2.83 8
34 4.05 4.15 4.35 4.18 4
52 5.95 6.1 5.78 5.94 3

SCC5

0 2.02 ' 2.3 2.16 2.16 6
17 3.5 3.79 3.2 3.50 8
34 4.25 4.68 5.1 4.68 9
52 6.3 7.17 6.74 6.74 6

SCC6

0 3.62 3.42 3.82 3.62 6
17 4.85 4.66 5.04 4.85 4
34 6.59 6.19 6.99 6.59 6
52 8.5 8 9 8.5 6

SCC7

0 4.57 4.9 4.27 4.58 7
17 8.05 8.83 7.99 8.29 6
34 10.42 10.99 10.23 10.55 4
52 15.05 16.17 16.55 15.92 5

SCC8

0 8.36 7.04 7.94 7.78 9
17 20.8 19.35 18 19.38 7
34 31 30.34 32 31.11 3
52 38 40.79 37.34 38.71 5
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Appendix A2 - Thixotropy

Table A.4 MK-HI rheometer test results

Mixture Resting 
time, min

tsioMK-iih Pa Average c o v
Test (1) Test (2) Test (3) Test (4) Test (5) T est (6 )

SCC1

15 268 278 255 280 267 280 271 4
30 320 290 289 300 320 330 308 6

45 344 350 360 360 360 357 355 2

60 380 390 390 405 416 395 396 3

SCC2

15 325 320 346 347 356 - 339 5
30 350 340 390 355 370 - 361 5
45 386 390 398 429 389 - 398 4
60 450 437 435 466 430 - 444 3

SCC3

15 360 345 365 - - - 357 3
30 382 370 393 - - - 382 3
45 406 430 415 - - - 417 3
60 462 475 446 - - - 461 3

SCC4

15 380 370 395 - - - 382 3
30 401 390 425 - - - 405 4
45 420 440 453 - - - 438 4
60 473 481 505 - - - 486 3

SCC5

15 445 430 455 - - - 443 3
30 481 480 500 - - - 487 2

45 519 510 530 - - - 520 2

60 592 560 600 - - - 584 4

SCC6

15 500 523 534 - - - 519 3
30 540 565 576 - - - 560 3
45 600 642 627 - - - 623 3
60 637 6 8 8 665 - - - 663 4

SCC7

15 1097 1 1 2 0 1132 1084 1140 1078 1109 2

30 1150 1170 1163 1 1 1 0 1140 1140 1146 2

45 1219 1 2 0 0 1213 1175 1190 1148 1191 2

60 1243 1275 1262 1285 1230 1258 1259 2

SCC8

15 2160 1935 1920 - - - 2005 7
30 2459 2150 2150 - - - 2253 8

45 2630 2422 2422 - - - 2491 5
60 2889 2608 2861 - - - 2786 6
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Table A.5 PV test results

Mixture Resting time, min rsntev, Pa Average c o v
Test (1) Test (2) Test (3)

SCC1

15 . 108 147 172 142 23
30 356 328 301 328 8

45 350 364 385 367 5
60 493 553 523 523 6

SCC2

15 284 293 194 257 2 1

30 416 493 367 425 15
45 567 560 - 564 1

60 - 754 623 689 13

SCC3

15 401 353 371 375 6

30 449 421 383 418 8 '
45 581 644 616 614 5
60 784 704 804 764 7

SCC4

15 453 362 332 382 16
30 493 657 580 576 14
45 602 750 729 693 11

60 985 895 885 922 6

SCC5

15 496 414 478 463 9
30 744 772 728 748 3
45 1016 750 883 883 15
60 1046 1408 1247 1234 15

SCC6

15 560 521 599 560 7
30 821 870 766 819 6

45 862 841 904 869 4
60 1529 1579 1478 1529 3

SCC7

15 1034 1056 1052 1047 1

30 2091 1450 1439 1660 2 2

45 2543 2361 2003 2302 1 2

60 3087 2615 2514 2739 11

SCC8

15 1435 1495 1263 1398 9
30 2134 2917 1959 2337 2 2

45 4301 3531 2620 3484 24
60 5631 4857 3982 4824 17
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Table A.6 IP test results

Mixture Resting time, 
min

TStt)it>> Pa Average COV
Test (1) Test (2) Test (3) Test (4) Test (5)

SCC1

15 149 159 - - - 154 5
30 177 195 - - - 186 7
45 2 0 2 217 - - - 209 5
60 2 1 0 229 - - - 2 2 0 6

SCC2

15 2 2 0 196 - - - 208 8

30 249 226 - - - 237 7
45 278 259 - - - 268 5
60 287 279 - - - 283 2

SCC3

16 252 254 214 - - 240 9
30 3 1 1 (34) 267 - - - - -
45 328 296 313 - - 312 5
60 347 - 352 - - 349 1

SCC4

15 241,m* 209 292 232 243 - -

30 346(34) 282 370 345 318 - -
45 417 356 456 444 452 425 1 0

60 483(64) 490 520 438 447,621* - -

SCC5

15 257 344(,6,* 277n6)* - - - -
30 513(37) 369 - - - -
45 524(40 543 479 - - - -
48 550 - - - - -

SCC6

15 311 326 - - - 319 3
30 424 442 - - - 433 3
45 542 566(38) - - - - -
- 680(62) 610,48,* - - - - -

SCC7

15 544 - 519 - - 532 3
30 635(35,* 585 544,2,,’ - - - -

- - 704,38,* 595,27, - - - --
45 720 - 676,34,* - - - -

SCC8

- 564(9,* 505,8,* - - - - -
- 622(19) 563,17) - - - - -
- 708(26,* 609,24,* - - - - -

- 781(36) 694,34) - - - - -

( ) indicates the exact time when test was conducted
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Appendix A3 - Correlation between thixotropy indices measured using different 
methods

1- A th ix 2 pv =  2 5 6 8 7  L n  A th i x 2 MK_m  -  1 7 1 7 6 5

2- A  thix2]P = 1 1 1 4  L n  A  thix2MK _m  - 6 4 1 4

3- A  thix2pv =  1 3 7 8  Q000'Alhix2"’

5000
y = 1113.79Ln(x) - 6414.15

R = 0.82

y = 25,686.76Ln(x) - 171,764.72
R =0.98

~a 3000

03

-  2000

100000

80000

60000 l !

- 40000

- 20000

0
0 5000 10000 15000 20000 25000 30000 35000

Athix2MK-in, Pa.Pa/min

Fig. A.7 Relation between Athix2MK.m, Athix2PV and Athix2 ip

100000 - 

80000 -
c

I  60000 *
CLe6 
CL
^  40000 -
a.
|
^  20000 -

0 -
0 1000 2000 3000 4000 5000

Athix2ip, Pa.Pa/min

Fig. A.8 Relation between Athix2 PV and Athix2,P

y =  1377.71 l e 0 001* 

R2 = 0 .9 6 1

254



A ppendix A Chapter 5- Correlations between w orkability a n d  th ixotropy

Appendix A4 - Models of thixotropy index as function of two workability indices
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APPENDIX B: CHAPTER 6 -  PERFORMANCE OF MULTI-LAYERS CASTING 

Appendix Bl-Results of residual bond under slanted shear stress

Table B.l Results of specimens of mixture SCC2 under slanted shear stress

DT, min Specimen code f c \  MPa Average co v RBssh%

0
SCC201 43,0

43 0,5 1 0 0SCC202 42,8
SCC203 43,2

15
SCC2151 41.0

41,1 0,3 96SCC2152 41,2
SCC2153 41,1

30
SCC2301 41,1

40,4 1,9 94SCC2302 39,6
SCC2303 40,4

45
SCC2451 38,7

39,6 2,3 92SCC2452 39,6
SCC2453 40,5

60
SCC2601 38,0

38,8 2 ,1 90SCC2602 38,8
SCC2603 . 39,7

Table B.2 Results of specimens of mixture SCC3 under slanted shear stress
DT, min Specimen code f c \  M Pa Average COV R B ssh%

0
SCC301 39.9

39.9 0 . 2 1 0 0SCC302 39.9
SCC303 40.0

15
SCC3151 39.3

38.4 3.3 96SCC3152 37.0
SCC3153 38.8

30
SCC330I 36.9

36.7 1 .0 92SCC3302 36.3
SCC3303 37.0

45
SCC3451 36.3

36.6 0 .8 92SCC3452 36.6
SCC3453 36.9

60
SCC3601 36.2

36.2 0.7 91SCC3602 36.0
SCC3603 36.5
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Table B.3 Results of specimens of mixture SCC4 under slanted shear stress
DT, min Specimen code f c ' ,  M Pa Average COV RBSSh%

0
SCC401 52.4

52.4 0.3 1 0 0SCC402 52.6
SCC403 52.3

15 SCC4151 51.5
50.3 3.4 96SCC4152 48.3

SCC4153 51.0

30
SCC4301 47.8

47.7 0 . 2 91SCC4302 47.7
SCC4303 47.6

45 SCC4451 48.2
48.2 0 .1 92SCC4452 48.2

SCC4453 48.2

60
SCC4601 45.1

48.2 0.9 87SCC4602 45.5
SCC4603 45.9

Table B.4 Results of specimens of mixture SCC5 under slanted shear stress
DT, min Specimen code f c ' ,  M Pa Average COV RBSsh%

0
SCC501 50.8

50.3 0.9 1 0 0SCC502 50.3
SCC503 49.9

15
SCC5151 46.4

46.4 0 . 0 92SCC5152 46.4
SCC5153 46.4

30 SCC5301 45.0
45.2 0.3 890SCC5302 45.3

SCC5303 45.2

45
SCC5451 44.2

44.2 1.4 8 8SCC5452 44.8
SCC5453 43.6

60 SCC5601 43.6
43.6 1.4 87SCC5602 43.0

SCC5603 44.2

Table B.5 Results of specimens of mixture SCC6 under slanted shear stress
DT, min Specimen code f c ',  M Pa Average COV RBSsh%

0
SCC601 52.7

52.4 0 . 6  . 1 0 0SCC602 52.1
SCC603 52.4

15
SCC6151 50.7

50.7 3.8 97SCC6152 48.7
SCC6153 52.6

30
SCC6301 51.5

47.4 1 0 .2 91SCC6302 48.7
SCC6303 42.1

45
SCC6451 46.7

44.2 5.3 84SCC6452 42.1
SCC6453 43.9

60
SCC6601 38.7

38.7 0 .8 74SCC6602 39.0
SCC6603 38.4
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Table B.6 Results of specimens of mixture SCC7 under slanted shear stress
DT, min Specimen code f c ' ,  M Pa Average COV RBssh%

0
SCC701 53,4

52,4 1,9 100SCC702 52,5
SCC703 51,4

15
SCC7151 44,8

44,8 4,8 86SCC7152 47.0
SCC7153 42,7

30
SCC7301 41,6

41,6 7,8 79SCC7302 38,4
SCC7303 44,9

45
SCC7451 38,1

38,2 2,1 73SCC7452 37,5
SCC7453 39,0

60
SCC7601 34,5

34,5 12,5 66SCC7602 30,2
SCC7603 38,8

Table B.7 Results of specimens of mixture SCC8 under slanted shear stress
DT, min Specimen code f c ' ,  M Pa Average COV RBssh%

0 SCC801 56.3
56.3 1.0 100SCC802 56.9

SCC803 55.7

15
SCC8151 45.9

45.9 1.1 82SCC8152 46.4
SCC8153 45.4

30
SCC8301 46.5

45.0 3.3 80SCC8302 45.0
SCC8303 43.5

45
SCC8451 31.1

31.9 2.6 57SCC8452 32.8
SCC8453 31.9

60
SCC8601 33.9

33.9 0.8 60SCC8602 34.2
SCC8603 33.6

100
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Fig. B.l Variation of residual bond under slanted shear stress with delay time of mixture
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Appendix B2-Effect of rheology and delay time on residual bond under slanted shear 

stress
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Fig.-B. 14 Variation of residual bond under slanted shear stress with thixotropy index II
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Appendix B3-Models of residual bond under slanted shear stress

R B SSh %  =  100 - lx lO '7 D T  J R F I 2 - 3 x l ( T  D T  J R F I  - 0 .19  D T  (B. 1)

R B SSh%  =  100 + 0 .57 D T  T S O I 2 - 1.08 D T  T 5 0 I  - 0.1 D T  (B.2)

R B SSh%  =  1 0 0  +  4 x l0 " 8 D T  A t h i x 2 mii2 - 3x10^ D T  A t h i x 2 mii + 0 .0 7  D T  (B.3)

R B ssh%  =  100 -  0.0006 D T  A t h i x l pv -  0.02 D T  (B.4)

R B ssh %  =  100 -  0.16 D T  L n  A  th ix2pv + 1.09 D T  (B.5)

R B SSh%  =  100 -  lxlO -6 D T  A t h i x l , 2 -  0.0008 D T  A t h i x l  IF + 0 .03  D T  (B.6)

R B SSh%  =  100 -  3 x l0 -8 D T  A th ix 2 „ ,2 -  2xl0~5 D T  A th ix 2 ,p -  0 .15  D T  (B.7)
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Appendix B4-Contour diagrams of residual bond under slanted shear stress
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Fig. B. 15 Contour diagram of residual 
bond under slanted shear stress-model in 
terms of J-ring flow index and delay time
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Fig. B. 16 Contour diagram of residual bond under 
slanted shear stress-model in terms of thixotropy 
index II determined using MK-III rheometer and 

delay time
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Fig. B.17 Contour diagram of residual bond 
under slanted shear stress-model in terms of 
thixotropy index I determined using PV test 

and delay time
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Fig. B. 18 Contour diagram o f  residual bond 
under slanted shear stress-model in terms of 

thixotropy index II determined using PV test and 
delay time
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Fig. B.19 Contour diagram of residual bond 
under slanted shear stress-model in terms of 
thixotropy index I determined using IP test 

and delay time
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Fig. B.20 Contour diagram of residual bond 
under slanted shear stress-model in terms of 
thixotropy index II determined using IP test 

and delay time

Appendix B5-Results of residual bond under direct shear stress

Table B.8 Results of specimens of mixture SCC2 unc er direct shear stress
DT, min Specimen code fsh', MPa Average COV RBos.%

0
SCC201 8.3

8.7 4.3 100SCC202 9.1
SCC203 8.9
SCC204 8.6

15 SCC2151 8.3
8.3 4.9 95SCC2152 8.7

SCC2153 7.9

20
SCC2201 8.0

8.3 4.0 96SCC2202 8.7
SCC2203 8.3

30 SCC2301 8.0
7.5 . 6.1 86SCC2302 7.1

SCC2303 7.5

40
SCC2401 7.1

7.5 4.9 86SCC2402 7.9
SCC2403 7.5

45
SCC2451 7.4

6.5 13.3 75SCC2452 5.7
SCC2453 6.5

60
SCC2601 6.7

6.4 5.5 73SCC2602 6.0
SCC2603 6.4
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Tab e B.9 Results of specimens of mixture SCC3 unc er direct shear stress
DT, min Specimen code fsh ',  MPa Average COV RBIKh%

0 SCC301 8.29
SCC302 8.60 8.4 1.8 100
SCC303 8.42

15 SCC3151 8.16
SCC3152 8.10 8.1 0.4 96
SCC3153 8.12

30 SCC3301 6.31
SCC3302 6.11 6.3 3.5 75
SCC3303 6.55

45 SCC3451 6.01
SCC3452 5.88 5.9 1.1 70
SCC3453 5.94

60
SCC3601 4.95
SCC3602 5.64 5.6 12.4 67
SCC3603 6.34

Table B.10 Results olF specimens of mixture SCC4 under direct shear stress
DT, min Specimen code fsh ', MPa Average COV RBnSh%

0
SCC401 10.3
SCC402 9.3 10.3 10.1 100
SCC403 11.4

15
SCC4151 7.8
SCC4152 8.4 8.4 7.0 81
SCC4153 9.0

30 SCC4301 8.1
SCC4302 9.8 8.9 10.0 87
SCC4303 8.9

45 SCC4451 6.0
SCC4452 4.9 6.0 18.1 58
SCC4453 7.1

60
SCC4601 6.6
SCC4602 6.6 6.6 0.1 64
SCC4603 6.6

Table B .l 1 Results o ' specimens of mixture SCC5 under direct shear stress
DT, min Specimen code fsh ', MPa Average COV RB/)Sh%

0 SCC501 10.5 •
SCC502 12.0 12.0 12.5 100
SCC503 13.5

15 SCC5151 10.9
SCC5152 11.0 10.9 0.7 91
SCC5153 11.0

30
SCC5301 8.6
SCC5302 8.4 8.5 1.4 71
SCC5303 8.5

45
SCC5451 8.0
SCC5452 8.0 8.0 0.7 66
SCC5453 7.9

60
SCC5601 6.8
SCC5602 6.0 6.8 11.5 57
SCC5603 7.6
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Table B.12 Results o specimens of mixture SCC6 under direct shear stress
DT, min Specimen code fsh ', MPa Average COV

0
SCC601 7.8

9.8 22.2 100SCC602 ’ 12.1
SCC603 9.5

15
SCC6151 8.9

9.7 7.8 99SCC6152 10.5
SCC6153 9.7

30
SCC6301 9.5

9.2 3.8 93SCC6302 8.8
SCC6303 9.2

45
SCC6451 4.9

4.7 3.7 48SCC6452 4.7
SCC6453 4.6

60
SCC6601 3.6

3.8 5.8 39SCC6602 3.8
SCC6603 4.0

Table B.13 Results o specimens of mixture SCC7 under direct shear stress
DT, min Specimen code fsh ', MPa Average COV RBosh%

0
SCC7501 10.3

11.4 9.7 100SCC702 12.5
SCC703 11.4

15
SCC7151 10.2

10.2 14.2 89.SCC7152 8.8
SCC7153 11.6

20
SCC7201 9.0

9.0 0.8 79SCC7202 9.0
SCC7203 9.1

30
SCC7301 8.7

8.6 5.8 76SCC7302 8.1
SCC7303 9.1

40
SCC7401 9.0

8.0 12.5 70SCC7402 8.0
SCC7403 7.0

45
SCC7451 4.6

4.6 13.6 41SCC7452 4.0
SCC7453 5.3

60
SCC7601 3.2

3.2 6.7 28SCC7602 3.4
SCC7603 3.0
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Table B. 14 Results o specimens of mixture SCC8 under direct shear stress
DT, min Specimen code fsh ', MPa Average COV RBDSh%

0 SCC801 12.5
SCC802 11.4 12.6 9.8 100
SCC803 13.9

15 SCC8151 9.4
SCC8152 10.1 9.4 7.2 75
SCC8153 8.8
SCC8201 8.7

20 SCC8202 10.6 9.7 9.8 77
SCC8203 9.7

30 SCC8301 8.0
SCC8302 4.4 6.2 29.4 49
SCC8303 6.2

45
SCC8451 4.6
SCC8452 4.5 4.6 1.0 36
SCC8453 4.6

60 SCC8601 2.0
SCC8602 2.1 2.0 5.0 16
SCC8603 1.9

100

y = -0.45x + 100.00 

R3 = 0.90

0 10 20 50 6030 40

D T ,  min

Fig. B.21 Variation of residual bond under direct shear stress with delay time of mixture
SCC2

100

y = -0.61 x +  100.00 

R2 = 0.90

0 10 20 50 6030 40

D T ,  min

Fig. B.22 Variation of residual bond under direct shear stress with delay time of mixture
SCC3
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Fig. B.23 Variation of residual bond under direct shear stress with delay time of mixture
SCC4
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Fig. B.24 Variation of residual bond under direct shear stress with delay time of mixture
SCC5
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Fig. B.25 Variation of residual bond under direct shear stress with delay time of mixture
SCC6
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Fig. B.26 Variation of residual bond under direct shear stress with delay time of mixture
SCC7
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Fig. B.27 Variation of residual bond under direct shear stress with delay time of mixture
SCC8

Appendix B6-Effect of rheology and delay time on residual bond under direct shear 
stress
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Fig. B.28 Variation of residual bond under direct shear stress with J-ring flow index and delay
time
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Fig. B.29 Variation of residual bond under direct shear stress with T50 index and delay time
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Fig. B.30 Variation of residual bond under slanted shear stress with thixotropy index I 
determined using PV test and delay time
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Fig. B.31 Variation of residual bond under slanted shear stress with thixotropy index n
determined using PV test and delay time
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Fig. B.32 Variation of residual bond under slanted shear stress with thixotropy index I
determined using IP test and delay time
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Fig. B.33 Variation of residual bond under slanted shear stress with thixotropy index II
determined using IP test and delay time

Appendix B7-Models of residual bond under direct shear stress

R B mh % = 100 - 0.0008 D T  J R F I  +0.0005 D T

R B DSh % = 100 -  0.2 D T  Ln T S O I  - 1.08 D T

R B DSh %  = 100 + 3 x l0 '7 D T  A t h i x l p v 2 - 0 . 0 0 1  D T  A t h i x l p y  - 0 . 2 3  D T

R B DSh %  =  100 -  0.22 D T  L n A t h i x 2 pv +1.22 D T

R B OSh %  =  100 - 0 . 7 3  D T  Ln A t h i x l  , p  + 3 . 3 6  D T

R B 0Sh %  = 100 -  2xl0"8 D T  A t h i x l lp2 - 0.0001 D T  A t h i x 2 lp -  0.45 D T

(B.8)

(B.9)

(B.10)

(B .ll)

(B.12)

(B.13)
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Appendix B8-Contour diagrams of residual bond under direct shear stress
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Fig. B.34 Contour diagram o f residual bond 
under direct shear stress-model in terms of 

J-ring flow index and delay time
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Fig. B.35 Contour diagram of residual bond 
under direct shear stress-model in terms of 

T50 index and delay time
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Fig. B.36 Contour diagram of residual bond 
under direct shear stress-model in terms of 

thixotropy index I determined using PV test 
and delay time
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Fig. B.37 Contour diagram o f residual bond 
under direct shear stress-model in terms of 

thixotropy index II determined using PV test 
and delay time
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Fig. B.38 Contour diagram of residual bond 
under direct shear stress-model in terms of 

thixotropy index I determined using IP test and 
delay time

C hapter 6-Perform ance o f  m ulti-layers casting
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Fig. B.39 Contour diagram o f residual bond 
under direct shear stress-model in terms of 

thixotropy index II determined using IP test and 
delay time

Appendix B9-Results of residual bond under flexural stress

Table B.15 Results of specimens of mixture SCC2 unc er flexural shear stress
DT, min Specimen code f f ,  MPa Average COV RBf %

SCC101 4.4
0 SCC 102 4.5 4.5 1.3 100

SCC 103 4.5
SCC1151 4.3

15 SCC 1152 4.3 4.3 0.6 95
SCC1153 4.3
SCC 1301 4.0

30 SCC 1302 3.6 4.1 14.2 91
SCC 1303 4.7
SCC 1451 • 3.9

45 SCC 1452 3.2 3.6 9.1 79
SCC 1453 3.6
SCC 1601 3.5

60 SCC 1602 3.4 3.5 4.6 79
SCC 1603 3.7
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Table B.16 Results of specimens of mixture SCC3 unc er flexural shear stress
DT, min Specimen code J f ,  MPa Average COV RBF%

0
SCC301 4.0

4.0 0.4 100SCC302 4.0
SCC303 4.0

15
SCC3151 3.8

3.8 2.3 93SCC3152 3.7
SCC3153 3.8

30
SCC3301 3.5

3.7 6.1 93SCC3302 4.0
SCC3303 3.7

45
SCC3451 3.7

3.2 32.5 80SCC3452 3.9
SCC3453 2.0

60
SCC3601 3.0

3.0 3.3 75SCC3602 3.1
SCC3603 2.9

Table B.17 Results of specimens of mixture SCC4 unc er flexural shear stress
DT, min Specimen code j f ,  MPa Average COV RBF%

0
SCC401 4.8

4.8 0.0 100SCC402 4.8
SCC403 4.8

15
SCC4151 4.6

4.7 3.3 98SCC4152 4.9
SCC4153 4.7

30
SCC4301 3.8

4.0 5.2 83SCC4302 4.2
SCC4303 4.0

45
SCC4451 3.9

3.9 7.7 81SCC4452 3.6
SCC4453 4.2

60
SCC4601 4.2

3.6 16.7 75SCC4602 3.0
SCC4603 3.6

Table B.18 Results of specimens of mixture SCC5 unc er flexural shear stress
DT, min Specimen code j f ,  MPa Average COV RBf %

0
SCC501 4.7

5.1 7.4 100SCC502 5.4
SCC503 5.1

15
SCC5151 4.8

4.7 4.4 92SCC5152 4.8
SCC5153 4.4

30
SCC5301 4.6

4.6 1.4 91SCC5302 4.6
SCC5303 4.5

45
SCC5451 4.2

3.9 8.7 76SCC5452 3.5
SCC5453 3.9

60
SCC5601 3.2

3.7 13.9 73SCC5602 4.2
SCC5603 3.7
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Table B.19 Results of specimens of mixture SCC6 unc er flexural shear stress
DT, min Specimen code j f ,  MPa Average COV RBf%

SCC601 3.4
0 SCC602 4.9 4.6 23.9 100

SCC603 5.5
SCC6151 4.5

15 SCC6152 4.3 4.3 5.3 94
SCC6153 4.1
SCC6301 ■3.9

30 SCC6302 3.8 3.7 7.5 81
SCC6303 3.4
SCC6451 3.7

45 SCC6452 3.5 3.6 3.2 7.9
SCC6453 3.6
SCC6601 2.5

60 SCC6602 3.2 3.2 24.0 71
SCC6603 4.0

Table B.20 Results of specimens of mixture SCC7 unc er flexural shear stress
DT, min Specimen code j f ,  MPa Average COV RBF%

SCC701 5.7
0 SCC702 6.4 6.0 6.4 100

SCC703 6.0
SCC7151 5.5

15 SCC7152 5.2 5.1 6.4 86
SCC7153 4.8
SCC7301 5.0

30 SCC7302 4.1 4.7 10.9 79
SCC7303 5.0
SCC7451 4.0

45 SCC7452 4.4 4.2 4.5 71
SCC7453 4.3
SCC7601 3.6

60 SCC7602 3.8 3.7 3.4 61
SCC7603 3.6

Table B.21 Results of specimens of mixture SCC8 unc er flexural shear stress
DT, min Specimen code j f . MPa Average COV RBf%

SCC801 6.6
0 SCC802 6.6 6.6 0.3 100

SCC803 6.6
SCC8151 4.9

15 SCC8152 4.9 5.4 19.1 83
SCC8153 6.6
SCC8301 5.2

30 SCC8302 5.0 4.9 6.8 74
SCC8303 4.5
SCC8451 4.4

45 SCC8452 4.5 4.3 8.7 65
SCC8453 3.8
SCC8601 3.9

60 SCC8602 3.9 3.9 0.2 59
SCC8603 3.9
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Fig. B.40 Variation of residual bond under flexure stress with delay time of mixture SCC2
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Fig. B.41 Variation of residual bond under flexure stress with delay time of mixture SCC3
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Fig. B.42 Variation of residual bond under flexure stress with delay time of mixture SCC4
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Fig. B.43 Variation of residual bond under flexure stress with delay time of mixture SCC5
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Fig. B.44 Variation of residual bond under flexure stress with delay time of mixture SCC6
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Fig. B.45 Variation of residual bond under flexure stress with delay time of mixture SCC7
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Fig. B.46 Variation of residual bond under flexure stress with delay time of mixture SCC8

Appendix B 10-Effect of rheology and delay time on residual bond under flexure stress
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Fig. B.47 Variation of residual bond under flexure stress with J-ring flow index and delay time
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Fig. B.48 Variation of residual bond under flexure stress with T50 index and delay time
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Fig. B.49 Variation of residual bond under flexure stress with thixotropy index I determined
using PV test and delay time
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Fig. B.50 Variation of residual bond under flexure stress with thixotropy index II determined
using PV test and delay time
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Fig. B.51 Variation of residual bond under flexure stress with thixotropy index I determined
using IP test and delay time

282



A ppendix B Chapter 6-Perform ance o f  m ulti-layers casting

D 7 — 0  min

y  =  -3E-07xJ • 0 .0002k  +  54.304

y  = -5E-07X2 - 0.0004x + 89.007

j  =  -8E-07*2 • 0,0006* 4  83.511

y =  -IE -06*2 - 0 .C00&  +  78,015 
=  0.9701

200 600 1000 1400 1800 2200 2600 3000 3400 3800 4200 4600 5000

A tM i^ s? .  P a  P o  n im

Fig. B.52 Variation of residual bond under flexure stress with thixotropy index II determined
using IP test and delay time

Appendix BII-Models of residual bond under flexural shear stress

R B F %  =  1 0 0  -  7 x 1 0 %D T  J R F / 2 -  0 . 0 0 0 2 D T  J R F I  -  0 .21 D T  (B.14)

R B f  %  =  1 0 0  +  0 .3  D T  T 5 0 1 2 -  0 .6 3  D T  T 5 0 I  -  0 .3 4  D T  (B.I5)

R B f %  =  1 0 0  -  0 . 0 0 0 4 D T  A t h i x l PV -  0 . 2 8 D T  (B.16)

R B F %  =  \ m  -  0 .1 1  D r  U i A t h i x 2 p v  + 0 .4 6  D T  (B.17)

R B f %  =  1 0 0  -  0.001 D r  A th ix J lp -  0 .16D T  (B.18)

R B f %  =  1 0 0  -  2x10"* D T  A t h i x 2 w 2 -  lx l0~5 D T  A t h i x 2 lp -  0 .3 7  D T  (B.19)
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Appendix B12-Contour diagrams of residual bond under flexural shear stress
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Fig. B.53 Contour diagram of residual bond under 
flexure stress-model in terms of J-ring flow index 

and delay time
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Fig. B.54 Contour diagram of residual bond under 
flexure stress-model in terms of T50 index and 

delay time
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Fig. B.55 Contour diagram of residual bond under 
flexure stress-model in terms of thixotropy index I 

determined using PV test and delay time
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Fig. B.56 Contour diagram of residual bond under 
flexure stress-model in terms of thixotropy index II 

determined using PV test and delay time
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Fig. B.57 Contour diagram of residual bond under 
flexure stress-model in terms of thixotropy index I 

determined using IP test and delay time
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Fig. B.58 Contour diagram of residual bond under 
flexure stress-model in terms of thixotropy index II 

determined using IP test and delay time

Appendix B 13-Results of residual water permeability resistance

0,6
£  0 , 5 SteadyU.
I  0 , 4

■ 5  0 . 3
<u
E 0,2
3
O>

2.1 MPa 3.4 MPa 5.5 MPa0,0
60 8 00 20 40

-  0 , 0 6

Flow rate

4
y = 0.0545 x

o
y  0 . 0 3 (a) 

3.4 MPa

Time, hr

0 , 3 0

0 , 2 5

0,20

0 , 1 5
Flow rate

0,10 5.5 MPa
y = 0.0545 x0 , 0 5

0,00
1 0  1 5

Time, hr
2 5 0 5  1 0  1 5

Time, hr

Fig. B.59 Typical raw data of water permeability test for sample SCC401
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Table B.22 Results of specimens of mixture SCC2 under water permeability

DT, min Specimen
code

K„y. 10B, cm/hr under water pressure of Average c o v Rp%
= 2.1 MPa = 3.4 MPa = 5.5 MPa

0 SCC201 7.71 - - 4.1 - 100
SCC202 - - 0.56

20 SCC2201 9.76 1.39 -
5.6 - 74

SCC2202 - - -

40 SCC2401 - - 7.03 7.5 6.6 55SCC2402 7.53 - 8.03

60 SCC2601 8.18 7.88 8.48 8.2 3.7 51SCC2602 - - -

Table B.23 Results of specimens of mixture SCC3 under water permeability

D T ,  min Specimen
code

A'nX 10s, cm/hr under water pressure of Average COV R p %
= 2.1 MPa = 3.4 MPa = 5.5 MPa

0 SCC301 - 0.37 —
0.5 - 100

SCC302 - - 0.59

20 SCC3201 - 0.61 0.79 0.7 - 69SCC3202 - - -

40 SCC3401 0.98 - 1.06 1.0 8.2 49SCC3402 9.00 - -

60 SCC3601 - - -
2.0 - 31SCC3602 - 1.95 1.97

Table B.24 Results of specimens of mixture SCC4 under water permeability

DT, min Specimen
code

K„x 10s, cm/hr under water pressure of Average COV Rp%
= 2.1 MPa = 3.4 MPa = 5.5 MPa

0 SCC401 - 1.14 1.05 1.1 6.3 100
SCC402 - 1.19 -

20 SCC4201 2.15 2.11 -  '
2.2 1.7 53SCC4202 2.19 2.12 -

40 SCC4401 3.32 - -
2.8 - 35SCC4402 3.10 - -

60 SCC4601 4.61 - -
6.2 - 18

SCC4602 7.88 - -

Table B.25 Results of specimens of mixture SCC5 under water permeability
D T ,  min Specimen

code
K„x 108, cm/hr under water pressure of Average COV R p %

= 2.1 MPa = 3.4 MPa = 5.5 MPa

0 SCC501 0.73 - -
0.4 - 100SCC502 - - 0.10

20 SCC5201 - 0.71 -
0.7 - 59

SCC5202 - 0.70 -

40 SCC5401 - - 1.74 1.5 - 29
SCC5402 ■ - 1.16

60
SCC5601 14.19 - -

14.9 - 3
SCC5602 15.62 - -
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Table B.26 Results of specimens of mixture SCC6 under water permeability
DT, min Specimen

code
K„x 108, cm/hr under water pressure of Average COV Rp%

= 2.1 MPa = 3.4 MPa = 5.5 MPa

0 SCC601 - 0.53 -
0.6 - 100

SCC602 - - 0.68

20 SCC6201 - 1.42 0.66 1.0 - 58
SCC6202 - - -

40 SCC6401 - - -
4.9 - 12

SCC6402 8.65 - 1.09

60 SCC6601 32.71 - 16.44 24.6 - 3
SCC6602 - - -

Table B.27 Results of specimens of mixture SCC7 under water permeability
D T , min Specimen

code
K„x 108, cm/hr under water pressure of Average COV R p %

= 2.1 MPa = 3.4 MPa = 5.5 MPa

0 SCC701 - - 0.35 0.4 - 100
SCC702 - - 0.50

20 SCC7201 1.72 - -
1.3 - 33SCC7202 - 0.85 -

40 SCC7401 8.84 - -
9.0 - 5SCC7402 9.15 - -

60 SCC7601 10.52 - -
10.0 - 4

SCC7602 9.52 - -

Table B.28 Results of specimens of mixture SCC8 under water permeability
DT, min Specimen

code
K„x 10s, cm/hr under water pressure of Average COV Rp%

= 2.1 MPa = 3.4 MPa = 5.5 MPa

0 SCC801 - - 0.50 0.5 2.0 100
SCC802 - 0.51 0.52

20 SCC8201 0.86 - -
1.1 18.9 48SCC8202 1.26 1.06 -

40 SCC840I 11.87 - -
11.9 9.3 4

SCC8402 10.77 12.97 -

60 SCC8601 20.58 - -
21.9 5.9 2

SCC8602 21.88 23.18

100

90
I AA "0-013xy=  lOOe 

R2 = 0.9480

70

60

50

40
600 10 20 5030 40

D T , min

Fig. B.60 Variation in residual water permeability resistance with delay time of mixture SCC2
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Fig. B.61 Variation in residual water permeability resistance with delay time of mixture SCC3
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Fig. B.62 Variation in residual water permeability resistance with delay time of mixture SCC4
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Fig. B.63 Variation in residual water permeability resistance with delay time of mixture SCC5
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Fig. B.64 Variation in residual water permeability resistance with delay time of mixture SCC6
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Fig. B.65 Variation in residual water permeability resistance with delay time of mixture SCC7
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Fig. B.66 Variation of residual water permeability resistance with delay time of mixture SCC8
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Appendix B 14-Effect of rheology and delay time on residual water permeability 
resistance

y = 3 9 5 5 4 x 10 

y  =  1 5 6 4 5178x '20  
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R2 =  0 .8 5
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Fig. B.67 Variation in residual water permeability resistance with J-ring flow index and delay
time
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Fig. B.68 Variation in residual water permeability resistance with T50 index and delay time
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Fig. B.69 Variation in residual water permeability resistance with first thixotropy index
determined with PV test and delay time
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Fig. B.70 Variation in residual water permeability resistance with second thixotropy index
determined with PV test and delay time
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Fig. B.71 Variation in residual water permeability resistance with first thixotropy index
determined with IP test and delay time
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Fig. B.72 Variation in residual water permeability resistance with second thixotropy index
determined with IP test and delay time
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Appendix B 15-Models of residual water permeability resistance

R P %  =  1 0 0  e03or J R F 1  -005 o r -9x10"6 (B.20)

R p %  =  lO O e -00707 T 5 0 I 2xUS~'6-002DT (B.21)

R p %  =  (0 .0 0 0 0 6  D T 2 - 0 .0 0 6 8  D T  - 0 .0 0 2 )  A  t h i x l pv +  100 .3  (B.22)

R p %  =  ( 0 .0 0 0 0 4  D T 2 - 0 . 0 9  D T  + 1 0 0 )  e(4xl<r'7 (B. 23)

R p %  =  1 0 0  e023m A t h i x l lp0(m0'-°m m (B.24)

R p %  =  1 0 0  e0,l/r/ A t h i x 2 lp~°02DT - 2xl0' 16 (B.25)

Appendix B 16-Contour diagrams of residual water permeability resistance
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Appendix B17-Diagrames of critical delay time to secure 90% of ideal bond in multi
layers casting
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Fig. B.78 Variation in critical delay time with J-ring flow index and performance testing
method
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Fig. B.79 Variation in critical delay time with T50 index and performance testing method
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Fig. B.80 Variation in critical delay time with second thixotropy index determined with MK-
III rheometer and performance testing method
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Fig. B.81 Variation in critical delay time with first thixotropy index determined with PV test
and performance testing method
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Fig. B.82 Variation in critical delay time with second thixotropy index determined with PV
test and performance testing method
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Fig. B.83 Variation in critical delay time with first thixotropy index determined with IP test
and performance testing method
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70
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Fig. B.84 Variation in critical delay time with second thixotropy index determined with IP test
and performance testing method

Appendix B 18-Equations of critical delay time

= (4.84 R B SSh - 484) In J R F I  - 37 R B SSh + 3697 . (B.26)

= (1 .36  R B DSh- 136) In J R F I  - 10.7 R B DSh+  1074 (B.27)

= 5xl0~5 (1-0.01 RBf  ) JRFI2 + (0.002 R B f -0 .24) JRFI -  3.96 RBf  +396 (B.28)

=  (18844786-4092093 Ln R p ) J R F I ~ 1 1 (B.29)

=  (1 9 8  - 1 .9 8  R B ssh) T 5 0 I -°37 (B.30)

=  (9 4 .7  - 0 .9 4 7  R B DSh) T 5 0 I * 25 (B.31)

=  ( 1 6 1 - 1 . 6 1  R B f ) T 5 0 r OA1 (B.32)

=  (83^5 - 1 8 .2  ln  R B wp) T 5 0 I  ~°4 (B.33)

=  (8 9 7 4  - 8 9 .7 4  R B SSh) A  thix2 MK _m 4,4 (B.34)

=  (1 0 8 2 - 1 0 .8 2  R B DSh) A  thix2 MK_m  °'28 (B.35)

=  (9 7 1  - 9 .7 1  R B f ) A t h i x 2 MK_m -°2] (B.36)

= ( 1 6 8 8 9 0 7 5 6  - 3 6 6 2 3 2 7 7  ln  R  p ) A t h i x l  MK _ 1 U 2 (B.37)

=  ( 8 2 3 1 7  - 8 2 3 .1 7  RBf ) A t h i x l p v " ° 9 (B.38)
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tc = (4907 - 49.07 RBf ) A th ix lpv "°6 (B.39)

tc =  (0.82 RBf  - 81.9) ln A t h i x l pv - 7.17 RBf  + 717 (B.40)

tc = (83785 - 18194 ln RBf ) A th ix l  PVA 03 (B.4i)

te = (16115- 161 RBf ) A thix2pv "°'43 (s.42)

tc = ( 1605 -16.05 RBf  ) A th ix 2 pv ~°28 (B.43)

tc =  (1225 - 12.3 RBf  ) A th ix 2 pv ~°'2 (B.44)

tc = (9874 - 2144 ln RBf ) A t h i x 2 pv (B.45)

tc = (1116155 -11145 R B SSh) A t h i x l IP ]A2 (B.46)

tc = (24687 - 247 R B DSh) A t h i x lIP~°9 (B.47)

tc = (1.29 RBf  -1 2 9 ) Ln A t h i x l IP - 9.47 RBf  + 947 (B.48)

tc = (1311692 - 284830 ln R p) A th ix l lp h59 (B.49)

t c =  (736 - 7.36 R B ssh) e-0 0004/,'‘“2» (B.5o)

= (0.53 R B DSh - 53.2) ln A th ix 2 IP - 5.27 R B DSh + 5 2 7  (B.5i)

= (293 - 2.93 R B f ) e (-0000,8^ /!iAr2"’ > (B.52)

t c = (22619 - 4912 ln R p) A  thix2lp 07 (B.53)
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Appendix B19- Effect of disturbing duration and delay times on residual bond under 
direct shear stress

Table B.29 Results of specimens of mixture SCC2 under direct shear stress

DT, min AT, sec Specimen code f s \  MPa Average COV RBosh%
SCC2205 6.6

5 SCC2205 8.2 8.2 19.6 92
SCC2205 9.9

SCC22010 8.3
10 SCC22010 7.8 8.3 5.6 93

20 SCC22010 8.8
SCC22015 7.1

15 SCC22015 9.8 8.5 22.1 95
SCC22015 -

SCC22020 7.8
20 SCC22020 9.1 8.5 7.7 95

SCC22020 8.5
SCC2405 7.6

5 SCC2405 8.7 8.2 9.4 91
SCC2405 -

SCC24010 8.2
10 SCC24010 7.8 8.2 5.6 92

40 SCC24010 8.7
SCC24015 8.1

15 SCC24015 8.5 8.3 3.2 93
SCC24015 -

SCC24020 9.1
20 SCC24020 8.3 8.6 5.1 96

SCC24020 8.3
SCC2605 7.3

5 SCC2605 8.4 7.4 12.2 83
SCC2605 6.6

SCC26010 7.4
10 SCC26010 8.5 ’ 7.5 12.2 85

60 SCC26010 6.7
SCC26015 7.2 •

15 SCC26015 9.1 8.2 17.1 91
SCC26015 -

SCC26020 8.8
20 SCC26020 8.1 8.5 4.0 95

SCC26020 8.5
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Table B.30 Results of specimens of mixture SCC3 under direct shear stress

DT, min AT, sec Specimen code fs ',  MPa Average COV RBosh%
SCC3205 9.2

5 SCC3205 9.6 9.8 6.8 .90
SCC3205 10.5

SCC32010 10.6
10 SCC32010 10.1 10.1 5.3 93

20
SCC32010 9.5
SCC32015 10.7

15 SCC32015 11.0 10.9 1.7 100
SCC32015 -
SCC32020 10.0

20 SCC32020 11.7 10.9 10.9 100
SCC32020 -
SCC3405 8.5

5 SCC3405 7.2 7.8 11.7 72
SCC2405 -

SCC34010 8.4
10 SCC34010 9.8 9.1 10.9 84

40 SCC34010 -
SCC34015 10.1

15 SCC34015 9.6 9.9 2.9 91
SCC34015 10.0
SCC34020 10.2

20 SCC34020 10.7 10.5 3.0 96
SCC34020 -
SCC3605 6.6

5 SCC3605 6.6 6.6 0.2 61
SCC3605 -

SCC36010 8.8
10 SCC36010 9.5 8.6 11.6 79

60 SCC36010 7.5
SCC36015 8.9

15 SCC36015 9.2 9.1 2.4 83
SCC36015 -
SCC36020 9.9

20 SCC36020 10.1 10.0 1.7 92
SCC36020 -
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Table B.31 Results of specimens of mixture SCC4 under direct shear stress

DT, min AT, sec Specimen code f s \  MPa Average COV RBosh%
SCC4205 6.8

5 SCC4205 10.9 8.8 33.1 67
SCC4205 -

SCC42010 10.3
10 SCC42010 10.4 10.3 0.7 79

20 SCC42010 -

SCC42015 12.1
15 SCC42015 11.6 11.8 3.2 90

SCC42015 -

SCC42020 12.8
20 SCC42020 13.4 ' 13.1 3.1 100

SCC42020 -

SCC4405 9.4
5 SCC4405 5.2 7.3 41.3 56

SCC4405 -

SCC44010 7.6
10 SCC44010 11.2 9.4 27.0 72

40 SCC44010 -

SCC44015 11.9
15 SCC44015 9.9 10.9 13.0 83

SCC44015 -

SCC44020 12.0
20 SCC44020 11.5 11,7 3.2 90

SCC44020 -

SCC4605 • 7.3
5 SCC4605 7.2 7.2 0.8 55

SCC4605 -

SCC46010 8.8
10 SCC46010 10.3 9.6 10.6 73

60 SCC46010 -

SCC46015 10.6
15 SCC46015 9.8 10.7 8.9 82

SCC46015 11.7
SCC46020 10.0

20 SCC46020 11.6 10.8 7.2 82
SCC46020 10.8
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Table B.32 Results of specimens of mixture SCC5 under direct shear stress

DT, min AT, sec Specimen code f s \  MPa Average COV RBosh%
SCC5205 5.4

5 SCC5205 7.0 6.4 13.1 53
SCC5205 6.7

SCC52010 8.3
10 SCC52010 8.5 8.4 1.6 71

20 SCC52010 -

SCC52015 9.6
15 SCC52015 10.4 10.0 “ 6.0 84

SCC52015 -

SCC52020 12.4
20 SCC52020 11.0 11.7 8.0 98

SCC52020 -

SCC5405 5.3
5 SCC5405 5.7 5.5 5.5 46

SCC5405 -

SCC54010 7.4
10 SCC54010 8.3 7.8 8.4 66

40 SCC54010 -

SCC54015 8.0
15 SCC54015 11.7 9.8 26.4 82

SCC54015 -

SCC54020 10.5
20 SCC54020 9.8 10.2 4.6 85

SCC54020 -

SCC5605 3.8
5 SCC5605 4.2 4.0 6.7 34

SCC5605 -

SCC56010 6.3
10 SCC56010 8.0 7.1 16.9 60

60 SCC56010 -

SCC56015 8.3
15 SCC56015 10.1 9.2 13.6 77

SCC56015 -

SCC56020 9.3
20 SCC56020 10.1 9.2 11.0 77

SCC56020 8.1
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Table B.33 Results of specimens of mixture SCC6 under direct shear stress

DT, min AT, sec Specimen code f s \  MPa Average COV RB/)Sh%
SCC6205 6.2

5 SCC6205 3.7 4.9 34.8 43
SCC6205 -

SCC62010 7.7
10 SCC62010 6.6 7.1 10.4 62

20 SCC62010 -

SCC62015 8.0
15 SCC62015 7.8 7.9 2.5 68

SCC62015 -

SCC62020 11.6
20 SCC62020 11.6 11.6 0.5 100

SCC62020 -

SCC6405 4.4
5 SCC6405 5.3 4.9 13.0 42

SCC6405 -

SCC64010 6.8
10 SCC64010 7.3 7.0 5.6 61

40 SCC64010 -

SCC64015 7.7 7.9 3.9 68
15 SCC64015 8.1

SCC64015 -

SCC64020 10.2
20 SCC64020 10.0 10.1 1.2 87

SCC64020 -

SCC6605 4.6
5 SCC6605 6.8 4.9 37.8 42

SCC6605 3.2
SCC66010 6.6

10 SCC66010 4.2 5.4 30.7 47

60 SCC66010 -

SCC66015 7.4
15 SCC66015 7.8 7.6 2.6 66

SCC66015 7.6
SCC66020 9.4

20 SCC66020 10.5 10.0 7.4 86
SCC66020 -
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Table B.34 Results of specimens of mixture SCC7 under direct shear stress

DT, min AT, sec Specimen code f s \  MPa Average COV RBDsh%
SCC7205 9.3

5 SCC7205 9.5 10.4 16.1 67
SCC7205 12.3

SCC72010 10.6
10 SCC72010 10.2 10.9 8.7 70

20 SCC72010 12.0
SCC72015 12.8

15 SCC72015 12.1 12.5 4.0 80
SCC72015 -

SCC72020 16.0
20 SCC72020 15.0 15.5 3.2 100

SCC72020 15.6
SCC7405 8.1

5 SCC7405 8.7 8.4 4.6 54
SCC7405 -

SCC74010 10.9
10 SCC74010 7.4 9.2 27.4 59

40 SCC74010 -

SCC74015 11.1
15 SCC74015 10.2 10.6 5.9 68

SCC74015 -

SCC74020 14.0
20 SCC74020 13.3 14.1 6.5 91

SCC74020 15.1
SCC7605 7.4

5 SCC7605 7.1 7.2 2.8 47
SCC7605 -

SCC76010 9.4
10 SCC76010 7.8 8.7 9.8 56

60 SCC76010 9.0
SCC76015 10.8

15 SCC76015 10.4 10.5 3.3 67
SCC76015 10.1
SCC76020 14.0

20 SCC76020 11.1 12.5 16.7 81
SCC76020 -
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Table B.35 Results of specimens of mixture SCC8 under direct shear stress

DT, min AT, sec Specimen code fs ',  MPa Average COV RBosh%
SCC8205 9.8

5 SCC8205 9.9 9.8 1.2 62
SCC8205 -

SCC82010 11.9
10 SCC82010 11.4 11.7 3.6 73

20 SCC82010 -

SCC82015 12.6
15 SCC82015 12.7 12.7 0.5 79

SCC82015 -

SCC82020 15.0
20 SCC82020 16.1 15.9 5.4 100

SCC82020 16.7
SCC8405 8.8

5 SCC8405 9.2 9.0 3.6 56
SCC8405 -

SCC84010 11.3
10 SCC84010 11.8 11.5 2.6 72

40 SCC84010 -

SCC84015 12.4
15 SCC84015 12.6 12.5 0.8 78

SCC84015 -

SCC84020 12.4
20 SCC84020 13.9 13.1 8.1 82

SCC84020 -

SCC8605 7.5
5 SCC8605 8.0 7.7 4.1 48

SCC8605 7.5
SCC86010 11.0

10 SCC86010 9.0 9.9 10.1 62

60 SCC86010 9.8
SCC86015 10.8

15 SCC86015 12.3 11.8 7.3 74
SCC86015 12.4
SCC86020 12.7

20 SCC86020 12.1 12.2 4.2 76
SCC86020 11.7
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Fig. B.85 Variation in residual bond under direct shear with disturbing time and delay time of
mixture SCC2

100 

95 

90

# 85 
g 80oa

“S 75 

70  

65 

60
5 10 15 20

td i s ,  S

Fig. B.86 Variation in residual bond under direct shear with disturbing time and delay time of
mixture SCC3

O  40 min O 60 min

100

90

#  80 

i
§  70

60  

50

5 10 15 20
t d i s , s

Fig. B.87 Variation in residual bond under direct shear with disturbing time and delay time of
mixture SCC4
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Fig. B.88 Variation in residual bond under direct shear with disturbing time and delay time of
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Fig. B.89 Variation in residual bond under direct shear with disturbing time and delay time of
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Fig. B.90 Variation in residual bond under direct shear with disturbing time and delay time of
mixture SCC7
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Fig. B.91 Variation in residual bond under direct shear with disturbing time and delay time of
mixture SCC8 

Appendix B20-Equations of disturbing time

tdis =  (35.3 - 0 .32  D T ) L n J R F I  + 2 .43  D T  - 237  (B.54)

t dis =  (21.8 - 0.23 D T ) L n T S O I  - 0 .22  D T  + 4 8 .6  (B.55)

t dls =  (46  - 0.47 D T ) L n  A  Mxipv + 3 D T  - 268 (B.56)

tdis =  (24 .6  - 0 .26  D T  ) L n A  thix2 FV + 2 .42  D T  - 204  (B.57)

td.s =  (74.7 - 0 .76  D T ) L n  Athixi,p + 4 .4 6  D T  - 4 1 0  (B.58)

tdis = (1 4 .8  - 0 .14  D T )  L n  Athix2 lp+ 1.3 D T  - 103 (B.59)

A  DT = 20 mm □  40 min O 60 min
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Appendix B21-Contour diagrams of disturbing time required to secure a residual bond 
under direct shear stress of 90%
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Fig. B.96 Contour diagram of disturbing time-model in terms of second thixotropy index
determined with IP test and delay time
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APPENDIX C: CHAPTER 7 -  SURFACE QUALITY OF SCC
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APPENDIX D: CHAPTER 8 -  EFFECT OF MIX DESIGN ON WORKABILITY, 
THIXOTROPY, AND RHEOLOGY

Appendix D1 - Workability

Effect of mixture parameters on workability
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Appendix D2 - Thixotropy

Effect of mixture parameters on thixotropy
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