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ABSTRACT 

 

 

MODELLING THE FRESH PROPERTIES OF SELF COMPACTING 
CONCRETE UTILIZING STATISTICAL 

DESIGN OF EXPERIMENT TECHNIQUES 
 
 

Eroğlu, Levent 

M.S., Department of Civil Engineering 

Supervisor: Assoc. Prof. Dr. İ. Özgür Yaman 

 

February 2007, 112 pages 

 

 

 

Self compacting concrete (SCC) is first developed in Japan in the late 1980s in 

order to overcome the consolidation problems associated with the presence of 

congested reinforcement. It is also termed as a high performance concrete, as it 

can flow under its own weight and completely fill the formworks. As the fresh 

properties of SCC are quite important, mix design of a SCC is performed by 

considering various workability related fresh properties. Therefore, a well 

designed SCC should satisfy all requirements of a hardened concrete, besides 

its superior workability properties.  
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The aim of this research is to assess the effects of some basic ingredients of 

SCC on the fresh properties of SCC. This will be performed by applying 

design of experiment techniques and obtaining significant statistical models, 

which will give valuable information about the effects of the model parameters 

on the rheology and fresh state characteristics of SCC. 

 

In this research program, four different variables; use of fly ash replacement, 

use of high range water reducing admixture (HRWRA), use of viscosity 

modifying admixtures (VMA) and water-cementitious material ratio, are 

considered as the variables of the experimental design. Central Composite 

Design (CCD), a design of experiment technique, is employed throughout the 

experimental program and a total of 21 mixtures of concrete are cast. Slump 

flow, V-funnel, L-box, sieve segregation, initial and final setting time tests are 

performed, furthermore; to investigate the effects of these variables to the 

rheology of SCC, relative plastic viscosity and relative yield stress, which are 

the parameters of Bingham Model are measured with the help of a concrete 

rheometer. 

 

As a result of the experimental program, the fresh state properties of SCC are 

expressed by mathematical equations. Those equations are then used in order 

to explain the effects of fly ash replacement, HRWRA and VMA 

concentration, and the w/cm ratio on the fresh state properties of SCC. 

According to the derived models, it is stated that the water-cementitious 

material ratio of the concrete mixture is the most effective parameter on the 

flowability and passing ability of SCC beside the other parameters utilized in 

this research as its coefficient was the highest in the related models.  

 

Keywords: Self Compacting Concrete, Design of Experiment, Central 

Composite Design, Statistical Models, Rheology. 
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ÖZ 

 

 

KENDİLİĞİNDEN YERLEŞEN BETONUN  

TAZE ÖZELİKLERİNİN İSTATİKSEL DENEY TASARIM 

TEKNİKLERİNDEN FAYDALANILARAK MODELLENMESİ 

 

 

Eroğlu, Levent 

Yüksek Lisans, İnsaat Mühendisliği Bölümü 

Tez Yöneticisi: Doç. Dr. İ. Özgür Yaman 

Şubat 2007, 112 sayfa 

 

 

 

Kendiliğinden yerleşen beton (KYB) ilk olarak 1980’lerin sonlarında, yoğun 

donatı kullanımıyla ilgili yerleşme problemlerini ortadan kaldırmak üzere 

Japonya’da geliştirilmiştir. Kendi ağırlığı ile akabilmesi ve kalıba kolayca 

yerleşebilme özeliği nedeniyle yüksek performanslı beton olarak da 

tanımlanabilmektedir. Bu nedenle, KYB’nin taze özellikleri bir hayli önemlidir. 

KYB’nin karışım tasarımı, işlenebilme ile ilgili taze haldeki özelikleri göz önünde 

tutularak yapılmaktadır. Bu yüzden, iyi tasarlanmış bir KYB, üstün işlenebilme 

özelikleri yanında sertleşmiş betonun bütün gereksinimlerini yerine getirmelidir. 

 

 vi



Bu araştırmanın amacı, KYB’nin bazı temel bileşenlerinin, KYB’nin taze haldeki 

özeliklerine etkilerini değerlendirmektir. Bu olay, deney tasarım teknikleri 

uygulanılarak ve KYB’nin reolojisi ve taze haldeki karakteristikleri hakkında 

önemli bilgiler verecek olan anlamlı istatiksel modeller elde edilerek 

gerçekleştirilecektir. 

 

Bu araştırma programında, uçucu kül kullanımı, yüksek oranda su azaltıcı 

kullanımı, viskosite düzenleyici katkı kullanımı ve su-bağlayıcı oranı, deneysel 

tasarımın dört farklı değişkeni olarak düşünülmüştür. Deneysel program 

çerçevesinde, bir deney tasarım tekniği olan “merkezi kompozit dizayn” 

kullanılmış ve toplam 21 beton karışımı dökülmüştür. Yayılma, V-hunisi, L-

kutusu, segregasyon oranı ve priz alma zamanları testleri gerçekleştirilmiştir. 

Ayrıca değişkenlerin KYB’nin reolojisine etkilerini araştırmak için, Bingham 

Modelinin parametreleri olan göreli akma dayanamı ve göreli plastik viskositesi 

beton reometresi kullanılarak ölçülmüştür. 

 

Bu deneysel programın sonucu olarak, KYB’nin taze haldeki özelikleri 

matematiksel denklemlerle ifade edilmiştir. Bu denklemler daha sonra uçucu kül, 

yüksek oranda su azaltıcı ve viskosite düzenleyici katkıların konsantrasyonlarının 

ve su-bağlayıcı oranının KYB’nin taze haldeki özeliklerine etkilerini açıklamak 

için kullanılmıştır. Beton karışımının su-bağlayıcı oranı, bu çalışmada kullanılan 

parametreler ile elde edilen ilgili modellerde en yüksek katsayıya sahip olması 

nedeniyle KYB’nin yayılma ve dar geçitlerden geçebilme özeliği üzerinde en etkili 

parametre olduğu ifade edilmiştir.  

 

Anahtar Kelimeler: Kendiliğinden yerleşen beton, Deney tasarımı, Merkezi 

kompozit dizayn, İstatiksel model, Reoloji. 
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CHAPTER 1 
 

 

INTRODUCTION 

 

 

 

1.1 General 

 

Self compacting concrete (SCC), also known as self consolidating concrete or high 

performance concrete, is termed as a highly flowable concrete that can be placed 

in its formwork by its own weight. The concept of self compacting concrete was 

first proposed in 1986 by Okamura to increase the durability of concrete by 

increasing its workability and construction quality [Okamura and Ouichi, 2003]. It 

was proposed that problems related to inadequate compaction can be eliminated by 

self compacting concrete, which consolidates under its own weight without any 

extra vibration effort. There are also other advantages of SCC such as reduction of 

construction period, better compaction especially in the case of congested 

reinforcement and low labor cost. Because of these superior workability properties 

SCC is also called as high performance concrete in the concrete technology. 

 

Properly designed SCC should have low resistance to flow to insure high 

flowability and should have moderate viscosity to maintain a homogenous 

deformation [Khayat, 1999]. Incorporation of high range water reducing 

admixtures (HRWRA), limitation of coarse aggregate content and maximum 

aggregate size, and use of low water-cementitious material ratio or viscosity 
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modifying admixtures (VMA) are often utilized to achieve self compactibility 

properties. 

 

To achieve SCC, various methods are used by researchers. Optimizing the particle 

size distribution of binding materials, especially increasing the quantity of fine 

materials such as fly ash or limestone filler in concrete is a cost effective method 

for achieving SCC [Bouzoubaa N., et al., 2001; Saak A.W. et al., 2001]. Another 

proposed method to achieve SCC is to assume concrete to be composed of two 

main constituents, mortar and coarse aggregates and to adjust the rheology of 

mortar by incorporating high range water reducers [Okamura and Ouchi, 2003; 

Saak A.W et al., 2001]. 

 

In order to obtain high flowability, new generation high range water reducing 

admixtures (HRWRA) are incorporated into the SCC mixtures which may lead to 

a reduction in segregation resistance. Therefore, in order to avoid segregation upon 

HRWRA addition, the fine aggregate content of the mixture is usually increased. 

Another way to reduce the risk of segregation is to use of HRWRA along with 

viscosity modifying admixtures and thus, SCC mixtures with a low yield stress 

together with moderate viscosity can be produced.  

 

As the fine aggregate content increases, SCC is typically proportioned with 

relatively higher content of cementitious material and chemical admixtures, which 

makes SCC relatively expensive. One solution to reduce the high cost and obtain 

SCC characteristics is to use supplementary cementing materials such as fly ash, 

and to increase the fine material content such as limestone filler. Several studies 

have been conducted about this issue, especially about high volume of fly ash 

replacement in SCC [Bouzoubaa N. et al., 2001; Şahmaran M., 2006].  These 

investigations show that the use of fly ash in concrete reduces the required dosage 
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of HRWRA and improves the mechanical properties and durability of concrete 

[Bilodeau A. et al., 1994]. 

 

1.2 Research Objectives and Scope 

 

The objective of this thesis is to investigate the effects of several constituents on 

the fresh properties of SCC. The effects of these constituents are investigated by a 

statistical analysis technique called design of experiments, more specifically the 

Central Composite Design (CCD). In this research, percentage of fly ash 

replacement, percentage of high range water reducing admixture (HRWRA), 

percentage of viscosity modifying admixture (VMA) and water-cementitious ratio 

(w/cm), are considered as the variables of the experimental design. 

 

Within the scope of this study, an experimental program is planned using the CCD 

method which includes a fractional two-level factorial portion, a center point 

portion and an axial portion. A total of twenty one concrete mixes are cast and on 

the fresh concrete; slump flow, V-funnel, L-box, initial and final setting time, air 

content tests are performed. Furthermore to investigate the effects of these 

variables on the rheology of SCC, relative plastic viscosity and relative yield 

stress, the parameters of Bingham Model, are measured with the help of a 

commercial concrete rheometer.  

 

As the focus of this thesis was the fresh properties of SCC, first a general theory 

about the rheology of concrete and, its measurement techniques will be provided. 

Fresh properties required for SCC, effects of w/cm ratio, HRWRA, VMA and fly 

ash on the fresh properties of SCC and the statistical approach in concrete 

proportioning are all discussed in Chapter 2. Materials used in the SCC mixtures, 

experimental program and the experimental program along with tests about SCC 
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are discussed in Chapter 3. The results of the experimental program are also 

presented in this chapter. The statistical models about the main characteristics of 

SCC, which describe the effects of the variables on the examined responses, are 

discussed in Chapter 4. The conclusions of the research and recommendations for 

further studies are presented in Chapter 5. 
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CHAPTER 2 
 

 

LITERATURE REVIEW AND BACKGROUND 

 

 

 

2.1 Introduction 

 

Self compacting concrete is a high-performance concrete that can flow under its 

own weight to completely fill the formwork with little or no mechanical vibration 

[Ghezal et al. 2002]. The first published specification about SCC is “Specification 

and Guidelines for Self Compacting Concrete”.  It was published in 2002 by 

EFNARC, a European federation dedicated to special construction chemicals and 

concrete systems. Later that specification was revised as “The European 

Guidelines for Self Compacting Concrete” in 2005 by the SCC European Project 

Group which also included EFNARC. That guideline states four key 

characteristics of self compacting concrete in the fresh state as; flowability, 

viscosity, passing ability and segregation. A single test that can measure and 

quantify all the fresh state requirements of SCC does not exist as in the case of 

conventional concrete. Therefore, various tests are described in the guideline. 

Slump flow, V-funnel, L-box and sieve segregation resistance test methods are 

exhibited in order to evaluate fresh state characteristics. Each characteristic is 

determined by various tests and different classes for various uses are established to 

confirm the fresh state requirements (Table 2.1). Other than these rather empirical 
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tests, various rheological tests have also been proposed [Banfill et al., 2001, de 

Larrad F. et al. 1997 and Ferraris C.F., 1999] 

 

 

 

 Table 2.1 Fresh State Characteristics of SCC and Preferred Test 

Methods Defined by the European Guidelines for SCC 
 

Characteristic Preferred Tests 

Flowability Slump-flow test (SF) 

Viscosity T500 Slump-flow test (VS) or V-funnel test (VF) 

Passing ability L-box test (PA) 

Segregation resistance Sieve segregation resistance test (SR) 

 
 

 

2.2 Rheology of Concrete 

 

Rheology is the study of the deformation and flow of matter in relation to time and 

temperature. It deals primarily with the stresses and strains during the flow of 

materials which are more complicated than those of simple fluids [Morrision, 

2001]. Fresh concrete is a suspension, including solid particles (aggregates) in a 

viscous liquid (cement paste) and the rheological or flow properties of concrete are 

important because many factors such as ease of placement, consolidation, 

durability, and strength depend on its flow properties [Ferraris, 1999]. 
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The flow properties of a fluid can be classified into two: Newtonian or non-

Newtonian. This classification is made according to the relation between the shear 

stress and the rate of shear. When a shear force (F) is applied to a liquid as in the 

case of laminar flow shown in Figure 2.1, a velocity gradient (the rate of change of 

the particle velocity with the position versus distance dv/dy) is induced in the 

liquid as presented in Equation 2.1 and by simplifying Equation 2.1, (knowing that 

the velocity gradient is equal to the shear rate) Equation 2.2 can be obtained. A 

liquid that obeys this equation is called Newtonian. In the case of Newtonian fluid, 

direct proportionality exists between the stress and strain rate (Figure 2.2) as 

depicted in Equation 2.2. In other words, the ratio of shear stress and the rate of 

shear is constant and termed as the coefficient of viscosity (or viscosity), which is 

a characteristic of the fluids. 

 

A
dy
dvF η=               (2.1) 

                         (2.2) 
.

/ γητ ==AF

 

 

 

 

  

 

 

 

 

 

 

Figure 2.1 Newton’s Equation of Viscous 

 

 

dy
dv

dt
d

==
γγ

.
 

  
Flow [Ferraris, 1999] 
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Figure 2.2 Newtonian Fluid Behavior 

 
 

 

In a non-Newtonian fluid, when the shear rate is varied, the shear stress does not 

vary with the same proportion and the viscosity of a non-Newtonian fluid changes 

as the rate of shear varies [Ferraris, 1999] (Figure 2.3). The flow properties of 

paste, mortar and concrete are often described by the Bingham model of a non-

Newtonian fluid.  

 
 

 
 

Figure 2.3 Non-Newtonian Fluid Behaviors 

       (a)       Shear-thinning (pseudo-plastic) 

       (b)       Shear-thickening (dilatant) 
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In a Newtonian fluid, viscosity is the only parameter relating shear stress and shear 

rate. However, in a non-Newtonian fluid other parameters are used as depicted in 

Table 2.2. It is important to mention that, only a few of those equations 

incorporate yield stress as a second factor beside the rate of shear (Bingham and 

Herschel-Bulkley models). The physical interpretation of the yield stress is the 

stress needed to be applied to a material to initiate flow. For liquids, the yield 

stress equals to the intercept on the stress axis and the plastic viscosity is the slope 

of the shear stress-shear rate plot and the liquids that show this type of behavior 

are called Bingham liquid (Figure 2.3-c). It is important to state that measurement 

of both yield stress and plastic viscosity is necessary to describe the flow 

properties of concrete because two concrete could have one identical parameter 

and a very different second parameter as depicted in Figure 2.4. 
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Table 2.2      Equations Relating Shear Stress and Shear Rate, [Ferraris, 1999] 

Equation Name Equation 
 

Bingham 
.
γµττ += 0  

Herschel and Bulkley 

Power n = 1 Newtonian flow 

Vom Berg, Ostwald-de Waele τ  

Eyring 

Robertson-Stiff 

Atzeni et al. 

Variable defin

b

K
.

0 γττ +=  

.
nAγτ =  

n>1 Shear thickening 
n<1 Shear thinning 

)/(sinh
.

1 CB γτ −+= 0

)/(sinh
.

1
.

CBa γγτ −+=  

bCa )(
.
+= γτ  

δβτατγ ++= 2
.

 

itions: 
τ = Shear Stress       µ = Plastic viscosity 

0τ = Yield Stress      = Shear rate 
.
γ

δβα ,,,,,,,, KCbBaA = constants 
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mathematical models to derive rheological parameters. They can be roughly 

classified into three; coaxial rheometers, parallel plate rheometers and vane 

rheometers (Figure 2.5).  
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For example, BML Rheometer is a coaxial cylinder rheometer that was developed 

in Norway in 1978. The inner cylinder measures torque while the outer one rotates 

at variable angular velocity. Several versions of this rheometer have been designed 

from the basic instrument. It is controlled with a computer software and the 

instrument has several inner and outer cylinder dimensions for different 

measurement purposes. Both inner and outer cylinders have ribs parallel to their 

axis to prevent slippage. 

 

The BML Rheometer uses Bingham model to derive the rheological parameters. 

The outer cylinder rotates at angular velocity w0 (Ω) while the inner one is 

stationary and measures the applied torque (T) (Figure 2.7). The measured torque 

and angular velocity values are used to obtain the basic parameters of the Bingham 

equation; relative yield stress and relative plastic viscosity as shown in Equation 

2.3 (Figure 2.8). 

 
 

 

 
 

Figure 2.7 A Schematic Top View of the Inner and Outer Cylinder  

[Banfill et al., 2001] 
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GHT +Ω=                              (2.3) 

 

 
 

 τ  T 
H  µ 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.8 The Relation between Torque Measured by BML Rheometer 

and Shear Stress [Banfill et al., 2001] 

 
 

 

2.3.2 Parallel Plate Rheometers 

 

In the case of parallel plate rheometers, the rheological parameters can be 

measured by shearing the fluid between two parallel circular plates, one rotating 

around an axis through its center. The BTRHEOM concrete rheometer is an 

example of parallel plate rheometers. It was developed at Laboratoire Central des 

Ponts et Chaussés (LCPC) in France by de Larrard et al. BTRHEOM measures the 

      
.
γ

   τ0

  τ = τ0 + µ  
.

γ
τ: Shear Stress (Pa) 
γ: Rate of shear (1/s) 
τ0: Yield value (Pa) 
µ: Plastic Viscosity (Pas) 

1

   T0

   G 
 1

 Np  N 
       T = G + HN 

T: Torque (Nm)  T0: Initial Torque 

N: Rotation speed  (rounds/s) 

G: Flow resistance (Nm) 

H: Relative Viscosity (Nms)
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yield stress and plastic viscosity of moderate and highly fluid concrete mixtures 

with a maximum aggregate size up to 25 mm (Figure 2.9 and 2.10). It has a bucket 

with a serrated bottom on a fixed base and rotates around the vertical axis with 

decreasing or increasing rotational speed. A motor, located under this bucket, 

rotates the upper system. The data pairs (torque (Г) and rotation speed (N)) which 

are recorded by the computer can be evaluated with both Herschel-Bulkley and 

Bingham Method according to the consistency of the test specimen. The relation 

between the output data is stated as, 

 
bAN+Γ=Γ 0             (2.4) 

 

Taking into account the Equation 2.4 and strain distribution (Figure 2.11), it can be 

assumed that the concrete exhibits a Herschel-Bulkley behavior (Table 2.2).    

 
b

K
.

0 γττ +=             (2.5) 

 

Where “b” and “K” are constants and b ranges between 1 and 3 according to the 

literature. In the case of relatively fluid concrete, it is convenient to take “b” as 1, 

which turns the relation into the Bingham model. 
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Figure 2.9 The BTRHEOM Rheometer [Ferraris, 1999] 

 
 

 

Finally, the yield stress and plastic viscosity can be calculated with the following 

equations according to aforementioned approximations. The details of the 

derivation of following equation are given in the study conducted by de Larrard et 

al. in 1998. 

 

( ) 03
1

3
2

0 2
3

Γ
−

=
RRπ

τ              (2.6) 
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Figure 2.10 Velocity Field in BTREHOM [de Larrard et al., 1998] 
 

 

 

2.3.3 Vane Rheometers 

 

In this type of rheometers, a vane or impeller is lowered into the concrete sample 

in a cylindrical container. When the vane rotates with variable rotation speeds 

around the vertical axis and the torque is measured at different angular velocities. 

Two-point and IBB Rheometers can be classified in this type of rheometers.  

 

Two-point Rheometer is the first and most widely known instrument that measures 

the flow properties of concrete. It is designed by Tattersal and has been improved 

by many other researchers. It consists of a bucket containing the concrete to be 

tested and a vane which is lowered into the concrete that rotates around the vertical 

axis. Different vane or impeller shapes is available such as H-shape and axial 

impeller with four angled blades set in a helical position around the vertical axis 

(Figure 2.11). The impeller rotates around the central shaft with increasing speed 

(measured by a tachometer) and the resistance on the impeller (Torque) is 

measured by recording the oil pressure in the gear box. While the rotation speed of 
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the impeller is increased, a curve of the torque versus the speed is recorded which 

is in a linear tendency. Consequently, the torque (g) measured at zero speed is 

related with yield stress and the slope of the curve (h) is also related with the 

plastic viscosity [Equation 2.8]. Tattersal used the Equation 2.9 assuming that the 

average shear rate is proportional to the speed of the impeller. 

 

hNgT +=                     (2.8) 

 

NG
K
GT )(0 µτ +=         (2.9) 

 

 where: 

 T = torque 

 G = constant obtained by calibration with Newtonian fluids 

 K = constant obtained by calibration with non-Newtonian fluids 

 N = speed of the impeller 

0τ = yield stress 

µ = plastic viscosity 
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Figure 2.11 Impeller with Four Angled Blades Set in Helic

H-shape Impeller Used in Vane Rheometers [Banfill et al.,

 
 

 

2.4 Workability of Self Compacting Concrete 
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should have not only high flowability but also have resistance to segregation. 

Thus, it has to exhibit low yield stress and moderate viscosity at the same time. 

Water-cementitious material ratio (w/cm), aggregate content, the usage and 

quantity of admixtures and, inter-particle friction are the parameters that affect the 

flowability of SCC. 

 

Passing ability is the ability of fresh concrete to flow through tight openings such 

as spaces between steel reinforcing bars without segregation or blocking 

[European Guidelines for SCC, 2005]. Reducing or limiting aggregate content can 

increase the paste volume and thus, flowability and passing ability can be 

enhanced by this way. Inter-particle friction between the various solid particles 

(aggregate and cementitious materials) increases the internal resistance to flow and 

limits the deformability [Khayat et al., 1999]. The use of HRWRA also has a 

positive effect on this issue. It can disperse cement particles and reduce the inter-

particle friction.  

 

The stability of fresh concrete is characterized by its resistance to segregation and 

bleeding. It is affected by the mixture proportioning, aggregate shape and 

gradation, and placement conditions. Segregation refers to the separation of coarse 

aggregate from the mortar and bleeding is a form of segregation in which some of 

the water in the mix tends to rise to the surface of the freshly placed concrete 

[Erdoğan, 2002]. Both of them cause a great reduction in the mechanical 

properties and durability of hardened concrete. Obtaining sufficient stability 

requires a reduction in the coarse aggregate content and maximum aggregate size. 

Additionally, it is important to increase cohesion and viscosity of the concrete to 

enhance bond the between the mortar and coarse aggregate. 
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2.4.1 Effects of w/cm Ratio 

 

Water-cementitious material ratio is an important parameter that affects 

flowability, segregation resistance and passing ability of SCC. Increasing w/cm 

ratio can reduce the yield stress and secure high flowability; however, it can also 

decrease the cohesiveness and cause segregation of aggregate particles. 

Segregation also increases the risk of blockage. Therefore, increasing w/cm ratio is 

not a preferred method to achieve high flowability.  

 

2.4.2 Effects of High Range Water Reducers  

 

High range water reducing admixtures (HRWRA) are used either to greatly reduce 

the amount of mixing water requirement of concrete at a constant consistency or to 

highly increase the consistency of the concrete by keeping the cement content and 

w/c ratio constant [Erdoğan, 1997]. However, the latter option is usually preferred 

in SCC production. HRWRA may contain salts of high molecular weight 

naphthalene sulfonic acid formaldehyde condensates and melaminosulfonic acid 

condensates, or salts and modifications of lignosulfonic acids obtained by treating 

lignin [Erdoğan, 1997]. HRWRA also known as superplasticizers are important 

and essential constituent materials for the production of SCC. Unlike water 

addition, they lower the yield stress and thus, enhance the flowability of SCC 

without significant reduction in the cohesiveness. They can be also incorporated 

along with viscosity modifying admixtures (VMA). The resulting combination can 

secure a mix with relatively low yield stress and moderate viscosity necessary for 

the successful casting of SCC. The dosage of HRWRA is usually determined by 

trial batches to insure high fluidity (slump flow test) and deformability (V-funnel 

test) through restricted areas [Khayat, 1999].  
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2.4.3 Effects of Viscosity Modifying Admixtures  

 

Viscosity modifying admixtures are used along with HRWRA in SCC mixtures as 

an alternative of the fine materials, such as fly ash, blast furnace slag and 

limestone filler in order to increase the stability of fresh concrete. They are water-

soluble polymers that increase the viscosity of mixing water and enhance the 

ability of cement paste to retain its constituents in suspension [Lachemi et al., 

2004]. They work by attaching their long molecules to the water molecules, the 

process which inhibits the free displacement of water [Druta C., 1995].  

 

Commonly used VMA in cement-based materials include polysaccharides of 

microbial or starch sources, cellulose derivatives and acrylic based polymers. 

VMA along with adequate concentration of HRWRA can ensure high 

deformability and adequate workability leading to better resistance to segregation 

of SCC and the incorporation of VMA affects the aqueous phase of the cement 

paste where chains of the water-soluble polymer can imbibe some of the free water 

in the system [Khayat and Guizani, 1997]. However, they have negative effects on 

the setting time of SCC mixtures. Both initial and final setting times of SCC 

mortars are reported to be increased with the increase of VMA content in the 

mixture [Lachemi et al., 2004]. 

 

2.4.4 Effects of Fly Ash  

 

Fly ash is the finely divided residue that results from the combustion of ground or 

powdered coal and is transported by flue gasses from the combustion zone to the 

particle removal system. The use of fly ash in concrete increases the paste volume 

when it is used to as a partial cement replacement, because fly ash typically has 

lower specific gravity than cement. Filling voids with sufficient amount of paste 

 22



results a greater plasticity and cohesiveness [ACI 232.2R-03, 2005]. Fineness and 

spherical shape of fly ash particles also improve the workability of fresh concrete.  

 

Fly ashes are classified into two categories, which are Class F (SiO2 + Al2O3 + 

Fe2O3 > 50 %) and Class C (SiO2 + Al2O3 + Fe2O3 > 70 %), by the standard of 

ASTM C618 depending on their chemical composition. Bouzoubaa and  Lachemi 

[2001] was able to produce SCC with high volumes of class F fly ash ( 40 to 60 %) 

and confirmed that the required dosage of  superplasticizer increased with the 

decrease in the percentage of fly ash in order to achieve a desired deformability. 

 

Xie et al. [2002] produced a SCC which incorporates ultra-pulverized fly ash 

(Blaine fineness = 550-1100 m2/kg) and concluded that the use of ultra-pulverized 

fly ash improved the viscosity of fresh SCC and its effect was similar to those 

viscosity modifying admixtures. 

 

Şahmaran [2006] also produced SCC incorporating up to 70 % fly ash and showed 

that the geometry and surface roughness of the fly ash affect the workability 

properties of SCC. In that study, the low-lime fly ash (CaO % < 8, defined by 

Canadian Standards Association) particles with spherical geometry and smooth 

surface caused a reduction in the water requirement of SCC. 

 

2.5 Statistical Approach in Concrete Proportioning and Producing 

2.5.1 Design of Experiment Techniques 

 

Statistical design of experiments is the process of planning an experiment so that 

data collected and analyzed by statistical methods result in valid and objective 

conclusions [Montgomery, 1996].  
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Generally, factorial design methods are sufficient for first-order linear models. 

However, in the case of second-order models, Central Composite design (CCD) is 

the most popular method. CCD is obtained with the augmentation of factorial 

designs with center and axial (star) runs and will be explained in detail in section 

2.5.2. 

 

Most of the former models manifested about the fresh properties of SCC were 

second order models that include different input factors. Several second order 

models were proposed about the fresh properties of SCC by Ghezal et al. in 2002 

and Sonebi et al in 2000.A CCD was also preferred in this research. 

 

2.5.2 Two-Level Factorial and Fractional Factorial Design, and Central 

Composite Design (CCD) 

 

Factorial designs are widely used in experiments involving several factors where it 

is necessary to investigate the joint effects (i.e. the main and interaction effects) of 

the factors on a response variable. Generally in the experiments, effects of two or 

more factors are studied and factorial designs are the most efficient methods for 

those types of experiments. In each replication of the experiment, all possible 

combinations of the levels of the factors are investigated in factorial designs. For 

example, if there are 2 levels of the factor A and 3 levels of the factor B, then each 

trial contains 2x3 = 6 treatment combinations. A special case of the factorial 

design is 2k factorial design, in which k factors of interest have only two levels 

(Figure 2.12) [Myers et al., 1995]. 

 

The effect of a factor is defined as the change in response, produced by a change 

in the level of the factor. In two level factorial designs, the level of the factors are 

called “low” and “high” and denoted as “-1” and “+1”, respectively [Montgomery, 
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1996]. Constitution of the treatment combination of a two-level factorial design 

can be made as in Table 2.3. 
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When the number of factors (k) increases, the number of runs that should be 

conducted increases, rapidly. If it is assumed that some high-order interactions of 

parameters are negligible, conducting only one fraction of a full factorial design 

(Table 2.4) may be sufficient (2k-1 design). This procedure halves the required 

number of runs and reduces the difficulty of conducting a wide experimental 

program. Augmentation of 2k-1 design with axial and center runs is also possible 

and the final design is called Central Composite Design (CCD) (Figure 2.13). 

 

 
 

Table 2.4 The Two One-half Fractions of the 23 Design  
 

One-Half Fraction (23-1)  Other One-Half Fraction (23-1) 
Run 

A B C=AB A B C=-AB 

1 -1 -1 +1 -1 -1 -1 

2 +1 -1 -1 +1 -1 +1 

3 -1 +1 -1 -1 +1 +1 

4 +1 +1 +1 +1 +1 -1 
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Figure 2.13 A Central Composite Design of a Chemical Proce

with Two Factors [Myers et al., 1995] 
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y = β0 + β1X1 + β2X2+…. + βkXk + β11X1
2 +.....+ βkkXk

2 + β12X1X2 +.....+ 

β13X1X3+…..+ βk-1,k Xk-1Xk          (2.10)

      

Equation 2.10 is a second-order model where y is the response and X1,…., Xn are 

the factors affecting the response and it should be noted that those empirical 

models should be checked using appropriate model adequacy methods. Model 

adequacy checking will be explained in section 4.1. 

 

The selection of the number of center runs (nc) and the axial distance (α) is also 

required in order to construct a CCD. It is important for a second-order model to 

provide good predictions throughout the region of interest. For that purpose, Box 

and Hunter suggested that a second-order response surface design should be 

rotatable [Montgomery, 1996]. This means that the predicted variance of the 

response, is the same at all points of x that are the same distance from the design 

center. A stable predicted variance provides insurance about the quality of the 

fitted model for predicting response throughout the region of interest. A CCD can 

be made rotatable by giving attention to the choice of coded value of axial distance 

(α) [Montgomery, 1996]. 

 

α = (nf)1/4            (2.11) 

 

The term “nf” in Equation 2.11 is the number of points used in the factorial portion 

of the design and the number of axial points will be 2k, where k is the number of 

factors. Moreover, enough number of center point runs (nc) is needed to make 

good estimation of pure experimental error. The number of center runs can be 

determined by using Equation 2.12. 

 

nc > kn f 214 −+            (2.12) 
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By considering the explained information about the design of experiment 

techniques, an appropriate CCD (k = 4 factors) is used in this research. The CCD, 

which incorporates a fractional factorial portion (nf = 2k-1 = 23), (nc = 5) a center 

portion and an axial points (2k = 8, α = 1.68,) is shown in Table 2.5. 

 
 

 

Table 2.5 Central Composite Design for Four Variables 
 

Basic Design 
Run 

A B C D = ABC Remarks 

1 -1 -1 -1 -1 

2 +1 -1 -1 +1 

3 -1 +1 -1 +1 

4 +1 +1 -1 -1 

5 -1 -1 +1 +1 

6 +1 -1 +1 -1 

7 -1 +1 +1 -1 

8 +1 +1 +1 +1 *F
ra
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io
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l F
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al

 P
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9 0 0 0 0 

10 0 0 0 0 

11 0 0 0 0 

12 0 0 0 0 

13 0 0 0 0 

C
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r 
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t 
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n 

14 +1,68 0 0 0 

15 -1,68 0 0 0 

16 0 +1,68 0 0 

17 0 -1,68 0 0 

18 0 0 +1,68 0 

19 0 0 -1,68 0 

20 0 0 0 +1,68 

21 0 0 0 -1,68 

A
xi

al
 P

or
tio

n 
* 24-1 Design with defining Relation I = ABCD = +1
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2.5.3 Previous Studies Related with Central Composite Design and Concrete 

Proportioning 

 

Several researches have employed factorial and central composite design 

techniques in concrete proportioning, especially SCC proportioning. In the study 

conducted by Khayat et al. [1999], five mixture parameters, which are the 

concentrations of viscosity enhancing admixture and HRWRA by mass of binder, 

the water cement ratio (w/c), the content of cementitious materials (C) and the 

volume of coarse aggregate (Vca), were selected. The CCD consisted of a 

fractional factorial portion of 25-1 = 16 mixtures, a center point portion with 6 

mixtures and an axial point portion with 10 mixtures. Using the derived statistical 

models the key mixture parameters affecting the fresh and hardened properties 

were investigated. All derived models include second-order terms i.e. the models 

also incorporated parameters with coupled terms. The models were valid for 

mixtures made with 0.37 to 0.50 w/c, 360 to 600 kg/m3 of binder, 240 to 400 l/m3 

of coarse aggregate, 0.05 to 0.20 % of viscosity enhancing agent and 0.3 to 1.1 % 

HRWRA, by mass of binder. Compressive strength, surface settlement, filling 

capacity, V-funnel flow time and slump-flow, segregation tests were conducted 

and rheological parameters were measured within this study. 

 

According to the derived slump-flow model of that study (Equation 2.13), it is 

established that a reduction in w/c ratio necessitates an increase in the dosage of 

HRWRA to maintain a fixed slump flow diameter which is generally accepted in 

concrete mixture proportioning. In addition to that observation, it is also 

emphasized that especially in lower cement contents, a curvature in the response 

was observed due to the second-order model.   
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ŷ = 744 + 136.6X1 + 74X2 + 69.5X3 – 35X4 + 21.9X5 – 49.4X1X1 – 41.4X3X3 – 

38.9X4X2 – 28.9X3X2 – 27.7X1X2 – 15.8X2X2       (2.13) 
 

where: 

ŷ: Slump flow diameter (mm) 

X1: Cement content  

X2: w/c ratio 

X3: % of Viscosity enhancing admixture, by mass of mixing water 

X4: % of HRWRA, by mass of cement  

X5: Volume of coarse aggregate (Variables, X1, X2, X3, X4 and X5, are in coded 

units) 

 
 

 
 

Figure 2.14 Variations of Slump Flow with w/c and HRWRA,  

[Khayat et al., 1999] 

 
 

A significant model related with segregation test couldn’t be obtained after that 

research but some significant models were proposed about the other responses and 
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any explanation about the proposed models of rheological parameters was not 

given in that study. 

 

In a further study of the same experimental design by Khayat et al. in 2000, 

several contour diagrams about the slump-flow diameter and the filling capacity of 

SCC were illustrated. These diagrams are used to examine the trade-offs among 

mixture parameters necessary for mixture optimization and to compare the effects 

of design parameters on SCC related responses. 

 

Additionally, Sonebi M. et al. [2000] also used factorial design method in their 

study about underwater concrete. The design parameters were cement dosage 

ranging between 420 to 520 kg/m3 and the concentrations of anti-washout 

admixture and superplasticizer varying between 0.02-0.13 % and 0.4-1.8 %, by 

mass of cement, respectively. Three statistical models were presented about slump, 

mass loss by washout and flow time measured with Orimet test apparatus. 

 

Ghezal et al. [2002] published the results of an experimental program in which 

response surface methods are employed to optimize a four-component concrete, 

containing limestone filler. A CCD was also used in that study. The parameters 

were cement and limestone filler content, HRWRA dosage and w/cm ratio. The 

derived statistical response models were targeted to develop cost-effective SCC 

containing high-volume replacements of limestone filler. Statistical models 

including slump-flow, loss of fluidity, flow time, viscosity, yield stress and 

compressive strength were presented. Most of the responses were in natural 

logarithm and square root form.  Several response surface diagrams were 

demonstrated about the proposed models in that study. For a given cement factor, 

the increase in limestone filler content was shown to the increase slump-flow 

diameter and decrease the viscosity.  
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CHAPTER 3 
 

 

EXPERIMENTAL STUDY 

 

 

 

3.1 Introduction 

 

The objective of this thesis was to investigate the effects of fly ash, HRWRA and 

VMA, water-cementitious material ratio on the fresh properties of SCC. Within 

this scope, twenty one SCC mixtures were prepared following the Central 

Composite Design approach. The fresh properties of the SCCs were observed 

through, slump flow time and diameter, V-funnel flow time, L-box height ratio, 

segregation ratio and the rheological parameters (relative yield stress and relative 

plastic viscosity). Air content, initial and final setting time tests were also included 

in the test program. Besides, hardened properties of the mixtures are also provided.  

 

3.2 Materials 

3.2.1 Cement 

 

The cement used in all mixtures was a normal portland cement CEM I 42.5R (PC), 

with a specific gravity of 3.18 and Blaine fineness of 3629 cm2/g. Chemical 

composition and physical properties of PC are presented in Table 3.1. 
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3.2.2 Fly Ash 

 

The low-lime fly ash utilized in this study was obtained from Çatalağzı power 

plant. Its chemical composition and physical properties are given in Table 3.1. In 

order to determine the particle morphology of the fly ash, scanning electron 

microscope (SEM) images of it were obtained as presented in Figure 3.1.  

 
 

 

Table 3.1 Properties of Portland Cement and Fly Ash 
 

Chemical Composition PC Fly Ash 

CaO (%) 63.27 2.21 
SiO2 (%) 19.61 54.13 
Al2O3 (%) 5.86 25.73 
Fe2O3 (%) 3.40 6.43 
MgO (%) 0.95 2.12 
SO3 (%) 2.45 0.11 
K2O (%) 0.54 4.33 
Na2O (%) 0.47 0.47 

Loss on Ignition (%) 3.02 1.34 
Physical Properties 

Specific Gravity 3.18 2.08 
Blaine Fineness (cm2/kg) 3629 2890 
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(a) (b) 

 

Figure 3.1 Scanning Electron Microscope Images of Fly ash 

                          (a)      General distribution of particles in fly ash 

                          (b)      Spherical particles in fly ash 

 

 

3.2.3 Aggregates 

 

In the mixture proportioning, crushed limestone with three different gradations 

were used as coarse aggregates and natural river sand was used as fine aggregate. 

Specific gravity and absorption of all the aggregates were tested and given in 

Table 3.2. Later on, a combined aggregate gradation with a maximum aggregate 

size (MAS) of 19.1 mm was obtained by mixing all the aggregates in different 

proportions. Table 3.3 presents the gradation of the combined aggregate. 
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Table 3.2 Properties of Aggregates 

 
 FA* CA 1** CA 2 CA 3 

Maximum Aggregate Size (mm) 4.75 9.5 12.7 19.1 

Specific Gravity 2.64 2.66 2.66 2.68 

Water absorption (%) 1.79 0.68 1.19 0.25 

 

 

 

 
             *FA: Fine aggregate, **CA: Coarse aggregate 

 

 

 

Table 3.3 Combined Aggregate Gradation 

* MAS: Maximum aggregate size              

Sieve size (mm) 
MAS* = 19.1 mm 

19.1 12.70 9.50 4.75 2.36 1.18 0.60 0.30 0.15

% Passing 100.0 81.8 65.7 50.4 34.4 22.3 15.3 10.8 8.1 

 

 

 

3.2.4 High Range Water Reducing Admixture 

 

A polycarboxylic ether type high range water reducing admixture was used for all 

mixtures. The properties of the HRWRA provided by its manufacturer are 

presented in Table 3.4. 
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3.2.5 Viscosity Modifying Admixture 

 

A viscosity modifying admixture which is an aqueous solution of a high-molecular 

weight synthetic co-polymer was used in the concrete mixtures. The properties of 

the VMA provided by its manufacturer are presented also in Table 3.4. 

 

 

Table 3.4 Properties of Chemical Admixtures 
 

Characteristic HRWRA VMA 

Appearance liquid liquid 

Color Brown transparent 

Main Chemical Composition polycarboxylic ether synthetic co-polymer 

Density  (20 °C), (g/cm3) 1.04 - 1.05 1.01 - 1.02 

pH-value  6.0 – 8.0 6.0 - 9.0 

Recommended Dosage* 1.00 - 2.00 %, 0.3 -1.5  %, 

*by weight of the solution on weight of cement 

 

 

3.3 Experimental Program 

 

Central Composite Design (CCD) was used to establish models that describe the 

properties of SCC. The four parameters used in the modeling were the percentage 

of fly ash replacement (FA), (X1), percentage of high range water reducing 

admixture (HRWRA), (X2), percentage of viscosity modifying admixture (VMA), 

(X3), and water-cementitious material ratio (w/cm), (X4). The derived statistical 

models are valid for mixtures with ranges of fly ash replacement of 0 to 70 %, 

w/cm ratio of 0.30 to 0.60, a HRWRA of 0.50 to 2.00 % of cementitious material 
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mass and a VMA of 0 to 1.50 % of cementitious material mass, as depicted in 

Table 3.5. Each of the four selected parameters is studied in five distinct levels 

corresponding to codified values of -α, -1, 0, 1, and α. The value of α (1.68) is 

determined using Equation 2.11. This value corresponds to the extreme points of 

region of interest utilized in this study. 
 

A total of 21 mixtures were prepared which consists of a matrix of nf = 8 mixtures 

(24-1) for the fractional factorial portion, center point portion with nc = 5 mixtures 

and an axial portion with eight mixtures (2k = 2.4 = 8).  

 

 

 Table 3.5 The Explanation of Coded Values  

 

Coded Values 
Label Parameter Limits 

-1.68 -1 0 1 1.68 

X1 % FA 0.00-70.00 % 0.00 14.16 35.00 55.84 70.00 

X2 % HRWRA 0.50-2.00 % 0.50 0.80 1.25 1.70 2.00 

X3 % VMA 0.00-1.50 % 0.00 0.30 0.75 1.20 1.50 

X4 w/cm 0.30-0.60 0.30 0.36 0.45 0.54 0.60 

 

3.3.1  Mixture Proportions 

 

The total binder content for all mixtures was kept constant as 500 kg/m3. 

Coarse/fine aggregate ratio was also kept constant (C/F =1) for all mixtures. It is 

important to note that coarse and fine aggregate contents in the mixture are 

important while studying the rheological parameters. The proportions of the 

mixtures are summarized in Table 3.6 that were prepared in the light of the CCD 

described in Table 2.5. 
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Table 3.6 Mixture Proportions for Concrete Mixtures 
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3.3.2 Preparation and Casting of Specimens 

 

All mixtures were prepared in 60-Lt batches with a rotating drum mixer. The 

batching sequence was as follows: 

 

• The sand and coarse aggregates were mixed together with 25 % of the 

mixing water for 30s. 

• Then cementitious materials (PC and FA) were added and mixed for 30s. 

• The Remaining water was added to the mix after dispersing the chemical 

admixtures in the mixing water. 

• The concrete was mixed for an additional three minutes.  

• Finally, after two minutes of resting time, the mixing was resumed for two 

additional minutes. 

 

When the mixing procedure was completed, tests were conducted on the fresh 

concrete to determine slump flow time and diameter, V-funnel flow time, L-box 

height ratio, segregation ratio, initial and final setting times, and air content. 

Relative yield stress and relative plastic viscosity for all SCC mixtures were also 

determined using the concrete rheometer. Each test was performed by the same 

person for all mixtures. Additionally, sixteen cylindrical test specimens 

(Ø100×200 mm) were cast for each concrete mixture in order to examine the 

hardened properties of SCC.  
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(a) (b) 

 

 
(c) 

 
(d) 

 

Figure 3.2 A General View of Concrete Casting 

(a)      Some Mixture Ingredients and Formworks 

                                    (b)      Mixing Sand and Coarse Aggregates 

   (c)       Dispersing the Chemical Admixtures 

              (d)      Final Mixing of All Ingredients  
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3.4  Tests on Self Compacting Concrete in the Fresh State 

3.4.1 Measurement of Rheology 

 

A commercial rheometer, BT2, was used in this study in order to investigate the 

rheological parameters of SCC mixtures (Figure 3.3). BT2 rheometer uses the 

Bingham model. It consists of a concrete container and a measurement unit which 

has two probes at different shaft distances and integrated sensors to measure 

angular velocity and momentum. The recorded data can be transferred via the 

infrared (IRDa) interface to a handheld computer. Approximately, hundred data 

pairs of angular velocity and momentum values are recorded for each test. Due to 

the approximation about the fresh state of concrete, the flow curve is a straight line 

as in the Bingham model (Equation 2.8). The relative yield stress and relative 

plastic viscosity of the concrete can be determined using linear regression (Figure 

3.4). 

 

 

 

.  
 

Figure 3.3 BT2 Concrete Rheometer 
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Figure 3.4 Typical Flow Curve Obtained Using the BT2 Concrete 

Rheometer 
 

 

 

3.4.2 Slump Flow Diameter and Slump Flow Time  

 

The slump flow is a test to assess the flowability of self compacting concrete in the 

absence of obstructions (free flow). It is based on the slump test described in 

ASTM C143. However, the diameter of the spread concrete is measured in the 

slump flow test, whereas the height difference is measured in the slump test. The 

slump cone is filled with fresh SCC in one layer without any consolidation and the 

cone is lifted upwards and the mean diameter of the spread concrete is measured as 

the slump flow diameter. The segregation border between the aggregates and 

mortar around the spread concrete may also give some indication of resistance to 

segregation of SCC. While the slump flow test is conducted, the time of concrete 

reaching to 500 mm diameter is also measured and this value is called as slump 
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flow T500 time. T500 time is a measure of the speed of flow and hence the viscosity 

of SCC. 

 

According to Nagataki and Fujiwara [1995], a slump flow diameter ranging from 

500 to 700 mm is considered for a concrete to be classified as SCC. On the other 

hand the European Guidelines for Self Compacting Concrete lists various slump 

flow and viscosity classes based on the slump flow diameter (D) and T500 time. 

Slump flow and viscosity classes for a range of applications defined by European 

Guidelines for SCC are: 

  

• SF1 (550 - 650 mm) is appropriate for unreinforced or slightly reinforced 

concrete structures that are cast from the top with free displacement from the 

delivery point (e.g. housing slabs) or  casting by a pump injection system (e.g. 

tunnel linings)  

 

• SF2 (660 - 750 mm) is suitable for many normal applications (e.g. walls, 

columns). 

 

•  SF3 (760 – 850 mm) is used for vertical applications in very congested 

structures or structures with complex shapes. SF3 is typically produced with a 

small maximum size of aggregates (less than 16 mm). 

  

 

 

 

 

 44



 
 

Figure 3.5 Slump Flow Test 

 

 

 

Viscosity of SCC can be classified with use of  the T500 time which is measured 

during the slump flow test (VS) or V-funnel flow time (VF) (see section 3.4.3) and 

they are classified by The European Guidelines for SCC as in the following, 

      

• VS1 (T500 time ≤ 2 s) or VF1 (V-funnel time ≤ 8 s) has good filling ability even 

with the congested reinforcement. It is capable of self-levelling and generally 

has the best surface finish. However, it is more likely to suffer from bleeding 

and segregation. 

 

• VS2 (T500 time > 2 s) or VF2 (V-funnel time = 9-25 s) Higher flow time is 

more likely to exhibit thixotropic effects, which may be helpful in limiting the 

formwork pressure or improving segregation resistance. Negative effects may 

be experienced about surface finishing.  
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3.4.3 V-funnel Flow Time 

 

V-funnel test is used to assess the viscosity and filling ability of SCC. A V-shaped 

funnel (Fig. 3.6) is filled with fresh concrete and bottom outlet of the funnel is 

opened. Afterwards, the time that it takes for concrete to flow out of the funnel is 

measured and recorded as V-funnel flow time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 V-funnel Test Apparatus 

 

 

3.4.4 L-Box Height Ratio 

 

The L-box test is used to assess the passing ability of self compacting concrete to 

flow through tight openings including spaces between reinforcing bars and other 

obstructions without segregation or blocking [European Guidelines for SCC, 

2005]. The test apparatus consists of a vertical and horizontal section as in the L 
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shape (Fig. 3.7). Three bars are used to simulate the congested reinforcement. The 

vertical part of the apparatus is filled with fresh concrete and the gate is opened to 

allow the concrete to flow out through the bars. H1 and H2 are measured and the 

ratio of H2/H1 is calculated to determine the passing ability of concrete. This ratio 

should be more than 0.80 in order to consider the concrete as SCC according to 

European Guidelines for SCC. 

 

 

 

 
 

 

Figure 3.7 L-Box Test Apparatus 

 

 

 

3.4.5 Sieve Segregation Resistance 

 

Sieve segregation resistance test is used to asses the resistance of SCC to 

segregation. Approximately ten liters of fresh concrete sample is poured into a 

sieve with 5 mm apertures and 300 mm frame diameter which is located on a 

receiver and the mass of concrete on the receiver passed through the sieve is 
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weighed and the percentage of the sample in the receiver is calculated as the 

segregation ratio. However, in this study a sieve with 4.75 mm apertures and 200 

mm frame diameter is used to determine the segregation ratio. The sieve 

segregation resistance test results are classified into two groups by European 

Guidelines for SCC as in the following; 

 

• SR1 (Segregated portion ≤ 20 %) is generally applicable for thin slabs and for 

vertical applications with a flow distance of less than 5 meters and a 

confinement gap greater than 80 mm.  

• SR2 (Segregated portion ≤ 15 %) is preferred in vertical applications if the 

flow distance is more than 5 meters with a confinement gap greater than 80 

mm in order to take care of segregation during flow. 

 

3.4.6 Other Fresh Properties 

 

Initial and final setting time of SCC mixtures was measured according to ASTM C 

403 with the help of a penetrometer. Additionally, the air content of the freshly 

mixed concrete mixtures was determined according to ASTM C 231. 

 

3.4.7 Compressive Strength 

 

Compressive strength tests were conducted in accordance with ASTM C 39 using 

a universal testing machine in order to obtain information about the hardened 

properties of SCC mixtures. Sixteen cylindrical test specimens (Ø100×200 mm) 

were cast for each concrete mixture and the compressive strength of the test 

specimens were determined at 3, 7, 28 and 90 days. Three concrete cylinders were 

tested for each mixture at each test age. The compressive strength was determined 
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by computing the average of the three test specimens. The other specimens were 

used for UPV tests. Both UPV and compressive strength test results will be 

discussed by Özgür ÖZKAYA who is also an MS student in the Middle East 

Technical University. 

 

3.5 Test Results 

 

The results of slump flow diameter, slump flow (T500) time, V-funnel L-box and 

sieve segregation resistance test results are presented in Table 3.7. The Relative 

plastic viscosity and relative yield stress values of mixtures were obtained with the 

help of a BT2 type concrete rheometer are presented in Table 3.8. Furthermore, 

initial and final setting time, air content and fresh density of concrete mixtures are 

demonstrated in Table 3.9. 

 

Additionally, compressive strength test results are presented in Table 3.10 in order 

to give information about the hardened properties of the SCCs. Coefficient of 

variance of the compressive strength of the concrete mixtures are also illustrated in 

this table. 
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Table 3.7 Workability Test Results 
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Table 3.8 Rheology Test Results  
 

Fly Ash    

X1 

HRWRA    

X2 

VMA   

X3 

w/cm   

X4 

Relative Plastic 

Viscosity (h) 

Relative Yield 

Stress (g) 
Mix    

No 
(%) (%) (%) - (Nmm) / (m/s) (Nmm)  

1 14.16 0.80 0.30 0.36 9074 193 

2 55.84 0.80 0.30 0.54 264 150 

3 14.16 1.70 0.30 0.54 2002 33 

4 55.84 1.70 0.30 0.36 11771 1047 

5 14.16 0.80 1.20 0.54 3799 396 

6 55.84 0.80 1.20 0.36 NA* NA 

7 14.16 1.70 1.20 0.36 NA NA 

8 55.84 1.70 1.20 0.54 1109 72 

9 35.00 1.25 0.75 0.45 NA NA 

10 35.00 1.25 0.75 0.45 2406 1001 

11 35.00 1.25 0.75 0.45 2868 1385 

12 35.00 1.25 0.75 0.45 1801 1047 

13 35.00 1.25 0.75 0.45 NA NA 

14 0.00 1.25 0.75 0.45 6526 2744 

15 70.00 1.25 0.75 0.45 3132 118 

16 35.00 0.50 0.75 0.45 NA NA 

17 35.00 2.00 0.75 0.45 3285 760 

18 35.00 1.25 0.00 0.45 711 240 

19 35.00 1.25 1.50 0.45 7250 1354 

20 35.00 1.25 0.75 0.30 NA NA 

21 35.00 1.25 0.75 0.60 526 42 

 *NA: Not available, could not be measured 
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Table 3.9 Other Fresh Properties  
 

Setting Time Fly Ash   

X1 

HRWRA   

X2 

VMA    

X3 

w/cm   

X4 

Air 

Content 

Fresh 

Density 
Initial Final 

Mix   

No 

(%) (%) (%) - (%) (kg/m3) (min) (min) 

1 14.16 0.80 0.30 0.36 3.8 NA* 208 367 

2 55.84 0.80 0.30 0.54 1.0 2191 637 858 

3 14.16 1.70 0.30 0.54 0.5 2323 540 725 

4 55.84 1.70 0.30 0.36 2.0 2328 452 666 

5 14.16 0.80 1.20 0.54 1.0 2331 392 569 

6 55.84 0.80 1.20 0.36 3.8 2148 324 529 

7 14.16 1.70 1.20 0.36 1.4 2361 234 407 

8 55.84 1.70 1.20 0.54 0.9 2216 697 992 

9 35.00 1.25 0.75 0.45 1.5 2341 479 664 

10 35.00 1.25 0.75 0.45 1.5 2338 471 656 

11 35.00 1.25 0.75 0.45 1.8 2331 494 698 

12 35.00 1.25 0.75 0.45 1.5 2336 446 668 

13 35.00 1.25 0.75 0.45 1.4 2349 458 630 

14 0.00 1.25 0.75 0.45 1.8 2394 350 483 

15 70.00 1.25 0.75 0.45 1.0 2242 672 947 

16 35.00 0.50 0.75 0.45 1.8 2321 361 513 

17 35.00 2.00 0.75 0.45 1.5 2318 527 735 

18 35.00 1.25 0.00 0.45 1.0 2333 528 757 

19 35.00 1.25 1.50 0.45 0.9 2313 351 609 

20 35.00 1.25 0.75 0.30 14.0** 1985 202 502 

21 35.00 1.25 0.75 0.60 1.0 2252 640 903 

 * NA: Not available, it was not determined. 

**Probably entrapped air, due to the too stiff concrete mixture. 
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Table 3.10 Compressive Strength Test Results 
 

Compressive Strength (MPa) 
3 days 7 days 28 days 90 days 

Mix    

No 
Mean COV* Mean COV Mean COV Mean COV 

1 42.0 2.6 43.5 0.7 53.4 1.2 66.6 7.6 
2 7.0 16.6 13.4 8.1 24.7 6.7 35.3 0.2 
3 23.5 3.1 27.6 4.5 34.6 0.7 45.6 3.5 
4 24.7 1.8 29.8 3.9 47.5 4.6 61.2 4.2 
5 16.5 4.9 26.3 6.9 36.7 2.3 42.6 2.5 
6 21.0 7.3 26.4 6.3 41.0 4.8 50.1 1.7 
7 35.2 2.6 40.2 13.4 49.0 3.8 61.9 9.6 
8 6.9 2.9 9.4 2.9 19.2 2.4 31.3 9.3 
9 22.8 4.1 29.0 0.6 39.7 1.4 55.5 8.4 

10 21.7 3.8 30.5 6.4 41.5 3.1 53.9 2.6 
11 23.6 6.8 28.8 1.1 39.6 9.6 51.6 5.5 
12 22.8 4.0 27.9 1.3 41.7 4.6 51.8 3.9 
13 20.8 1.9 26.1 1.8 36.0 1.9 50.4 5.1 
14 32.9 3.0 34.6 6.5 44.7 4.0 53.4 2.0 
15 5.9 2.6 7.4 5.9 20.0 2.3 33.3 3.1 
16 22.2 1.0 25.7 5.8 38.1 0.8 49.8 5.2 
17 22.1 3.1 28.4 1.4 40.8 1.7 54.7 4.9 
18 26.0 1.3 30.3 0.7 49.0 2.8 61.2 1.9 
19 20.1 7.4 27.3 3.3 38.3 2.0 49.4 5.5 
20 30.8 10.8 27.5 14.9 32.1 NC** 42.5 12.7 
21 9.7 0.8 13.7 4.7 26.8 4.7 35.3 4.6 

* COV: Coefficient of Variance (%) 

** NC: Could not be computed. 
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CHAPTER 4 
 

 

STATISTICAL MODELS 

 

 

 

4.1 Introduction 

 

In this chapter, first a step by step procedure of obtaining statistical models will be 

presented. Later, one of the models (slump flow diameter model) will be obtained 

via the explained procedure. Afterwards, the discussions of the other derived 

models will also be presented. 

 

The method of least squares is typically used to estimate the regression 

coefficients of multiple linear regression models. The model, in terms of 

observations, may be written as in Equation 4.1. 
 

y = Xβ + ε              (4.1) 

 

where, y is a vector composed of the observations (data), X is a matrix of the 

levels of variables (Table 2.5), β is a vector of the regression coefficients, and ε is 

a vector of the random errors. 
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The method of least squares method chooses the regression coefficients so that the 

sum of squares of the errors, ( ), are minimized [Myers et al., 1995]. By 

considering this fact, the fitted regression model can be stated as in Equation 4.2. 

∑
=

=
n

i
iL

1

2ε

 

ŷ = Xb              (4.2) 

 

where, ŷ is the estimated values of the data, X is a matrix of the levels of variables 

(Table 2.5), “b” is a vector of the least squares estimator of β, 

 

For a first-order linear model, the vector of the least squares estimator, “b” can be 

determined by Equation 4.3 [Myers et al., 1996]. 
 

b =              (4.3) )()( 1 yXXX tt −

 

When employing the least squares method, it is assumed that the errors (ε) in the 

model be normally distributed (normality assumption) with zero mean and σ2 

variance (E(ε) = 0 and Var(ε) = σ2). Therefore, it is necessary to ensure that the 

fitted model provides an adequate approximation to the true system and it should 

be verified that none of the least squares method assumptions are violated.  

 

After the estimation of regression coefficients on the basis of the least squares 

method, to check the normality assumption, the normal probability plot of the 

residuals (e = y – ŷ = measured value of the response - fitted value of the response) 

should be obtained. If the residual plot is in the shape of a straight line, then the 

normality assumption is satisfied. The assumptions of least squares method about 

the variance can be examined visually with the help of the plot of residuals versus 

predicted response. If the residuals scatter randomly in that plot, it suggests that 

the variance of the original observations is constant for all values of y. Many 
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analysts often prefer to work with scaled residuals (standardized, di or studentized 

residuals, ri) rather than ordinary residuals. They are useful in identifying the 

outliers which are unusual observations. Most of the standardized residuals should 

lie in the interval -3 ≤ di ≤ 3 and there may be little difference between the 

standardized and studentized residuals [Myers et al., 1995].  

 

The next step is to perform Analysis of Variance (ANOVA) tests. ANOVA 

incorporates tests for significance of regression and lack of fit tests in order to 

decide whether the model is adequately described the data or not. If the P-value of 

the lack of fit test is large enough (P > α = 0.05), it means that there is no lack of 

fit and the model is adequate to describe the data. Furthermore, higher values of 

coefficients of determinations (R2) are considered while selecting proposed 

models. 

 

Consequently, tests on individual regression coefficients are conducted for all 

estimated regression coefficient using the null hypothesis. It is a supposition that 

the true value of coefficient is zero. For example, the model might be more 

effective with the inclusion of additional variables, or perhaps with the deletion of 

one or more of the variables already in the model [Myers et al., 1995]. For any 

individual regression coefficient, the null hypothesis can be written as, H0: βj = 0, 

H1: βj ≠ 0. If the probability greater than t statistics is less than 0.05, the null 

hypothesis is rejected and it is established that the variable with estimated 

coefficient has a significant influence on the response. This signifies that there is 

less than α = 0.05 probability that the contribution of a given variable with 

respective coefficient to the tested response exceeds the value of the specified 

estimated coefficient [Ghezal et al., 2002]. 

 

The general form of the fitted models is expressed as, 
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ŷ = β0 + β1X1 + β2X2+ β3Xk + β11X1
2 + β22X2

2 + β33X3
2+ β44X4

2+ β12X1X2 + 

β13X1X3 + β14X1X4 + β23X2X3 + β24X2X4 + β34X3X4                    (4.4) 
 

where; 

ŷ:   Response (such as slump flow diameter, segregation ratio) 

X1: % of fly ash replacement,  

X2: % of high range water reducing adm. (HRWRA), by mass of powder content,  

X3: % of viscosity modifying  admixture (VMA), by mass of powder content, 

X4: Water-cementitious material ratio, 

βij:  Parameter coefficients. 
 

A summary of proposed significant statistical models that are derived by the 

experimental data is presented in Table 4.1. The proposed models are derived with 

the help of a statistical software program,   MINITAB 12. The design parameters 

(X1, X2, X3, and X4) are in coded units in all models. The conversions between the 

coded and the original values of the design parameters are as follows: 
 

X1 = (Fly Ash - 35) / 20.84 

X2 = (HRWRA - 1.25) / 0.45 
)

X3 = (VMA - 0.75) / 0.45           

X4 = (w/cm - 0.45) / 0.09 
 

It should be noted that proposed statistical models are material specific. Ther

any variation in the set of used materials in this study may alter the content o

derived models and the coefficient of the model parameters. However, the m

still can be useful to obtain an opinion about the general tendency of the d

parameters on the selected responses. Moreover, the models can be use

mixture optimization and simulation when presented with different mat

[Khayat et al., 1999].  

 

(4.5
efore, 

f the 

odels 

esign 

d for 

erials 

57



Table 4.1 Summary of Proposed Significant Models 
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4.2 Slump-flow Diameter 

 

In this experimental study, 21 mixtures were prepared using 4 experimental 

variables and the matrix of the levels of variables is obtained by adding a unit 

vector to the matrix of 4 x 21 dimensions as shown in below:   
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X 
sing the experimental data of slump flow diameter tests presented in vec

nd performing the computation given in Equation 4.4, vector “b” can be w

s follows: 

b = 

 

(4.6
tor y, 

ritten 
(4.7)
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Consequently, the slump-flow diameter model can be stated as illustrated in 

Equation 4.8.  

 

Slump Flow Diameter (cm) = 45.21 + 9.60X1 + 6.82X2 – 8.23X3 + 19.68X4    (4.8) 

 

The next step was to check the accuracy of the model. This could be done using 

the normal probability plot of residuals obtained with the help of Shapiro-Wilk 

Normality test (Figure 4.1). The residual plot is approximately in the shape of a 

straight line; therefore, the normality assumption is satisfied. The second 

assumption was about the zero mean and constant variance of the residuals. Figure 

4.2 presents a plot of residuals ei versus the predicted slump flow values ŷi. It can 

be stated that the residuals scatter randomly which suggests that the variance of the 

original observations is constant for all values of y. 

 
 

 

 
 

Figure 4.1 Normal Probability Plot of Residuals for Slump flow Diameter 

Model 
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Figure 4.2  Plot of Standardized Residuals versus Predicted Response for 

Slump Flow Diameter Model 

 
 

 

 

The following step was to form the analysis of variance table incorporating tests 

for significance of regression and the lack of fit test which is conducted with the 

help of replicate runs (i.e. center point portion runs). The ANOVA table of slump 

flow diameter was constituted as presented in Table 4.3.  

 

For testing significance of regression (slump flow diameter model), the 

appropriate hypotheses can be stated as follows: 

 

H0:  β1 = β2 = β3 = β4 =0,  

H1:  βj ≠ 0 for at least one j                       (4.9) 
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The test procedure of significance of regression involves an analysis of variance 

partitioning of the total sum of squares SST into a sum of squares due to model (or 

to regression) and a sum of squares due to residual (or error) i.e. SST = SSR + SSE 

[Montgomery, 1996]. Checking H0 requires the computation of F0 which is, 
 

E

R

E

R

MS
MS

knSS
kSSF =
−−

=
)1/(

/
0           (4.10) 

 

If the P-value for F0 is less than α, H0 is rejected and rejection of H0 for this model 

means that there is a linear relationship between the slump flow diameter and the 

variables. For slump flow diameter model, the F-test for significance of regression 

is F0 = 61.40, and P-value for F0 is very small and less than 0.0001. Thus, we 

could reject the hypothesis H0. Additionally, the P-value of lack of fit test is large 

enough (0.623 > α=0.05), implying that the tentative linear model adequately 

describes the data. The R2 of the model is 93.9 % and it indicates that the model 

explains a high percentage of the variability in the data. 

 

  
Table 4.2 Analysis of Variance Table for Slump-flow Diameter 

 

Source of Variation 
Deg. of 

Freedom

Sum of 

Squares 

(SS) 

Mean 

Square 

(MS) 

F0 
P-Value

for F0

Regression (Linear) 4 (k) 8112.3 (SSR) 2028.07 61.40 0.000 

Error or Residual  16(n-k-1) 528.5   (SSE) 33.03   

Lack of fit 12 381.2 31.77 0.86 0.623 

Pure Error 4 147.2 36.81   

Total 20 (n-1) 8640.8 (SST)    

R2 = SSregression/SStotal = 93.9 % 
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As the next step, the null hypothesis is checked individually for all regression 

coefficients using t statistics and P-value for the t statistics. The P-value of all 

regression coefficients are small enough from the α = 0.05 value which means that 

with a % 95 confidence, all regression coefficients are statistically significant and 

have great influence on the slump flow diameter (Table 4.3). The t statistics for 

this hypothesis is, 

 

jj

j

C

b
t

20
σ̂

=             (4.11) 

 

where: 

bj: j th element of the b vector (see section 4.2.1.1) 

Cjj: diagonal element of  corresponding to b1)( −XX t
j

σ̂ 2: Mean squares of errors (for slump flow diameter σ̂ 2 = 33.03, see Table 4.2) 

 
 

 

Table 4.3 Testing the Significance of Regression Coefficients for Slump 

Flow Diameter Model 
 

Term Coefficient t statistics* P-Value 

Intercept 45.214 36.052 0.000 

X1 9.599 6.172 0.000 

X2 6.823 4.387 0.000 

X3 -8.234 -5.295 0.000 

X4 19.684 12.658 0.000 

      * Computed by using Equation 4.11 
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Finally, the studentized residuals are computed in order to determine if there is an 

unusual observation in the data. All studentized residuals are in between -3 and +3 

which suggest no unusual observation (Table 4.4). The studentized residuals can 

be obtained using Equation 4.12. 

 
)1(ˆ 2

ii

i
i

h

e
r

−
=

σ
           (4.12) 

where: 

ei: residuals (ei = yi – ŷi) 

σ̂ 2: Mean squares of errors  

hii: Diagonal element of hat matrix (hat matrix: H = ) tt XXXX 1)( −

 

 

Table 4.4 Studentized Residuals of Slump Flow Diameter 
 

Observation No Slump Flow Dia. Fitted values StDev Fit Residual *St. Residual 
1 20.00 17.343 3.354 2.657 0.57 
2 77.50 75.908 3.354 1.592 0.34 
3 72.00 70.357 3.354 1.643 0.35 
4 42.25 50.185 3.354 -7.935 -1.70 
5 45.25 40.243 3.354 5.007 1.07 
6 20.00 20.072 3.354 -0.072 -0.02 
7 20.00 14.52 3.354 5.48 1.17 
8 73.75 73.086 3.354 0.664 0.14 
9 52.50 45.214 1.254 7.286 1.3 

10 35.50 45.214 1.254 -9.714 -1.73 
11 42.00 45.214 1.254 -3.214 -0.57 
12 43.00 45.214 1.254 -2.214 -0.39 
13 43.25 45.214 1.254 -1.964 -0.35 
14 24.00 29.07 2.901 -5.07 -1.02 
15 68.50 61.359 2.901 7.141 1.44 
16 27.00 33.738 2.901 -6.738 -1.36 
17 55.50 56.69 2.901 -1.19 -0.24 
18 61.00 59.064 2.901 1.936 0.39 
19 25.50 31.365 2.901 -5.865 -1.18 
20 20.00 12.105 2.901 7.895 1.59 

2.901 2.677 0.54 
 

21 81.00 78.323 
* Studentized residuals, computed by using Equation 4.12
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According to slump-flow diameter model stated in Equation 4.8, % of fly ash, % 

of HRWRA and water-cementitious material ratio of the mixture increases the 

slump flow diameter whereas VMA reduces it. It should be noted that the 

parameters in the model are in the coded units (normalized) which is also 

mentioned in section 3.3. Thus, it can be stated that the w/cm ratio (X4) is the most 

affecting parameter on the slump flow diameter beside the other parameters in the 

stated model as it has the highest coefficient. 

 

A decrease in w/cm ratio can be compensated with an increase in the dosage of 

HRWRA to maintain a fixed slump flow diameter when the other parameters are 

hold constant. This result is in parallel with the study of Khayat et al. [1999]; 

however, the proposed slump flow model in that study was more complex and had 

some other parameters.    

 

Using Equation 4.8, the contour diagrams of the model are obtained and presented 

in Figure 4.3, Figure 4.4 and Figure 4.5 for w/cm ratios of 0.35, 0.45, and 0.55, 

respectively. Each figure has 4 plots for % fly ash replacements of 0, 30, 50, and 

70. Moreover, in each plot VMA amount ranges from 0 to 1.5 %. In that figures 

the slump flow diameter class limits (SF1, SF2 and SF3) described in European 

Guidelines for SCC are also shown as dashed lines. 

 

It can be seen from the first 3 plots of Figure 4.3 that, for a w/cm ratio of 0.35, SF2 

and SF3 class SCC can not be produced. The only class that can be produced is 

SF1 and that can be produced with 70 % fly ash replacement and without any 

VMA. It is possible to obtain SCC with all of the classes when the w/cm ratio is 

increased to 0.45 and via utilization of 50 % and 70 % of fly ash (Figure 4.4). 

Moreover, increasing w/cm ratio to 0.55 will reduce the amount of HRWRA 

needed to obtain SCCs at all classes (Figure 4.5). 
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Another observation that could be made from Figure 4.4 and Figure 4.5 is that at a 

given VMA content an increase in the fly ash replacement causes an increase in 

slump flow diameter. This observation can be explained by the morphology of fly 

ash. The low-lime fly ash particles utilized in this study had spherical geometry 

and smooth surface (Figure 3.1) and thus, the increase in fly ash content improves 

the flowability of the SCC. This result is similar to the results of the study 

conducted by Şahmaran [2006] which utilized the fly ash from the same source. 

Therefore, an increase in the fly ash content can reduce the HRWRA demand to 

achieve a desired slump-flow diameter at any VMA content. On the other hand, 

increase in the VMA dosage requires more fly ash replacement or HRWRA 

content to achieve a specific slump flow diameter. 

 

If the variation of the slump flow diameter in between the Figure 4.3, Figure 4.4 

and Figure 4.5 is evaluated, it can be seen that w/cm ratio has a great effect on the 

response. For all VMA dosages illustrated in the aforementioned figures, a visible 

movement of the contours through the higher slump flow diameter values exists as 

in the case of increase in the w/cm ratio. 
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Figure 4.3 Contour Plots of Slump Flow Diameter Model (w/cm = 0.35) 
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Figure 4.4 Contour Plots of Slump Flow Diameter Model (w/cm = 0.45) 
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Figure 4.5 Contour Plots of Slump Flow Diameter Model (w/cm = 0.55) 
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4.2 Setting Time 

 

Initial and final setting time of the concrete mixtures are determined with the help 

of a penetrometer according to ASTM C403. The data, which has already been 

demonstrated in Table 3.15, was used to derive significant statistical models. The 

initial and final setting times were the responses of the proposed models and the 

model parameters were estimated by using aforementioned statistical 

methodology. Both models are in a linear manner. These models are presented in 

Equation 4.13 and 4.14. 

 

Initial S.T. (min) = 450.57 + 93.50X1 + 46.98X2 – 35.74X3 + 130.77X4    (4.13) 

 

Final S.T. (min) = 660.81 + 128.64X1 + 61.57X2 – 26.98X3 + 135.51X4             (4.14) 

 

The control of the least squares assumptions, tests on significance of regression, 

lack of fit test, tests on individual regression coefficients and, the test about the 

identifying unusual observations which are mentioned in section 4.1 were all 

conducted for the both setting time models. The tables related with this procedure 

are presented in Appendix A and Appendix B. Both models fulfilled the 

requirements for the all accuracy checking procedure and it can be stated that the 

models given in Equation 4.13 and Equation 4.14 are significant to describe the 

setting time of the concrete mixtures. 

 

When the exhibited models are evaluated at the aspect of the coefficient of the 

model parameters, it can be seen that the percentage of fly ash replacement, 

HRWRA content and w/cm ratio (X1, X2 and X4) have positive coefficients 

whereas VMA content (X3) has a negative one. Therefore, it could be stated that 

an increase in w/cm ratio, fly ash replacement and HRWRA content leads to an 
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extension of both initial and final setting time of the concrete. On the other hand, 

increase in VMA content (X3) reduces both the initial and final setting times as 

VMA addition produces a relatively stiff mixture. Additionally, it can be said that 

w/cm ratio (X4) and % of fly ash replacement (X1) have higher influence on the 

setting time due to relatively higher coefficients.  

 

Figure 4.6 presents the contour diagrams of the final setting time model for % 

HRWRA of 0.50. The figure consists of 4 plots for % VMA of 0, 0.50, 1.00, and 

1.50. Moreover in each plot, w/cm ratio ranges from 0.30 to 0.60. 

 

It is observed that the usage 0.5 % VMA has no remarkable influence on the final 

setting time due to the lower coefficient of X3; however, the usage of 1 % or more 

than 1 % VMA causes approximately 10 % reduction in the final setting time. 

Furthermore, a decrease in HRWRA concentration also enables lower setting time. 

 

As mentioned before, the most influential parameter is w/cm ratio among the all 

model variables. The impact of the increasing the w/cm ratio is in the tendency to 

extend the setting time. Additionally, the percentage of fly ash replacement has a 

parallel effect with the w/cm ratio, but has a lesser effect.    
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Figure 4.6 Contour Plots of Final Setting Time Model (% HRWRA = 0.50) 
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4.3 L-box Height Ratio 

 

After the experimental study about the L-box test, the results were used to 

compute the height ratio. The aforementioned statistical methodology was also 

applied to obtain a statistically significant model related with the L-box height 

ratio and the following model is proposed. 

 

L-box Height Ratio = 0.278 + 0.126X1 + 0.116X2 – 0.141X3 + 0.293X4         (4.15) 

 

The control of the least squares assumptions, tests on significance of regression, 

lack of fit test, tests on individual regression coefficients and, the test about the 

identifying unusual observations which are mentioned in section 4.1 were all 

conducted for L-box height ratio model. The tables related with this procedure can 

be seen in Appendix C.  The only trouble about the model is its relatively low 

coefficient of determination, R2 = 74 %. However, it is still high enough to be 

considered as stated by ANOVA analysis. Additionally, probability greater than 

the “t statistics” of each parameter is less than 0.05 which indicates 95 % 

confidence for each parameter. Moreover, there is no indication of lack of fit. 

 

The nature of the model is linear, and except VMA (X3), all parameters have 

positive influence on the response. As in the slump flow model w/cm ratio has 

highest coefficient and effects this test result the most. Figure 4.7 presents the 

contour diagrams of the model for % HRWRA of 1.25. The figure has 3 plots for 

% fly ash replacement 35, 45 and 55. Moreover, in each plot VMA amount ranges 

from 0 to 1.5 %. According to European Guidelines for SCC, the L-box height 

ratio of the concrete should be more than 0.80 in order to classify it SCC. This 

limit is also shown as dashed lines in the figures.  
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From the Figure 4.7, it can be stated that SCC which incorporates 35 % of fly ash 

can only be produced with the use of less than 0.50 % VMA. When the fly ash 

replacement is increased to 55 %, it is possible to produce SCC with a VMA of 

1.00 %. Also an increase in w/cm ratio enables a great increase in L-box height 

ratio, i.e. passing ability, at any VMA or HRWRA content. Additionally, fly ash 

replacement improves the passing ability. The increase in fly ash replacement 

result an increase in the paste volume, furthermore; as explained earlier, the fly ash 

used in this study has spherical particles and improves the workability of concrete 

mixtures. 

 

On the other hand, at a given w/cm ratio the increase in VMA concentration 

results a reduction in the height ratio. As mentioned earlier VMA increases the 

viscosity of the concrete mixture by increasing mixing water viscosity, this is why 

the passing ability of the concrete, which is related with the flow through between 

tight openings and obstacles, reduces with the increase in VMA content. 
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Figure 4.7     Contour Plots of L-box Height Ratio Model (% HRWRA = 1.25) 
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4.4 Segregation Ratio 

 

Segregation ratio of the mixtures were determined using sieve segregation 

resistance test as mentioned before and the segregation ratio of the mixtures were 

used to derive a statistical model by applying the methodology explained in former 

sections. The proposed model for segregation ratio is given in Equation 4.16. 

 

S.R = 4.88 + 2.49X1 + 2.39X2 – 2.16X3 + 8.28X4 + 3.42X4
2 – 2.24X1X2 + 2.14X1X3 

(4.16) 

 

The accuracy checking methods explained in section 4.1 were also performed for 

the segregation ratio model. It can be stated that all requirements for a significant 

statistical model were achieved at the end of model accuracy checking procedure 

for the sieve segregation ratio model. The details of this process are in Appendix 

D. 

 

Figure 4.10, Figure 4.11 and Figure 4.12 presents the effects of fly ash 

replacement, HRWRA and VMA concentration, and w/cm ratio on the sieve 

segregation ratio. Each figure consists of 4 plots for % fly ash replacement 0, 30, 

50, and 70. Additionally, in each plot VMA concentration ranges 0 % to 1.50 %. 

Moreover, w/cm ratio is changed systematically in the figures as 0.35, 0.45 and 

0.55 

It should be also noted that, European Guidelines for SCC defines two classes, 

SR1: 15 % and SR2: 20 %, for segregation ratio taking into account of the 

application area of the SCC. 

 

As seen from the first three plot of the Figure 4.10, up to 50 % fly ash 

replacement, increase in HRWRA dosage leads to an increase in segregation ratio; 
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however, It can be stated that by looking the slope of the plotted lines in the figure, 

in the case of the usage more than 50 % FA, HRWRA has no considerable effect 

on the segregation ratio. Additionally, the rate of increase in the segregation ratio 

due to HRWRA addition reduces with the increase in fly ash replacement up to 50 

%. 

 

It can be also stated that from the Figure 4.10, increase in fly ash replacement, 

especially more than 50 %, lowers the segregation ratio and thus improves the 

segregation resistance due to the increase in the fine content of the paste volume, 

and thus plastic viscosity and cohesion.  

 

VMA exhibits a parallel influence with the fly ash replacement on the sieve 

segregation ratio by modifying viscosity of the paste. It compensates the increase 

in the segregation ratio due to HRWRA addition. Additionally, if Figure 4.10, 4.11 

and 4.12 are examined together, it can be seen that the increase in w/cm ratio leads 

to an increase segregation for any fly ash content.  
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Figure 4.10 Contour Plots of Sieve Segregation Ratio Model (w/cm = 0.35) 
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Figure 4.11 Contour Plots of Sieve Segregation Ratio Model (w/cm = 0.45) 
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Figure 4.12 Contour Plots of Sieve Segregation Ratio Model (w/cm = 0.55) 
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4.5 V-funnel Flow Time 

 

As mentioned earlier, V-funnel flow time is determined by measuring the time it 

takes for concrete to flow out of a V shaped funnel. European Guidelines for SCC 

defines two classes about the V-funnel flow time (VF1 and VF2). The limits and 

the application locations were also provided in section 3.4.2. Higher flow times 

indicate a low viscosity and high filling ability or vice versa. When the 

experimental data of V-funnel flow times in Table 3.7 is examined, it could be 

seen that some of the concrete mixtures clogged the V-funnel apparatus and 

complete flow-out of the concrete can not be observed. As the number of data 

reduced, significantly the use of V-funnel flow time directly was not possible. 

However, it was assumed that another parameter could be calculated by inversing 

V-funnel flow time. This allowed the missing data to be regarded as zero, meaning 

no complete flow. Therefore, while fitting statistical model about the V-funnel 

flow time, the response is taken as 1/ (V-fun. time). By this way the flow time of 

some mixtures that couldn’t be obtained due to blockage or segregation are also 

included into the model as zero and a significant second order was derived as 

shown in Equation 4.17. 

 

1/ (V-fun. time) = 0.083 + 0.076X1 + 0.029X2 – 0.066X3 + 0.244X4 + 0.031X1
2 + 

0.119X4
2 – 0.075X1X2 + 0.025X1X3 + 0.068X1X4                  (4.17) 

 

All aforementioned accuracy checking methods were also applied to the Equation 

4.17 and the significance of the model is proven to be statistically significant. (see 

Appendix E). 
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Figure 4.13 presents the relation between the V-funnel flow time and the model 

parameters for w/cm of 0.45. The figure consists of 4 plots for fly ash replacement 

% of 0, 30, 50, and 70. Moreover in each plot, VMA % ranges from 0 to 1.50. 

 

An increase in HRWRA causes a reduction in V-funnel flow time as seen from the 

first two plots of % FA = 0 and % FA = 30. Additionally, as the amount of fly ash 

increases, there seems to be an increase in V-funnel flow time which is 

presumably caused by the blockage of the funnel gate by the segregated 

aggregates. This is contradicted with the previously presented results about the 

segregation model. The reason of that could be the presumed assumptions about 

the inversing V-funnel flow times, while fitting the statistical model. Also it 

should be noted that models with second order variables are harder to explain. 
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Figure 4.13 Contour Plots of V-funnel Flow Time Model (w/cm = 0.45) 
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4.6 Yield Stress 

 

A BT2 concrete rheometer was used to obtain rheological parameters for the 

concrete mixtures. As told in section 3.4.1, concrete rheometer tests were 

conducted and relative yield stress and relative plastic viscosity values were 

obtained and the following statistical model was derived. 

 

 R.Y.S. = 958 - 776X1 + 902X2 + 240X3 - 415X4 + 170X1
2 - 601X2

2 – 1016X1X3  - 

721X1X4                                  (4.18) 

 

The nature of the model is second order which includes the interactions and square 

terms of the parameters. The coefficient of determination of the model, R2, is 94 % 

which indicates that the model is highly significant to describe the existing and 

new data. ANOVA table has shown that the model is highly significant. 

Additionally, it can be said that all parameters have great influence on the response 

from the test about the significance on individual regression coefficients (see 

Appendix F). 

 

In order to determine and explain the effects of the w/cm and HRWRA dosage on 

the yield stress, Figure 4.14 is presented. Increase in w/cm ratio content reduces 

the relative yield stress and thus improve flowability. Normally, HRWRA should 

lower the yield stress due to its basic usage purpose. However, increase in 

HRWRA did not seem to lower the yield stress. This is attributed to the rheometer 

utilized in this study. The BT2 concrete rheometer utilized in this study uses the 

Bingham model to define the relative stress and relative plastic viscosity according 

to measured torque and rotation speed data. The rheometer needs more validation 

as the speed of the rotation could not be controlled. Furthermore, there may be 

problems with the assumed rheological model to define the rheological parameters 
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of SCC.   Therefore, further analysis of the data obtained by the rheometer is not 

conducted.  
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Figure 4.14 Contour Diagram of the Relative Yield Stress Model  

 

 

4.7 Relations between Various Workability Tests 

 

The relationship between the flowability, the segregation resistance and the 

viscosity of the concrete can be examined and understood to enhance the self 

compactibility properties. Based on the properties, an optimum SCC mixture 

which satisfies all the workability related tests can be made. Khayat has already 

exhibited an explanation about these properties in a conceptional manner, i.e. not 

based on measured or computed data (Figure 4.15) [Khayat, 1999]. It was foreseen 
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that concrete with a low w/cm ratio may exhibit a relatively low slump-flow 

diameter and in a high viscosity resulting a high flow time (see point A1 in the 

figure). With an increase in w/cm ratio in the case of constant HRWRA 

concentration, the viscosity and segregation resistance decrease, which results in a 

reduction in flow time. Further increase in w/cm ratio does not secure constant 

reduction in the flow time, since highly flowable concrete may not possess enough 

cohesion between the mortar and coarse aggregate this leading to segregation and 

causing an increase in flow time. A2 is an optimum point where a balance between 

the deformability and stability can lead to the lowest flow time [Khayat, 1999]. 

 

 

 
 

Figure 4.15 Trade-off between Fluidity and Stability of Concrete,  

[Khayat, 1999] 

 

 

By using the derived slump flow diameter, V-funnel flow time and sieve 

segregation ratio models obtained within this study, Figure 4.16 was plotted. In 
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this figure the relation between the flowability and the stability (segregation 

resistance) is presented by using the mathematical models which are obtained after 

an experimental study and a statistical analysis. Both Figure 4.15 and 4.16 exhibit 

a similar relation between the flowability and stability, whereas the latter one 

based on mathematical models. 
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Figure 4.16 Relationships between Flowability and Segregation Resistance 

of SCC 

 

 

Moreover, defining the relation and correlation between the workability tests about 

SCC can be useful to understand and evaluate the fresh state characteristics of 

SCC. Coefficient of determination is utilized to identify the linear correlations 

between any of the fresh tests mentioned in this study. When the value of R2 is 

equal to 1.00, it means that there is a perfect correlation between the tests, which 

was the case if one test is compared to itself as presented in the diagonal terms of 
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Table 4.5. If there is no correlation or a weak linear correlation, the value of R2 

gets closer to zero. The coefficient of determination values given in Table 4.5, 

were computed using the experimental data previously shown in Table 3.7. 

 

 

Table 4.5 Coefficients of Determinations between the Fresh Concrete 

Tests 
 

  

L-box 
Height 
Ratio 

Slump 
Flow 

Diameter

Slump 
Flow 
Time 

V-
funnel 
Time 

Segr. 
 Ratio 

Relative 
Plastic 

Viscosity 

Relative 
Yield 
Stress 

L-box Height 
Ratio 

1.00 0.85 0.56 0.39 0.83 0.45 0.42 

Slump Flow 
Diameter 

0.85 1.00 0.67 0.61 0.82 0.50 0.47 

Slump Flow 
Time 

0.56 0.67 1.00 0.58 0.65 0.00 0.47 

V-funnel Flow 
Time 

0.39 0.61 0.58 1.00 0.52 0.16 0.88 

Segregation 
Ratio 

0.83 0.82 0.65 0.52 1.00 0.40 0.40 

Relative Plastic 
Viscosity 

0.45 0.50 0.00 0.16 0.40 1.00 0.18 

Relative Yield 
Stress 

0.42 0.47 0.47 0.88 0.40 0.18 1.00 

 

 

 

As seen from that table higher correlations (R2>0.80) are observed between the 

slump flow diameter-L box height ratio, slump flow diameter-segregation ratio, L-

box height ratio-segregation ratio, and V-funnel flow time-relative yield stress. 

Higher correlations between slump flow diameter, segregation ratio and L-box 

height ratio is due to the fact that these parameters are related to the flowability, 

passing ability and stability of SCC. For example, in the L-box test, the concrete 
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flows easily between the rebars and it has an adequate stability to move in one unit 

(aggregate and paste) from one box to another box. In the slump flow test, to 

obtain satisfactory SCC properties, concrete must reach a certain flow diameter 

without segregation. On the other hand, segregation ratio obtained from sieve 

segregation resistance test only depends on the stability of fresh concrete.  

Therefore, the measured value during the slump flow, L-box and segregation ratio 

test is directly or indirectly related with the passing ability and stability of SCC. 

 

On the other hand there seems to be a good correlation between the relative yield 

stress and V-funnel flow time as well. Normally, during the V-funnel test, the 

concrete starts to flow when the yield stress is exceeded. This means the measured 

value from V-funnel test is related to the viscosity of concrete. However, in this 

experimental study, in contrast to viscosity, higher correlation was observed 

between the yield stress and V-funnel flow time.  In this study, the relative yield 

stress and relative plastic viscosity is calculated by using Bingham’s model. 

Therefore, for future studies, more experimental studies about the determination of 

the rheological properties of SCC by using different models will be helpful to 

clearly understand the relationships between the rheological and workability 

properties of SCC.  
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CHAPTER 5 
 

 

SUMMARY AND CONCLUSIONS 

 

 

 

5.1 Summary 

 

This thesis discusses the effects of fly ash replacement, high range water reducing 

admixtures (HRWRA), viscosity modifying admixture (VMA) and water-

cementitious material ratio (w/cm) on the fresh properties of SCC. The effects of 

these constituents were investigated using a design of experiment method. Central 

Composite Design (CCD), the least squares method which was utilized in the 

estimation of model parameters and, the accuracy checking procedure of the 

models were presented in detail. 

 

In this research, an experimental program was planned and twenty one mixtures 

were cast following the CCD method. Slump flow, V-funnel, L-box, sieve 

segregation resistance, initial and final setting time tests and measurement of 

rheological parameters were also performed.  

 

Afterwards, by using aforementioned statistical methods, several statistical models 

related with the fresh properties of SCC were derived and their accuracy was 

verified. The derived models were then used to investigate the effects of utilized 

constituents on the fresh properties of SCC. The contour diagrams of the proposed 
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models were plotted and they were used to present the relations between the model 

parameters. Furthermore, the relations between certain responses of the derived 

models were also exhibited. 

 

5.2 Conclusions 

 

The following conclusions are drawn as a result of this experimental study. 

 

• The experimental design technique CCD can be used to model the effects 

of fly ash, HRWRA, VMA and w/cm ratio, on the slump flow diameter, 

setting time, L-box height ratio, segregation ratio, and V-funnel flow time 

of SCC. However, it should be noted that these expressions are material 

specific. Therefore, any variation in the set of used materials in this study 

may alter the content of the derived models and the coefficient of the 

model parameters. However, the models still can be useful to obtain an 

opinion about the general tendency of the design parameters on the 

selected responses. 

 

• Water-cementitious material ratio of the concrete mixture is the most 

effective parameter on the flowability and passing ability of SCC beside 

the other parameters utilized in this research as its coefficient was the 

highest in the related models. With a 0.35 or less than 0.35 water-

cementitious material ratios, SF2 and SF3 class SCC could not be 

produced even with the highest amount of chemical and mineral admixture 

dosages. 

 

• Use of fly ash in SCC improved flowability, passing ability and 

segregation resistance of SCC mixtures. The fly ash utilized in this study 
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can be used in order to compensate the HRWRA necessity to obtain self 

compacting concrete and thus, the high cost of SCC can be reduced. The 

surface characteristics of the fly ash, spherical shape and smooth surface 

of particles, improved the above mentioned fresh properties of SCC. 

 

• Polycarboxylic ether type HRWRA increases the flowability and passing 

ability; however, it reduces the segregation resistance especially with 

lower fly ash replacements.  

 

• Viscosity modifying admixtures which are based on synthetic co-polymers 

reduce the segregation efficiently; however they have negative effects on 

the flowability and passing ability of SCC. 

 

• The proposed statistical models pointed out that there is an optimum point 

between the flowability and the segregation resistance of SCC mixtures  

 

• The derived statistical models for relative viscosity and relative yield 

stress are more complex than other proposed models and it is difficult to 

explain the relationship between the parameters and the responses.  

 

• The proposed models can reduce the needed effort for trial batches and 

concrete proportioning process to obtain sufficient self compactibility 

properties. 
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5.3 Suggestions for Further Studies 

 

Following remarks and recommendations can be made for further studies. 

 

• Optimization of the fresh properties of SCC, flowability, passing ability 

and segregation resistance, using the proposed statistical models and to 

obtain the most appropriate concrete proportioning for excellent SCC 

characteristics can be the next step. 

 

• Different rheological models other than the Bingham model should also be 

used and evaluated by conducting more experimental studies about the 

rheology of SCC.  

 

• In order to reduce the problems about the used BT2 concrete rheometer in 

this study, a motor which enables alternative rotation speeds can be 

installed and the device can be converted into a fully automatic concrete 

rheometer and thus, the problems due to the manual control of the device 

could be overcome. 
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APPENDIX A 

 
 

Statistical Analysis for Initial Setting Time Model 
 
 
 
 

Table A1.   Estimated Regression Coefficients  
 

Term Coef. Stdev t P-Value 
Constant 450.57 7.371 61.126 0.000 

X1       93.5 9.14 10.23 0.000 
X2       46.98 9.14 5.14 0.005 
X3       -35.74 9.14 -3.911 0.000 
X4       130.77 9.14 14.307 0.000 

S = 33.78       R-Sq = 95.6%      
 
 
 
 

Table A2.   Analysis of Variance Table 
 

Source     DF SS  MS F P-Value 
Regression    4 400574 100144 87.77 0.000 
  Linear      4 400574 100144 87.77 0.000 
Residual Error 16 18256 1141   
  Lack-of-Fit 12 16879 1407 4.09 0.093 
  Pure Error  4 1377 344   
Total         20 418831       
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Table A3.   Residual Analysis 
 

Observation Initial Set. Time   Fitted StDev Fit Residual St. Residual
1 208.0 215.061 19.71 -7.061 -0.26 
2 637.0 663.605 19.71 -26.605 -0.97 
3 540.0 570.563 19.71 -30.563 -1.11 
4 452.0 496.036 19.71 -44.036 -1.61 
5 392.0 405.106 19.71 -13.106 -0.48 
6 323.5 330.58 19.71 -7.08 -0.26 
7 234.0 237.538 19.71 -3.538 -0.13 
8 697.0 686.082 19.71 10.918 0.40 
9 479.0 450.571 7.371 28.429 0.86 

10 471.0 450.571 7.371 20.429 0.62 
11 494.0 450.571 7.371 43.429 1.32 
12 446.0 450.571 7.371 -4.571 -0.14 
13 458.0 450.571 7.371 7.429 0.23 
14 350.0 293.297 17.049 56.703 1.94 
15 672.0 607.846 17.049 64.154 2.20 
16 361.0 371.545 17.049 -10.545 -0.36 
17 527.0 529.598 17.049 -2.598 -0.09 
18 528.0 510.695 17.049 17.305 0.59 
19 351.0 390.448 17.049 -39.448 -1.35 
20 201.5 230.62 17.049 -29.12 -1.00 
21 640.0 670.523 17.049 -30.523 -1.05 
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APPENDIX B 

 
 

Statistical Analysis for Final Setting Time Model 
 
 
 
 

Table B1.   Estimated Regression Coefficients 
  

Term Coef. Stdev t P-Value 
Constant 660.81 9.471 69.774 0.000 

X1       128.64 11.743 10.954 0.000 
X2       61.57 11.743 5.243 0.000 
X3       -26.98 11.743 -2.297 0.035 
X4       135.51 11.743 11.539 0.000 

S = 43.40       R-Sq = 94.7     
 
 
 
 

Table B2.   Analysis of Variance Table 
 

Source     DF SS  MS     F P-Value 
Regression    4 538523 134631 71.48 0.000 
  Linear      4 538523 134631 71.48 0.000 
Residual Error 16 30137 1884   
  Lack-of-Fit 12 27748 2312 3.87 0.101 
  Pure Error  4 2389 597   
Total         20 568660       
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Table B3.   Residual Analysis 
 

Observation Final Set. Time   Fitted StDev Fit Residual St. Residual
1 367 215.061 19.71 -7.061 -0.26 
2 858 663.605 19.71 -26.605 -0.97 
3 725 570.563 19.71 -30.563 -1.11 
4 666 496.036 19.71 -44.036 -1.61 
5 569 405.106 19.71 -13.106 -0.48 
6 528.5 330.58 19.71 -7.08 -0.26 
7 407 237.538 19.71 -3.538 -0.13 
8 992 686.082 19.71 10.918 0.40 
9 664 450.571 7.371 28.429 0.86 

10 656 450.571 7.371 20.429 0.62 
11 698 450.571 7.371 43.429 1.32 
12 668 450.571 7.371 -4.571 -0.14 
13 630 450.571 7.371 7.429 0.23 
14 483 293.297 17.049 56.703 1.94 
15 947 607.846 17.049 64.154 2.20 
16 513 371.545 17.049 -10.545 -0.36 
17 735 529.598 17.049 -2.598 -0.09 
18 757 510.695 17.049 17.305 0.59 
19 609 390.448 17.049 -39.448 -1.35 
20 501.5 230.62 17.049 -29.12 -1.00 
21 903 670.523 17.049 -30.523 -1.05 
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APPENDIX C 

 
 

Statistical Analysis for L-box Height Ratio Model 
 
 
 
 

Table C1.   Estimated Regression Coefficients  
 

Term Coef. Stdev t P-Value 
Constant 0.2776 0.04435 6.260 0.000 

X1       0.1260 0.05499 2.292 0.036 
X2       0.1163 0.05499 2.115 0.050 
X3       -0.1412 0.05499 -2.568 0.021 
X4       0.2931 0.05499 5.330 0.000 

S = 0.2032      R-Sq = 73.7%      
 
 
 
 

Table C2.   Analysis of Variance Table 
 

Source     DF SS  MS F P-Value 
Regression    4 1.84768 0.46192 11.18 0.000 
  Linear      4 1.84768 0.46192 11.18 0.000 
Residual Error 16 0.6609 0.04131   
  Lack-of-Fit 12 0.56678 0.04723 2.01 0.262 
  Pure Error  4 0.09412 0.02353   
Total         20 2.50858       
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Table C3.   Residual Analysis 
 

Observation L-box ratio   Fitted StDev Fit Residual St. Residual 
1 0.00 -0.117 0.119 0.117 0.71 
2 0.73 0.722 0.119 0.008 0.05 
3 1.00 0.702 0.119 0.298 1.80 
4 0.00 0.368 0.119 -0.368 -2.23 
5 0.04 0.187 0.119 -0.147 -0.89 
6 0.00 -0.147 0.119 0.147 0.89 
7 0.00 -0.166 0.119 0.166 1.01 
8 0.77 0.672 0.119 0.098 0.59 
9 0.23 0.278 0.044 -0.048 -0.24 

10 0.04 0.278 0.044 -0.238 -1.20 
11 0.37 0.278 0.044 0.092 0.47 
12 0.00 0.278 0.044 -0.278 -1.40 
13 0.08 0.278 0.044 -0.198 -1.00 
14 0.00 0.066 0.103 -0.066 -0.37 
15 0.75 0.49 0.103 0.26 1.48 
16 0.00 0.082 0.103 -0.082 -0.47 
17 0.35 0.473 0.103 -0.123 -0.70 
18 0.60 0.515 0.103 0.085 0.48 
19 0.00 0.04 0.103 -0.04 -0.23 
20 0.00 -0.215 0.103 0.215 1.23 
21 0.87 0.771 0.103 0.099 0.57 
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APPENDIX D 

 
 

Statistical Analysis for Sieve Segregation Ratio Model 
 
 
 

  
Table D1.   Estimated Regression Coefficients  

 
Term Coef. Stdev t P-Value 

Constant 4.882 0.7106 6.871 0.000 
X1       2.485 0.6993 3.554 0.004 
X2       2.390 0.6993 3.418 0.005 
X3       -2.157 0.6993 -3.085 0.009 
X4       8.280 0.6993 11.839 0.000 

X4*X4 3.415 0.6646 5.138 0.000 
X1*X2 -2.236 0.9138 -2.447 0.029 
X1*X3 2.136 0.9138 2.338 0.036 

S = 2.585       R-Sq = 94.2%      
 
 
 
 

 Table D2.   Analysis of Variance Table 
 

Source     DF SS  MS F P-Value 
Regression    7 1415.12 202.160 30.26 0.000 
  Linear      4 1162.24 290.561 43.50 0.000 
Square      1 176.36 176.361 26.40 0.000 
Interaction 2 76.52 38.258 5.73 0.016 
Residual Error 13 86.84 6.680   
  Lack-of-Fit 9 49.64 5.515 0.59 0.764 
  Pure Error  4 37.20 9.301   
Total         20 1501.96       
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Table D3.   Residual Analysis 
 

Observation 
Segregation 

Ratio   Fitted StDev Fit Residual 
St. 

Residual 
1 0.00 -2.801 2.000 2.801 1.71 
2 20.20 18.929 2.000 1.271 0.78 
3 23.64 23.012 2.000 0.628 0.38 
4 1.80 2.678 2.000 -0.878 -0.54 
5 4.35 5.171 2.000 -0.821 -0.50 
6 0.00 2.328 2.000 -2.328 -1.42 
7 0.00 -2.134 2.000 2.134 1.30 
8 19.80 19.195 2.000 0.605 0.37 
9 8.64 4.882 0.711 3.758 1.51 

10 3.81 4.882 0.711 -1.072 -0.43 
11 1.14 4.882 0.711 -3.742 -1.51 
12 5.26 4.882 0.711 0.378 0.15 
13 1.57 4.882 0.711 -3.312 -1.33 
14 1.30 0.702 1.374 0.598 0.27 
15 13.27 9.063 1.374 4.207 1.92 
16 0.76 0.862 1.374 -0.102 -0.05 
17 7.87 8.903 1.374 -1.033 -0.47 
18 6.31 8.511 1.374 -2.201 -1.01 
19 1.57 1.254 1.374 0.316 0.14 
20 0.00 0.617 1.949 -0.617 -0.36 
21 27.88 28.469 1.949 -0.589 -0.35 
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APPENDIX E 

 
 

 
Statistical Analysis for 1/(V-funnel Flow Time) Model 

 
 
 
 

Table E1.   Estimated Regression Coefficients  
 

Term Coef. Stdev t P-Value 
Constant  0.08265  0.08265 8.245 0.000 

X1        0.07648  0.07648 9.224 0.000 
X2        0.02942  0.02942 3.548 0.005 
X3       -0.06610 -0.06610 -7.972 0.000 
X4        0.24349  0.24349 29.367 0.000 

X1*X1     0.03102  0.03102 3.931 0.002 
X4*X4     0.11939  0.11939 15.127 0.000 
X1*X2    -0.07500 -0.07500 -6.923 0.000 
X1*X3     0.02500  0.02500 2.308 0.041 
X1*X4     0.06750  0.06750 6.231 0.000 

S = 0.03064     R-Sq = 99.2%          
 
 
 
 

Table E2.   Analysis of Variance Table 
 

Source     DF SS  MS F P-Value 
Regression    9 127,117  0.141241 150.43 0.000 
  Linear      4 0.96112  0.240281 255.91 0.000 
Square      2 0.22359  0.111797 119.07 0.000 
Interaction 3 0.08645  0.028817  30.69 0.000 
Residual Error 11 0.01033  0.000939   
  Lack-of-Fit 7 0.00825  0.001178   2.27 0.224 
  Pure Error  4 0.00208  0.000520   
Total         20 128,150       
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Table E3.   Residual Analysis 
 

Observation 1/(V-fun. Time)   Fitted StDev Fit Residual St. Residual
1    0.000 -0.033 0.026    0.033 2.07 
2    0.730  0.707 0.026    0.023 1.44 
3    0.560  0.528 0.026    0.032 2.01 
4    0.000 -0.006 0.026    0.006 0.37 
5    0.160  0.137 0.026    0.023 1.45 
6    0.000  0.003 0.026   -0.003 -0.19 
7    0.000 -0.006 0.026    0.006 0.38 
8    0.530  0.534 0.026   -0.004 -0.24 
9    0.120  0.083 0.010    0.037 1.29 

10    0.080  0.083 0.010   -0.003 -0.09 
11    0.070  0.083 0.010   -0.013 -0.44 
12    0.080  0.083 0.010   -0.003 -0.09 
13    0.060  0.083 0.010   -0.023 -0.78 
14    0.000  0.042 0.023   -0.042 -2.12 
15    0.300  0.299 0.023    0.001 0.05 
16    0.000  0.033 0.017   -0.033 -1.31 
17    0.120  0.132 0.017   -0.012 -0.48 
18    0.180  0.194 0.017   -0.014 -0.54 
19    0.000 -0.029 0.017    0.029 1.12 
20    0.000  0.011 0.023   -0.011 -0.55 
21    0.800 0.830 0.023   -0.030 -1.52 
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APPENDIX F 

 
 

Statistical Analysis for Relative Yield Stress Model 
 
 
 
 

Table F1.   Estimated Regression Coefficients  
 

Term Coef. Stdev t P-Value 
Constant 958 100.96 9.485 0.000 

X1       -776 103.35 -7.511 0.000 
X2       902 145.10 6.219 0.000 
X3       240 80.96 2.968 0.021 
X4       -415 96.47 -4.3 0.004 

X1*X1 170 72.22 2.353 0.051 
X2*X2 -601 106.28 -5.655 0.001 
X1*X3 -1016 158.41 -6.412 0.000 
X1*X4 721 158.41 4.553 0.003 

S = 261.3       R-Sq = 94.0%      
 
 
 
 

Table F2.   Analysis of Variance Table 
 

Source     DF SS  MS F P-Value 
Regression    8 7450835 931354 13.64 0.001 
  Linear      4 3609859 1587026 23.25 0.000 
Square      2 1021299 1233372 18.07 0.002 
Interaction 2 2819678 1409839 20.65 0.001 
Residual Error 7 477910 68273   
  Lack-of-Fit 4 353562 88390 2.13 0.280 
  Pure Error  3 124349 41450   
Total         15 7928746       

 
 



 110

Table F3.   Residual Analysis 
 

Observation Relative Y. Stress   Fitted StDev Fit Residual St. Residual 
1 193 280.319 247.147 -87.319 -1.03 
2 150 -70.128 231.178 220.128 1.81 
3 33 -187.128 231.178 220.128 1.81 
4 1047 1121.757 214.303 -74.757 -0.50 
5 396 520.242 239.726 -124.242 -1.20 
8 72 183.681 207.969 -111.681 -0.71 
9 924 957.59 100.959 -33.59 -0.14 

10 1001 957.59 100.959 43.41 0.18 
11 1385 957.59 100.959 427.41 1.77 
12 1047 957.59 100.959 89.41 0.37 
14 2744 2744 261.291 0 * 
15 118 132.936 229.326 -14.936 -0.12 
17 760 774.936 229.326 -14.936 -0.12 
18 240 553.415 162.223 -313.415 -1.53 
19 1354 1361.766 176.511 -7.766 -0.04 
21 42 259.841 167.768 -217.841 -1.09 
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APPENDIX G 

 
 

Statistical Analysis for Relative Plastic Viscosity Model 
 
 
 

Table G1.   Estimated Regression Coefficients  
 

Term Coef. Stdev t P-Value 
Constant 2180 519.2 4.199 0.006 

X1       -1011 312.3 -3.237 0.018 
X2       921 379.2 2.429 0.051 
X3       1380 316.8 4.357 0.005 
X4       -5079 453.4 -11.203 0.000 

X1*X1 1032 290.5 3.552 0.012 
X3*X3 732 290.5 2.519 0.045 
X4*X4 2626 420.3 6.247 0.001 
X2*X4 -1252 444.7 -2.816 0.031 

S = 989.4       R-Sq = 96.4%      
 
 
 
 

Table G2.   Analysis of Variance Table 
 

Source     DF SS  MS F P-Value 
Regression    8 155554577 19444322 19.86 0.001 
  Linear      4 101624012 33908572 34.64 0.000 
Square      3 46168540 16257100 16.61 0.003 
Interaction 1 7762025 7762025 7.93 0.031 
Residual Error 6 5873700 978950   
  Lack-of-Fit 4 5301047 1325262 4.63 0.185 
  Pure Error  2 572653 286326   
Total         14 161428277       
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Table G3.   Residual Analysis 
 

Observation Relative P. Viscosity Fitted StDev Fit Residual St. Residual
1 9074 9105.971 929.732 -31.971 -0.09 
2 264 -570.370 757.219 834.370 1.31 
3 2002 788.931 760.490 1213.069 1.92 
4 11771 11429.918 931.877 341.082 1.03 
5 3799 4212.100 757.577 -413.100 -0.65 
8 1109 1527.746 759.253 -418.746 -0.66 

10 2406 2179.776 519.169 226.224 0.27 
11 2868 2179.776 519.169 688.224 0.82 
12 1801 2179.776 519.169 -378.776 -0.45 
14 6526 6798.823 832.956 -272.823 -0.51 
15 3132 3398.109 834.410 -266.109 -0.50 
17 3285 3728.582 687.981 -443.582 -0.62 
18 711 1928.265 821.557 -1217.265 -2.21 
19 7250 6571.667 855.089 678.333 1.36 
21 526 1064.932 835.177 -538.932 -1.02 

 


