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Abstract 

Workability has traditionally been used as one of the measures for controlling con

crete mixture proportioning. This metric has provided limits on the water content 

in the concrete mixture for given aggregate size and type. The slump test, which is 

commonly used as an assessment of workability, is not adequate for characterizing the 

flow behaviour / rheology of fresh concrete. Studies have shown that Bingham's rhe

ological properties, namely yield stress and plastic viscosity, provide good description 

of the flow behaviour of fresh concrete. In this thesis, an experimental program was 

designed on the basis of factorial design to evaluate the method of Cement Associa

tion of Canada for designing and controlling concrete mixture. The variables included 

in the mix design are water-cement ratio, water content, coarse aggregate size, silica 

fume, slag and bulk volume of coarse aggregate. In addition, Neuro-Fuzzy network 

has been adopted to correlate the current mixture proportioning method to the rheo

logical properties of concrete. The network was constructed using experimental data 

tested in this study. Such correlation allowed the determination of water-cement ra

tio, water content, fine aggregate and coarse aggregate from compressive strength, 

yield stress and plastic viscosity. 
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Chapter 1 

Introduction 

Workability is one of the measures used to design and control concrete mixture pro

portioning. Such a metric is employed to control the properties of fresh concrete. 

Traditionally, the slump test has been used as an assessment of workability. In this 

context, standard methods for concrete mixture proportioning have established are

lation between the slump and concrete proportions (Design and Control of Concrete 

Mixture, CAC 2002). They postulate that the slump is a function of water content, 

maximum aggregate size and air entrained. According to ACI committee 238 (2008), 

workability is defined as "the property of freshly mixed concrete or mortar which de

termines the ease and homogeneity, with which it can be mixed, placed, consolidated 

and finished". Other qualitative properties linked to workability are cohesiveness, 

flowability, compatibility and mouldability (ACI 238, 2008). This quantitative and 

comprehensive characterization of fresh concrete flow behaviour is needed for work

ability given that slump measurement is not sufficient. Studies have shown that 

Bingham's rheological properties, yield stress and plastic viscosity do provide a quan

titative measure of the workability of fresh concrete. According to Bingham model, 

yield stress is a measure of the shear stress required to initiate flow, whereas the 

plastic viscosity is a measure of the material resistance to flow after the material 
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begins to flow. Furthermore, it has been reported that slump of fresh concrete corre

lates very well with yield stress but not with plastic viscosity (Chidiac et al., 2006). 

This implies that the standard for proportioning concrete mixtures does not account 

for the plastic viscosity, and therefore is not adequate for characterizing workability 

as a measure for designing and controlling the quality of fresh concrete mixes. For 

example, a high slump concrete can be achieved by increasing the amount of water 

or by adding chemical admixtures. Increasing the amount of water will result in a 

decrease in the yield stress and plastic viscosity. As a result, problems will arise with 

the stability and pumpability of the concrete as well as a decrease in the compressive 

strength and durability of concrete. On the other hand, adding chemical admixtures 

to the mix while maintaining the same water-cement ratio will yield a decrease in the 

yield stress and increase in plastic viscosity. Depending on the type of admixtures 

and quantity, the resultant concrete mixture may become too expensive to pump 

because of its high plastic viscosity. Also, the addition of water reducers has been 

shown to lead to an increase in compressive strength and durability. In brief, slump 

tests which is the current measure of workability can not discriminate between these 

two concrete mixtures and thus can be misleading as a measure for workability. 

1.1 Statement of Purpose 

This research aims to evaluate current Canadian design method of concrete mixture 

proportioning and slump test for controlling the quality of fresh concrete. Bingham's 

rheological properties, namely yield stress and plastic viscosity are also evaluated 

for the purpose of characterizing the flow behaviour of fresh concrete and ultimately 

workability. Experimental program was derived from the factorial design method and 

includes the following variables: water-cement ratio, water content, coarse aggregate 

size, percent addition of silica fume, percent addition of slag and bulk volume of coarse 
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aggregate. The aim is to incorporate the rheological properties of fresh concrete in 

the design and control of concrete mixtures. 

1.2 Overview 

This thesis contains six chapters, First chapter presents an introduction to the thesis 

and a corresponding statement of purpose. Chapter two provides a review of design 

and control of concrete mixtures. Rheology of fresh concrete including test methods 

and mathematical models are also briefly presented. The potential benefit of employ

ing the rheology in characterizing the behaviour of fresh concrete are discussed. 

Chapter three presents the experimental program developed on the basis of facto

rial design to study the effect of water-cement ratio, water content, coarse aggregate 

size, percent addition of silica fume and slag and the bulk volume of coarse aggregate 

on the slump, slump flow, slump rate, yield stress, plastic viscosity and compressive 

strength. 

Chapter four presents the results of the experimental program conducted in Chap

ter three. Comparison between the design values and measured values of slump and 

compressive strength are conducted. Regression models were derived for slump, slump 

flow, yield stress, plastic viscosity and compressive strength. 

Chapter five defines the Neuro-Fuzzy technique and presents it as a useful method 

to correlate the current mix design to the rheological properties of fresh concrete and 

compressive strength. Rules were derived for calculating the mixture proportions from 

the strength, yield stress and plastic viscosity on the basis of the network results. The 

accuracy of such rules in proportioning concrete mixture were evaluated. 

Finally, the conclusions and recommendations of this research are drawn in Chap

ter six. 
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Chapter 2 

Concrete Mixture Proportioning 

Concrete is a mixture of water and solid particles which typically range in size between 

20 mm and lJ.lm (Tattersall and Banfill, 1983). This heterogeneous composition of 

concrete has been shown to affect its flow behavior as well as its mechanical, physical 

and durability properties. Accordingly, research has been carried out for determining 

the content of each proportion in the concrete mixture. Such a mixture needs to 

possess the desired properties for workability, strength and durability while remaining 

economical (F. D. Lydon, 1972). 

This chapter contains five sections. First section presents an introduction to the 

concrete mixture proportioning and the basis for its design. In Section two, the 

definition of workability is reviewed along with the use of workability measures for 

controlling the quality of concrete mixture proportioning. Rheology is defined in 

Section three, which also includes a review of the rheological models proposed for fresh 

concrete. Description of the apparatus used to measure the rheological properties of 

fresh concrete is presented in Section four. The relevance of the rheological properties 

for describing and controlling the flow of fresh concrete, particulary, the flowability, 

pumpability and stability, is discussed in Section five. 

4 
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2.1 Design of Concrete Mixture 

Concrete mixture proportioning provides a recipe for manufacturing concrete. It is a 

process that has been developed for determining the concrete ingredients with spec

ified characteristics, using local materials (Design and Control of Concrete Mixture, 

CAC 2002). Prior to 1918, most theories of concrete mixture proportioning were de

veloped on the assumption that maximum density leads to the greatest strength and 

imperviousness of concrete (ACI Proportioning Concrete Mixes, 1974). According to 

ACI Proportioning Concrete Standards (ACI Proportioning Concrete Mixes, 1974), 

these theories include, Arbitrary assignment (1:2:4), Void ratio, Maximum density, 

Fineness modulus, Surface area of aggregate, Cement content, and Water-cement 

ratio. In 1918, Abrams reported that the water-cement ratio is the most critical 

parameter for designing concrete proportions (ACI Proportioning Concrete Mixes, 

1974). In 1944, the "first American Concrete Institute (ACI) standard method for 

proportioning concrete mixture" was produced, and it was based on the water-cement

ratio methodology put forward by Abrams. Moreover, the first standardized method 

also used the slump test, which was developed by Abrams, as a measure of worka

bility (ACI Proportioning Concrete Mixes, 1974). The test was used to measure the 

aggregate-cement ratio in the mixture. 

In 1954, two new concepts were added to the ACI standard method, air entrain

ment and ratio of unit volume of dry rodded coarse aggregate to volume of coarse 

aggregate. The second concept was used to estimate the coarse aggregate content 

in the mixture. Subsequently, the specific gravity factor was introduced to the pro

portioning standard in order to determine the absolute volume for each ingredient 

in the mixture. The specific gravity factor is defined as the ratio of the material 

weight to the effective volume displaced by it (ACI Proportioning Concrete Mixes, 
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1974). These concepts have formed the basis for most concrete mixture proportion

ing standards. Accordingly, the design of concrete mixtures includes the following 

tasks: 1) Establish the water-cement ratio; 2) Entrain air for freezing and thawing; 

3) Estimate coarse aggregate, water and cement contents; 4) Compute sand content; 

and 5) Trial mix and adjustment. In Canada, the Cement Association of Canada 

( CAC) has developed similar guidelines for proportioning concrete mixture as shown 

in Figure 2.1. Accordingly, there are design requirements that need to be specified 

prior to initiating the concrete mixture proportioning process, namely characteristics 

strength, durability and site requirements. 

Characteristics Strength Site Requirements 

Desgin Compressive Fresh Properties 

Strength (Workability) 

Durability I Aggregate I 
Water-Cement Ratio Water Content 

I 
Cement Content 

I 

Cement-Aggregate Ratio 

' 

Figure 2.1: Concrete mixture proportioning guidelines (F. D. Lydon, 1972) 

Following CAC guidelines, the first step is to identify the target compressive 

strength. The corresponding water-cement ratio is then determined as shown in 

Table 2.1. This approach accounts for the air content. The water content, which 

is found to depend on the target slump, maximum aggregate size and air content, 
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is then determined following the guidelines given in Table 2.2. The suggested water 

content is for crushed angular coarse aggregate and needs to be adjusted for aggregate 

with other shape and texture. This permits the determination of the cement content. 

The volume of coarse aggregate per unit volume of concrete is determined from the 

maximum coarse. aggregate size and fineness modulus of fine aggregate as given in 

Table 2.3. 

Table 2.1: w /c a function of compressive strength (CAC, 2002) 

Compressive strength after Water-cementing materials ratio by mass 

28 days, MPa Non-air-entrained Air-entrained 
concrete concrete 

45 0.38 0.3 
40 0.42 0.34 
35 0.47 0.39 
30 0.54 0.45 
25 0.61 0.52 
20 0.69 0.6 
15 0.79 0.7 

The remaining ingredient is the fine aggregate content, which is estimated using 

the volume method. This method involves calculating the weights of water, cement 

and coarse aggregate, which are then converted to volume. By subtracting the sum 

from the total concrete mixture volume, the volume of fine aggregate is obtained. 

Then, the calculated volume is converted to weight (ACI Proportioning Concrete 

Mixes, 1974). This method, therefore, requires a priori determination of the specific 

gravity factor for all the concrete ingredients. It should be noted that the volume of 

air content in the mixture is also considered in the volume method. 

7 



M.A.Sc. Thesis - Omar Daoud McMaster University - Civil Engineering 

Table 2.2: Suggested water and air content for different slump and maximum aggre
gate sizes (CAC, 2002) 

Water, kilograms per cubic metre of concrete 
Slump (mm) 

10mm 14 mm 20 mm 28 mm 40 mm 56 mm 80 mm 150 mm 
Non-air entrained concrete 

25 to 50 207 199 190 179 166 154 130 113 
75 to 100 228 216 205 193 181 169 145 124 
150 to 175 243 228 216 202 190 178 160 -

Approximate amount of 
entrapped air in non-air 3 2.5 2 1.5 1 0.5 0.3 0.2 
entrained concrete{%) 

Air-entrained concrete 
25 to 50 181 175 168 160 150 142 122 107 
75 to 100 202 193 184 175 165 157 133 119 
150 to 175 216 205 197 184 174 166 154 -

CSAA23.1 
Recommended total air 
content(%) 
Category 1 6 to 9 5 to 8 4 to 7 - - -
Category 2 5 to 8 4 to 7 3 to 6 - - -

Table 2.3: Bulk volume of coarse aggregate per unit volume of concrete a function of 
fineness modulus of fine aggregate (CAC, 2002) 

Bulk volume of dry-rodded coarse 
Nominal maximum size aggregate per unit volume of concrete for 

of aggregate (mm) different fineness moduli of fine aggregate 
2.4 2.6 2.8 3 

10 0.5 0.48 0.46 0.44 
14 0.59 0.57 0.55 0.53 
20 0.66 0.64 0.62 0.6 
28 0.71 0.69 0.67 0.65 
40 0.75 0.73 0.71 0.69 
56 0.78 0.76 0.74 0.72 
80 0.82 0.8 0.78 0.76 
150 0.87 0.85 0.83 0.81 
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2.2 Workability 

The term workability has received many interpretations. According to the American 

Concrete Institute (ACI), workability is defined as "the property of freshly mixed 

concrete or mortar which determines the ease and homogeneity, with which it can 

be mixed, placed, consolidated and finished" (ACI 238, 2008). CAC (2002) defines 

workability as "the ease of placing, consolidating and finishing freshly mixed con

crete" (Design and Control of Concrete Mixture, CAC 2002). On the other hand, 

the Japanese Association of Concrete Engineers defines workability as "that property 

of freshly mixed concrete or mortar which determines the ease with which it can be 

mixed, placed and compacted due to its consistency, the homogeneity with which be 

made into concrete and the degree with which it can resist separation of materials" (C. 

F. Ferraris, 1999). These definitions indicate that workability encompasses cohesive

ness and consistency. Cohesiveness is defined for concrete as "the ease of trowelling 

and visual judgment of resistance to segregation" (Mehta et al., 1993), and consis

tency as "the relative mobility or ability of fresh concrete or mortar to flow" (ACI 

238, 2008). These terms, in addition to flowability, finishability and pumpability, 

provide a qualitative description of concrete workability. 

Numerous test methods have been developed to quantitatively measure the work

ability of fresh concrete. The slump test, developed in 1941, has remained the test 

of choice for many standards because of its ease-of-use and low cost. Other tests 

such as Compacting factor test (British Standards 1881), Vebe test BS 1881 (British 

Standards 1881), and Flow table test (DIN 1048) have also been proposed to measure 

workability. 

Workability is also used to control the quality of concrete. Therefore it serves two 

purposes; the design of concrete to meet job conditions and to control the quality of 

fresh concrete. The challenge remains how to choose a suitable workability for each 
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circumstances, then convert it to a quantitative term which could act as a design 

target of the mixture design. For instance, the British Standard (British Standards 

Institution, Methods of Testing Fresh Concrete 1970) has categorized workability into 

4 levels; high, medium, low and very low, and used the Slump test, Compacting fac

tor test and V-B Consistometer test to quantify workability. Table 2.4 provides a 

summary of the recommended levels of workability for some conditions (F. D. Ly

don, 1972). Research has shown that these tests are not sufficient to quantify the 

workability of fresh concrete and that rheology is the best approach to achieve such 

characterization (Tattersall and Banfill, 1983). 

Table 2.4: Recommended levels of workability for various conditions according to the 
British Standard (F. D. Lydon, 1972) 

Slump V-B 
Workability Suitable use Compacting Factor 

range (mm) range 

Very low Section with 0.78 0 15-30 
access to vibration 

Low Simply reinforced 0.85 8-12 
section vibrated 

0-50 

Medium More congested 0.92 3-5 
section vibrated 

High Heavily reinforced 0.95 50-100 1-3 
section vibrated 

2.3 Rheology 

Rheology is defined as "the science of the deformation and flow of matter, which 

is concerned with relation between stress, rate of strain and time" (Tattersall and 

Banfill, 1983). In the field of concrete, rheology is needed to characterize workability. 
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In order to achieve such an objective, an understanding of the material flow behaviour 

is merited. 

Many rheological models have been developed to describe the flow of liquids or 

liquids with solid suspensions (Tattersall and Banfill, 1983). The variations among 

these models are their description of the onset of flow and the flow behaviour. Mate

rials start to flow when the shear stress exceeds a threshold limit referred to as yield 

stress. For some materials, such as water and oil, the yield stress is equal to zero and 

for others, such as fresh concrete, it is greater than zero. There are three basics mod

els that have been used to describe the flow behaviour of liquids or liquids with solid 

suspensions, namely Newtonian, Power and Bingham. ACI 238 (2008) has defined 

mathematical notations for these models and the corresponding mathematical model 

is given below: 

Newtonian law 

T = rry (2.1) 

Power law 

(2.2) 

Bingham 

(2.3) 

Where T0 is the yield stress (Pa), T/ the plastic viscosity (Pa.s), "Y the shear rate 

(s-1 ), "" the consistency, and n the Power index representing the deviation from the 

newtonian behavior viscosity. It should be noted that when n=1, the power law 

model provides a description of the Newtonian fluid, and when n is greater than 1 

or less than 1, the model represents shear thickening and shear thinning behaviour, 

respectively. For normal slump concrete, research has shown that the Bingham model 

provides a good description of the flow. However, for high slump concrete, referred 
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to as self consildating concrete, it has been found that the flow is non-newtonian and 

is best described using Herschel-Bulkley model given by: 

(2.4) 

Figure 2.2 illustrates the shear stress and strain rate relation for the above noted 

models. 

Bingham 

Herschel-Bulkley 

Shear thinning 

Newtonian 

Shear thickening 

Figure 2.2: Rheological Models (ACI 238, 2008) 

Bingham model defines the shear flow curve as a linear relationship between the 

shear rate and shear stress. Such relationship is represented by the yield stress as a 

y-intercept and the plastic viscosity as a slope as shown in Figure 2.3. In this context, 

two rheological properties are needed to characterize the flow; yield stress and plastic 

viscosity. 

Yield stress is "a critical shear stress value below which an ideal plastic or vis

coplastic material behaves like a solid. Once the yield stress is exceeded, a plastic 

material yields while a viscoplastic material flows like a liquid" (ACI 238, 2008). 

Effects of concrete ingredients on yield stress values are summarized in Table 2.5. 

Plastic viscosity is a material property which measures the resistance to a change 

in shape or arrangement of its constituents (Chidiac et al., 2003). In a mathematical 
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yield 
stress 

McMaster University - Civil Engineering 

shear rate 

Figure 2.3: Shear flow curve- Bingham Model 

sense, plastic viscosity is "the excess of the shear stress over the yield stress divided 

by the shear rate and equal to differential viscosity" (ACI 238, 2008). The effects of 

concrete ingredients on the plastic viscosity are also summarized in Table 2.5. These 

results indicate that the rheological properties are sensitive to the proportions of 

concrete ingredients. 

Table 2.5: Effect of concrete ingredients on the concrete rheology (ACI 238, 2008) 

Factors Yield stress Plastic viscosity 
Cement content Decrease Decrease 
Water content Decrease Decrease 
Aggregate volume fraction Increase Increase 
Sand to aggregate ratio Optimum value Optimum value 
Microfines content Mixed Mixed 
Water-reducing admixtures Decrease Mixed 
Air-entrainment agent Mixed Decrease 
Viscosity modifying admixtures Increase Increase 
Fly ash Decrease Mixed 
Silica fume (Low dosage) Decrease Decrease 
Silica fume (High dosage) Increase Increase 
Slag (GGBFS) Mixed Increase 

13 
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2.4 Measuring Rheological Properties 

Testing methods for measuring workability have been categorized as single point test 

or multipoint test (ACI 238, 2008). A single point test refers to a single point on 

the shear flow curve, such as the slump test which provide a measure of yield stress 

(Chidiac et al., 2006). While, a multipoint test refers to many points on the shear 

flow curve, thus affording a description of the flow. These tests are carried out using 

concrete rheometers. 

The flow properties of fresh concrete in a single point test are handled by as

suming a constant shear rate for the shear flow (Tattersall and Banfill, 1983). This 

assumption provides an incomplete description of the fresh concrete behavior. How

ever, single point apparatuses have been used because they are simple and easy to use. 

Examples of these apparatuses are the Compaction Factor test, V-B Consistometer 

test, Free Orimet test, Kelly Ball test and Slump test. Refer to ACI 238 (2008) for a 

comprehensive list and assessment of these tests. 

Slump test is a simple test employed to evaluate the workability of concrete. It is 

widely used since it is simple, inexpensive and can be carried out in the field with very 

little training. The slump test is based on measuring how much concrete, which has 

been placed in a standard mould, slumps after removing the mould. The resulting 

single point in this test is the slump value which has been correlated to the yield 

stress (Chidiac et al., 2006). However, the slump test is characterized by subjectivity. 

In other words, its result depends on the dimensions and detailed arrangement of 

apparatus as well as the technique of performing such a test (Tattersall and Banfill, 

1983). Additionally, the slump test can not be used for concrete with very low or 

high workability. 

Multipoint test characterizes the flow properties by varying the shear rate in order 

to measure more stresses on the shear flow curve. The rheological properties, yield 

14 
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stress and plastic viscosity, are estimated in the multipoint test by assuming that the 

flow obeys Bingham model or Herschel-Bulkley model. Many apparatuses have been 

developed to measure the flow of fresh concrete. Examples of these apparatuses are 

Tattersall two-points workability device, BML viscometer, IBB rheometer, BTRheom, 

and Slump rate machine (SLRM-II). Tattersall two-point workability device is one of 

the earliest methods developed to measure the rheology of fresh concrete by measuring 

the torque required to turn an impeller in concrete. The device consists of a stationary 

bowl mounted in a large frame and a hydraulic motor used to turn the impeller 

immersed in the concrete sample. The device also has a vibrator to measure the 

behaviour of fresh concrete under the effects of vibration. The concrete in this test 

is assumed to obey Bingham model. The device has been used widely in research, 

but its large size limits its use in the field (ACI 238, 2008). The BML viscometer 

is a coaxial cylinder rheometer which consists of outer rotating cylinder and internal 

vertical blades. During the test, the torque acting on the blades is measured while the 

outer cylinder is rotating. The viscometer is intended for concrete with slump more 

than 120 mm (ACI 238, 2008). The IBB rheometer is a modification of Tattersall 

two-point workability device which was developed to measure the rheology of wet

mix shotcrete. The rheometer consists of a rotating impeller and a fixed cylindrical 

container. During the test, a load cell measures the reaction torque from the impeller 

and a tachometer measures the speed of the impeller. A portable version of the IBB 

rheometer has been developed. One of the advantages of this rheometer that it can 

be used for a wide range of concrete workability (ACI 238, 2008). BTRheom is a 

parallel plate rheometer that is used to measure the rheological properties of fresh 

concrete. It consists of two parts, the fixed part and rotating part. The BTRheom 

determines the flow properties by turning the rotating part with different speeds and 

measuring the resultant torque at these speeds. All operations of the BTRheom are 

computer controlled. Moreover, it allows for measurements under vibration (ACI 238, 
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2008). ACI 238 (2008) provides a comprehensive list and assessment of workability 

test methods. 

The slump rate machine, SLRM-II, is a modified slump test which has int roduced 

the variable of t ime to the standard test. The time variable is used to measure 

plastic viscosity, while yield stress is measured from the slump flow value. Hence, 

two points are provided to characterize the fresh concrete flow (Chidiac et al. , 2003). 

The SLRM-11 apparatus consist s of two parts; the cone lifter part and the predicting 

part as shown in Figure 2.4. The first part is provided wit h hydraulic oil system to 

lift the slump cone with a constant rate. The second part consists of ten sensors to 

monitor t he withdrawal rat e of the cone and slump of t he concrete. Such monitoring 

is used to measure the concrete slump, time of slump, and slumping rate, while the 

slump flow is measured manually. Subsequently, t heses values are substit uted in a 

mathematical models for estimating the yield stress and the plastic viscosity of the 

concrete. Addit ional information on this apparatus can be found in Chidiac and 

Habibbeigi (2005). 

Figure 2.4: Slump rate machine (SLRM-11) 
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Many models have been developed to relate the yield stress and plastic viscosity 

to the slump value and slump time, respectively. Tanigawa et al. (1992) used the 

principle of applied mechanics to establish a relationship between the yield stress and 

slump value (Tanigawa et al., 1992). They assumed that the stress is developed due 

to the weight of fresh concrete only and neglected the stresses in the other direction. 

They proposed the following equation 

(2.5) 

where ry(Pa) is the yield stress, S1(m) the slump, p(kgjm3 ) the fresh concrete density, 

a the shape factor, and g(m/s2
) is the gravitational constant. 

Chidiac et al. (2000) provided an improvement to Tanigawa et al. (1992) model by 

eliminating the shape factor. They related the yield stress to the slump flow instead 

of slump value (Chidiac et al., 2000) where 

4gVp ( p ) 
Ty = fCi 2 = 0.0397 S 2 

v31fSJ f 
(2.6) 

In 2006, Chidiac et al., (2006) proposed an empirical model which relates the yield 

stress to the slump value and slump flow. This model, which combines the work of 

Hu et al. (1996) and Chidiac et al. (2000), is given by 

( (
0.0198)) ry = P 1.85 (o.3- S1) + St (2.7) 

Regarding the plastic viscosity, Chidiac et al. (2000) have followed the work of 

Tanigawa et al. (1992) and developed a model which relates the slump value to the 

plastic viscosity, slumping time, concrete density and shape factor 

1 
s1 = H - !!:£Jl.. 1 

600'I)t + li 
(2.8) 

where rJ(Pa.s) is the plastic viscosity, t(s) the slump time, and H (m) is the height 

of the slump cone. By substituting the slump flow, and final time of slump, they 
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rewrote Equation 2.8 so viscosity can be calculated from the slump, slump flow, final 

time of slump and concrete density, i.e. 

(2.9) 

2.5 Using Rheology in Concrete Mixture Propor-

tioning 

Concrete mixture is proportioned to achieve specific design characteristics such as 

strength and durability as well as transporting, placing and finishing. This process 

is complicated. For example, a high strength concrete which requires a low water

cement ratio, yields a low slump value. Having a stiff mix creates problems with 

placement and compaction. One remedy is to add a high dosage of water reducing 

agent, this will result in an increase in the slump. However, a high slump concrete 

enhances the placeability and pumpability, but it can create problems with the fin

ishing and stability. Therefore, the target properties have to be adequately balanced. 

This is one of many reasons why rheological properties need to be included in the 

design of concrete mixtures. Tow additional cases studied are presented to reflect the 

importance of rheological properties in the design and control of concrete mixtures. 

2.5.1 Pumpability 

Pumping which is an efficient way to transport and place concrete, is strongly influ

enced by the concrete plastic viscosity (De larrad et al., 1997). It has been shown 

that increasing the plastic viscosity will result an increase in the pumping resistance. 

On the other side, the yield stress has a little effect on pumpability. Figure 2.5 shows 

the relationship between the plastic viscosity and the pumping resistance. In this 

relationship, the pumping resistance is represented by the ratio between the pumping 
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pressure and number of strokes per minute (De larrad et al., 1997). 
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Figure 2.5: Plastic viscosity and pumping resistance relationship (F. de larrad, 1999) 

2.5.2 Consistency and stability 

Consistency is a term used to qualitatively describe the flow of fresh concrete. How

ever, consistency can be quantitatively characterized by the yield stress (F. de larrad, 

1999). Concrete that has a sticky consistency tends to have problems with the finish

ing. On the other side, a fl.owable concrete can create problems with stability. Hence, 

the consistency of fresh concrete has to be chosen to balance between the placing 

requirements and finishing conditions. In this essence, the yield stress can be used to 

control the consistency of fresh concrete. To illustrate this point, one can examine a 

200 mm thick slab that needs to be cast with 6 percent slope. Using the free body 

diagram of Figure 2.6, one can calculate the minimum yield stress on the basis of 

equilibrium, i.e., 

T0 = pghsinO (2.10) 
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Figure 2.6: Equilibrium of fresh concrete under gravity (F. de larrad, 1999) 

On the other side, the maximum value of yield stress is dictated by the con

struction type and placing condition. The maximum yield stress is limited by the 

flowability of the concrete (F. de larrad, 1999). 
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Chapter 3 

Experimental Program 

The factorial design is "a type of experimental design in which every level of one 

factor is tested in combination with every level of another factor. In general, in a fac

torial experiment, all possible combinations of factor levels are tested" (Montgomery 

and Runger, 2003). In this research, the factorial design was adopted to study the 

influence of concrete mixture proportions on concrete fresh and hardened properties. 

Such a study enables one to establish proportionality between concrete mixture and 

slump, yield stress, plastic viscosity and 28-day compressive strength. To meet the 

objective of this study, six variables, namely water-cement ratio, water content, max

imum coarse aggregate size, percent addition of silica fume, percent addition of slag 

and bulk volume of coarse aggregate, were identified. The range for each mix design 

variable was chosen to meet the definition of normal concrete as stipulated in Design 

and Control of Concrete Mixture (CAC, 2002). 

This chapter consists of four sections. First section presents the concrete mixtures 

studied and the methodology adopted for choosing the range for the selected mix 

design variables. This is followed by the fractional factorial design method employed 

to design the concrete mixtures for this experimental program. Characterization of 

the materials used in the experimental program is carried out in Section three. Finally, 
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Section four presents the experimental procedure and test method used to evaluate 

the properties of fresh concrete and compressive strength of hardened concrete. 

3.1 Concrete Mix Design 

Recognizing that workability of concrete depends on the concrete mixture, the in

fluence of six mix-design variables on the properties of fresh concrete was studied. 

The six variables are water-cement ratio (w /c), water content, maximum aggregate 

size, percent addition of silica fume, percent addition of slag and the bulk volume of 

coarse aggregate. Following the statistical factorial design method, two levels, low 

and high values, for each variable are required (Montgomery and Runger, 2003). The 

levels were chosen according to the concrete mixture proportioning method of Cement 

Association of Canada (CAC, 2002). The design target was an air entrained normal 

concrete with a compressive strength greater than 20 MPa and a slump value greater 

than 75 mm. According to Table 2.1, this corresponds to a w jc value of 0.6. A 

minimum value of 0.4 was chosen for w/c to maintain economical mixes. Regarding 

the maximum coarse aggregate size, the two levels were chosen to correspond to the 

commonly used sizes, namely 14 and 20 mm. The low and high levels of water content 

were chosen, respectively, as 193 and 205 kg/m3 for the 14 mm coarse aggregate, and 

184 and 197 kg/m3 for the 20 mm coarse aggregate. According to Table 2.2, these 

values are expected to yield 75 mm and 175 mm slump for an air entrained concrete. 

The levels of percent replacement of silica fume and slag were chosen within the rec

ommended range of ACI 318 (ACI 318, 2005). These levels are 0 to 30% for slag and 

0 to 8% for silica fume, as a replacement ratio of cement content. Lastly, the two 

levels of the bulk volume of coarse aggregate per unit volume of concrete were chosen 

as per the recommended values given in Table 2.3. For fine aggregate with a fineness 

modulus of 2. 72, the recommended bulk volume of dry rodded coarse aggregate per 
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unit volume of concrete is 0.56 for the 14 mm aggregate and 0.63 for the 20 mm 

aggregate. For this study, the two levels of coarse aggregate volume were chosen as 

plus and minus 10% of the recommended values. This led to the levels of 0.5 and 0.62 

for the 14 mm aggregate and 0.57 and 0.69 for the 20 mm aggregate. 

3. 2 Fractional Factorial Design 

Fractional factorial design of resolution six (26- 1 ) was adopted to study the effect of 

one variable and the interaction effects of two variables. According to this model, a 

set of 32 mixes are required. These mixes vary between -1 and + 1 coded values for 

each variable. The codes and values attributed to the variables are given in Table 3.1. 

The coded values are computed according to Montgomery and Runger (2003) where 

C d d 
v: l _Value- Mean 

o e va ue- R 12 ange 
(3.1) 

Table 3.1: Variables and corresponding coded values adopted for the experimental 
program 

~ -1 0 +1 
s 

w/c 0.4 0.5 0.6 

Water content (kg/m3
) 

14mm 193 199 205 

20mm 184 190.5 197 

Coarse aggregate size (mm) 14 - 20 

Silica fume (%) 0 - 8 

Slag(%) 0 - 30 

14mm 0.5 0.56 0.62 
Coarse aggregate content 

20mm 0.57 .63 0.69 
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Since the effect of the mix variables on the relevant responses could vary in a 

nonlinear manner, a set of star points, with different levels of variables, was added. 

Such points enable one to assess the influence of the variable in four levels instead of 

just two levels. In this context, 4 mixes with different levels of w I c, water content 

and coarse aggregate content were added. The wlc levels were 0.5 and 0.7, the water 

content 175 and 205 kglm3 , and the bulk volume of coarse aggregate 0.5 and 0.62. 

The other variables were assumed constant, i.e., 14 mm for maximum aggregate size 

and 0% replacement ratio for silica fume and slag. In addition, 3 mixes with different 

levels of replacement ratio of slag were added. These levels were 0, 20 and 40%, while 

the other variables were kept constant, i.e., 0.5 for wlc, 199 kglm3 for water content, 

14 mm for maximum aggregate size, 0% replacement ratio for silica fume and 0.56 

for bulk voulme of coarse aggregate. Also, two mixes with different levels of coarse 

aggregate content were added. Such levels have been chosen in the same way as in 

designing the main points but multiplied by plus and minus 20% instead of 10%. 

These levels were 0.448 and 0.672 for the bulk volume of coarse aggregate, while the 

other variables were kept constant, i.e., 0.5 for w lc, 199 kglm3 for water content, 14 

mm for maximum aggregate size and 0% replacement ratio for silica fume and slag. 

In summary, 41 mixes were developed for this experiment to include the fractional 

factorial design main points and star points. Air entraining agent was added using a 

constant dosage of 35 ml per 45 kglm3 of cement content, for all the mixes. Hence, 

the developed model is expected to be air entrained, normal concrete with w I c range 

of 0.4 to 0.7, water content of 175 to 205 kglm3 , maximum aggregate size of 14 to 

20 mm, replacement ratio of silica fume of 0 to 8% and slag of 0 to 40%, and bulk 

volume of coarse aggregate of 0.45 to 0.69. In addition, four concrete mixtures with 

random proportions were added to validate the model. The corresponding 45 concrete 

mixtures designed for this experimental program are given in Tables 3.2 and 3.3. 
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Table 3.2: Design of concrete mixtures adopted for this study -Main points 

Mix Water Size Silica fume Slag Coarse aggregate 
Mix w/c 

label (kg!m3
) (mm) (%) (%) (Bulk volume) 

1 44 0.4 193 14 0 0 0.50 
2 42 0.6 193 14 0 0 0.62 
3 38 0.4 205 14 0 0 0.62 
4 43 0.6 205 14 0 0 0.50 
5 40 0.4 184 20 0 0 0.69 
6 45 0.6 184 20 0 0 0.57 
7 39 0.4 197 20 0 0 0.57 
8 41 0.6 197 20 0 0 0.69 
9 19 0.4 193 14 8 0 0.62 
10 14 0.6 193 14 8 0 0.50 
11 20 0.4 205 14 8 0 0.50 
12 15 0.6 205 14 8 0 0.62 
13 18 0.4 184 20 8 0 0.57 
14 16 0.6 184 20 8 0 0.69 
15 21 0.4 197 20 8 0 0.69 
16 17 0.6 197 20 8 0 0.57 
17 23 0.4 193 14 0 30 0.62 
18 22 0.6 193 14 0 30 0.50 
19 26 0.4 205 14 0 30 0.50 
20 24 0.6 205 14 0 30 0.62 
21 27 0.4 184 20 0 30 0.57 
22 25 0.6 184 20 0 30 0.69 
23 28 0.4 197 20 0 30 0.69 
24 29 0.6 197 20 0 30 0.57 
25 35 0.4 193 14 5.6 30 0.50 
26 31 0.6 193 14 5.6 30 0.62 
27 32 0.4 205 14 5.6 30 0.62 
28 34 0.6 205 14 5.6 30 0.50 
29 30 0.4 184 20 5.6 30 0.69 
30 37 0.6 184 20 5.6 30 0.57 
31 33 0.4 197 20 5.6 30 0.57 
32 36 0.6 197 20 5.6 30 0.69 
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Table 3.3: Design of concrete mixtures adopted for this study -Star points 

Mix Water Size Silica Fume Slag Coarse aggregate 
Mix w/c 

label (Kglm3
) (mm) (%) (%) (Bulk volume) 

33 55 0.5 193 14 0 0 0.50 
34 52 0.7 175 14 0 0 0.50 
35 54 0.5 205 14 0 0 0.50 
36 57 0.7 193 14 0 0 0.50 
37 51 0.5 193 14 0 0 0.62 
38 60 0.7 175 14 0 0 0.62 
39 49 0.5 205 14 0 0 0.62 
40 58 0.7 193 14 0 0 0.62 
41 47 0.5 199 14 0 20 0.56 
42 48 0.5 199 14 0 40 0.56 
43 62 0.5 199 14 0 0 0.45 
44 63 0.5 199 14 0 0 0.67 
45 46 0.5 199 14 0 0 0.56 

3.3 Material 

Concrete was prepared using mixtures of crushed limestone, siliceous sand, ordinary 

Portland cement, ordinary Portland cement blended with silica fume, ground granu

lated blast-furnace slag, air entraining agent and water. 

3.3.1 Aggregates 

Crushed limestone aggregate, which was obtained from Lafarge North America's Dun

das quarry located in Dundas, Ontario, with a maximum size of 14 and 20 mm, was 

used in this study. The particles gradation curves corresponding to the 14 mm and 

20 mm coarse aggregate, obtained in accordance with CSA test method A23.2-2A 

(CSA, 2000), are shown in Figure 3.1 and Figure 3.2, respectively. The results show 

that the aggregates are well graded and within the CSA standard limits. The specific 

gravity of the 14 mm and 20 mm coarse aggregate, which were measured according 
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to CSA test method A23.2-12A (CSA, 2000), are 2.74 and 2.75, respectively. The 

saturated surface dry moisture contents, which were measured according to the CSA 

test method A23.2-12A, are 0.88% and 0.92%, respectively for the 14 mm and 20 

mm coarse aggregate. The oven dry bulk densities, measured according to CSA test 

method A23.2-10A (CSA, 2000), are 1576 kg/m3 for the 14 mm and 1636 kg/m3 for 

the 20 mm coarse aggregate. 
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Figure 3.1: 14 mm coarse aggregate particle size distribution curve 

Silicious sand obtained from Lafarge North America's west Paris plant, which was 

used as fine aggregate for all the mixes, possesses a fineness modulus of 2. 72. Following 

the procedure of CSA test method A23.2-6A ( CSA, 2000), the specific gravity of sand 

is found equal to 2.71, the saturated surface dry moisture content equal to 1.58% and 

the dry packing density equal to 1812 kg/m3
. The sand particle size distribution is 

shown in Figure 3.3. The results indicate that the particles distribution are within 

the limits of CSA test method A23.2-2A (CSA, 2000). 
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3.3.2 Cementitious material 

Three cementitious materials were used in this study; ordinary Portland cement (Hy

draulic Cement type GU-type 10), ordinary Portland cement blended with 8% silica 

fume (GUb-SF Cement type IP 8), and ground granulated blast-furnace slag (GG

BFS) grade 80. The material was obtained from Lafarge North America. The corre

sponding chemical and physical properties are given in Table 3.4 and Table 3.5. 

3.3.3 Air entraining agent 

Air entraining agent, which is Micro Air and manufactured by BASF Construction 

Chemicals (Master Builders), was used in this study. The admixture meets the re

quirements of ASTM C260 (BASF, 2007). Dosage of 35 ml per 45 kg/m3 of cement 

content was used according to the manufacturer's recommended dosage. 

3.4 Experimental Procedure 

The same experimental procedure was adopted for all the mixes. This includes mixing 

procedure, and test methods to evaluate the properties of fresh concrete and hardened 

concrete. The general procedure followed for this experimental program is as follows: 

1. Prepare the ingredients according to the mix design. 

2. Mix the ingredients according to the mixing procedure. 

3. Test the properties of fresh concrete, namely the slump, slump flow, slump rate, 

density, air content, yield stress and plastic viscosity. 

4. Prepare three cylinders to test the 28-day compressive strength. 

5. Test the compressive strength of the concrete after 28 days. 
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Table 3.4: Chemical and physical properties of Hydraulic Cement GU-type 10 and 
G Ub-SF Cement type IP 8 

Hydraulic Cement GUb-SF Cement 
GU-type 10 type IP 8 

Si02 (%) 19.7 25.4 

Al20 3 (%) 4.9 5.1 

Fe20 3 (%) 2.4 2.6 
CaO (%) 62.2 57.6 
MgQ(%) 3.1 2.7 
so3 (%) 3.4 2.6 

FCaO (%) 1.3 1.7 
Loss on Ignition (%) 2.9 2.5 
Equivalent Alkalies (%) 0.75 0.76 
Silica Fume Addition(%) - 8 

Specific Surface Area (Blaine) 4280 5890 
%Passing 325 (45um) Mesh(%) 90.7 88.8 
Time of Setting-Initial (min) 115 110 
Compressive Strength- 3 Day (MPa) 27.6 23.7 
Compressive Strength- 7 Dav (MPa) 34.4 33.6 
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Table 3.5: Chemical and physical properties of Ground granulated blast-furnace slag 
(GGBFS) 

GGBFS 
Si02 (%) 34.5 

Al203 (%) 9.9 
Fe20 3 (%) 0.7 
CaO (%) 36.5 
MgO (%) 12.3 
so3 (%) 3.5 
K20 (%) 0.4 
Na20 (%) 0.3 
Ti02 (%) 0.7 

Mn203 (%) 0.7 
Naeq (%) 0.6 

Retained on 45 micron (%) 2 
Specific gravity 2.92 
Compressive Strength- 7 Day (MPa) 22 
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Additional details for t he above noted procedures are given next. 

3.4.1 Mixing procedure 

Concrete was mixed in a pan mixer and according to the following procedure 1) Add 

the air entraining agent to the water and mix for 30 seconds; 2) Add the coarse 

aggregate, fine aggregate, cement and 1/3 of the water content to the mixer; 3) Mix 

for 2 minutes; 4) Add the remaining water while the mixer is running; 5) Continue 

mixing for 2 minutes; 6) Stop the mixer for 1 minute; 7) Mix for 1 minute. 

3.4.2 Slump and slump flow 

The slump was measured according to CSA test method A23.2-5C (CSA, 2000). 

This test was carried out after dumping the concrete from the mixer. The slump 

flow, which is a measure of the concrete spread in two-perpendicular directions , was 

also measured from the slump test. Figure 3.4 shows the slump of Mix label #41. 

Figure 3.4: Slump test of Mix label #41 
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3.4.3 Density and air content 

The density of fresh concrete and air content were measured for each mix according 

to CSA test method A23.2-4C (CSA, 2000) . Figure 3.5 shows the pressure vessel used 

to measure the concrete's air content. The same container was also used to evaluate 

the density of fresh concrete. 

Figure 3.5: Pressure vessel used to measure air content 

3.4.4 Yield stress and plastic viscosity 

The slump rate machine (SLRM-II), shown in Figure 3.6, was used to measure 

the slump , slump flow , slump time and slump rate of the concrete (Chidiac and 

Habibbeigi, 2005). This test method permits the calculations of yield stress and 

plastic viscosity by assuming that the concrete flow obeys Bingham model. 

3.4.5 Compressive strength test 

For each concrete mix, 3 cylinders, 100 mm by 200 mm, were cast for testing of 28-

day compressive strength of concrete. Concrete was moist cured for 28 days. The 
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Figure 3.6: Slump Rate Machine (SLRM-II) 

compressive strength was measured according to CSA test method A23.2-9C (CSA, 

2000). Figure 3. 7 shows the apparatus used to conduct this test. 

Figure 3.7: Tinius Olsen Universal testing machine 600-KN used to test the concrete 
28-day compressive strength 
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Chapter 4 

Experimental Results and Analyses 

In this chapter, the results of the experimental program described in Chapter 3 are 

presented. A comparison between the design values and measured values is carried 

out in addition to the statistical analysis of the results to determine the effects of 

mix design variables on the rheological properties of fresh concrete and compressive 

strength. Mathematical models based on the statistical factorial design were derived 

to examine the influence of concrete mixture and their interaction on concrete fresh 

and hardened properties. Regression models were derived for slump, slump flow, 

yield stress, plastic viscosity and 28-day compressive strength. Linear and nonlinear 

functions were evaluated for modeling the effect of each variable on the relevant 

responses. Moreover, the statistical significance of the variables was evaluated. 

4.1 Results 

Measured values, namely slump, slump flow, entrained air content, density and com

pressive strength are shown in Tables 4.1 and 4.2. In addition, the results obtained 

using the SLRM-II, namely slump, slump flow, time of slump are given in Tables 4.3 

and 4.4. 
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Table 4.1: Slump, slump flow, density, air content and 28-day compressive strength 
of concrete mixtures -Main points 

Mix Slump Slump flow Density Entrained 28-day Compressive 
Mix 

(kglm3
) air(%) strength (MPa) label (mm) (mm) 

1 44 100 228 2298 2299 5.8 5.9 35 40 39 
2 42 190 320 2292 2292 5.2 5.3 22 24 16 
3 38 120 233 2315 2313 4.8 4.9 37 37 35 
4 43 220 430 2284 2285 5.1 5.1 28 26 23 
5 40 80 200 2361 2356 4.5 4.7 37 34 36 
6 45 190 320 2284 2291 5.6 5.6 22 26 25 
7 39 95 228 2342 2336 4.8 4.9 37 40 39 
8 41 215 430 2353 2361 3.0 3.2 21 25 25 
9 19 55 213 2308 2313 5.4 5.3 43 42 39 
10 14 180 350 2257 2221 7.5 7.5 28 28 27 
11 20 95 228 2275 2278 5.8 5.7 46 39 43 
12 15 210 350 2281 2274 5.9 5.8 28 28 28 
13 18 65 223 2320 2336 5.5 5.5 41 42 38 
14 16 170 290 2319 2333 5.0 5.0 28 28 29 
15 21 95 203 2299 2303 5.6 5.5 34 35 36 
16 17 215 385 2284 2288 5.0 5.1 29 30 30 
17 23 110 218 2343 2340 4.7 4.7 42 40 42 
18 22 200 375 2248 2252 6.6 7.0 24 25 23 
19 26 135 263 2293 2292 5.3 5.2 37 39 34 
20 24 225 395 2326 2322 4.1 4.2 29 27 26 
21 27 100 215 2333 2333 5.0 5.2 37 38 37 
22 25 180 370 2339 2342 4.1 4.0 27 25 26 
23 28 100 218 2325 2337 4.4 4.2 36 38 34 
24 29 210 385 2332 2335 4.1 4.0 25 27 26 
25 35 95 220 2281 2293 5.5 5.3 42 39 41 
26 31 190 305 2281 2291 5.1 5.1 30 28 30 
27 32 100 205 2289 2308 4.7 4.6 42 39 42 
28 34 220 430 2252 2274 5.3 5.3 29 31 31 
29 30 85 208 2306 2313 5.3 5.3 37 36 36 
30 37 195 315 2282 2275 5.2 5.2 29 27 29 
31 33 90 215 2320 2326 4.3 4.4 39 41 41 
32 36 200 438 2320 2329 3.7 3.8 28 29 25 
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Table 4.2: Slump, slump flow, density, air content and 28-day compressive strength 
of concrete mixtures -Star points 

Mix Slump Slump flow Density Entrained 28-day Compressive 
Mix 

(kglm3
) air(%) strength (MPa) label (mm) (mm) 

33 55 200 365 2276 2279 5.6 5.7 30 30 31 
34 52 140 248 2192 2189 8.7 8.9 14 16 15 
35 54 227 435 2276 2279 5.0 5.1 33 32 34 
36 57 210 375 2223 2220 7.5 7.5 18 18 19 
37 51 195 300 2284 2305 5.1 5.1 28 33 31 
38 60 175 293 2200 2207 8.5 8.8 14 13 14 
39 49 195 305 2293 2303 4.8 4.7 32 33 27 
40 58 210 395 2276 2291 5.5 5.7 17 20 15 
41 47 190 338 2296 2303 5.0 5.0 32 33 34 
42 48 190 305 2295 2306 4.8 4.6 34 30 31 
43 62 185 360 2211 2211 7.7 7.8 26 26 27 
44 63 190 360 2261 2254 6.6 6.7 26 27 24 
45 46 175 328 2307 2301 5.0 5.0 32 31 33 
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Table 4.3: Slump, slump flow, slump time, yield stress and plastic viscosity of concrete 
mixtures obtained using SLRM-11 -Main points 

SLRM-11 

Mix 
Mix ~lump Slump Slump time Yield Stress Plastic Viscosity (Pa.s) 
label (mm) Flow(mm (s) (Pa) Proposed Model Chidiac Model 

1 44 97 228 3.12 1761 38 49 
2 42 199 295 2.73 1045 18 12 
3 38 116 245 2.73 1529 27 31 
4 43 214 375 2.32 644 7 6 
5 40 75 205 3.11 2226 50 80 
6 45 185 320 2.73 886 13 11 
7 39 101 210 3.11 2103 46 56 
8 41 200 395 3.50 599 18 9 
9 19 50 205 1.95 2181 50 73 
10 14 218 345 2.34 746 15 7 
11 20 91 230 2.34 1707 30 38 
12 15 244 368 2.33 669 13 6 
13 18 52 210 1.95 2094 50 68 
14 16 173 363 3.11 702 16 11 
15 21 94 210 3.10 2070 45 59 
16 17 251 390 2.71 596 11 6 
17 23 83 223 2.33 1876 35 46 
18 22 187 315 1.95 899 10 8 
19 26 128 270 2.72 1247 19 23 
20 24 198 410 2.33 548 11 6 
21 27 86 200 2.73 2313 50 64 
22 25 178 380 2.72 643 14 9 
23 28 121 215 3.10 2000 40 44 
24 29 209 408 2.34 557 13 5 
25 35 83 205 3.11 2159 50 70 
26 31 191 310 2.72 943 20 12 
27 32 91 218 3.12 1927 42 57 
28 34 226 363 1.56 683 11 4 
29 30 97 200 2.71 2290 47 55 
30 37 213 340 2.72 782 18 9 
31 33 87 208 2.72 2140 40 58 
32 36 216 448 2.72 460 15 5 
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Table 4.4: Slump, slump flow, slump time, yield stress and plastic viscosity of concrete 
mixtures obtained using SLRM-II -Star points 

SLRM-11 

Mix 
Mix ~lump Slump Slump time Yield Stress Plastic Viscosity (Pa.s) 
label (mm) Flow(mm (s) (Pa) Proposed Model Chidiac Model 

32 36 216 448 2.72 460 15 5 
33 55 183 350 1.55 738 10 5 
34 52 142 250 2.73 1390 23 23 
35 54 249 400 2.33 565 8 5 
36 57 194 350 2.34 719 10 8 
37 51 195 323 2.34 875 15 9 
38 60 180 323 2.34 840 17 9 
39 49 201 325 2.71 863 15 10 
40 58 174 388 2.73 603 13 8 
41 47 190 340 3.11 789 10 11 
42 48 188 340 2.73 789 13 10 
43 62 180 340 1.93 759 9 7 
44 63 196 348 2.73 741 15 9 
45 46 193 315 2.34 921 15 10 

39 



M.A.Sc. Thesis - Omar Daoud McMaster University- Civil Engineering 

Two models were employed to predict the rheological properties. The first one is 

based on the work of Chidiac et al. (2000), where the plastic viscosity is determined 

based on the slump, slump flow, density and time of slump according to the following 

equation: 
pgHV 

TJ = 2 tslump····································-(2.9) 
1501f51S1 

The second method, which is the proposed method, can be considered a refinement 

to the previous work. It assumes that at the onset of slump, the flow of concrete is 

impeded by the slump cone (Chidiac and Habibbeigi, 2005) and a true measurement 

is difficult to obtain. Moreover, the proposed method assumes that as the concrete 

reaches its final slump, the shear stress and strain rate are much lower in comparison 

to the state when the concrete starts to slump and therefore contain errors and need 

to be discarded. Accordingly, the proposed method employees the same fundamentals 

as the one reported by Chidiac et al. (2000) but ignores the first two slump versus 

time measurements and the last two measurements. The relation reported by Chidiac 

et al. (2000), which relates slump to time, density, and plastic viscosity, was used for 

the proposed method, namely 

1 
St = H- .£E!1l.. 1 ..................................... (2.8) 

60oryt + li 
The least square approach was used to fit the curve to the experimental mea

surements. The unknown variable is plastic viscosity. To illustrate the difference 

between the two rheological models, the experimental slump-time curves correspond

ing to Mixes label #38, 52, 25 and 29 are shown respectively in Figures 4.1 to 4.4. 

Results of Figures 4.1 and 4.2 show that the viscosity measured by the two models 

are similar when the flow of concrete is consistent, and they are different as shown in 

Figures 4.3 and 4.4 when the flow is disturbed as the ones for Mixes label #25 and 29. 

Accordingly, the proposed method is expected to yield more consistent predictions of 

the plastic viscosity. 
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I 1 I I I 

_ y_i~~~-~i~ ~~-hJ~!~c: J~~ ~J:_ ?9_~q2::?~~? -~~L~ ________ : _______ --
I I I I I 
I I I I I 

Yield St~ess=1390: Pa : : : 
I I I I I 
I I I I I 

-SltJmJ:)=-142-mm---:--- ------ +------- --f---- ------:---------
I I I I I 
I I I I I 

Time of :slump=2J3 s : : : 
I I I I I 
I I I I I ---------,---------,---------T---------r---------,---------: : : : ........ ~ .... + ........ 14: 
I I I Jo•••••• I 
I 
I ---------,---------,---------

1 
I 
I 

I 
I I 

-------- _:_ -; ..... -~·:---- ~--------- ~--------- ~-------- -:---------
!•00 I I I I *•""t I I I 

.•• I I I 

••••••• •• I : : 

•••• •• I I 

.0 0.5 1.0 1.5 2.0 2.5 3.0 
Time s 

--Proposed Model .......... Chidiac et. al. 2000 * Experiment 

Figure 4.2: Slump-time curve for Mix label #52 
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Figure 4.4: Slump-time curve for Mix label #29 

42 



M.A.Sc. Thesis - Omar Daoud McMaster University- Civil Engineering 

The yield stress is calculated according to Chidiac et al. (2000) using the following 

relation: 

Ty = )L~2 = 0.0397 (~2 ) ..................................... (2.6) 

Computed rheological properties, yield stress and plastic viscosity are given in Tables 

4.3 and 4.4. 

4.2 Analysis of Experimental Data 

Measured values of slump and compressive strength are first compared with the design 

values. This comparison will provide an assessment of the adequacy of the CAC 

guidelines to design and control concrete mixtures. 

4.2.1 Slump 

The slump was measured using the traditional slump test and the automated slump 

rate machine. The measured slump values were also compared to the design values 

defined in accordance with design guidelines of CAC (2002). These results are given 

in Tables 4.5 and 4.6. Evaluation of the results shows that the measured slump is 

found to be within the design value for 5 out of 45 mixes for the traditional test, 

and 5 or 6 out of 45 mixes for the SLRM-II. This implies that 13% of the concrete 

mixtures have representative workability measurements. These results indicate that 

the slump as a design and control parameter is a very poor metric, and that CAC 

guidelines are not adequate in this regard. 

4.2.2 Slump Flow 

Slump flow, which is a measure of the concrete spread, has been proposed as the metric 

for high slump concrete such as self consolidating concrete. Although normal slump 
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Table 4.5: Measured slump according to CAC guidelines versus the measured slump 
using the traditional slump test and SLRM-II -Main points 

Slump (mm) Difference (%) 

Mix 
Mix 

CAC 
Traditional 

SLRM-11 
Slump test SLRM-11 Slump test 

label test vs.CAC vs. CAC vs. SLRM-11 
1 44 75- 100 100 97 14 11 3 
2 42 75- 100 190 199 117 127 -5 
3 38 150- 175 120 116 -26 -29 3 
4 43 150-175 220 214 35 32 3 
5 40 75- 100 80 75 -9 -14 7 
6 45 75- 100 190 185 117 111 3 
7 39 150- 175 95 101 -42 -38 -6 
8 41 150-175 215 200 32 23 8 
9 19 75- 100 55 50 -37 -43 10 
10 14 75- 100 180 218 106 149 -17 
11 20 150-175 95 91 -42 -44 4 
12 15 150-175 210 244 29 50 -14 
13 18 75- 100 65 52 -26 -41 25 
14 16 75- 100 170 173 94 98 -2 
15 21 150-175 95 94 -42 -42 1 
16 17 150-175 215 251 32 54 -14 
17 23 75- 100 110 83 26 -5 33 
18 22 75- 100 200 187 129 114 7 
19 26 150-175 135 128 -17 -21 5 
20 24 150-175 225 198 38 22 14 
21 27 75- 100 100 86 14 -2 16 
22 25 75- 100 180 178 106 103 1 
23 28 150-175 100 121 -38 -26 -17 
24 29 150-175 210 209 29 29 0 
25 35 75- 100 95 83 9 -5 14 
26 31 75- 100 190 191 117 118 -1 
27 32 150- 175 100 91 -38 -44 10 
28 34 150-175 220 226 35 39 -3 
29 30 75- 100 85 97 -3 11 -12 
30 37 75- 100 195 213 123 143 -8 
31 33 150-175 90 87 -45 -46 3 
32 36 150-175 200 216 23 33 -7 
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Table 4.6: Measured slump according to CAC guidelines versus the measured slump 
using the traditional slump test and SLRM-II -Star points 

Slump (mm) Difference (%) 

Mix 
Mix 

CAC 
Traditional 

SLRM-11 
Slump test SLRM-11 Slump test 

label test vs. CAC vs.CAC vs. SLRM-11 
33 55 75- 100 200 183 129 109 9 
34 52 25-50 140 142 273 279 -1 
35 54 150-175 227 249 40 53 -9 
36 57 75- 100 210 194 140 122 8 
37 51 75- 100 195 195 123 123 0 
38 60 25-50 175 180 367 380 -3 
39 49 150-175 195 201 20 24 -3 
40 58 75- 100 210 174 140 99 21 
41 47 125 190 190 52 52 0 
42 48 125 190 188 52 50 1 
43 62 125 185 180 48 44 3 
44 63 125 190 196 52 57 -3 
45 46 125 175 193 40 54 -9 
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concrete was used, one can still employ slump flow as a measure of workability. In this 

regard, three mathematical models that relate slump to slump flow were evaluated. 

They differ in the interpretation of the concrete geometry after it slumps. Chidiac 

et al. (2000) proposed that concrete maintains its conical shape and accordingly 

developed the following relationship 

Sz = H- 4V = 0.3- 0.01 
1raS/ S/ 

(4.1) 

in which a is a shape factor and for conical shape becomes 0.67. Kurokawa et al. 

(1994) developed a similar model with a shape factor of 0.58, where 

8 = H _ 12 * w-3 = o.3 _ 0.012 
l ~2 ~2 

(4.2) 

On the other hand, Domone (1998) assumed that the concrete slumps in a conical 

shape but the top diameter of the cone remains unchanged during slumping, where 

S = H _ 12V(S1 - d) _ O 
3 

_ 0.021(81 - 0.1) 
z (S 3 3 ) - · s 3 3 1f f - d f - 0.1 

(4.3) 

where d(m) is the top diameter of the slump cone. Plots of the experimental data 

and calculated slump flow as a function of slump are shown in Figure 4.5. One 

observes that the model proposed by Chidiac et al. (2000) provides an excellent 

correlation with the experimental data up to the slump value of 200 mm. For a 

slump value greater than 200 mm, the other two models provide better correlation 

to the experimental data. The adequacy of the models was also investigated by 

determining the coefficient of determination, R2 . This quantity indicates the amount 

of variability explained by the analysis. All three models are found to have R2 more 

than 0.95 which suggest that 95% of the original variability of the measured data has 

been explained. 
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4.2.3 Compressive Strength 

The 28-day compressive strength of the concrete was evaluated in accordance with 

CSA test method A23.2-9C (CSA, 2000) and the results in the form of average and 

standard deviation are given in Tables 4.7 and 4.8. Moreover, the design compressive 

strength according to CAC guidelines are also given in Tables 4. 7 and 4.8. One 

observes that the design strength is lower than the mean value with exception of Mix 

#38. These results indicate that the design strength according to CAC is adequate 

for controlling the compressive strength in mix design. 

4.3 Regression Models 

The method of least squares regression was used in analyzing and deriving the re

gression models. Coefficients of the model were estimated by minimizing the sum 

squares of the difference between the observed values and the predicted values from 

the model. The variables values were normalized to be consistent with the design val

ues of CAC method for proportioning concrete mixture. The range of values adopted 

to normalize the models variables and the corresponding model input values are given 

in Table 4.9. 

While developing the regression models, effects of the main variables and inter

action of two variables were considered. Linear and nonlinear functions were also 

evaluated to describe the effects on the response. Best fit model was based on balanc

ing between high correlation coefficient and low covariance. This approach permits 

one to develop models with low noise and high accuracy for predicting new observa

tions. After selecting the best fit models, the significance of the model coefficients was 

checked using the t-test method. A probability value less than 5% was considered as 

significant evidence that the parameter is not zero and that it has a significant effect 

on the relevant response. The derived coefficients for the slump, slump flow, 28-day 
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Table 4.7: Measured compressive strength according to CAC guidelines versus the 
measured compressive strength -Main points 

28-day compressive strength (MPa) 

Mix Mix Design value Measured strength 
label (CAC) Avera2e Difference (%) Standard deviation 

1 44 34 38 11 2.27 
2 42 20 23 16 1.21 
3 38 34 36 7 0.98 
4 43 20 26 29 2.65 
5 40 34 36 5 1.83 
6 45 20 24 20 2.04 
7 39 34 38 13 1.40 
8 41 20 24 19 2.33 
9 19 34 41 21 1.99 
10 14 20 28 38 0.33 
11 20 34 43 25 3.59 
12 15 20 28 41 0.20 
13 18 34 40 18 1.73 
14 16 20 28 41 0.86 
15 21 34 35 3 1.19 
16 17 20 30 50 0.76 
17 23 34 41 21 1.30 
18 22 20 24 19 0.83 
19 26 34 37 8 2.77 
20 24 20 28 38 1.58 
21 27 34 37 10 0.93 
22 25 20 26 29 1.01 
23 28 34 36 6 2.29 
24 29 20 26 30 1.07 
25 35 34 41 19 1.24 
26 31 20 29 46 0.74 
27 32 34 41 20 1.81 
28 34 20 30 51 1.07 
29 30 34 36 7 0.83 
30 37 20 28 42 0.85 
31 33 34 40 19 1.27 
32 36 20 28 38 1.97 
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Table 4.8: Measured compressive strength according to CAC guidelines versus the 
measured compressive strength -Star points 

28-day compressive strength (MPa) 

Mix 
Mix Design value Measured strength 
label (CAC) Avera2e Difference (%) Standard deviation 

33 55 26 30 17 0.77 
34 52 15 15 0 0.75 
35 54 26 33 27 1.03 
36 57 15 18 23 0.67 
37 51 26 31 18 2.58 
38 60 15 14 -9 0.56 
39 49 26 33 25 0.15 
40 58 15 17 15 2.73 
41 47 26 33 27 1.14 
42 48 26 31 21 2.14 
43 62 26 26 1 0.97 
44 63 26 26 0 1.25 
45 46 26 32 23 2.04 
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Table 4.9: Normalizing and model input ranges 

w/c Water (kg!m3
) CASize(mm SF% Slag% CA Volume 

Normalizing range 0.3 0.7 168 205 14 20 0 8 0 40 0.45 0.69 
Model input range -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 

compressive strength, yield stress and plastic viscosity models and their correlation 

coefficient are summarized in Table 4.10. These results show that more than 95% of 

the mixes results have been accounted for in the models. The corresponding regres

sion models are: 

Slump (mm) = 140.59 + 49.08 *water- 10.77 *SF+ 93.61 * log(l + wjc) (4.4) 

Slump Flow (mm) = 294.6 + 127.81 * wjc + 60.07 *water -15.44 *SF) 

+ 54.1 * (w/c *water)- 98.12 * (w/c) 2 (4.5) 

Strength (MPa) = 33.55- 11.99 * wjc + 1.6 *water+ 1.91 *SF+ 2.56 * CA 

+ 1.39 * (w/c *size)+ 3.38 *(size* CA)- 7.78 * (CA)2 (4.6) 

Yield Stress (Pa) = 1355.44-403.12 *water+ 112.85 *SF- 252.66 * (w/c *size) 

- 147.25 * (w/c *SF)- 90.49 *(size* SF)- 1168.58 * log(l + wjc) (4.7) 

Viscosity-1 (Pa.s) = 32.18- 19.26 *water+ 3.61 *SF- 9.85 * (w/c *SF) 

-3.69 *(size* SF)- 47.32 * log(l + wjc) (4.8) 

Viscosity-2 (Pa.s) = 29.24- 13.45 *water+ 2.66 *SF+ 2.88 * CA 

- 2.59 *(size* SF)- 25.1 * log(l + wjc) (4.9) 
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c.n 
tv 

R2 

Equation 
intercept 
w/c 
water 
CA size 
SF 
Slag 
CA content 
w/c*water 
w/c*size 
w/c*SF 
w/c*Siag 
w/c*CA 

w/c2 

water* size 
water* SF 
water*Siag 
water*CA 

watel 
size*SF 
size*Siag 
size*CA 
SF* Slag 
SF*CA 
Slag*CA 

CA2 

w!l 
watel 

CA3 

lf!g(l+w/c) 

Slump 

(mm) 

0.95 
4.4 

140.59 
NS 

49.08 
NS 

-10.77 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 
NS 
NS 
NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 

NS 

NS 
93.61 

Table 4.10: Coefficients of regression models 

Slump flow rc (28 days) 
Slum~ Rate Machine-11 

Yield Stress Plastic Viscositl (Pa.s) 
(mm) MPa (Pa) Chidiac Model Proposed Model 

0.95 0.98 0.97 0.96 0.95 
4.5 4.6 4.7 4.8 4.9 

294.60 33.55 1355.44 32.18 29.24 
127.81 -11.99 NS NS NS 
60.07 1.60 -403.12 -19.26 -13.45 
NS NS NS NS NS 

-15.44 1.91 112.85 3.61 2.66 
NS NS NS NS NS 
NS 2.56 NS NS 2.88 

54.10 NS NS NS NS 
NS 1.39 -252.66 NS NS 
NS NS -147.25 -9.85 NS 
NS NS NS NS NS 
NS NS NS NS NS 

-98.12 NS NS NS NS 
NS NS NS NS NS 
NS NS NS NS NS 
NS NS NS NS NS 
NS NS NS NS NS 
NS NS NS NS NS 
NS NS -90.49 -3.69 -2.59 
NS NS NS NS NS 
NS 3.38 NS NS NS 
NS NS NS NS NS 
NS NS NS NS NS 
NS NS NS NS NS 

NS -7.78 NS NS NS 
NS NS NS NS NS 

NS NS NS NS NS 
NS NS NS NS NS 
NS NS -1168.58 -47.32 -25.10 

* NS-Not significant 
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4.4 Models Validation 

The regression models were validated using four mixes that were not part of the 

experimental data used to develop the models. Validation of the results revealed 

that the maximum absolute error in predicting the slump, slump flow, compressive 

strength, yield stress, plastic viscosity model 1 and model 2 are 20 mm, 50 mm, 1.1 

MPa, 94 Pa, 6.5 Pa.s, and 7 Pa.s, respectively. The measured versus the predicted 

properties corresponding to the test points as well as the main and star points are 

shown in Figures 4.6 to 4.11. The figures also display the standard error of the 

models with 95% confidence level (dotted lines). These results indicate that the 

models developed for slump, compressive strength and yield stress have predictions 

that are within the 95% confidence level, while the models of slump flow and plastic 

viscosity predictions have yielded less accuracy. The results demonstrates that the 

slump flow and plastic viscosity measurements have higher variability in comparison 

to the slump, strength and yield stress measurements. 
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Figure 4.6: Measured slump versus predicted slump (Eq. 4.4) 

53 



M.A.Sc. Thesis - Omar Daoud McMaster University - Civil Engineering 

'E 4oo 
E -
~ 350 
lL 
Q. 

E 300 
:I 
(i) 

-g 250 --~ 
'C 
~ 200 
ll. 

)I( Main & Star Points 

• Validation Points 

150 200 250 300 350 400 450 
Measured Slump Flow (mm} 
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Figure 4.10: Estimated plastic viscosity (Eq. 2.9) versus predicted plastic viscosity 
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Figure 4.11: Estimated plastic viscosity (Eq. 2.8) versus predicted plastic viscosity 
(Eq. 4.9) 

4.5 Models Evaluation 

Mathematical models are useful tools for studying the influence of variables on rel

evant responses. In this study, the models are used to study the influence of the 

concrete mixtures on the properties of fresh concrete and the compressive strength. 

4.5.1 Slump and Slump flow 

From the slump model (Eq. 4.4), the variation of slump is found to be linear for 

water content and percent addition of silica fume and logarithmic for w I c. The model 

shows that increasing wlc and water content increases the slump, while increasing 

the silica fume will lead to a decrease in the slump. These trends are consistent with 

experimental observations. Furthermore, when comparing to CAC guidelines, it is 

found that current guidelines do not take into account w I c or percent addition of 

silica fume when designing for workability. CAC postulates that workability is only 
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a function of water content and maximum aggregate size. To study the effects of 

w I c on slump, the slump measurements were plotted against water content in Figure 

4.12. One observes that water content is not a sufficient measure for slump. In 

comparison, a plot of computed slump values versus water content for different values 

of wlc is shown in Figures 4.13 and 4.14. Figure 4.13 displays the water content 

versus slump for maximum aggregate size of 14 mm and coarse aggregate content 

of 0.56. While Figure 4.14 shows the trends for maximum aggregate size of 20 mm 

and coarse aggregate content of 0.63. The results from the model display the same 

trends as found in Figure 4.12 and clearly show the effect of wlc on the slump. By 

plotting the corresponding slump values as postulated by CSA, one observes that 

they correspond to concrete mixtures with w I c of 0.4. Figure 4.15 displays the slump 

model predictions for varying wlc values as well as the measured slump. One observes 

that the model predictions have captured the measured value. 
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Figure 4.12: Water content versus slump measurements 
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Figure 4.13: Water content versus slump for various levels of w / c; SF=O%, Slag=O%, 
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Figure 4.15: Measured and computed slump values versus water content for various 
levels of wlc; SF=O%, Slag=O%, Size=14mm, CA=0.56 and wlc=0.5 

Regarding the slump flow, the derived regression model shows that it is affected by 

the wlc, water content, percent addition of silica fume, and the interaction between 

wlc and water content. The influence of w/c has been shown to vary in a quadratic 

manner. Closer examination of the model shows that by increasing the w I c and 

water content the slump flow increases, and by increasing the percent addition of 

silica fume the slump flow decreases. This trend is again consistent with experimental 

observations. 

To study the effect of wlc on the slump flow, the measured slump flow values were 

plotted against water content in Figure 4.16. A plot of computed slump flow values 

versus water content for different values of w I c is shown in Figures 4.17 and 4.18. 

Figure 4.17 displays the water content versus slump flow for maximum aggregate 

size of 14 mm and coarse aggregate content of 0.56. While Figure 4.18 shows the 

trends for maximum aggregate size of 20 mm and coarse aggregate content of 0.63. 
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These figures show the complex relation between slump flow and concrete mixture 

and demonstrate that the current practice is too simplistic to provide an adequate 

design and control of fresh concrete workability. 
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Figure 4.16: Water content versus slump flow measurements 
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Figure 4.17: Water content versus slump flow for various levels of w/c; SF=O%, 
Slag=O%, Size=14mm and CA=0.56 
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Figure 4.18: Water content versus slump flow for various levels of w/c; SF=O%, 
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4.5.2 Compressive strength 

The model derived for the 28-day compressive strength of concrete is found to be 

strongly dependent on w I c given the magnitude of the coefficients in comparison 

to the other variables, namely water content, percent addition of silica fume and 

coarse aggregate content. Of interest is that the maximum aggregate size is found 

to be significant when it interacts with wlc and coarse aggregate content. Closer 

examination of the model shows that by increasing the w I c the strength decreases, 

and by increasing the amount of water and percent addition of silica fume the strength 

increases. These trends are consistent with experimental observations. The model 

also shows a complex relation between strength and the aggregate properties, namely 

maximum size and content. One can also examine the model predictions by plotting 

the predicted values to those suggested by CAC and the measured values as in Figure 

4.19. The results indicate that the model predictions and those of CAC are acceptable 

and that the CAC design values for most mixes are conservative. 

4.5.3 1rield stress 

The regression model revealed that the yield stress is affected by wlc, water content, 

percent addition of silica fume, interaction between w I c and maximum aggregate size, 

interaction between w I c and percent addition of silica fume, and between maximum 

aggregate size and percent addition of silica fume. The influence of wlc has also been 

shown to vary in a logarithmic manner. Closer examination of the model reveals that 

yield stress increases when silica fume was added and decreases when water content or 

w I c increases. This trend is consistent with experimental observations. Figure 4.20 

which shows a plot of yield stress versus water content, also illustrates the significance 

of water content and w I c on the yield stress. One observes that the model predictions 

have captured the measured value. 
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4.5.4 Plastic viscosity 

The regression model has revealed a complex relation between plastic viscosity and 

mix design variables. Plastic viscosity is found to be affected by w I c, water content , 

percent addition of silica fume, coarse aggregate content and the interaction between 

the maximum aggregate size and percent addition of silica fume. Increasing the wlc 
and water content results in a decrease in the plastic viscosity, while increasing the 

silica fume and coarse aggregate content results in an increase in the plastic viscosity. 

Relation between wlc and plastic viscosity is shown in Figure 4.21. The results show 

that four mixes with different w I c and water content can possess the same plastic 

viscosity. To discriminate between the concrete mixes, one needs to use both yield 
/ 

stress and plastic viscosity as shown in Figures 4.21 and 4.22 . 
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Figure 4.21: Effect of w I c on plastic viscosity for various levels of water ; SF=O%, 
Slag=O%, Size=14mm, CA=0.56 and water content= 199 kglm3 
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Chapter 5 

Concrete Mix Design 

Cement Association of Canada ( CAC) guidelines for proportioning concrete mixes do 

not account for the rheological properties of concrete. Such approach has been shown 

to be deficient in characterizing the flow behaviour of fresh concrete (Tattersall and 

Banfill, 1983). In this chapter, the Neuro-Fuzzy technique is proposed as a useful 

method for correlating concrete mix design to the rheological properties, namely 

yield stress and plastic viscosity. This approach will permit the inclusion of the 

rheological properties in the concrete mix design. Neuro-Fuzzy refers to applying 

Neural-Network learning technique to optimize fuzzy logic parameters (Nayaka et 

al., 2004, Xiong et al., 2001). Different learning technique and different types of 

fuzzy interface system (FIS) have been presented in the literature (Jang et al., 1993, 

Jang et al., 1995, Nayaka et al., 2004, Xiong et al., 2001). In this research, the model 

reported by Jang et al., (1993), referred to as Adaptive Network Based Fuzzy Interface 

System (ANFIS), has been adopted to correlate the current mixture proportioning 

standard to the rheological properties of concrete. The network was constructed 

using the experimental data reported in Chapter 3 and Chapter 4. The correlation 

is intended for determining the mix design ingredients, namely w/c, water content, 

fine aggregate content and coarse aggregate content that will yield concrete with the 
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following properties; compressive strength, yield stress and plastic viscosity. 

This chapter consists of three sections. The first section provides an introduction 

to the Neuro-Fuzzy technique and a brief description of the type of fuzzy interface 

system. The application of the Neuro-Fuzzy method to correlate concrete mix design 

to the rheological properties of concrete and compressive strength is presented in Sec

tion two. The statistical significance of each design target on the mixture proportions 

was evaluated using the t-test method. Subsequently, the Neuro-Fuzzy was trained 

using the experimental results. Section three presents a comparative evaluation of 

the two design methods euro-Fuzzy method and CAC method. 

5.1 Neuro-fuzzy model 

Neuro-Fuzzy refers to applying Neural-Network learning technique to optimize fuzzy 

logic parameters (Nayaka et al., 2004, Xiong et al., 2001) . There are many types 

and techniques of fuzzy interface system. The model reported by Jang et al., (1993, 

1995) , referred to as Adaptive Network Based Fuzzy Interface System (ANFIS) which 

is based on Sugeno fuzzy model and shown in Figure 5.1 (Jang et al., 1993, Jang et 

al. , 1995) , has been used in this project. 

INPUT 

+ fozzification 

interface 

knowledge Base 

defozzification 

interface 

(fuzzy) 

OUTPUT 

Figure 5.1: Fuzzy interface system chart (Nayaka et al., 2004, Jang et al., 1993) 

ANFIS is a five layer feed forward network with two type of modifiable parameters; 

membership function (MF) parameters which have a nonlinear relation with output, 
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and the consequent parameters (rules parameters) which have a linear relation with 

output. Therefore, the learning process is a hybrid method consisting of gradient 

descent algorithms for nonlinear part and linear least square method for the linear 

part. For illustration, Figure 5.2 shows the function associated with each layer. The 

first layer is "fuzzification" in which the membership grades to each linguistic label, 

such as low or high, are found based on the crisp inputs. To define the linguistic label, 

different membership functions can be used such as Triangular, Generalized Bell, 

Gaussian and Gaussian combination which are shown in Figure 5.3. Such functions 

have different number of parameters as given below: 

Triangular-shape: 

0 x~a 

x-a 

!-L(x) = b-a a~x~b 

e-x b~x~c c-b 

0 c~ x. 

Generalized bell-shaped: 

1 
f.L(x) = 1 +I x~c 12b 

Gaussian: 
(x- c)2 

f.L(x) = exp(-
2

0'2 ) 

Gaussian combination: 

f.L(x) = 1 

exp(- (x2-:r~~)
2

) c2 < x. 

In the second and third layers, the firing strength of each rule is computed and 

normalized. While in the fourth layer, the output of each layer is calculated based 

on the input and normalized firing strength. Finally, the overall output is calculated 
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(a) 

f 

(b) 

Figure 5.2: (a) Sugeno fuzzy model, (b) Equivalant ANFIS architecture (Nayaka et 
al., 2004, Jang et al., 1993) 
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(a) Gaussian (two parameters) (b) Triangular (three parameters) 

(c) Generalized bell (three parame- (d) Gaussian combination (four pa-
ters) rameters) 

Figure 5.3: Different membership functions 
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in the last layer. As shown in Figure 5.2, the consequent part of this FIS is linear; 

therefore there is no need for "defuzzification". It should be noted that the number 

of data points has to be considered in selecting the type of membership function and 

the number of linguistic label and rules (Nayaka et al., 2004, Takagi et al., 1985, Jang 

et al., 1993, Xiong et al., 2001). 

5.2 ANFIS Model 

In general, Neuro-Fuzzy network requires a large number of data points to train the 

parameters. As a result, it is not feasible to consider all the design targets, namely 

compressive strength, yield stress and plastic viscosity for predicting concrete mix 

ingredients. Therefore, statistical methods, specifically the least squares regression 

and t-test, have been used to first evaluate the statistical significance of the mix design 

parameters; w I c , water content and bulk volume of coarse aggregate. Recognizing 

that the sample size consists of 45 mixes, additional design constraints were added 

to the model. These include the maximum aggregate size and addition of mineral 

admixtures. Accordingly, the structure of the model is shown in Figure 5.4. 

In the t-test, probability less than 10% was considered as significant evidence 

that the coefficient is not zero and it has significant effect on the response. The 

significance of the compressive strength, yield stress and plastic viscosity have been 

checked with regard to mix design parameters; w I c, water content and bulk volume of 

coarse aggregate. The corresponding coefficients are given in Table 5.1. The results 

show that the compressive strength, yield stress and silica fume have significant effect 

on the w I c, while the compressive strength and yield stress have significant effect 

on the water content. Finally, the compressive strength and plastic viscosity have 

significant effect on the bulk volume of coarse aggregate. Such results imply that 

the cement content and water content in concrete mixtures are affected mainly by 
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Figure 5.4: Schematic illustration of the model decision making process 

compressive strength and yield stress. On the other side, the required fine to coarse 

aggregate content is mainly affected by the compressive strength and plastic viscosity. 

Table 5.1: Coefficients corresponding to w/c, water content and bulk volume of coarse 
aggregate derived from t-test 

w/c 
Water content Coarse aggregate 

(kglm3
) bulkvoulme 

R2 0.97 0.75 0.62 
intercept 0.55 189.27 0.600 
Compressive strength -0.17 14.52 -0.013 
Yield stress -0.06 -9.03 NS 
Plastic viscosity NS NS 0.143 

5.2.1 Training the ANFIS model to predict the mix design 

According to the t-test results, the ANFIS model was trained to predict the w/c 

from the compressive strength and yield stress, and to predict the water content from 
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the compressive strength and yield stress, and to predict the bulk volume of coarse 

aggregate from the compressive strength and plastic viscosity. Notwithstanding the 

fact that the training also includes the constraints noted in Figure 5.4. The results of 

compressive strength, yield stress and plastic viscosity for the 45 experimental mixes 

have been used in training the model. The general structure of the ANFIS model for 

wjc, water content and bulk volume of coarse aggregate is shown in Figure 5.5. 

Two linguistic labels, low and high, were defined for each input. Gaussian function 

with two parameters was used as a membership function and the consequent part of 

the FIS is assumed constant. The linguistics labels for the inputs are illustrated 

in Figure 5.6. The adequacy of the model is evaluated by comparing the model 

predictions with the experimental data as shown in Figures 5. 7 to 5.9 corresponding 

to wjc, water content and bulk volume of coarse aggregate. As shown in the figures, 

the model has yielded good predictions for the w / c with less accuracy for the water 

content and coarse aggregate. It is apparent that more experimental data are needed 

to train the ANFIS. 
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Figure 5.5: General structure of ANFIS model for (a) water-cement ratio; (b) water 
content; (c) bulk volume of coarse aggregate 
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Figure 5.6: Degree of membership for (a) Compressive Strength; (b) Yield Stress; (c) 
Plastic Viscosity - Partitioning to low and high 
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Figure 5. 7: Model prediction versus experimental data for water-cement ratio 
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Figure 5.8: Model prediction versus experimental data for water content 
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Figure 5.9: Model prediction versus experimental data for bulk volume of coarse 
aggregate 

5.2.2 Derived rules for the mix design from the ANFIS mdoel 

After training the ANFIS model, rules for each output corresponding to the mix 

design parameters, were derived. The rules for the water-cement ratio are: 

1. If percent addition of silica fume is low, compressive strength is low and yield 

stress is low, then water-cement ratio is 0.69. 

2. If percent addition of silica fume is low, compressive strength is low and yield 

stress is high, then water-cement ratio is 0.6. 

3. If percent addition of silica fume is low, compressive strength is high and yield 

stress is low, then water-cement ratio is 0.43. 

4. If percent addition of silica fume is low, compressive strength is high and yield 

stress is high, then water-cement ratio is 0.35. 
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5. If percent addition of silica fume is high, compressive strength is low and yield 

stress is low, then water-cement ratio is 0.71. 

6. If percent addition of silica fume is high, compressive strength is low and yield 

stress is high, then water-cement rati is 0.62. 

7. If percent addition of silica fume is high, compressive strength is high and yield 

stress is low, then water-cement rati is 0.49. 

8. If percent addition of silica fume is high, compressive strength is high and yield 

stress is high, then water-cement rat is 0.36. 

The rules of water content are: 

1. If aggregate size is 14 mm, compressive strength is low and yield stress is low, 

then water content is 193 kg/m3 . 

2. If aggregate size is 14 mm, compressive strength is low and yield stress is high, 

then water content is 134 kg/m3 . 

3. If aggregate size is 14 mm, compressive strength is high and yield stress is low, 

then water content is 228 kg/m3 . 

4. If aggregate size is 14 mm, compressive strength is high and yield stress is high, 

the water content is 200 kg/m3 . 

5. If aggregate size is 20 mm, compressive strength is low and yield stress is low, 

then water content is 185 kg/m3 . 

6. If aggregate size is 20 mm, compressive strength is low and yield stress is high, 

then water content is 131 kg/m3 . 

7. If aggregate size is 20 mm, compressive strength is high and yield stress is low, 

then water content is 230 kg/m3 . 
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8. If aggregate size is 20 mm, compressive strength is high and yield stress is high, 

the water content is 216 kg/m3 . 

The rules of bulk volume of coarse aggregate are: 

1. If aggregate size is 14 mm, compressive strength is low and plastic viscosity is 

low, then bulk volume of coarse aggregate is 0.44. 

2. If aggregate size is 14 mm, compressive strength is low and plastic viscosity is 

high, then bulk volume of coarse aggregate is 0.68. 

3. If aggregate size is 14 mm, compressive strength is high and plastic viscosity is 

low, then bulk volume of coarse aggregate is 0.49. 

4. If aggregate size is 14 mm, compressive strength is high and plastic viscosity is 

high, then bulk volume of coarse aggregate is 0.62. 

5. If aggregate size is 20 mm, compressive strength is low and plastic viscosity is 

low, then bulk volume of coarse aggregate is 0.49. 

6. If aggregate size is 20 mm, compressive strength is low and plastic viscosity is 

high, then bulk volume of coarse aggregate is 0.74. 

7. If aggregate size is 20 mm, compressive strength is high and plastic viscosity is 

low, then bulk volume of coarse aggregate is 0.55. 

8. If aggregate size is 20 mm, compressive strength is high and plastic viscosity is 

high, then bulk volume of coarse aggregate is 0.67. 

Tables 5.2- 5.4 provide a summary of the derived rules. The rules predict the mix 

design according to the definition of low and high values for each input. 
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Table 5.2: Rules derived for the water-cement ratio from the results of the network 
Silica Fume 

0% 8% 
Compressive Strength Compressive Strength 

Low High Low High 
Yield Stress Yield Stress Yield Stress Yield Stress 

Low High Low Hi~h Low Hi~h Low High 

w/c 0.69 0.60 0.43 0.35 0.71 0.62 0.49 0.36 

Table 5.3: Rules derived for the water content from the results of the network 
Maximum aggregate size 

14mm 20mm 
Compressive Strength Compressive Strength 

Low High Low High 
Yield Stress Yield Stress Yield Stress Yield Stress 

Low High Low Hi~h Low Hi~h Low High 

Water content 

(kg/m3
) 

193 134 228 200 185 131 230 216 

Table 5.4: Rules derived for the bulk volume of coarse aggregate from the results of 
the network 

Maximum aggregate size 
14mm 20mm 

Compressive Strength Compressive Strength 
Low High Low High 

Plastic Viscosity Plastic Viscosity Plastic Viscosity Plastic Viscosity 
Low High Low Hi~h Low Hi~h Low High 

Coarse aggregate 
0.44 0.68 0.49 0.62 0.49 0.74 0.55 0.67 

Bulk volume 
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5.3 Concrete Mix Design based on the Neuro-Fuzzy 

method 

The derived rules of the Neuro-Fuzzy model can be used to calculate the three mix 

design parameters, namely w / c, water content and bulk volume of coarse aggregate, 

using the three input parameters, namely compressive strength, yield stress and plas

tic viscosity in addition to the two constraints coarse aggregate size and mineral 

admixtures. To define the steps for proportioning concrete mixes using this method, 

guidelines for the method have been plotted in Figure 5.10. As shown in the fig

ure, the water-cement ratio is determined from the required strength, yield stress, 

which indicates the slump value and affected by adding silica fume to the mix. While 

the water content is determined from the compressive strength, yield stress and the 

coarse aggregate size. The coarse aggregate content is determined from the compres

sive strength, plastic viscosity and coarse aggregate size. These steps are different 

than the ones in the method of Cement Association of Canada (CAC), which are 

shown in Figure 2.1, where the w/c is determined just from the strength, and the 

water content from the slump and coarse aggregate size, while the coarse aggregate 

content is determined from the aggregate size. 

To evaluate for designing concrete mixtures, a comparative study was carried out 

between the developed method and that of Cement Association of Canada. Mixture 

proportions for 72 concrete mixes with different design targets of slump, strength 

and plastic viscosity, and with different constraints size of aggregate and mineral 

admixtures, were developed and are given in Tables 5.5 and 5.6. It should be noted 

that the yield stress was calculated from the slump flow using Eq. 2.6. Slump flow 

was calculated from the target slump using Eq. 4.1. The concrete is assumed to have 

a density of 2400 kg/m3 . 
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Table 5.5: Design targets with no mineral admixtures 

Design targets Constraints 

Strength Slump Yield stress Viscosity Coarse aggregate 
Mineral admixtures 
Silica fume Slag 

Mix 
(MPa) (mm) (Pa) (Pa.s) size (mm) (%) (%) 

1 75 2144 Low 14 0 0 
2 High 14 0 0 
3 15 150 1429 Low 14 0 0 
4 High 14 0 0 
5 200 953 Low 14 0 0 
6 High 14 0 0 
7 75 2144 Low 14 0 0 
8 High 14 0 0 
9 25 150 1429 Low 14 0 0 
10 High 14 0 0 
11 200 953 Low 14 0 0 
12 High 14 0 0 
13 75 2144 Low 14 0 0 
14 High 14 0 0 
15 35 150 1429 Low 14 0 0 
16 High 14 0 0 
17 200 953 Low 14 0 0 
18 High 14 0 0 
19 

75 2144 Low 20 0 0 
20 High 20 0 0 
21 15 150 1429 Low 20 0 0 
22 High 20 0 0 
23 200 953 Low 20 0 0 
24 High 20 0 0 
25 75 2144 Low 20 0 0 
26 High 20 0 0 
27 25 150 1429 Low 20 0 0 
28 High 20 0 0 
29 200 953 Low 20 0 0 
30 High 20 0 0 
31 75 2144 Low 20 0 0 
32 High 20 0 0 
33 35 150 1429 Low 20 0 0 
34 High 20 0 0 
35 200 953 Low 20 0 0 
36 High 20 0 0 
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Table 5.6: Design targets with mineral admixtures 

Design targets Constraints 

Strength Slump Yield stress Viscosity Coarse aggregate 
~ineraladmixtures 

~ix 
Silica fume Slag 

(~Pa) (mm) (Pa) (Pa.s) size (mm) (%) (%) 
37 

75 2144 
Low 14 8 0 

38 High 14 8 0 
39 

15 150 1429 
Low 14 8 0 

40 High 14 8 0 
41 

200 953 
Low 14 8 0 

42 High 14 8 0 
43 

75 2144 
Low 14 8 0 

44 High 14 8 0 
45 25 150 1429 Low 14 8 0 
46 High 14 8 0 
47 200 953 Low 14 8 0 
48 High 14 8 0 
49 75 2144 Low 14 8 0 
50 High 14 8 0 
51 35 150 1429 Low 14 8 0 
52 High 14 8 0 
53 200 953 Low 14 8 0 
54 High 14 8 0 
55 75 2144 Low 20 8 0 
56 High 20 8 0 
57 15 150 1429 Low 20 8 0 
58 High 20 8 0 
59 200 953 Low 20 8 0 
60 High 20 8 0 
61 75 2144 Low 20 8 0 
62 High 20 8 0 
63 25 150 1429 Low 20 8 0 
64 High 20 8 0 
65 200 953 Low 20 8 0 
66 High 20 8 0 
67 75 2144 Low 20 8 0 
68 High 20 8 0 
69 35 150 1429 Low 20 8 0 
70 High 20 8 0 
71 200 953 Low 20 8 0 
72 High 20 8 0 
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The concrete mixtures were proportioned following the N euro-Fuzzy method and 

the CAC method for the purpose of comparison and the results are given in Tables 5.7 

and 5.8. As expected, CAC design method does not account for the plastic viscosity. 

In comparison, the Neuro-Fuzzy method modifies the coarse aggregate bulk volume to 

account for the high and low viscosity. Another obvious observation is the addition 

of mineral admixtures. CAC method does not take into account the properties of 

mineral admixtures and therefore yields the same mixture proportions regardless of 

the amount of silica fume added. The wjc was modified by the Neuro-Fuzzy method 

when silica fume was added as cement replacement. Both design methods adjusted 

the w/c to account for the strength. However, when the slump or yield stress was 

changed, only the Neuro-Fuzzy method adjusted both the wjc and water content. 

CAC method only changed the water content to account for the change in slump 

or yield stress. These results indicate that a difference in the design philosophy of 

concrete mixture is needed to adequately design for the rheological properties of fresh 

concrete. 
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Table 5.7: Concrete mixtures following Neuro-Fuzzy method and CAC- mix design 
with no mineral admixtures 

Mix design 

Mix 
Neuro-Fuzzy method CAC method 

w/c Water content CA w/c Water content CA 
1 0.58 148 0.44 0.70 193 0.56 
2 0.58 148 0.68 0.70 193 0.56 
3 0.61 172 0.44 0.70 205 0.56 
4 0.61 172 0.68 0.70 205 0.56 
5 0.63 186 0.44 0.70 213 0.56 
6 0.63 186 0.68 0.70 213 0.56 
7 0.49 166 0.465 0.52 193 0.56 
8 0.49 166 0.65 0.52 193 0.56 
9 0.52 185 0.465 0.52 205 0.56 
10 0.52 185 0.65 0.52 205 0.56 
11 0.54 197 0.465 0.52 213 0.56 
12 0.54 197 0.65 0.52 213 0.56 
13 0.40 192 0.49 0.39 193 0.56 
14 0.40 192 0.62 0.39 193 0.56 
15 0.43 206 0.49 0.39 205 0.56 
16 0.43 206 0.62 0.39 205 0.56 
17 0.45 215 0.49 0.39 213 0.56 
18 0.45 215 0.62 0.39 213 0.56 
19 0.58 146 0.49 0.70 184 0.63 
20 0.58 146 0.74 0.70 184 0.63 
21 0.61 167 0.49 0.70 197 0.63 
22 0.61 167 0.74 0.70 197 0.63 
23 0.63 180 0.49 0.70 206 0.63 
24 0.63 180 0.74 0.70 206 0.63 
25 0.49 168 0.52 0.52 184 0.63 
26 0.49 168 0.705 0.52 184 0.63 
27 0.52 184 0.52 0.52 197 0.63 
28 0.52 184 0.705 0.52 197 0.63 
29 0.54 195 0.52 0.52 206 0.63 
30 0.54 195 0.705 0.52 206 0.63 
31 0.40 201 0.55 0.39 184 0.63 
32 0.40 201 0.67 0.39 184 0.63 
33 0.43 211 0.55 0.39 197 0.63 
34 0.43 211 0.67 0.39 197 0.63 
35 0.45 217 0.55 0.39 206 0.63 
36 0.45 217 0.67 0.39 206 0.63 
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Table 5.8: Concrete mixtures following Neuro-Fuzzy method and CAC- mix design 
with mineral admixtures 

Mix design 

Mix 
Neuro-Fuzzy method CAC method 

w/c Water content CA w/c Water content CA 

37 0.59 148 0.44 0.7 193 0.56 

38 0.59 148 0.68 0.7 193 0.56 

39 0.63 172 0.44 0.7 205 0.56 
40 0.63 172 0.68 0.70 205 0.56 
41 0.66 186 0.44 0.70 213 0.56 
42 0.66 186 0.68 0.70 213 0.56 
43 0.51 166 0.465 0.52 193 0.56 
44 0.51 166 0.65 0.52 193 0.56 
45 0.55 185 0.465 0.52 205 0.56 
46 0.55 185 0.65 0.52 205 0.56 
47 0.58 197 0.465 0.52 213 0.56 
48 0.58 197 0.65 0.52 213 0.56 
49 0.42 192 0.49 0.39 193 0.56 
50 0.42 192 0.62 0.39 193 0.56 
51 0.47 206 0.49 0.39 205 0.56 
52 0.47 206 0.62 0.39 205 0.56 
53 0.50 215 0.49 0.39 213 0.56 
54 0.50 215 0.62 0.39 213 0.56 
55 0.59 146 0.49 0.70 184 0.63 
56 0.59 146 0.74 0.70 184 0.63 
57 0.63 167 0.49 0.70 197 0.63 
58 0.63 167 0.74 0.70 197 0.63 
59 0.66 180 0.49 0.70 206 0.63 
60 0.66 180 0.74 0.70 206 0.63 
61 0.51 168 0.52 0.52 184 0.63 
62 0.51 168 0.705 0.52 184 0.63 
63 0.55 184 0.52 0.52 197 0.63 
64 0.55 184 0.705 0.52 197 0.63 
65 0.58 195 0.52 0.52 206 0.63 
66 0.58 195 0.705 0.52 206 0.63 
67 0.42 201 0.55 0.39 184 0.63 
68 0.42 201 0.67 0.39 184 0.63 
69 0.47 211 0.55 0.39 197 0.63 
70 0.47 211 0.67 0.39 197 0.63 
71 0.50 217 0.55 0.39 206 0.63 
72 0.50 217 0.67 0.39 206 0.63 
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To evaluate the merits of the two design methods, the regression model developed 

in the previous Chapter was used to calculate the properties based on the mixture 

proportions. The results are given in Table 5.9 and 5.10. A comparison of the 

28-day compressive strength show that the Neuro-Fuzzy method yields values that 

are comparable to the design values where the maximum percent difference for the 

design is given in Table 5.11. The maximum percent error using the CAC method 

is found to be at least three times greater than that obtained using the Neuro-Fuzzy 

method. When examining the slump or yield stress, one observes that the slump 

values obtained using CAC method are arbitrary and do not reflect the specified 

design value. On the other side, the Neuro-Fuzzy method yields slump values that 

are consistent with the specified design slump and yield stress values. Lastly, when 

one examines the plastic viscosity values, only the Neuro-Fuzzy method yields values 

that are reasonable and comparable to the experimental data. CAC method doesn't 

account for the rheological properties and the results do support this hypothesis. 
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Table 5.9: Results of the Neuro-Fuzzy method and CAC- mix design with no mineral 
admixtures 

Computed properties following 
Neuro-Fuzzy method CAC method 

Mix 
Strength Slump Yield stress Viscosity Strength Slump Yield stress Viscosity 

(MPa) (mm) (Pa) (Pa.s) (MPa) (mm) (Pa) (Pa.s) 

1 15.9 81 1765 38.1 18.8 229 624 4.2 
2 15.1 74 1779 43.7 18.8 229 624 4.2 
3 15.9 152 1202 20.2 19.8 261 362 1.0 
4 15.1 145 1216 25.8 19.8 261 362 1.0 
5 15.8 195 857 9.9 20.5 282 188 0.6 
6 15.0 189 871 15.5 20.5 282 188 0.6 
7 26.2 90 1661 39.2 30.8 173 963 17.9 
8 26.0 85 1671 43.6 30.8 173 963 17.9 
9 25.8 155 1125 21.1 31.9 205 701 9.4 
10 25.7 150 1135 25.5 31.9 205 701 9.4 
11 25.5 195 800 10.6 32.6 226 527 3.8 
12 25.4 190 811 15.0 32.6 226 527 3.8 
13 36.5 99 1655 35.8 39.5 89 1747 39.4 
14 36.7 96 1662 38.8 39.5 89 1747 39.4 
15 35.7 161 1105 18.2 40.6 121 1486 29.3 
16 35.9 157 1112 21.3 40.6 121 1486 29.3 
17 35.1 197 789 8.3 41.3 142 1311 22.6 
18 35.3 194 796 11.4 41.3 142 1311 22.6 
19 16.4 82 1760 43.5 20.5 211 466 13.3 
20 15.1 75 1775 49.4 20.5 211 466 13.3 
21 16.6 147 1168 26.9 21.7 246 183 6.6 
22 15.3 140 1182 32.8 21.7 246 183 6.6 
23 16.7 187 801 17.2 22.4 269 - 2.2 
24 15.4 180 815 23.1 22.4 269 - 2.2 
25 26.3 102 1788 41.8 30.1 155 1259 28.8 
26 25.8 97 1798 46.1 30.1 155 1259 28.8 
27 26.2 160 1242 25.9 31.2 190 976 19.6 
28 25.6 155 1253 30.2 31.2 190 976 19.6 
29 26.0 195 908 16.7 32.0 213 786 13.5 
30 25.5 190 919 21.0 32.0 213 786 13.5 
31 36.3 129 1863 32.6 37.0 72 2372 51.6 
32 36.3 126 1870 35.5 37.0 72 2372 51.6 
33 35.5 179 1334 18.9 38.1 106 2089 40.6 
34 35.5 176 1341 21.7 38.1 106 2089 40.6 
35 35.0 208 1028 11.3 38.9 129 1899 33.3 
36 35.0 205 1035 14.1 38.9 129 1899 33.3 
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Table 5.10: Results of the Neuro-Fuzzy method and CAC- mix design with mineral 
admixtures 

Computed properties following 

Neuro-Fuzzy method CAC method 

Mix 
Strength Slump Yield stress Viscosity Strength Slump Yield stress Viscosity 

(MPa) (mm) (Pa) (Pa.s) (MPa) (mm) (Pa) (Pa.s) 

37 19.1 62 1903 47.3 22.6 207 621 14.7 
38 18.2 56 1916 52.9 22.6 207 621 14.7 
39 18.4 136 1269 28.8 23.7 239 359 8.5 
40 17.6 129 1283 34.4 23.7 239 359 8.5 
41 17.6 182 871 18.2 24.4 261 185 4.4 
42 16.8 175 885 23.8 24.4 261 185 4.4 
43 28.6 78 1860 46.7 34.7 152 1224 28.4 
44 28.5 73 1871 51.1 34.7 152 1224 28.4 
45 27.6 146 1253 28.4 35.7 183 963 19.9 
46 27.5 141 1264 32.7 35.7 183 963 19.9 
47 26.7 188 873 17.7 36.4 205 789 14.3 
48 26.5 183 884 22.1 36.4 205 789 14.3 
49 39.0 95 1891 41.8 43.4 68 2200 49.9 
50 39.2 91 1898 44.9 43.4 68 2200 49.9 
51 36.9 164 1206 22.8 44.4 100 1939 39.8 
52 37.1 161 1214 25.9 44.4 100 1939 39.8 
53 35.6 203 844 13.1 45.1 121 1765 33.1 
54 35.8 199 851 16.2 45.1 121 1765 33.1 
55 19.7 63 1511 42.4 24.4 190 101 13.5 
56 18.4 56 1525 48.2 24.4 190 101 13.5 
57 19.4 131 822 25.0 25.5 224 - 6.8 
58 18.1 124 837 30.9 25.5 224 - 6.8 
59 18.9 174 377 15.0 26.2 247 - 2.3 
60 17.6 167 391 20.9 26.2 247 - 2.3 
61 29.1 90 1575 39.0 33.9 134 1159 29.0 
62 28.6 85 1585 43.3 33.9 134 1159 29.0 
63 28.4 150 933 22.7 35.0 168 876 19.8 
64 27.9 145 943 27.1 35.0 168 876 19.8 
65 27.7 188 518 13.3 35.8 191 686 13.6 
66 27.2 183 529 17.6 35.8 191 686 13.6 
67 39.1 125 1687 28.5 40.8 50 2464 51.7 
68 39.0 122 1694 31.3 40.8 50 2464 51.7 
69 37.2 183 973 13.4 41.9 85 2180 40.8 
70 37.2 179 980 16.2 41.9 85 2180 40.8 
71 36.1 214 595 5.8 42.7 108 1991 33.4 
72 36.1 210 602 8.6 42.7 108 1991 33.4 
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Table 5.11: Maximum percent difference between calculated values and design values 
for compressive strength 

Percent of difference(%) 
Design Method Neuro-Fuzzy method CAC method 
Max aggregate size 14mm 20mm 14mm 20 mm 
Silica fume 0% 8% 0% 8% 0% 8% 0% 8% 

15 MPa 6 27 11 31 37 63 49 75 
25 MPa 5 14 5 16 30 46 26 43 
35 MPa 5 12 4 12 18 29 11 22 

Figures 5.11 to 5.13 provide a comparison between the Neuro-Fuzzy method and 

CAC method in achieving the target design values for compressive strength, slump 

and yield stress, respectively. Again, results of Figure 5.11 indicate that the CAC 

method is too conservative with values that are for the most cases 25% greater than 

the design value when the silica fume was not added and 40% greater when the 

silica fume was added. Whereas the N euro-Fuzzy method has yielded values that are 

for the most cases 6% higher where no mineral admixtures where added and 15% 

when silica fume was added. Results of Figure 5.12 indicate that the slump values 

obtained using the Neuro-Fuzzy method are within =f 25 mm tolerance specified for 

the slump test. Results from CAC show that the slump is either much greater or 

lower than the tolerated 25 mm. The same trend is observed for the yield stress. In 

brief, these results show that the CAC method provides a conservative mix design for 

the compressive strength and does not appear to yield any consistent values for the 

rheological properties. The Neuro-Fuzzy method has shown that higher control can 

be achieved in designing for compressive strength, yield stress and plastic viscosity. 

These results mean that a revision of the design guidelines is merited. 
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Figure 5.11: Design target of compressive strength versus achieved strength using 
Nuero-Fuzzy method and CAC standard method 
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Figure 5.12: Design target of slump versus achieved slump using Nuero-Fuzzy method 
and CAC standard method 
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Figure 5.13: Design target of yield stress versus achieved yield stress using Nuero
Fuzzy method and CAC standard method 
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Chapter 6 

Conclusions and Recommendations 

The ability of current method of proportioning concrete mixes, in describing the flow 

behavior of fresh concrete and achieving the design targets, have been evaluated in 

this research. Such evaluation has been conducted using an experimental program 

developed using statistical models that are based on the factorial design method. 45 

concrete mixtures were evaluated to measure their rheological properties and com

pressive strength. Statistical models were derived for slump, slump flow, compressive 

strength, yield stress and plastic viscosity based on the experimental results obtained 

from this study. Moreover, a Neuro-Fuzzy network was adopted to correlate the 

current mix design to the Bingham's rheological properties; yield stress and plas

tic viscosity and to the compressive strength. The results of experimental concrete 

mixes have been used to train and validate the network. Then, rules for calculating 

the mixture proportions, namely water-cement ratio, water content and fine to coarse 

aggregate from the compressive strength, yield stress and plastic viscosity have been 

derived from the network results. Such rules were used to design concrete mixes 

with different design targets. Concrete mixes were subsequently designed using the 

Neuro-Fuzzy and CAC standard design method. Mixes were then evaluated using 

the statistical models and the results were compared as an assessment of the design 
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methods to yield adequate concrete mixtures. 

On the basis of the results obtained from this research, the following conclusions 

can be drawn: 

1. Current design practices for concrete mixture proportioning are too simplistic 

for describing the flow behavior of fresh concrete including slump. 

2. Slump which is a measure of yield stress, is not a sufficient measure for designing 

and controlling the workability of fresh concrete. 

3. The Bingham's rheological properties, yield stress and plastic viscosity need to 

be incorporated into the design of concrete mixtures to improve its ability in 

describing the flow behavior. 

4. The water-cement ratio has a significant effect on the fresh and hardened prop

erties of concrete. 

5. Current design practices for concrete mixture proportioning are not accurate in 

achieving the design target of slump, which indicates the yield stress, because 

it does not account for water-cement ratio. 

6. Current design practices for concrete mixture proportioning do not account for 

the plastic viscosity in designing and controlling of fresh concrete mixes. 

7. Current design practices for concrete mixture proportioning are too conservative 

in designing for compressive strength. 

8. Deriving mathematical models based on the statistical factorial design is a useful 

method to understand the influence of concrete mixture proportions on concrete 

fresh and hardened properties. 
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9. The Slump rate machine is a convenient apparatus for determining the plas

tic viscosity of fresh concrete, and it does not require extensive training for 

operation. 

10. Water-cement ratio and water content have a significant effect on the compres

sive strength and yield stress. Bulk volume of coarse aggregate has a significant 

effect on the plastic viscosity. 

11. The required cement pasts in concrete mixture is affected mainly by compressive 

strength and yield stress. While, the required fine to coarse aggregate ratio is 

mainly affected by the plastic viscosity. 

12. Adopting the Neuro-Fuzzy network to correlate current mix design to the rheo

logical properties of concrete, is found to be adequate for determining the water 

content, cement content, fine and coarse aggregates from yield stress, plastic 

viscosity and compressive strength. 

13. By adopting the Neuro-Fuzzy method for designing concrete mixes, two levels 

of plastic viscosity, low and high, were developed for mixes with the same slump 

and compressive strength. 

14. Current design method for concrete mixture need to include the rheological 

properties, yield stress and plastic viscosity, in order to achieve the needed 

quality control for fresh concrete. 
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6.1 Recommendations 

Based on the results from this study, one can recommend the followings: 

1. Widen the experimental program to include non-entrained air mixes, self con

solidating concrete, mixes with varying amount of mineral and chemical admix

tures. 

2. Modify the current concrete mix design guidelines to account for the rheological 

properties. 

3. Need to introduce other workability test method such as the slump rate machine 

to adequately characterize the rheological properties of fresh concrete. 
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