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Abstract

ABSTRACT

This study has developed limestone modified cements to be used for self-compacting and
vibrated high performance concretes. The study has also placed emphasis on the
development of rapid testing methods for determining quality of self-compacting
concrete. In addition, a mix design method that can be applicable for different materials
was proposed to ensure high durability and economic efficiency for self-compacting high
performance concrete. The effect of aggregate maximum size, coarse to total aggregate
ratio, water to binder ratio and paste volume on superplasticizer requirement,
compressive strength and drying shrinkage of high performance concretes also were

investigated in the study.

The test results showed that the use of limestone modified cements, consisting of
portland cement and milled limestone with suitable content and fineness, can result mn
reduced superplasticizer requirement, improved compressive strength, reduced heat of
hydration and drying shrinkage as well as reduced cement content of high performance
concretes. These benefits would therefore enable high-performance concrete to be

produced more economically.

Rapid testing methods for determining blocking behaviour, deformability and segregation
resistance of self-compacting concrete were developed. Test results showed that the
proposed method and developed apparatus are useful in the rapid evaluation of quality of

self-compacting concrete.

The proposed mix design method combines the criteria for aggregate blocking and liquid
phase (deformability, segregation resistance and flow velocity as well as superplasticizer
requirement), criteria for selection of optimum coarse to total aggregate ratio and
construction criteria. The method can be used to design self-compacting concrete having
high durability, economic efficiency and application for different materials. The
developed criteria should also reduce the need for repeated mixing trials, the times and

extent of laboratory procedures and practices.
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Notation and Abbreviation [Formulae

NOTATION AND ABBREVIATION FORMULAE

o = Factor from diaphragms (section 2.2.6 in Chapter 2)

P = Ratio between reinforcement diameter

I'm = Deformability index of mortar

Olp = Material constant of water retainability

A = Volume of air (I/m®) (section 2.2.6 in Chapter 2)

B = Mass of binder content (kg) (Chapters 4, 5, 6, 7 and 8)

BFC1, BFC2 = Blast furnace slag cements

BFS = Blast furnace slag
C = Mass (kg/m’) of cement
Ck = Coefficient depended on ratio (K) between reinforcement diameter and

maximum aggregate size

Daf = Three-quarter dimention of each aggregate fraction
Dav = Average particle diameter, which is given by:
Dca: = Ratio between reinforcement clear spacing (c) and the three-quarter

dimension of‘each aggregate fraction (Daf)

Di = Average size of aggregate fraction i

Dmax = Maximum size of aggregate

Dss = Average spacing between particle surfaces (particles are assumed to be
spherical)

Dssmin = Minimum required average spacing between aggregate particle surfaces

F20 = Slump flow value of 20 cm

F50 = Slump flow value of 50 cm
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Notation and Abbreviation [Tormulae

Fc: = 28-day compressive strgngth of concrete

Fd = Slump flow diameter of self-compacting concrete

Pe = Bulk specific gravity of coarse aggregate

G = Total coarse aggregate content by weight

Gb = Dry mass of coarse aggregate in the concrete at bottom (section 2.2.5 in
Chapter 2)

Gt = Dry mass of coarse aggregate in the concrete at top (section 2.2.5 in
Chapter 2) |

H = Height (m) (section 2.2.6 in Chapter 2)

Ha = Average depth of aggregate particles

Hd = Filling head drop of self-compacting concrete

Hf: = Final depth

HPC = High performance concrete

K = Ratio between reinforcement diameter ( @ ) and maximum size of
aggregate (Dmax)

K1 = Pozzolanic coeflicient;

K2 = Limestone filler activity coefficient.

Kg = Aggregate coefficient

Kw = Effective coeficient

LS. = Mass (kg/m’) of milled limestone

LS1 = Milled limestone LS1

LS2 = Milled limestone LS2

LS3 = Milled limestone LS3

m = Experimental coefficient
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Notation and Abbreviation Formulae

Mc = Mass of mortar contained in 2 litres of concrete
Mf = Mass of mortar passing through screen

M; and M. = Upper and lower sieve dimensions of aggregate group i, respectively

Mi = Percentage of aggregate mass retained between upper and lower sieve

sizes (obtained from sieve analysis) in fraction i

n = Number of aggregaté size groups

Nabi: = Blocking volume ratio of aggregate group i,

Nga = Coarse to total aggregate ratio (by mass)

Nopt = Optimum coarse to total aggregate ratio

nsbi = Blocking volume ratio (i.e. the volume ratio which causes blocking) of

the aggregate of single-size group i

nsi = Volume ratio of an aggregate of single-size group i

OPC = Ordinary portland cement

P = Pressure for pumping (section 2.2.7 in Chapter 2)

Pd = Penetration depth

PFA = Mass (kg/m’) of fly ash

Pl = Pressure for pipeline (section 2.2.7 in Chapter 2)

Pm = Mass of powder materials (section 2.2.3 in Chapter 2)

Pvgm = Ratio of volume of coarse aggregate group m to total coarse aggregate
volume

Pvsn = Ratio of volume of fine aggregate group n to total fine aggregate
volume

ry, r2 = Flow diameters of mortar

Rc: = 28-day cement strengthvmeasured on ISO mortar
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Notation and Abbreviation [Formulae

Rh - = Difference between the average masses of coarse aggregate in front of

the reinforcement set and at the end of L-box

Ris = Percentage reduction of heat of hydration of mortar containing
limestone

Rm = Viscosity index of mortar

Io = Flow cone diameter

RS1 = River sand RS1

RS2 = River sand RS2

Rv = Variation of the masses of the coarse aggregate in the vertical direction

Ps = Bulk specific gravity of fine aggregate

S = Total fine aggregate content by weight

SCC = Self-compacting concrete

SC-HPC = Self-compacting high performance concrete

SF = Mass (kg/m’) of silica fume

S1 = Segregation index

SP = Superplasticizer

SPC1, SPC2 = Shrinkage limited portland cements

t = Measured time (seconds) for mortar to flow through the funnel

TS50 = Flow time when self—co;npacting concrete reaches slump flow value of
50 cm

U = Unit weight of concrete (tonne/m’) (section 2.2.6 in Chapter 2)

\% = Average of mass of the coarse aggregate with -particle size larger than
9.5 mm

V50 = Average flow velocity of self-compacting concrete
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Notation and Abbreviation Formulae

Va

Vabi:

Vabm

Vabmax

Vabn
Vai
Vam

Van

V-HPC

Void

Vopt

Vpdmin

Vpwmin

Vs

Vit

= Total aggregate volume

= Blocking volume of aggregate group i (Vabi is the volume of aggregate
group i that retains prior reinforcement set in L-box apparatus),

= Blocking volume of coarse aggregate group m

= Total maximum allowable aggregate volume by which the blocking risk
equals to 1

= Blocking volume of fine aggregate group n

= Volume of aggregate group i

= Volume of coarse aggregate group m

= Volume of fine aggregate group n

= Total coarse aggregate volume

= Mass of the coarse aggregate with particle size larger than 9.5 mm in
each piece cut from concrete specimens used in assessment of segregation
resistance of self-compacting concrete in the vertical direction

= Vibrated high performance concrete

= Volume of voids in the densely compacted aggregate

= Paste volume (Vopt) at optimum coarse to total aggregate ratio (Nopt),
which satisfies both blocking criteria (solid phase) and liquid-phase
criteria

= Minimum required paste volume in considering criteria of liquid phase

= Paste volume

= Minimum required paste volume in considering blocking criteria of
aggregate phase (solid phase)

= Total fine aggregate volume

= Volume of the concrete mixture
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Notation and Abbreviation IFormulae

W/B

W/C

XL

= Water content of concrete (kg/m’) (seétion 2.2.6 in Chapter 2)

= Water to binder ratio
= Water to cement ratio
= Water retained by powder materials

= Percentage of limestone (by mass) in the binder
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

1.1. GENERAL BACKGROUND

High-performance concretes are defined as concretes which meet special performance
and uniformity requirements (Rangan, 1998). The performance requirements may
include ease of placement and compaction without segregation, enhanced short-term and
long-term mechanical properties, high early-age strength and long life in severe

environment.

High performance concretes can be classified into two types, namely: vibrated high-
performance concrete (V-HPC) and self-compacting high-performance concrete (SC-
HPC). High strength concrete as vibrated high performance concrete has been
developed over many years, beginning with the relative low compressive strengths of 40
MPa in the 1960s, up to strengths of 100 MPa that are commercially available today

(Russell, 1998).

Self-compacting concrete (SCC) is considered to be a new generation of concrete
technology. This type of concrete can fill all comers of formwork without vibration
since it is of excellent flowability. Self-compacting concrete was originally developed in
Japan in the late 1980s, and it has attained increasing interest in recent years throughout
the world. Its research and development is currently being undertaken in many countries
such as Japan, Thailand, Korea, Sweden, United Kingdom, France, Netherlands, Spain,
Canada, Australia and United States. Applications of self-compacting concrete in
different structures have also increased in number.
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Chapter 1 Introduction

High performance concretes have various advantages, namely: high durability, reduced
construction time, less labour cost. Beside these advantages, self-compacting high
performance concrete facilitates a decrease in noise impact during the building process
which contributes to an improved working environment for workers and surroundings.
However, high performance concretes, especially self-compacting concrete, usually
require high dose rates of high-range water reducing admixtures (superplasticizers) and
high paste volumes which often result in high shrinkage, high heat of hydration and high
costs for the concrete. In an attempt to reduce these effects, mineral additives such as
silica fume, fly ash, blast furnace slag, etc. are often used in concrete, however several
problems have arisen with the use of some of these. Some mineral additives such as
industrial by-products are not always of consistent quality, not always available locally

and require additional silo at the batching plant.

1.2. OBJECTIVES AND SCOPES
Blended limestone-portland cements are available and widely used for normal concrete in
Europe. However, little has been published on blended limestone-portland cements used
for high-performance concretes. The aims of this study are to develop limestone
modified cements which will:

e reduce drying shrinkage,

e reduce heat of hydration,

e reduce required dose of superplasticizer,

e reduce cement content and

e decrease the total cost of self-compacting and vibrated high performance

concretes.
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Self-compacting concrete is a new type of concrete which is quite sensitive to quality
control and requires high degrees of accuracy in batching of contituent materials.
Therefore, this study also aims to:

e develop rapid testing methods for segregation resistance, deformability and
blocking behaviour which are the main properties of self-compacting concrete
in the fresh state;

e develop a mixture proportioning method for self-compacting concrete aimed
at ensuring high performance, economic efficiency and which can be applied

for different kinds of raw materials.

1.3. OUTLINE OF THESIS

The thesis consists mainly of nine chapters. Below is a summary of these chapters.

Chapter 1 introduces a definition and classification of high performance concretes that
include self-compacting and vibrated high performance concretes. The reasons,

objectives and scopes for this study are also given in this chapter.

Chapter 2 reviews the literature concerned with cement paste, mortars and vibrated
concrete containing milled limestone. This chapter also presents literature relating to
research, development and application of self-compacting concrete throughout the
world. A major emphasis is placed on presentation of literature relating to self-
compacting concrete containing milled limestone, testing methods and mix design

procedures for self-compacting concrete.
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Chapter 3 outlines the methodology for development of limestone modified cements,
rapid testing methods for quality and a mix design procedure for self-compacting high
performance concrete. Also, a summary of experimental programs and materials used is

given.

Chapter 4 presents test results for consistency and setting time of pastes. Test results on
compressive strength, drying shrinkage and heat of hydration of mortars containing
milled limestones are discussed. This chapter also reports results of a study on

microstructure and mineral compositions of pastes containing milled limestones.

Chapter 5 presents and discusses test results for superplasticizer requirement,
compressive strength and drying shrinkage of vibrated high performance concrete (V-
HPC) containing limestone modified cements. A developed model predicting 28-day
compressive strength of the V-HPC and some test results on normal concrete containing

milled limestone are also discussed in the chapter.

Complementing Chapter 5, Chapter 6 reports and discusses test results on
superplasticizer requirement, compressive strength and drying shrinkage of self-
compacting high performance concrete (SC-HPC) containing limestone modified
cements. Moreover, test results on effect of maximum aggregate sizes, different coarse
to total aggregate ratios and water to binder ratio as well as effect of paste volumes on
properties of self-compacting concrete are discussed in this chapter. A developed model
predicting 28-day compressive strength of the SC-HPC and microstructure of interface

between coarse aggregate and mortar in SC-HPC are also presented in the chapter.
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Chapter 7 describes the developed rapid testing methods for quality assessment of self-
compacting concrete, with major emphasis focusing on the method for rapid testing of

segregation resistance.

Chapter 8 presents a proposed mix design method for self-compacting high performance
concrete. A summary on blocking criteria for solid phase (aggregate phase) of SCC is
made. Development of liquid-phase criteria is discussed, and mix design procedures for

SC-HPC are also presented in the chapter.

Chapter 9 summarises conclusions of this study on development of limestone modified
cements for high performance concretes, rapid testing methods and mix design method
for self-compacting high performance concrete from the view point of high durability,

economic efficiency and applicability for different materials.
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CHAPTER 2

LITERATURE REVIEW

2.1. CEMENT, MORTAR AND VIBRATED CONCRETE CONTAINING
MILLED LIMESTONE

Soroka and Stern (1976) studied the effect of two calcareous fillers (milled limestone and
reagent quality calcium carbonate) on the compressive strength of Portland cement. It
was concluded that fillers affect strength through their accelerating effect on the cement
hydration. This effect was found to be essentially the same for all the filiers studied
irrespective of their specific chemical composition. It was concluded that the formation
of calcium carboaluminate, if it took place, did not necessarily affect the cement

compressive strength.

Soroka and Setter (1977) published a paper about the effect of fillers on strength of
cement mortars. The fillers, which were milled limestone, dolomite and basalt, had
fineness from 1,150 to 11,200 cm”® per g (115 to 1120 m%kg). The filler content ranged
from 10 to 40% of the cement weight replacing a corresponding volume of the sand (e.g.
cement content was unchanged for all mixes). Mortar mixes with cement - sand ratio of
1:2.75 and W/C ratio of 0.70 were studied. The results confirmed the authors’ earlier
conclusions that the fillers effect on strength is primarily an accelerating effect on cement
hydration. The improvement in strength was essentially the same for all three types of

fillers, increasing with both filler content and fineness.

Larrard (1989) carried out a study on the use of ultrafine particles in very high strength

concrete. The fillers included:
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- limestone filler with particle size between those of cement and ultrafine
particles;

- limestone ultrafine filler (average particle size of 1 um);,

- ground siliceous ultrafine filler (average particle size of 1 um);

- two types of silica fume.
The author concluded that, in comparison with concrete containing pure ordinary
portland cement, the use of ultrafine particles (average size of about 1 um) improves the
strength of the concrete; and silica fume was found to be the most effective addition
(superplasticizer that was based on naphthalene sulfonate formaldehyde was used in this

study).

Krstulovic et al. (1994a) evaluated the limestone filler effect with cement from the
aspects of strength and workability of mortar and concrete. Mortar and concrete
specimens of equal bulk modulus were tested. The study concluded that compressive
strength decreases linearly with the increase of filler proportion in the volumetric
concentration of cementitious component when bulk modulus of specimens 1is
unchanged. Generally, filler was found to improve workability of both mortar and
concrete when added in quantities of 5 and 12% of binder content. The same authors
(1994b) also studied the effect of filler fineness and blending procedure. They suggested
that addition of small quantities of fine filler improves the efficiency of portland cement,

and the intimacy of mixing with clinker particles is a decisive factor for this positive

effect.

Wallevik et al. (1995) studied the effect of different types of filler material on the

rheological properties of fresh concrete. The results showed that different filler
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materials, which had approximately the same particle-size distribution and consisted
mainly of quartz, potassium feldspar, plagioclase feldspar and ground limestone,

respectively, did not affect the rheological properties of the fresh concrete significantly.

The diffusion of chloride ions in neat cement pastes and mortars made with and without
limestone filler was investigated by Hornain et al. (1995) who stated that the addition of
a limestone filler reduces the diffusion coefficient of chloride ions; and this reduction is
attributed to the effect of the limestone filler particles on the tortuosity of the system. It
was noted that the specific area of the limestone filler was of the same order of
magnitude as that of ordinary portland cement; and water to cement ratio of 0.55 was

kept constant (the respective water to binder ratios were different).

Nehdi et al. (1996) investigated the effect of limestone microfiller replacement of cement
on the mechanical performance and cost effectiveness of low water to cement ratio
superplasticized portland cement mortars. Cement pastes with different water to binder
ratios and incorporating various proportions of limestone powder and/or silica fume
were designed to have a constant flow. The mean particle sizes of ordinary portland

cement (OPC), silica fume (SF) and limestone filler (LF) were 14 um, 0.18 um and 3

um, respectively. The authors concluded:

- LF replacement did not significantly affect the strength of mortars at early ages up
to about 10 to 15% by volume. Higher levels of LF caused significant strength
losses which were more pronounced in the SF mixes. At later ages, LF
replacement of cement beyond 10 to 15% caused strength losses which were more

significant.
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- Blending silica fume and limestone powder simultaneously with cement was
efficient in maintaining high 28-day compressive strength for some LF proportions
compared to an OPC + 10% SF system.

- The early age strength of cement mortars was most cost effective in an OPC
system containing about 10 to 15% LF, and can be improved in an OPC + 10% SI*

triple blended cementitious binder by adding up to 10% LF.

Recently, Nehdi et al. (1998) also reported results of an investigation on the eflect of
ultrafine particles used as partial replacement for cement on the rheology of high strength
concrete (FISC). Various proportions of 3 pum and 0.7 um mean particle size limestone
fillers, finely ground silica, and silica fume were individually used as partial replacement
for cement in concrete mixtures with water to binder ratio of 0.33.‘ In addition, concrete
mixtures were made with triple-blended composite cements containing different
proportions of limestone filler and silica fume. The authors concluded that high strength
concrete can be made easier to place by substituting proportions of ultrafine particles for
cement. In the presence of supérplaéticizers, the finer the microfiller the lower the flow
resistance and torque viscosity of the mixture. Up to 20% ground silica or limestone did
not require an increase in the superplasticizer requirement to achieve a constant
workability, even though one of these fillers had a surface area as high as 10,000 m%/kg;
silica fume, however, while being the most elfective filler from a rheological point of
view, increased the superplasticizer demand at a constant workability. Microfillers were
advantageous in some instances in maintaining better workability over time. They were
also successful in inhibiting the induced bleeding of fresh concrete. No data on

compressive strength and drying shrinkage were reported.
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Blended limestone - portland cements are available and used in Europe complying with
ENV 197-1 “Standard Specifications for Cements”. The limestone content is 6 - 20%
and 21 - 35% in CE II A/L and CE II B/L type, respectively, and these cements have
been used for normal concrete. However, there is little published data on the use of
milled limestone in vibrated high performance concrete, in which not only high
compressive strength (between 50 MPa to 100 MPa), but also requirement of high range
water reducing admixture (superplasticizer), drying shrinkage and heat of hydration play
an important role. These properties for vibrated high performance concrete containing

milled limestone have been investigated in this study.

2.2. RESEARCH AND DEVELOPMENT OF SELF-COMPACTING
CONCRETE

Research and development of self-compacting concrete has been carried in many
countries such as Japan, Thailand, Sweden, United Kingdom, France, Australia, Korea,

The Netherlands, Spain, Canada and United States.

The research and development of SCC has mainly focused on the following areas:
e Behaviour of SCC in its fresh state, of which deformability, segregation resistance
and blocking property are the principal mechanisms (Ozawa et al, 1992; Ozawa et
al, 1993; Bui, 1994; Tangtermsirikul and Bui, 1995; Petersson et al, 1996);
¢ Mixture proportioning methods (Okamura and Ozawa, 1994; Bui, 1994; Okamura
and Ozawa, 1995; Petersson et al, 1996; Domone and Chai, 1996; Sedran et al,
1996 and Ouchi et al, 1998)
e Quality testing and control methods, including tests in laboratory and on site, as

well as rapid testing methods, in order to monitor the main properties of SCC
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namely: deformability, segregation resistance, flow velocity and blocking behaviour
around reinforcement (Ozawa et al, 1992; Tangtermsirikul et al, 1992b; Hayakawa
et al, 1993; Ozawa and Nagamoto, 1995;);

¢ Hardened properties of SCC such as compressive strength, drying shrinkage,
surface property, etc. (Ozawa et al, 1992; Sakamoto et al, 1993; Hayakawa et al,
1993, Furuya et al, 1994);

e Development of supplementary materials and admixtures in order to reduce cost
and to improve properties of SCC (Ozawa et al, 1992, Sakamoto et al, 1993;
Yoshino et al, 1993; Bui, 1994; Nagataki and Fujiwara, 1995; Petersson et al,
1996); and

e Formwork, mixing, pumping and placing procedures (Hayakawa et al, 1993,

Petersson et al, 1996).

In 1996, an international technical committee on self-compacting concrete (TC-SCC)
was created under the umbrella of the International Union of Testing and Research
Laboratories for Materials and Structures (RILEM). The committee has been working
actively in drafting a State of the Art Report and Testing Methods for self-compacting
concrete. Four research organisations in France, UK, Spain and Sweden, together with
two major contractors, have recently commenced a 3.5-year long research project on

self-compacting concrete.
2.2.1. Behaviour of Self-Compacting Concrete in Its Fresh State
Self-compacting concrete was initially developed at the University of Tokyo, Japan.

Ozawa et al. (1992a, 1992b) extensively studied the filling mechanism of self-compacting
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concrete, especially in relation to deformability, segregation and blocking mechanism

around obstructions such as reinforcement bars. The authors stated the following:

o Filling capacity, controlled by the deformability and segregation resistance, is also
affected by the shape of members, spacing between reinforcement bars and placing
method. With an increase in slump value of fresh concrete, the deformability
increases and the segregation resistance decreases. Maximum filling capacity results
from an appropriate combination of deformability and segregation resistance. For
lower slump concrete, the filling capacity is controlled mainly by the deformability,
while for higher slump concrete it is controlled mainly by the segregation resistance.
The relation between water cement ratio, flowability, deformability and segregation

resistance of fresh mortar is illustrated in Fig. 2.1.
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Fig. 2.1: Relation between water cement ratio, flowability, deformability and

segregation resistance of fresh mortar (after Ozawa et al, 1992b)

e Free water content in fresh concrete is one of the governing factors for not only the
deformability but also the segregation resistance; and hence for filling capacity (the
free water in fresh concrete is defined as the water which is not retained by sand and

powder materials). On the other hand, the amount of free water in concrete is also
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controlled by added superplasticizer, as superplasticizer tends to release the water
retained by powder particles and fine sand particles due to the transformation of
coagulation structures of particles in water. The free water content is linear to
deformability of self-compacting concrete, while segregation resistance of concrete
has a non-linear relationship to the free water content.

¢ Particle contact restrains the deformation of particles, which produces localisation of
shear deformation; this tends to promote the segregation between solid particles and
liquid phase and resultant blocking due to high inter-particle stress transferred in the
solid phase.

e Blocking of fresh mortar flowing through constricted opening is influenced by the
sand content and flowing speed. The influence of sand on blocking depends on the
mean size of sand particles. The risk of blocking can be estimated by the summation
of the effect of each size on blocking. In this sense sand is defined as particles that
have diameters greater than one tenth of diameter of the holes. Particles smaller than
this size, including powder particles, have different role on blocking from the bigger
particles such as sand. The relation between blocking volume and size ratio of hole
to sand can seen from Fig. 2.2

e Flowability of concrete through narrow spacings is controlled not only by the
deformability but also by segregation resistance related to the blocking. Both
properties depend on the properties of powder materials, such as their size, shape
and grading.

o Shear transfer mechanism of paste between solid particles, which is one of the roles
of powder materials, depends on the water to powder ratio. For the shear resisting
mechanism of the paste with appropriate amount of free water, the frictional

mechanism of powder paste as solid is converted to the shear resisting mechanism of
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a viscous liquid, and the amount of free water is controlled by the size, shape and
grading of powder materials.

e Maternial segregation resistance can be obtained without reducing the deformability of
concrete by the proper use of a thickening agent, and the desired viscosity of the
paste with a small amount of water can be obtained by properly combining fly ash

with powder components.
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Fig. 2.2: Relation between blocking volume and size ratio of hole to sand (after Ozawa

et al, 1992b)

Domone and Chai (1996) summarised the roles of the components in SCC as follows:

o Water content - This is typicaliy between the range 160 - 185 kg/m’. If it is too low,
there is insufficient fluidity, even with admixtures; if it is too high, the segregation
resistance reduces and the paste or mortar will easily separate from the larger
aggregate particles which can then form arches across gaps, e.g. between reinforcing

bars, hence blocking the flow.
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® Admixtures - The fluidity is provided by superplasticizers, most being based on either
a naphthalene or melamine formaldehyde, often modified to provide extended
retention of fluidity and set times.

e Binders - Binder contents are high, typically 450 - 550 kg/ m®, but it would seem that,
at the required high fluidity, the use of portland cement alone will result in inadequate
cohesion for satisfactory segregation resistance. Ground granulated blast furnace slag
is beneficial in this respect, typically replacing 40% by weight of the portland cement.
In some mixes fly ash and/or microsilica have also seen used, and limestone powder as
an inert filler seems particularly useful in enhancing cohesion.

e Water fo binder ratios - It follows from the above that water/binder ratios are
normally in the range 0.30 - 0.36. Sufficient segregation resistance has been achieved
at higher values by including small quantities of a viscosity agent in addition to the
plasticizer or superplasticizer. It is suggested that this works by restricting the
movement of the free water in the mix, hence ensuring that it is fully available to
provide lubrication between the particles. It also increases the viscosity of the free
water, and so high doses are detrimental. It is also claimed that it reduces the
sensitivity of the self-compacting properties to variations in mix proportions.

o Aggregates - SCC has been successfully produced with both gravel and crushed
rocks, normally with maximum size of 20 mm. Lightweight SCC has been produced
using an artificial lightweight coarse aggregate (Hayakawa et al, 1993; Umehara et al,

1994).

Since slump flow is measured when concrete is in a static condition, yield value can be
considered as the controlling factor (Murata, 1993). Further, the yield value of concrete

can be considered as being determined mainly by the volume of coarse aggregate and
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yield value of mortar (Wami, 1990); and yield value of mortar increases, while slump
flow value decreases as volume of coarse aggregate increases (Nagataki and Fujiwara,

1995).

2.2.2. Properties of Hardened Self-Compacting Concrete

Sakamoto et al. (1993) presented test results of the use of SCC in steel-tubular columns.
Concrete was placed up to the height of 40 m with a mobile concrete pump without
difficulty. Core specimens were taken from a test column, which was set above an actual
constructed steel-tubular column, in the vertical direction and tested for compressive
strength at 91 days. The compressive strength of the outer cores were lower (average
strength of 61.1 MPa + 3.7 MPa) than those of the center cores (average strength of
66.2 MPa + 4.5 MPa). The authors explained that this seems to be due to non-
uniformity of the concrete because of loss of flowing ability at the top of the columns;
nevertheless, the value of compressive strength satisfied the value of specified concrete

strength (34.3 MPa) and the state of filling was good.

Hayakawa et al. (1993) reported properties of hardened SCC which was called Biocrete
21. The concrete contained about 500 kg/m* of powder (ordinary portland cement, blast
furnace slag and fly ash). Concrete with higher content of ordinary portland cement
exhibited higher compressive strength. The compressive strength of Biocrete 21 can be
controlled by selecting proper mix proportions. It was reported that Biocrete 21 usually
exhibits 28-day compressive strength greater than 40 MPa. The authors also reported
that, due to very low water to powder ratio and low water content, Biocrete 21 exhibited

drying shrinkage less than or equal to, that of general concrete with the same water
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content; and concrete containing 4% or more air entrainment showed superior resistance

to freezing and thawing.

Furuya et al. (1994) studied compressive strength of highly flowing concrete in the field.
The authors reported that compressive strength of core specimens was about 85% of
standard specimens, and variation of compressive strength was larger in vertical direction
than in horizontal direction. Variation of coarse aggregate area in core specimen became
large when distance of flow reached 10 m. Therefore, the authors recommended that it

is desirable to cast concrete as thinly as possible and at distance as short as possible.

2.2.3. Self-Compacting Concrete Containing Mineral Admixtures

Ozawa et al. (1992b) and Nagataki et al. (1995) considered that one method of providing
the concrete with resistance to segregation is the addition of a large volume of powder
material. However, if the entire volume of powder consisted of cement, problems such
as increased cost of materials and high heat of hydration would result. Therefore, to
eliminate these problems, ground granulated blast furnace slag, fly ash and limestone

powder are used.

2.2.3.1. Self~-Compacting Concrete Containing Limestone Powder

Limestone powder (or milled limestone) has been used in self-compacting concrete
because of its relatively uniform quality and wide availability. Also, its cost is relatively

low.

Furuya et al. (1994) and Tanaka et al. (1993) reported development and application of
highly-flowing concrete for mass concrete in the prestressing anchorages of the Akashi
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Kaikyo Bridge in Japan. Anchorage blocks for long-span suspension bridges consist of
large scale mass concrete structures heavily reinforced with structural steels and steel
bars. To date, portland blast furnace slag cement has generally been used to prevent
temperature cracking. However, since it is difficult to control the occurrence of thermal
cracking even in conjunction with the use of subsidiary cooling, the authors developed
highly flowing concrete using low-heat cement for the anchorages of the Akashi Kaikyo
Bridge. Concrete with good flowability and segregation resistance, respectively, was
ensured by the use of air-entraining high range water-reducing agent and limestone
powder with different fineness. It was reported that the use of limestone having high
degree of fineness was effective for reduction of bieeding. Also, for the same water to
cement ratio, highly flowing concrete had higher compressive strength development
compared to 11-cm slump concrete, and the tendency became more remarkable as

limestone powder content was increased.

Yoshino et al. (1993) carried out a study on SCC containing 0%, 30% and 50% of
limestone powder with water to binder ratios of 0.32, 0.34 and 0.36. The fineness
(surface area) of limestone powder was reported as 3560 cm?/g, 5010 cm®/g and 7260
cm’/g. All mixes were designed to have the same sand to aggregate percentage of 49%,
the same water content of 170 kg/m® and slump flow of 60 + 5 cm. The fluidity of the
concrete was measured using the L-shape flow test. The study found that fluidity of
concrete containing limestone with the highest fineness was highest for the three kinds of
limestone powder. No results on drying shrinkage and superplasticizer requirement were

reported in this study.
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A study aimed at reducing shrinkage of highly-flowable concrete was carried out by
Ogawa et al. (1995). Limestone powder, viscosity agent, shrinkage reducing agent and
expansive additive were used in the concrete. Limestone powder replaced a part of the
aggregate content in the concrete. It was confirmed that, for the same water to cement
ratio (water to powder material ratios were different), drying shrinkage and autogenous
shrinkage of highly-flowable concrete is less than that of ordinary concrete. The
compressive strength of concrete ranged from 33 MPa to 48 MPa. The unrestrained
drying shrinkage strain of highly flowable concrete containing limestone powder,
shrinkage reducing agent and expansive additive was reduced to less than the assumed

limit value for cracking (400 microstrain).

Ayagano et al. (1993) used limestone powder with fineness index of 3,600 cm*/g in SCC
mixes. The limestone powder replaced a part of the aggregates. It was found that, when
limestone powder replaced a part of either sand, or coarse aggregate or both sand and
coarse aggregate, there were optimum contents that produced the highest slump flow
values. The maximum 28-day compressive strength obtained was about 58 MPa. No

data on drying shrinkage and superplasticizer were reported.

Limestone powders were also used in the other studies (Sedran et al, 1996; Petersson et
al, 1996; Sakata et al, 1996, Nishibayashi et al, 1996). However, the effect of limestone

powder on properties of SCC were not reported in detail.

Comments - A number of studies on the use of limestone powder in SCC were carried
out. However, the main reported results have focused on flowability and compressive
strength of the concrete, which, in many cases, was not greater than 50 MPa. The effect
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of limestone powder with different fineness indices and contents on the propertics
(drying shrinkage, superplasticizer requirement, heat of hydration) of self-compacting
high performance concrete was not thoroughly studied. Therefore, a part of this present
study has focused on the effect of different fineness and contznts on superplastcicizer
requirement and drying shrinkage of self-compacting high performance concrete (SC-

HPC) which has compressive strength between 50 MPa and 100 MPa.

2.2.3.2. Self~-Compacting Concrete Containing Blast I'urnace Slag and I'ly Ash

Blast furnace slag and fly ash were used in a number of studies (Kuroiwa et al, 1993:
Ozawa et al, 1992a; Ozawa et al, 1992b; Yoshino et al, 1993; Miura et al, 1993:
Hayakawa et al, 1993, 1995; Tangtermsirikul and Bui, 1995; Kosaka et al, 1996: Kim et

al, 1996).

Ozawa et al. (1992b) used blast furnace slag in SCC in order to study the role of powder
materials in mortars. The fineness indices of the blast furnace slag in details were 8000
cm’/g and 3200 cm%g for slag B8000 and B3200, respectively. The water retained by

powder materials, Wp, was computed as follows (Tsuji et al, 1987):

Wp = ap*Pm

where Pm is the mass of powder material and Cp is a material constant ol water

retainability that equals to 0.24, 0.30 and 0.21 for ordinary portland cement, slag B8000
and B3200, respectively. The authors stated that the finer powder such as slag 38000

had a tendency to give higher segregation resistance and the coarse powder such as slag
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B3200 exhibited lower segregation resistance. The authors also used slag powder with
fineness indices of 7860 cm®/g and 3290 cm’/g to study the effect of the properties of
powder materials on the shear resistance in SCC. In regard to the size of the powder
material, the water to powder ratio which was required to obtain a minimum shear
resistance was higher for SCC containing slag powder with fineness index of 7860 cm®/g
in comparison with that containing slag powder having fineness index of 3290 cm®/g; and
this is due to the increase of water retained by powder particles, caused by the increase
of surface area in unit volume powder (this is in contrast to the results obtained by
Yoshino et al. (1993) who found that fluidity of concrete containing limestone with the
highest fineness was highest for the three kinds of limestone powder used. Therefore, it
seems that the calculation of free water in SCC should consider not only the specific
surface area (shape and size), but also other factors such as particle packing in the binder
which might be related to shape and size of powder materials as well as water to binder

ratio and ratio of mineral admixture and cement).

The use of granulated blast-furnace slag fine powder in self-filling light-weight high
performance concrete was carried out by Umehara et al. (1994) who reported that the
light weight concrete with high fluidity which satisfies the conditions that the yield value
of paste is below 65 Pa and its viscosity is above 1.8 Pa is suitable for manufacturing of
light-weight precast panels with reduced thickness. Concrete exhibited satisfactory
strength when it reached the target strength at age of 7 days, and its drying shrinkage 1s
about half of that of ordinary concrete. For the cases of actual application, no deficiency
of filling was found at any part in the form and leakage of paste from the joints of tiles

that were attached in form-work was observed.
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2.2.4. Self-Compacting Concrete Containing Chemical Admixtures

High range water reducing admixture (superplasticizer) is usually used to enhance
deformability or flowability and flow velocity of SCC. Sometimes, a viscosity agent is
used to reduce the tendency of segregation and quality sensitivity of concrete. Also,
drying shrinkage reducing admixture has been experimented with to reduce the drying

shrinkage of SCC.

Hayakawa et al. (1993) reported on the use of a viscosity agent based on biopolymer
material, in SCC that is called Biocrete 21. The viscosity agent, combined with
superplastcizer, was used to improve both deformability and resistance to segregation of

fresh SCC.

According to Nagataki et al. (1995), in order to provide concrete with high fluidity, the
addition of an superplasticizing admixture is required; in Japan, naphthalene sulphonic
acid, polycarboxylic acid type polymer, etc. are generally used. In addition, concrete
may be provided with resistance to segregation by the addition of viscosity-controlling
admixtures such as an acrylic-or cellulose-based water soluble polymer or a
polysaccharide polymer. Addition of a large volume of powdered material is not
required if a viscosity-controlling admixture is used. The authors reported that viscosity
and yield value of mortar increased linearly as the amount of viscosity-controlling

admixture added was increased.

The use of a viscosity-modifying admixture to reduce top-bar effect of anchored bars
cast with fluid concrete was studied by Khayat (1998) who claimed that, regardless of
the slump, specimen height, and mode of consolidation, the reduction in surface
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settlement (that is related to bleeding and segregation) resulting from incorporating a
viscosity-modifying admixture (welan gum) can significantly reduce the top-bar factor
(the reduction in bond with horizontally embedded bars located in the upper sections of
structural elements as opposed to those located near the bottom is known as the top-bar
effect, i.e., top-bar factor). The author also found that highly stable, self-compacting
concrete with low settlement had low top-bar factors compared to conventional concrete
specimens cast with 190- and 220-mm slump concrete. The incorporation of 0.07
percent of welan gum (by mass of cementitious materials) in concrete made without any
silica fume resulted in concrete having greater stability and lower top-bar factor than
similar concrete containing 0.035 percent of welan gum and 8 percent silica fume

replacement (by mass of cementitious materials).

2.2.5. Testing Methods for Determining Quality of Fresh Self-Compacting
Concrete

Fresh self-compacting concrete requires testing methods that are different from vibrated
concrete. The main properties of SCC include deformability capacity, velocity of
deformability, segregation resistance and non-blocking characteristics. Several testing

methods for these properties are summarised below.

2.2.5.1. Flow Testing

The slump flow test is widely used to evaluate the workability of SCC since it is easily
conducted on site (Ozawa et al, 1992a; Hayakawa et al, 1993; Tangtermsirikul and Bui,
1995; Petersson et al, 1996). The procedure is similar to that of conventional slump

testing for vibrated concrete, except that the SCC is not consolidated by rodding. The
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workability of concrete is then related to the average diameter of SCC when it stops

flowing.

An other flow test is carried out with the use of L-shape apparatus (Yoshino et al, 1993)
(Fig. 2.3). In the test, the L-shape flow value (LF) is measured (the test procedure was

not described in the reference). Larger values of LF indicate better flow.

2°° //

300

100 LF

1000

Fig. 2.3: L-shape flow test (after Yoshino et al, 1993)

2.2.5.2. Evaluation of Filling Ability

There are several methods for evaluating filling ability of SCC, in which different types of
apparatus have been developed and used. These include:

a) U-shape apparatus

b) L-shape apparatus

¢) Funnel apparatus

d) Vertical fill apparatus

The methods are summarised below.
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a) Test with U-shape apparatus

Hayakawa, et al. (1993) and Kuroiwa et al. (1993) have developed an apparatus for
evaluating the filling ability of SCC. The apparatus is a vessel which is divided by a
middle wall into two chambers indicated as R1 and R2 in Fig. 2.4. The bottom of the
apparatus is circular. At the bottom of the central wall, a gate is made and installed with
a sliding door. Deformed reinforcing bars with nominal diameter of 13 mm are installed
at the gate with centre to centre spacing of 50 mm. This creates a clear spacing of 37
mm between the bars. To conduct the test, the concrete sample is initially placed in R1,
to fill the compartment. A pressure of about 2400 Pa is applied to the concrete by
placing a2 mass on the concrete in order to obtain sufficient filling height of concrete in
chamber R2 after opening the gate (which is conducted by sliding the door upward to let
the concrete flow through the clearance between the reinforcing bars installed at the gate
and partially fill chamber R2). The filling height of the concrete in R2 is then measured
and denoted as the filling ability of the concrete. Concrete is considered to have
satisfactory filling ability if it produces filling height greater than 30 cm. The authors
also presented a relationship between the filling height and slump flow value (Fig. 2.5).
According to the authors, when the slump flow is less than 50 cm, the concrete will not
reach the filling height of 30 cm; in this case, deformability of the concrete is insufficient
for it to perform as self-compacting concrete. When the slump flow value is larger than
70 cm, the filling height of some concretes can be less than 30 cm,; in this case, resistance
to segregation may be insufficient. Some limitation of this method are:
- The clear spacing was fixed at 37 mm, but in actual practice, there can be many
different values;
- It is not possible to conclude that SCC with slump flow value larger than 70 cm
always has poor segregation resistance, especially when it contains aggregate of
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small maximum size where concrete can exhibit low filling height due to large
volume of aggregate, but still have good segregation resistance. Therefore it is
necessary to determine whether the low filling height is caused due to too high
volume of aggregate or poor segregation of SCC. Thus, it is necessary to use

another method to evaluate the segregation resistance of the concrete.
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Fig. 2.4: U-shape apparatus for evaluating filling ability (after Hayakawa et al, 1993)
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Fig. 2.5: Relationship between filling ability and slump flow (after Hayakawa et al,
1993)
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Nagataki et al. (1995) also used another U-shape apparatus with clear spacing of 37 mm
(diameter of reinforcement bars was 13 mm) (Fig. 2.6). The corners at the bottom of
apparatus are square. The filling height of concrete was measured and evaluated. As

before, higher filling height means better filling ability.
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Fig. 2.6: U-shape apparatus (Nagataki, 1995)

b) Test with L-shape apparatus

The L-shape apparatus was used in a number of studies (Yoshino et al, 1993; Bui, 1994;
Tangtermsirikul and Bui, 1995; Petersson et al, 1996; Goto et al, 1996; Kim et al, 1996;
Van et al, 1998a). Typical forms of the L-shape apparatus are shown in Fig. 2.7 and 2.8.
In the test with the L-shape apparatus (Fig. 2.8), with gate A of the L-box closed, fresh
concrete is placed into the vertical leg of the L-box. The upper surface of the concrete is
levelled. Then gate A is lifted in a vertical direction to allow the concrete to flow
through the clear spacing between the reinforcement bars. When the concrete stops
flowing, the filling head drop Hd (defined as the height difference between the L-box
height and upper surface of concrete) is measured (Fig. 2.8). The filling heéd drop is
used to evaluate the filling ability and, in particular, the blocking behaviour for self-
compacting concrete.
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Fig. 2.7: L-shape apparatus (after Yoshino et al, 1993)

]
]
: Gate A

o ' Set of reinforcement bars
|
' /
]

Hd ¢ 4
600 : _I 150
\ 4
4
L4
! o/

Gl 200

Concrete 400

(All dimensions in mm)

Fig. 2.8: L-shape apparatus (after Petersson et al. 1996)

The L-shape apparatus is useful for evaluating blocking around reinforcement.

However, in previous studies, the clear spacing between reinforcement bars was usually
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fixed and could not be easily adjusted. Therefore, in this study, the L-shape apparatus
was modified. So that the set of reinforcement bars of the L-shape apparatus was
manufactured in such fashion as to permit: adjustment of the clear spacing between the
reinforcement bars; replacement of the bars with different diameters; and easy removal
of the reinforcement bars from the box. In addition, the L-box and a Penetration
Apparatus developed in this study were used in rapid tests for segregation resistance,
deformability and blocking behaviour of self-compacting concrete. The rapid testing

methods are described in Chapter 7.

c) Test with funnel apparatus

The funnel apparatus was used in several studies (Ozawa et al, 1994; Sakata et al, 1996;
Kim et al, 1996; Chu and Machinda, 1998). There are two types of funnel, identified as

V-funnel and O-funnel apparatus (Fig. 2.9 and 2.10).
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Fig. 2.9: V-funnel apparatus (after Ozawa et al, 1994)
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Fig. 2.10: O-funnel apparatus (after Kim et al, 1996)

In the test with the funnel apparatus, the time for concrete flowing out from the
apparatus was measured. Longer flow-out time means concrete is of low viscosity and
poor segregation resistance for concrete having slump flow of more than 70 cm; and it
was found that when the concrete has slump flow of less than 50 cm, the flow-out time is
either extremely long or the concrete is not able to flow because of blocking in the

bottom of funnel (Sakata et al, 1996)

d) Apparatus for vertical fill

The vertical fill apparatus was first used at the University of Tokyo (Ozawa et al, 1992a)
(Fig. 2.11). Concrete with a pressure about 0.1 kg/cm’ flows through a mesh of
reinforcement bars, and the volume of concrete that passes the mesh is measured.

Higher passing volume means better filling ability.
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Fig. 2.11: Apparatus for vertical fill (after Ozawa et al, 1992a)

2.2.5.3. Evaluation for Segregation Resistance of SCC

According to Ozawa et al. (1992b), it is thought that workability of SCC is mainly
affected by flowability (or deformability) and segregation resistance (that is obviously
affected with viscosity); these being the most dominant properties required to obtain
good filling capacity. Flowability is generally estimated by slump flow, defined as an
average diameter of concrete after slump flow test. Segregation resistance, as discussed
here, refers to separation of mortar and coarse aggregate. Direct and indirect methods

have been developed in an attempt to evaluate the segregation resistance of SCC.

a) Direct methods

Nagataki et al. (1995) and Ogawa et al. (1995) proposed a method to evaluate
segregation resistance of SCC. Concrete was gently poured from a two-litre steel

container, 14 cm in diameter and 13 c¢m deep, onto a 5-mm mesh screen and left there for
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five minutes. Then, the mortar which passed through the screen was weighed and the
segregation index was calculated using Eq. 2.1 (Kimura, 1990).

Mf
SI = — x 100(% 2.1
e (%) (Eq. 2.1)

where
SI:  Segregation index
Mf. Mass of mortar passing through screen

Mc: Mass of mortar contained in 2 litres of concrete

The authors (Nagataki et al, 1995) found that when the SI was about 5% or lower, no
sinking of coarse aggregate or other segregation occurred. For each volume of coarse
aggregate, the yield value of mortar giving an SI of approx. 5% was obtained and
superimposed, resulting in Fig. 2.12. In the area to the right of the boundary line of
segregation, no segregation is demonstrated, while the area to the left is the range in

which segregation occurs.
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Fig. 2.12: Boundary line between segregation and nonsegregation (after
Nagataki et al, 1995)
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The other apparatus (Fig. 2.13) for evaluating segregation resistance of light weight SCC
was used by Umehara et al. (1994). The apparatus consists of a cylindrical vessel. After
placing concrete slowly into the vessel, slight vibration of 10 Hz is applied for 30
seconds with a table vibrator of 3000 rpm frequency. After keeping it still for one hour,
concrete with height of 10 cm from the top and bottom is cut off and mortar is washed
away (it is unclear, how the concrete specimen can be cut after 1 hour, since it is likely to
be still soft). Then dry mass of coarse aggregate Gt and Gb in the concrete at top and
bottom, respectively, is measured. Then segregation resistance of concrete is calculated
as follows:

Gt
Segregation resistance (%) = ——— x2x 100 Eq. 2.2
greg (%) GL+ Gb (Eq. 2.2)

If segregation resistance is larger than or equal to, 95%, concrete is considered to be of
satisfactory segregation resistance, because it was found that a drop in the strength

becomes conspicuous suddenly when segregation resistance is less than 95%.

Gt |———— A 100
N 4

S
300

3 —F

(All dimensions in mm)

Fig. 2.13: Cylindrical vessel for testing segregation resistance of

light-weight SCC (after Umehara et al, 1994)
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b) Indirect methods

The above direct methods are quite slow and laborious. Therefore, several indirect

methods were developed. Below is a summary of these methods.

Pulling test for evaluating segregation resistance

Tangtermsirikul et al. (1992a) used an apparatus (Fig. 2.14) to evaluate viscosity of
mortar. The test is called as the pulling test. A cylindrical vessel is filled with mortar
and a cruciform shaped steel blade (see Fig. 2.14), which is regarded as an imaginary
aggregate, is pulled upward at three different values of constant velocity. The pulling
force 1s measured by fixing a load cell to the axle of the steel blade. The value of
viscosity is obtained by calculating the slope of the pulling velocity vs. load curve (Fig.
2.15 shows an example of the curve). The intercept of the vertical axis is denoted as the
apparent resistance to segregation and represents the minimum force required to separate
aggregate (steel blade in this test) from mortar. It is not the actual resistance to
segregation because it is not the actual force between real aggregate and mortar.
However, the authors regarded that for qualitative evaluation purposes, it is comparable
because it increases and decreases in accordance with the actual resistance to
segregation. Note that mortar samples for dertving viscosity are not obtained from the
concrete mixtures but are mixed separately. However, they have the same proportions
as mortars in the corresponding concrete mixtures, for which viscosity needs to be
measured. As described, the method does not directly measure segregation resistance of
SCC; however, quantitative values, which can be used to evaluate if the SCC sample has

satisfactory or unsatisfactory segregation resistance, were not given in the literature.
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Fig. 2.14. Blade apparatus for segregation
resistance of mortar (after
Tangtermsirikul et al, 1992a)

Segregation resistance test with funnel apparatus

Segregation resistance has been estimated by measuring the mean flow-out rate at the
lower straight duct in the funnel apparatus shown in Fig. 2.9 (Ozawa et al, 1994), taking
an average of three measurements. Fig. 2.16 (Miura et al, 1993) shows the relationship
between slump flow and flow-out time for three typical mixtures, which are extremely
different in unit powder content (here, “powder” includes cement, mineral admixtures
and inactive fillers) or water to powder ratio that affect viscosity. According to the
authors, while the flow-out times of these three mixtures are different, that of each mix 1s
almost constant even when slump flow changes. The authors also claimed that the
degree of fluctuation of the measured values shows the degree of segregation trend (the
fluctuation is the difference between flow-out times for different durations (see Fig.
2.17)). Fig. 2.17 (Miura et al, 1993) shows the influence of unit coarse aggregate
volume on flow-out time. When unit aggregate volume becomes as large as 380 I/m’,
coarse aggregate is condensed at the bottom of the funnel during flowing, so collision or
blocking may often happen, and the degree of fluctuation of the three measured values
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may increase; consequently with an increase of mean flow out time. Similarly, when
segregation resistance of the mix is extremely low, partial collision or blocking occurs, so
concrete flow becomes unstable and the degree of fluctuation becomes very high.
However, there are some limitations relevant to this testing method for segregation
resistance of SCC:

- To date, there are no published data on difference of flow-out times, based on
which we can evaluate the segregation resistance of a mix;

- How can segregation resistance of a mix be evaluated if the mix contains low
coarse aggregate volume, which will not in itself cause blocking at the bottom
of funnel, however the mix may segregate in the vertical direction (i.e., the
flow-out time difference may be low even after a certain period for SCC
standing in the funnel) ?;

- Blocking at the bottom of the funnel can be caused by either: 1) too large a
coarse aggregate volume for the mix having good cohesion between mortar and
coarse aggregate, 2) segregation for mix having proper coarse aggregate
volume, but poor cohesion between mortar and coarse aggregate; or 3) both too
a large coarse aggregate volume and poor segregation resistance. If case 3)
occurs, the difference of flow-out times will not be large, and this causes a
difficulty in evaluating segregation resistance of the mix;

- The method is based on the evaluation of the difference of flow-time which is
dependent on many factors such as water to binder ratio, water content, surface
texture of aggregates, superplasticizer properties, volume of different
components in concrete etc., and it is difficult to predict universal value of flow-
out time difference that can be applicable for all mixes. Also, the test would
need to be carried out at least two times to produce meaningful results.
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Fig. 2.17: Effect of unit aggregate volume on flow-out time (after Miura et al, 1993)

The above analysis indicates that it is necessary to develop another method which can

evaluate more directly and more quickly segregation resistance of SCC, and which can

be applied for different mixes. A major aspect of the current study has been to develop

such a method for rapidly evaluating segregation resistance of SCC. The method is

presented in Chapter 3 and Chapter 7.
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2.2.5.4. Flow Velocity of SCC

Self-compacting concrete requires no vibration to fill all corners and spaces in the
formwork due to its good deformability and segregation resistance. However, two
concrete mixtures which are judged by an appropriate non-consolidation filling test to
have equal filling ability, may fill a specified formwork at different speeds
(Tangtermsirikul et al, 1992b). The process of filling takes time, even though the
concrete can fill the formwork perfectly, if the concrete is relatively high in viscosity.
Good velocity of deformation of the concrete is essential especially when rapid speed of
construction is required. It is therefore considered that the velocity of deformation is
one of the major parameters which has to be considered in the quality control of the
concrete. Tangtermsirikul et al. (1992b) have proposed a method for evaluating the
deformation velocity of SCC, including a simple test for measuring flow velocity of the
concrete. In the simple test, V50 is defined as the average flow velocity, taken from the
time just after removing the slump cone to the time when the concrete flow reaches 50
cm. The V50 is calculated as follows:

F50-F20 _ 30
T50 T50

V50 = (Eq. 2.3)

where F50 and F20 are slump flow values of 50 cm and 20 cm, respectively, and TS50 1s

the flow time when concrete reaches 50 cm.

2.2.6. Mix Design Methods for Self-Compacting Concrete

Several mix design procedures have been proposed in recent years, being identified as:
a) General Purpose Mix Design, b) Further Modifications and Additions to the General
Purpose Mix Design, ¢) LCPC Approach and d) Optimisation of Aggregate Quantity and

Composition Mix Design.

Page 38




Chapter 2 Literature Review

2.2.6.1. General Purpose Mix Design Method

This approached was proposed by Okamura, Ozawa and co-workers at the University of
Tokyo (Okamura and Ozawa, 1994; Okamura and Ozawa, 1995; Ouchi et al, 1998).
The methods for achieving self-compactability by controlling mix proportions are
summarised in Fig. 2.18. The self-compacting concrete achieves high deformability
without segregation. The use of both limited aggregate volume and reduced water-
powder ratio, with resulting high viscosity due to effect of superplasticizer, are effective

in inhibiting collision between aggregate particles, leading to high segregation resistance.

High deformability

Limited Aggregate Content

Self-compactability Compatible

Effect of superplasticizer

High segregation
resistance

D B Reduced W/C

Fig. 2.18: Method for achieving self-compactability of SCC
(after Ouchi et al, 1998)

A rational mix design method for self-compacting concrete was then proposed (Fig.
2.19). Concrete is assumed to be two-phase material, consisting of coarse aggregate and
mortar, in the mix design method. Coarse aggregate content was proposed to be around
50% of solid volume of the compacted coarse aggregate; while fine aggregate volume
was designed to be about 40% of mortar volume. At the given aggregate contents, both
superplasticizer dosage (Sp/P) and water to powder ratio by volume (Vw/Vp) are varied
to achieve proper deformability and viscosity of the mortar. The mix design procedure is

as follows:
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a) Fine aggregate content is set at 40% of the mortar volume;

b) Vary the water to powder ratio and superplasticizer dosage to achieve proper
deformability and viscosity of mortar (using a mortar flow spread test). The
indices for the deformability and viscosity of mortar were defined as I'm and Rm

(Eq. 2.4 and 2.5):

I'm = (ri1; - r,2)/r,? (Eq. 2.4)
Rm = 10/t (Eq. 2.5)
where
I'm:  Deformability index of mortar,
Rm:  Viscosity index of mortar,
ri-r2 0 Measured flow diameter (Fig. 2.20),
I Flow cone diameter (Fig. 2.20),
t: Measured time (seconds) for mortar to flow through the funnel (Fig, 2.21)
Larger I'm indicates higher deformability and smaller Rm shows higher viscosity.
Mortar with I'm of 5 and Rm of 1 was considered to be the most appropriate for
achieving self-compacting concrete (Ozawa and Nagamoto, 1995),

c) The coarse aggregate is then set at 50% of its solid volume (i.e. 50% of the coarse
aggregate’s dry rodded unit weight). This means that the volume of coarse
aggregate will be greater if well graded and well shaped particles are used.

d) Concrete then is tested in a U-type apparatus (filling height > 300 mm), and if
unsatisfactory, the water/powder ratio and admixture dosage is modified until

satisfactory slump flow, V-funnel value and U-test result are obtained.
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Limited coarse aggregate content [€&——— 50% of solid volume

Appropriate mortar

Limited sand content 40% of mortar volume

Proper flowability

— W/C & SP
Proper viscosity

Fig. 2.19: Outline of a rational mix design method for SCC (after Ouchi et al, 1998)
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H o 2 )
@ - ]
Flow cone
240
Mortar
I F
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Iy 30
(All dimensions in mm) (All dimensions in mm)

Fig. 2.20: Mortar flow test (after Ozawa  Fig. 2.21: Mortar funnel test (after
and Nagamoto, 1995) Ozawa and Nagamoto, 1995)

This method can be used to design concretes which have more than adequate self-
compacting properties for most applications. However, the method does not take into
account the effect of different clear spacing between reinforcement bars in mixture
proportioning, and does not always result in minimum paste volume needed to enhance

self-compaction of the concrete.
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2.2.6.2. Further Modifications and Additions to The General Purpose Approach

This approach has been being developed by Domone et al. (1996) who proposed some

refinements and extensions to the approach at the University of Tokyo as follows:

e The circumstances in which cement replacement materials can be of benefit;

e Limits to water content and water/binder ratio as well as water/total fines with and
without a viscosity agent;

e Proportions of aggregate and the required slump flow for 20mm and 10mm
maximum aggregate size;

e Paste content and slump flow to avoid surface voids.

2.2.6.3. LCPC Approach

This approach was proposed by Sedran et al. (1996). The authors have applied a mix
design method developed for high performance concrete in general to the particular case
of SCC. The method uses the BTRHEOM rheometer and a mathematical model called
the Solid Suspension Model in the mix design for SCC:

- The BTRHEOM rheometer is used to provide rheological parameters of SCC
(and particularly its plastic viscosity);

- The Solid Suspension Model is used to optimise the granular skeleton of
concrete. The model accounts quantitatively for the component nature
(grading, packing, density and bulk density) and real confinement of the
concrete (diameter of pumping pipes, density of reinforcement). Based on the
model, the voids content of the granular skeleton, i.e. the aggregate plus binder,
can be predicted. This void content is then minimised, hence minimising the

water requirement for workability.
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The detailed stages of this approach are as follows:

a) The initial data (at least) include:

- Slump flow between 60 and 70 cm (or shear yield stress measured with the
BTRHEOM rheometer should be less than 500 Pa);

- Plastic viscosity should be less than 200 Pa to ensure good workability and a
fast casting process on site, but greater than 100 Pa to avoid segregation;
(There is a question as to whether this range of viscosity can be applied for
different types and volume of coarse aggregate, as type and volume of
aggregate can affect segregation of SCC)

- Mean compressive strength at 28 days;

- Restricting confinement e.g. dimension of pipe or clear spacing between
reinforcement.

b) Suitable materials are chosen based on previous experience (aggregate types,
cement/superplasticizer combination, mineral admixtures, retarders).

¢) Mixture proportioning starts according to the following:

- Combination of binder is chosen based on experience; then maximum amount of
superplasticizer for the chosen binder combination is determined, and half this
amount is tentatively chosen.

- Water demand for the binder in the presence of the superplasticizer is determined.

- Calculations are performed with the Solid Suspension Model taking into account
the confinement. An arbitrary value of relative viscosity is fixed according to
experience and the water content is minimised. The mineral admixture/cement
ratio(s) are kept constant, at the levels chosen, while the proportions of aggregates

and binder combination are optimised.
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- Concrete is batched and its water content is adjusted to obtain the target viscosity.

- The superplasticizer dosage is adjusted to find a suitable slump flow (or yield
stress),

- Compressive strength of concrete is measured or estimated with an empirical

formula that was modified from the classical Feret’s formula:

Fc= Kg Re (Eq. 2.6)

2
+
1+3.1 WrA
C(1+K1+K2 ) +BFS

where
Fc: 28-day compressive strength
Kg: Aggregate coefficient. Two typical values of Kg are 5.4 and 4.8 for
crushed and rounded aggregates, respectively;
Rc: The 28-day cement strength measured on ISO mortar (sand:cement:water
proportions: 3:1:0.5);
W: The water content of concrete (kg/m’);
A:  The volume of air (I/m’),
C, PFA, SF, LS and BFS: Mass (kg/m3) of cement, fly ash, silica fume, milled
limestone and blast furnace slag, respectively.;
K1 = 0.4PFA/C + 3 SF/C (K1 < 0.5): Pozzolanic coefficient,
K2 = 0.2 LS/C (K2 < 0.07): Limestone filler activity crefTicient.
If the strength is too high or too low, a new combination of binders is chosen, and
mix design steps are restarted.

- A filling ability test is carried out.
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2.2.6.4. Optimisation of Aggregate Quantity and Composition Mix Design

The method has been developed by the author and co-workers (Bui, 1994;
Tantermsirikul and Bui, 1995 and Petersson et al., 1996) from 1993, and prior research
has been focused on the aggregate phase in self-compacting concrete. In this approach
concerning the Optimisation of Aggregate Quantity and Composition, concrete is
considered as two-phase material, namely solid and liquid phases. The solid phase
consists of fine and coarse aggregates. The liquid phase includes powder (cement,
fillers), water, admixtures and air. The paste fills the voids in the aggregate matrix and
provides a lubricating layer around each aggregate particle. The author and co-workers
have focused on the solid phase (the aggregate phase), and the blocking criteria for the
aggregate phase in SCC was developed based on the condition that the concrete does not
segregate and has sufficient deformability. The blocking criteria relates the aggregate
blocking volume ratio to the ratio between reinforcement clear spacing and diameter of
aggregate fraction and ratio between reinforcement diameter and maximum aggregate
size. From the blocking criteria, a minimum required paste volume (or maximum
allowable aggregate volume) can be calculated in order to obtain self-compaction of
concrete without causing blocking around the reinforcement. The test results that were
reported in a number of publications (Bui, 1994; Tangtermsirikul and Bui, 1995;
Petersson et al.,, 1996; Montgomery et al., 1998) showed that the blocking criteria is
useful for predicting the minimum required paste volume and can be applied for different

materials. Further description of this method is given in section 8.1 of Chapter 8.

2.2.7. Technology of Self-Compacting Concrete
Sakamoto et al. (1993) reported a method for manufacturing and placing the concrete.
The SCC was manufactured by using two-axial forced mixing type mixer in an ordinary
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ready-mixed concrete plant. Agitator trucks were used to transport the concrete and it
took about 30 minutes to transport from the plant to the placing site. The concrete was
transferred from the agitator truck to a bucket (1-m’ capacity) at the placing site. Then
the bucket was lifted by a crawler crane up to the location where the concrete was cast
and placed into the formwork through a drop chute. When the SCC was cast, only two
operators were needed, compared with eight operators for ordinary concrete cast with
vibrators; thus the use of SCC with precast concrete forms helps to reduce the
manpower required to place the concrete and to remove the forms. Also, the time

needed for casting concrete was reduced by half with the use of SCC.

Hayakawa et al. (1993) reported that SCC was produced in a ready mixed concrete plant
and transported to the site with agitating trucks. Average time for transporting SCC
from the plant to construction site was one hour, and SCC maintained its large flow after
transportation. More than 3000 m® of SCC was conveyed with a concrete pump and

placed into the formworks without any vibrators.

Hayakawa et al. (1995) have measured concrete pressure in a pipeline when pumping. A
pressure gauge was set adjacent to the column. The pressure exhibited pulsatory motion
and increased linearly with the rise of the concrete. An example of the pressure and the
relationship between the height and the pressure of the concrete are shown in Fig. 2.22
and Fig. 2.23, respectively. The authors calculated the pressure for pumping according
to Eq. 2.7. and they stated that, in actual concrete filling work, concrete pressure was
almost equal to the product of unit weight of the concrete and the height. This means

that o in Eq. 2.7. is 1.0 regardless of the existence of diaphragms. This may have
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happened because distance between diaphragms in the actual columns was relatively

large. However, in some cases, the value of a was as high as 1.4.

P =Pl + o UH/98
where P and PI: Pressure for pumping and pipeline, respectively, (MPa)
o Factor from diaphragms
U: Unit weight of concrete (tonne/m®)
H: Height (m)
1.0
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Fig. 2.22: An example of pressure during filling (after Hayakawa et al., 1995)
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Fig. 2.23: Relationship between pressure and height (after Hayakawa et al., 1995)
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Dry mixing of cement, limestone powder and fine aggregate and standard mixing without
dry mixing were carried out for the same mixing time by Furuya et al. (1994) who stated
that no difference was observed, and dry mixing in advance is considered unnecessary for
highly flowing concrete containing large content of limestone powder. The authors also
investigated the effect of different mixing time, and found that the bleeding ratio was
similar, but compressive strength at mixing time of 90 seconds was slightly lower
compared with that of 110 seconds. Time-dependent change of slump flow particularly
was observed when mixing time was 90 seconds. Therefore, the authors considered that

mixing time of 110 seconds is suitable for production of highly flowing concrete.

Furuya et al. (1994) also studied characteristics of pumpability which was investigated by
the measurement of pumping pressure at 350m distance along the conveying pipe.
Pressure loss of highly flowing concrete was approximately 70% of normal concrete.
After pumping, the increase of slump flow, air content and temperature was about 5 cm,
1-5% and 2°C, respectively, in comparison with those before pumping. Time during
which liquid pressure acted as lateral pressure against the forms was two hours. After

six hours elapsed time, the pressure was stabilised.

Kuroiwa et al. (1993) reported that mixing time of super-workable concrete should be
longer than that for ordinary concrete. Super-workable concrete is not so sticky, but a
small amount of the concrete will remain in the mixer or the truck agitator. It can be

discharged from a mixer or truck agitator easily.
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2.3. THE USE OF SELF-COMPACTING CONCRETE IN REAL STRUCTURES

The use of SCC in actual structures was reviewed by Domone et al. (1996), and Bui and
Montgomery (1998). The majority of applications of self-compacting concrete have
been in Japan, however limited use of self-compacting concrete in structures in Sweden
and France has also occurred. Table 1 lists some of the structural applications of self-

compacting concrete in Japan.

As can be seen from Table 2.1, self-compacting concrete has been used in a wide range
of structures, such as high rise buildings, bridges, walls, panels, storage tanks, stadiums,
port structures, tunnel culverts etc. At age of 28-days, compressive strength of self-
compacting concrete used in those structures ranged from 35 MPa to 65 MPa. Self-
compacting concrete has been used particularly in structures having difficult construction
conditions such as those containing heavily reinforced sections of complicated shape, tall
and thin elements, etc. Domone and Chai (1996) have summarised the advantages
claimed for self-compacting concrete as follows:

e reduced need for skilled labour during construction,

e shorter concrete placing times;

e improved compaction in areas of high reinforcement density;

e improved compaction and enhanced durability of the critical cover zone of

structural members;
e the possibility of altering construction procedures to advantage eg. by higher single

lift in narrow columns, or by the use of alternative composite construction.
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Table 2.1: Typical structural applications of self-compacting concrete in Japan (after

Domone and Chai, 1996; and Bui and Montgomery, 1998)

Structure Details Concrete 28-day Date
volume strength
(m’) (MPa)
High rise Heavily reinforced structural 3000 40 1993
building concrete
20-storey Lower part of central heavily 1600 47 1993
building reinforced core
70-storey Lower 9 floors with 66 steel 885 44 1993
building (296-m  tubular columns, filling height
high) of 36m
Cable stayed Upper part of central column 650 53 1993
bridge into permanent formwork
Arch bridge Heavily reinforced section 1500 - 1994
Bridge pier caps  Pier caps with difficult 1000 65 1996
conditions
Thin and tall Heavily reinforced wall, 6-8m 80 35 1993
wall high, 200mm thick
LNG storage Heavily reinforced wall base 800 35 1993
tank junction, flowing distance of
10m
Stadium Reinforced concrete guide 10000 45 1993
track for retractable roof
Precast panels ~ Lightweight concrete in thin - 65 1994
section (75-mm thickness)
Port Structures  Breakwater, caisson floor 760 40 1995
with 14 reinforcement layers
and 1.1-m thickness
Jetty Structure  Joints of T-box and tubular 1190 60 1997
sections
Tunnel culvert  Heavily reinforced upper slab 1091 - 1994
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Some of the applications of self-compacting concrete in actual structures are described

below.

The main tower of a cable-stayed prestressed concrete bridge (Sakamoto et al, 1993)
consists of two main columns that are 60m in height and connected to each other by a
strut as shown in Fig. 2.24 and 2.25. Minimum spacing between reinforcement is less
than 50mm. A total volume of 650 m® of self-compacting concrete was successfully

used in construction of 11 upper blocks (from block 7 to block 17) of the tower.
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Fig. 2.24: Side view of cable-stayed prestressed concrete bridge (unit in mm) (after

Sakamoto et al, 1993)
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Fig. 2.25: Cable-stayed prestressed concrete bridge: shape of main tower and

arrangement of reinforcements at section A-A (after Sakamoto et al, 1993)
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The Landmark Tower, Yokohama (Hayakawa et al, 1995) is a 296-metre high building
with 70 storeys in which the lowest nine have 66 steel columns placed with self-
compacting concrete (Fig. 2.26). The filling height and total volume of self-compacting

concrete used were about 36m and 885 m’, respectively.
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Fig. 2.26: The Landmark Tower (296-m high), Yokohama and floor plan showing
locations of the 66 filled steel tubular columns (after Hayakawa et al, 1995)

Self-compacting concrete was also used in the construction of a thin and tall wall (Miura
et al, 1993). The wall, which was 200-mm thick and 6 to 8m high, was cast by dropping
concrete from the height of 8m (Fig. 2.27). Published results indicate that the wall was
of good quality, and the concrete could flow and fill areas around windows even after

free falling from the top of the wall. The total volume of self-compacting concrete used

was 80m>,
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Fig. 2.27: Tall wall model and reinforcement (after Miura et al, 1993)
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Izumi et al. (1995) reported the use of SCC in two retractable roofs, with one roof panel
weighing approx. 4000 tons. The roofs were of cbmplicated shape and inclined at 45
degrees. The total volume of SCC used was more than 10,000 m*>. The concrete surface
was free of serious defects such as honeycombing, and all corners of the formwork were
completely filled. Further, the required formwork stripping strength was obtained at an

age of 3 days.

Kato et al. (1993) have carried out a comparative study on the construction process
using SCC and conventional concrete. The authors concluded that the use of self-
compacting concrete indicates the following benefits:

e SCC reduces the manpower requirement and frees the workers from unpleasant jobs.

e It is possible to simplify pouring plans.

e When SCC is used with conventional placing methods, the construction is unchanged

and the manpower requirement falls about 10%; when precast forms are used with
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composite structure, the construction period drops by about 5% and the manpower
requirement is reduced by about 20%; and when a steel-concrete sandwich composite
structure is used, the construction period drops by about 20% and the manpower

requirement is reduced by about 50%.

This comparative study has shown that the use of SCC can improve concrete
construction practice and reduce both the construction period and manpower

requirements on construction sites.

Application of self-compacting concrete in actual structures has been developed in other
countries such as Sweden and France. In Sweden, self-compacting concrete (SCC) has
been used for the construction of three bridges (Skarendahl, 1998). One of the bridges is
part of a motorway, with a deck span of 12 m, width of 11.25m and concrete volume of
270 cubic metres. Results are very encouraging and the use of SCC in several other
bridges is being considered. One predominant consideration is the overall economy
which contractors find can be achieved with this material. The use of SCC for house
building has also been developed, and some parts of structures have been cast, in an
effort to increase both the productivity and the degree of industrialisation of the building
process. Self-compacting concrete has also been utilised in conjunction with fibre
reinforcement. In France, self-compacting concrete of 80MPa compressive strength has

been considered for use in a bridge project (Larrard et al, 1996).

Page 54




Chapter 3 Methodology, Experimental Programs and Material Properties

CHAPTER 3

METHODOLOGY, EXPERIMENTAL PROGRAMS
AND MATERIAL PROPERTIES

3.1. METHODOLOGY
3.1.1. Limestone Modified Cements for High Performance Concretes
Bache (1973) suggested that the quality of superplasticized concrete could be improved
by adjusting the particle size (part of cement being extremely fine) and the particle size
distribution of the cement. However, the use of very fine cement can cause problems of
too rapid hardening and high heat of hydration. Bache (1981) proposed a theory for
densified cement/ultra-fine particle-based materials. The densified cement/ultra-fine
particle-based materials are defined as materials with a matrix comprising, or formed
from,: 1) densely packed particles of a size ranging from 0.5 to 100 pm; and 2)
homogeneously arranged. ultra-fine particles ranging in size from about 50 A to 0.5 pm,
arranged in the spaces between the larger particles. The densified cement/ultra-fine
particle-based materials were based on portland cement, ultra-fine silica fume and
superplasticizer (the structure of the fresh paste is shown in Fig. 3.1). Also, the materials
have an extremely low water content (0.13 - 0.18 by weight of cement + ultra-fine
particles). However, ultra-fine silica fume is quite expensive and not always locally
available. Therefore, the questions raised here are:

a) is it possible to use a cheaper and more widely available powder to produce high

performance concrete 7
b) is it possible to use powders that are coarser than silica fume, and what degree of

fineness should the powders have?
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CEMENT SUPERPLASTl ZED DsSP- PAS'TE
PASTE CEMENT PASTE

Fig. 3.1: Structure of the paste in fresh concrete based on 1) portland cement,
2) portland cement + superplasticizer and 3) portland cement + silica fume -

+ superplasticizer (after Bache, 1981)

Milled limestone is of relatively uniform quality, low cost and widely available.
Therefore, as indicated in Chapter 2, various studies on the use of milled limestone in
normal vibrated concrete and self-compacting concrete have been carried out. In this
current study, milled limestone was blended together with portland cement to develop
limestone modified cements to be used for self-compacting and vibrated high
performance concretes, that have not only high performance in their fresh state, but also

in their hardened state (high strength, low drying shrinkage and low heat of hydration).

It is well known that milled limestone is chemically less reactive than cement and
pozzolanic materials. Therefore, the use of milled limestone to replace a part of cement
can eliminate the problem of too rapid hardening and high heat of hydration for very fine

cement, and the fineness and content of milled limestone are the factors that can
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contribute to improve the quality of high performance' concrete. Milled limestone should
play a role as a filler that can fill the pores and voids in cement paste and concrete. In
order to play this role, the milled limestone should have fineness and content that

promote good packing of binder paste and concrete.

In this study, milled vlimestones with fineness indices (Blaine) of 380 m’/kg, 870 m’/kg
and 1680 m*/kg (the respective average particle size was about 27.4 um, 6.3 um and 3.8
num) were used. Also, the content of the milled limestones were varied from 5% to 40%
of total binder (portland cement + milled limestone) in order to develop self-compacting
and vibrated high performance concrete with water to binder ratios ranging from 0.28 to

0.35 and compressive strength between 50 MPa and 90 MPa.

3.1.2. Rapid Testing Methods for Deformability, Blocking Behaviour and

Segregation Resistance of Self-Compacting Concrete
Self-compacting concrete (SCC) is a relatively new type of concrete and quite sensitive
to quality control; it is therefore required to have appropriate testing methods. 1In this
study, rapid testing methods for deformability, blocking behaviour and segregation
resistance of SCC have been developed. The testing procedures should be as simple as
possible and able to be carried out in the laboratory and on-site with less time and less
extent of testing. The number of individual pieces of apparatus should be kept to a

minimum, and they should be light and easy to carry.

In this study, a penetration apparatus (Fig. 7.3 and 7.6 in Chapter 7) was developed in
order to rapidly test segregation resistance of SCC. The penetration apparatus utilises a

penetration head which is assumed to be an imaginary coarse aggregate, therefore, the
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penetration head should have appropriate weight and be able to penetrate into the mortar
fraction of the concrete, without causing side effects and high resistance of concrete.
Therefore, the penetration head was made from a plastic cylinder that has a mass about
twice that of the average mass of maximum size coarse aggregate particles, and a thin

wall in order to penetrate into concrete easily if the concrete segregates.

The L-shape apparatus (Fig. 7.2 and 7.5 in Chapter 7) was also modified to test
deformability and blocking behaviour. The apparatus should be manufactured so that it
is easy to change diameter of the reinforcement bars, adjust clear spacing between the
bars or replace the set of bars. The testing methods developed require only the L-shape
apparatus and the simple penetration apparatus. The rapid testing methods and

developed apparatus are described in detail in Chapter 7.

3.1.3. Mix Design Method for Self-Compacting High Performance Concrete

A mix design method has been proposed in which the fresh self-compacting concrete is
considered as a two-phase material consisting of solid and liquid phases. The solid phase
includes fine and coarse aggregates. The liquid phase consists of water, cement, mineral
powder, admixtures and air in the concrete. A flow chart for the mix design method is

given in Fig. 3.2

As stated in Chapter 2, the author and co-worker (Bui, 1994; Tangtermsirikul and Bui,
1995; Petersson et al., 1996) previously focused mainly on the solid phase, e.g. the
aggregate phase, when considering blocking behaviour, and the published blocking
criteria for aggregate phase was proposed. In this study, a major emphasis has been
placed on considering the liquid phase, e.g. the paste phase; and the criteria for liquid
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phase has been developed. Also, a comprehensive mix design method has been
developed. The development of the liquid-phase criteria and the mix design method are

described in Chapter 8.

Construction Criteria

Fresh SCC

=

Solid phase Liquid phase

Cement

Coarse aggregate Water

Mineral admixtures

Fine aggregate

- Chemical admixtures
- Alr
Y

Blocking criteria for Criteria for liquid |
L
aggregate phase phase

Optimum Mix Proportion
- Durability
- Economic efficiency

Fig. 3.2: Flow chart for mix design method for self-compacting

high performance concrete

3.2. EXPERIMENTAL PROGRAMS AND MATERIALS USED
3.2.1. Experimental Programs

The following experimental programs were carried out to:
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