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SYNOPSIS

This thesis describes the steps taken to develop self-compacting high and ultra high-
performance concretes with (SCHPFRC/SCUHPFRC) and without steel fibres
(SCHPC/SCUHPC). For the self-compacting concrete mixes without steel fibres the
fulfilment of the flow and cohesiveness criteria are found to be sufficient for the mix design.
However, for the design of self-compacting concrete mixes with steel fibres it is found that

they must additionally meet the passing ability criterion.

Micromechanical constitutive models are used to predict the plastic viscosity of
SCHPFRC/SCUHPFRC from the measured plastic viscosity of the paste. The concrete is
regarded as a two-phase suspension in which the solid phase is suspended in a viscous liquid
phase. The liquid matrix phase consists of cement, water and any viscosity modifying agent
(VMA) to which the solids (fine and coarse aggregates and fibres) are added in succession.

The predictions are shown to correlate very well with available experimental data.

A Lagrangian particle based method, the smooth particle hydrodynamics (SPH), is used to
model the flow of SCHPC/SCUHPC with or without short steel fibres. An incompressible
SPH method is employed to simulate the flow of such non-Newtonian fluids whose
behaviour is described by a Bingham-type model, in which the kink in the shear stress versus
shear strain rate diagram is first appropriately smoothed out. The basic equations solved in
the SPH are the incompressible mass conservation and Navier-Stokes equations. The solution
procedure uses prediction-correction fractional steps with the temporal velocity field
integrated forward in time without enforcing incompressibility in the prediction step. The
resulting temporal velocity field is used in the mass conservation equation to satisfy
incompressibility through a pressure Poisson equation derived from an approximate pressure
equation. The results of the numerical simulation are benchmarked against actual slump tests
carried out in the laboratory. The numerical results are in excellent agreement with test
results, thus demonstrating the capability of SPH and a proper rheological model to predict

self-compacting concrete flow behaviour.

The simulations of SCC mixes are also used as an aid at the mix design stage of such
concretes. Self-compacting high and ultra-high performance concrete (SCHPC/SCUHPC)
mixes with and without steel fibres (SCHPFRC/SCUHPFRC) are proportioned to cover a
wide range of plastic viscosity. All these mixes meet the flow and passing ability criteria,

thus ensuring that they will flow properly into the moulds.

\"
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Chapter 1: Introduction

1.1 Research background

Reinforced concrete is one of the most versatile and widely used construction materials on
the planet. With new structural demands due to more and more ambitious design, the
reinforcement in concrete structures is becoming extremely dense and clustered. With such
dense rebar arrangements, it is becoming increasingly harder to pour and fully compact the
concrete into the formwork. As a result of the poor placement, compaction and homogeneity
of concrete, the mechanical characteristics and the visual appearance of reinforced concrete
structures are affected. The aforementioned difficulties resulting from the passing and
flowing restrictions introduced by high percentage of reinforcement are overcome by the use
of self-compacting concrete (SCC).

The self-compacting concrete is a comparatively new type of concrete that differs from the
conventional vibrated concrete in that it contains a superplasticiser and a stabiliser, which
contribute significantly to increasing the ease and rate of its flow. A self-compacting concrete
can fill any part of formwork only under its own weight, without the need for compaction or
external vibration. It was first developed in Japan in 1988 and spread to Europe through
Holland and Sweden in the 1990s. It is a good alternative to conventional concretes in
structural elements of complex and difficult shapes, e.g. very thin or curved members, in
which the conventional concrete maybe difficult to compact, especially in the presence of
congested reinforcement. Moreover, SCC offers many health and safety benefits. The
elimination of vibratory compaction on site means that the workers are no longer exposed to
vibration and its related illnesses, e.g. white finger syndrome, besides providing a quieter

working environment.

Despite its many advantages, such as good filling ability, passing ability and segregation
resistance, normal SCCs are still prone to low durability and low tensile capacity in a similar

manner to conventional vibrated concrete.

Over the past few decades many researchers have explored ways of overcoming the
drawbacks of conventional vibrated concretes. The majority of work done in this field is
related to changing the constituents of the vibrated concrete to improve the interfacial bond
between the mortar matrix and aggregates. The concretes so produced are the so-called high
performance concretes (HPC). In order to produce a HPC some modifications need to be

made to both the mixing and curing processes. The benefits of using HPCs are compaction
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without segregation, higher tensile capacity, toughness, early age strength, high compressive
strength (from 40 MPa for normal concretes to about 80 MPa for HPCs), etc.

An alternative in the advancement of concrete technology is to combine the important
characteristics of the conventional vibrated HPC and the SCC to produce self-compacting
high performance concretes (SCHPC). The major disadvantage of a HPC, namely its low
flow-ability and filling ability, is overcome by using a viscosity modifying admixture (VMA)
or superplasticiser, while cement replacement materials (CRM) e.g. ground granulated blast
furnace slag, fly ash and/or silica fume are used to overcome the drawbacks of the SCC, i.e.
its low strength and durability. Even the SCHPC has low tensile strength and low strain
capacity. To overcome this, short steel fibres can be added to SCHPC to increase its ductility
and energy absorption capacity, thereby improving its durability.

Self-compacting high performance fibre reinforced concretes (SCHPFRC) exhibit a
significant strain-hardening response that leads to an improvement in their tensile strength

and toughness in comparison with normal SCHPCs.

To improve the performance further self-compacting ultra-high performance fibre reinforced
concretes (SCUHPFRC) can be produced through the use of only fine quartz sands as
aggregates, a high content of cement and silica fume (or CRMs), a high dosage of an
effective superplasticiser (preferably based on poly-carboxylic ethers) and short steel fibres.

An example of the ultra-high performance fibre reinforced concrete (UHPFRC) is
CARDIFRC. CARDIFRC is characterised by high compressive strength (in excess of 200
MPa), high splitting/flexural strength (up to 30 MPa) and high energy absorption capacity (in
excess of 17,000 J/m®). The matrix contains only very fine graded quartz sand and about 6%
of short steel fibres of two lengths (6 and 13 mm long, 0.16 mm diameter). The mix without

the fibres is very dense, viscous and flowable, and thus has the potential for self-compaction.

The mixture of SCC is strongly dependent on the composition and characteristics of its
constituents in the fresh state. The properties of SCC in its fresh state have a great effect on
its properties in the hardened state. Therefore it is critical to understand its flow behaviour in
the fresh state. As the SCC is essentially defined in terms of its flow-ability, the
characterisation and control of its rheology is crucial for its successful production. This is
even more relevant if the fibres are added to SCC. Self-compacting high and ultra-high
performance fibre reinforced concretes (SCHPFRC/SCUHPFRC) must maintain their flow-
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ability and passing ability despite the presence of a large volume fraction of fibres. This
presents a challenge which makes the control of rheology crucial for the successful
production of SCHPFRC/SCUHPFRC.

The flow of all SCCs with or without fibres is best described by the Bingham constitutive
model (Dufour and Pijauder-Cabot, 2005). This model contains two material properties,
namely the yield stress and the plastic viscosity. It is known however that the yield stress of
SCC mixes is low in comparison with normal vibrated concretes and remains nearly constant
over a large range of plastic viscosities. The viscosity of a homogenous viscous fluid such as

the cement paste can be measured accurately which cannot be said of any SCC.

1.2 Research objectives

The objectives of this thesis are as follows:

e To produce high and ultra high performance self-compacting concretes with and
without short steel fibres, which exhibit good flow-ability, good cohesiveness and
passing ability.

e To predict the plastic viscosity of the high and ultra high performance self-
compacting concretes with or without steel fibres from the knowledge of the plastic
viscosity of the paste alone using appropriate micromechanical models and to validate
these predictive models by comparing with real test data available in the literature.

e To model the flow behaviour of high and ultra high performance self-compacting
concretes with and without short steel fibres in two standard test configurations,
namely the slump flow and L-box tests using appropriate computational strategies.

e To provide guidance for proportioning the mixes of the high and ultra high
performance self-compacting concretes with or without steel fibres that have both
flow and passing ability using the computational flow modelling technique at the mix

design stage.
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1.3 Research methodology

To achieve the above objectives research is undertaken in four stages:

First, high and ultra high performance self-compacting concrete mixes with and
without short steel fibres are developed by trial and error. For the SCC mixes without
steel fibres the fulfilment of the flow and cohesiveness criteria is checked for each
trial mix design by the slump flow test. The design of SCC trial mixes with steel
fibres is additionally tested to meet the passing ability criterion.

Second, the plastic viscosity of the mixes with and without steel fibres is estimated
from the known plastic viscosity of the cement paste. For this, concrete is regarded as
a two-phase suspension of solid and liquid phases. The liquid matrix phase consists of
cement paste, i.e. cement and/or any superplasticiser or viscosity modifying agent
(VMA). The plastic viscosity of this liquid matrix phase is assumed to be known, as it
can be measured accurately. The increase in the plastic viscosity due to the addition of
a solid phase (i.e. any cement-replacement materials, fine and coarse aggregates) to
this matrix is predicted from a two-phase model. The model is applied in several
stages. The plastic viscosity of the viscous concrete consisting of the liquid and solid
phases is further increased if steel fibres are added to it. This increase is quantified
using a micromechanical model.

Third, a Lagrangian particle-based technique, the so-called smooth particle
hydrodynamics (SPH) method, is chosen for simulating the flow of SCC with or
without steel fibres. An incompressible SPH method is applied to simulate the flow of
these non-Newtonian fluids whose behaviour is described by a Bingham-type model.
The plastic viscosity of the SCC is predicted using the procedures described above.
The basic equations solved in the SPH are the incompressible mass conservation and
Navier-Stokes equations. The results of the numerical simulation are benchmarked
against actual slump flow tests carried out in the laboratory.

Fourth, the SPH simulation technique is used at the mix design stage to provide
guidance for proportioning the mixes of high and ultra high performance self-
compacting concretes, which meet the flow and passing ability requirements and have

the desired plastic viscosity.
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1.4 Outline of the thesis

The contents of this thesis are organised into eight chapters, followed by bibliographical
references. For clarity of presentation, each chapter is divided into sections and sub-sections,
as required. In order not to interrupt the flow of the text in the main body of the thesis, all
details have been relegated to appendices. A brief overview of the contents of various

chapters follows:

Chapter 2 gives a general overview of SCC and its basic properties, materials used in its
production and their influence on its characteristics in the fresh and hardened states and of the
relevant workability tests on the fresh SCC. Also, some practical examples of structures made
with SCC will be presented.

Several tools which are available to address the workability of SCC are reviewed in Chapter
3. These tools can be classified into two main groups: an empirical group, e.g. tools that
model the flow of SCC, and the second based on the measurement of the concrete flow. Both
sets of tools will be reviewed. The rheology of cement paste, SCC and the methods of
measurement of their rheological characteristics will be briefly discussed. Different methods

of the simulation of the flow of SCC which are available in the literature will be reviewed.

Chapter 4 describes the steps taken to develop self-compacting high and ultra-high
performance concretes with and without steel fibres. In the design of such concretes, the
flow-ability, good cohesiveness and passing ability criteria must be met. An extensive
investigation will be carried out on the proportions of solids and liquids, the type of
superplasticiser, and the steel fibres needed in order to produce SCC mixes with the right
flow and passing ability.

Chapter 5 describes micromechanical constitutive models used to predict the plastic viscosity
of the high and ultra-high performance self-compacting concretes with or without steel fibres
from the measured plastic viscosity of the paste. The concrete is regarded as a suspension in
which the solid phase is suspended in a viscous liquid phase. The liquid matrix phase consists
of cement, water and any viscosity modifying agent (VMA) to which the solids (fine and
coarse aggregates and fibres) are added in succession. The predictions will be correlated with
the available experimental data. Comments will be made on the practical usefulness of the

predicted plastic viscosity in simulating the flow of SCC.
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Chapter 6 is devoted to the simulation of the flow of high and ultra-high performance self-
compacting concretes with or without steel fibres. An incompressible SPH methodology is
adopted. The formulations relating to incompressible SPH and coupling of SPH formulation
with a suitable Bingham model to represent the rheological behaviour of SCC will be briefly
discussed and numerical results for SCCs flow with and without steel fibres will be compared
with some available experimental observations. The basic equations solved in the SPH are the

incompressible mass conservation and Navier-Stokes equations.

Chapter 7 uses the SPH simulation technique as a practical aid in the proportioning of the
mixes of high and ultra-high performance self-compacting concretes with or without steel
fibres.

Chapter 8 summarises the main conclusions on the basis of the research work embodied in
chapters 4 to 7, inclusive and also makes recommendations for future research.

The thesis concludes with an alphabetical list of references to the works in the literature, cited
in the text, and appendices. Some of the work described in this thesis has been published or is

in the process of publication. For easy reference, the publications are listed below.

1. Ghanbari A, Karihaloo B L. Prediction of the plastic viscosity of self-compacting steel
fibre reinforced concrete, Cement and Concrete Research 2009;39(12):1209-1216.

2. Kulasegaram S, Karihaloo B L, Ghanbari A. Modelling the flow of self-compacting
concrete, International Journal for Numerical and Analytical Methods in Geomechanics
2011 (in press) DOI: 10.1002/nag.924.

3. Deeb R, Ghanbari A, Karihaloo B L. Development of Self-Compacting High and Ultra
High Performance Concretes with and without Steel Fibres, Cement and Concrete
Composites 2011 (submitted).

4. Karihaloo B L, Kulasegaram S, Ghanbari A. Modelling the flow of self-compacting
concrete, ECCM 2010, Paris, CD-ROM Paper 59.

5. Kulasegaram S, Karihaloo, B L, Ghanbari A. Modelling the flow of self-compacting
fibre-reinforced concrete, Proc 5® SPHERIC workshop, Manchester,U.K., June 2010,
pp. 69-75.

6. Ghanbari A, Karihaloo B L, Kulasegaram S. Prediction of the plastic viscosity of self-
compacting steel fibre reinforced concrete, Proc CONMQOD2010, Lausanne June 2010,
pp 61-64.
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Chapter 2: Self-Compacting Concrete

2.1 Introduction

The production of high strength concrete has always been one of the main objectives of
concrete technologists. For over 20 years now, concretes with compressive strength of 50-130
MPa have been used worldwide in tall buildings and bridges with long spans or in buildings
in aggressive environments. Building elements made of such concretes are usually densely
reinforced. The small spacing between the reinforcing bars may lead to defects in concrete
(Dietz and Ma, 2000). Normally, vibration is used to achieve the required compaction, reduce
the porosity and the air entrapped in the concrete. However, vibration of densely reinforced

concretes is not an easy job even for skilled workers.

The lack of good vibratory compaction directly affects the mechanical characteristics of the
concrete in its hardened state. Insufficient compaction will lead to the inclusion of voids,
which not only results in a reduction in the compressive strength but also strongly influences
the natural physical and chemical protection of the embedded steel reinforcement afforded by
the concrete (Gaimster and Dixon, 2003).

If such a high compressive strength concrete is self-compacting (SCC), the production of
densely reinforced elements would be an easier task, thanks to the high homogeneity of SCC.

The self-compacting concrete is a type of concrete which can fill the whole mould completely
with a minimum of defects and which compacts under its own self-weight without vibration.
The concrete so produced is sufficiently cohesive and flows without segregation or bleeding.
The self-compacting concrete was first developed in Japan (Ozawa et al., 1989) in the late
1980s to be mainly used for highly congested reinforced structures in seismic regions
(Bouzoubaa and Lachemib, 2001).

The hardened SCC is dense, homogeneous and can have the same engineering properties and

durability as the traditional vibrated concrete.

This chapter gives a general overview of SCC and its basic properties, materials used in its
production and their influence on its characteristics in the fresh and hardened states. It also
reviews the workability tests relevant to the fresh SCC. Also some examples of structures
made with SCC will be presented.
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2.2 Historical development of self-compacting concrete

Research undertaken into underwater placement technology in the mid-1980s in the UK,
North America and Japan led to the production of concrete mixes with a high degree of
washout resistance. This, in turn, led to the development of SCC with the concept being first
initiated in Japan in the mid-1980s (Gaimster and Dixon, 2003). It was recognised that the
reduction in the number of skilled workers in the Japanese construction industry was leading
to a reduction in the quality of construction work with subsequent knock-on effects on the
concrete durability (Okamura et al., 1998).

A prototype of SCC was proposed in 1986 at the Tokyo University. The first model for
proportioning SCC mixes was developed in 1988 using constituent materials readily used in
conventional concrete (Ozawa et al., 1989). These mixes were to be used mainly for highly

congested reinforced structures in seismic regions (Bouzoubaa and Lachemi, 2001).

The main aims were to shorten the construction time, to avoid vibrating the confined zones
which are rather difficult to reach, and to eliminate vibration noise especially at concrete
product plants. The proportioning model performed satisfactorily with regard to the fresh
properties and also to the long-term hardened properties, such as the shrinkage.

The self-compacting concrete technology spread to Europe through Holland and Sweden in
the 1990s (Bennenk, 2005, Billberg 1999). In the beginning of the 21% century, the SCC
started to be of interest in the USA (Ouchi et al., 2003). However, the annual production of
SCC indicates that challenges still need to be overcome (Thrane, 2007). The ways of
producing SCC are quite different in various countries depending on the traditions and
materials available. In the last two decades, the SCC has been developed further, utilizing
various materials such as condensed silica fume (CSF), ground granulated blast furnace slag
(GGBS) and pulverized-fuel ash (PFA). Today, the SCC is an important topic among
researchers and industries in the field of concrete, although the overall production is still
relatively small compared to the conventional vibrated concrete. The self-compacting
concrete amounted for less than 1% of the ready mix concrete production in Europe in 2004
(ermco.org, 2005). However, the SCC is now well established in a number of countries, such
as Sweden and the USA.
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2.3 Definitions of self-compacting concrete
Researchers have defined SCC in several ways; some of these are listed below.

Khayat et al. (1999): a highly flow-able, yet stable concrete that can spread readily into

place and fill the formwork without any consolidation and without undergoing any significant

segregation.

Bartos and Marrs (1999): self-compacting concrete is a type of concrete which flows under
its own weight, can fill any part of formwork without vibration (even in the presence of

highly dense reinforcing bars) and maintains its homogeneity.

Ozawa et al. (1989): self-compacting concrete must have the following properties: Filling
ability, i.e. without vibrating the concrete, the SCC has to fill any space within the formwork
passing ability, i.e. a homogenous distribution of the components of SCC in the vicinity of
obstacles; and resistance to segregation, i.e. the resistance of the components of SCC to
migration or separation. Figure 2.1 shows how this definition is incorporated in a rational
design model (Okamura et al., 2000).

Self-Compacting Concrete
No Vibration Resistance to Segregation
| |
Less Restriction Less Restriction
to Design to Practice

| !

New Type of Structure _.| Rational Construction

Rational Combination of
Concrete & Steel

Figure 2.1: Proposed rational model of Ozawa (After Ouchi, 1999)
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2.4 Basic properties of self-compacting concrete

Many workers involved in the development of SCC (Domone and Chai, 1998; Okamura,
1999; Ozawa et al., 1990) have recognised that there are three fundamental factors that

govern the fresh concrete properties:

(1) Properties of the mortar;

(i1) Volume of coarse aggregate in the mix;

(i11) Use of a superplasticiser to enhance workability.

The properties of the paste and mortar have important effects on the SCC properties, as with
conventional vibrated concrete. The water to binder ratio primarily determines the
workability of the mix, as will the proportion of sand in the mortar (Okamura, 1999). The
volume content of coarse aggregate in the concrete not only affects the workability but plays
a major role in the segregation resistance of the mix. Okamura and Ozawa (1995) have
employed three key procedures to attain self-compacting ability: limited coarse aggregate
content, low water to powder ratio, and use of superplasticiser. Today, the new generation of
superplasticisers, the polycarboxylate ethers (see Section 2.7), gives improved workability
retention to the cementitious mix. These superplasticisers disperse the cement by steric
stabilization, which is more powerful compared to the electrostatic repulsion of older types of
plasticisers (Yamada et al., 2000, Flatt, 2004a).

Figure 2.2 shows a typical comparison of mix proportioning for SCC and normal vibrated
concrete. As can be seen the cementitious component of the SCC is larger than that in the

conventional concrete with a consequent reduction in the volume fraction of the coarse

aggregate.
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Chapter 2: Self-Compacting Concrete

The application of SCC has benefits related to:

e Productivity, i.e. lower production costs, and a higher casting rate;

e Working conditions due to the reduced noise and dust emissions;

e Casting conditions, i.e. casting of densely-reinforced sections and remote casting;

e Environment-friendly production, e.g. the filler and aggregates can be waste/recycled
materials;

o Elimination of the effect of vibration (which affects the quality of normal vibrated
concrete);

o Homogeneity of concrete, a better visual appearance, a lower variation of strength and

a more durable concrete.

2.5 How to achieve the required properties of self-compacting concrete?

As can be seen from Figure 2.4, in order to produce a non-vibrated concrete, the fresh
concrete must show both high fluidity and good cohesiveness without segregation of the
constituent materials. Limiting the coarse aggregate content and reducing the water to powder
ratio, will achieve high viscosity and avoid collision between the coarser particles (Utsi,

2008). The addition of superplasticiser will ensure the flow-ability of the viscous paste.

Limited
High Deformability Aggregate
content
0
=]
3
Self-Compactabihity 8 Effect of HWRA
i 1
High Re51sta'nce Reduced w/p-ratio
to Segregation

Figure 2.4: Methods to achieve self-compacting ability (After Ouchi et al., 1996)
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Chapter 2: Self-Compacting Concrete

1. Powder-type SCC. This was the first proposed prototype of SCC. It is characterized
by a high powder content and low water to powder ratio. The requirements for this
type are (i) increasing the plastic viscosity by limiting the free water content, and (ii)
using a superplasticiser to provide consistence. Because of the high powder content,
powder-type SCC mixes are sensitive to changes in the constituent materials. Usually
cement replacement materials are used to control the strength and heat of hydration.
Due to the low water to powder ratio, such SCCs are predicted to have a high strength
and shrinkage, and low permeability.

Okamura and Ozawa (1995) proposed a simple mix proportioning system for this type of
SCC (Figure 2.6). According to their method, the coarse and fine aggregate contents are fixed
and the self-compacting ability can be obtained by adjusting the water to powder ratio and the
amount of superplasticiser. A typical procedure is

1) The coarse aggregate content is fixed at 50% of the solid volume;
2) The fine aggregate content is also fixed at 40% of the mortar volume;
3) Depending on the properties of mortar, the water to powder ratio is in the range of 0.9-1.0.

4) The self-compacting ability is achieved by adjusting the superplasticiser dosage and the
final water to powder ratio.

Limited Gravel Content

Appropriate Mortar

—I Limited Sand Content |— 40% of mortar volume

50% of solid volume

—LHigher Deformability |

Higher dosage of SP
Lower W/C

-l Moderate Viscosity

Figure 2.6: A typical mix design of SCC based on the Okamura and Ozawa procedure (Brite,
2000)

Page 17



8 ¥ ( ( < ( ( (+ ) ()
3 -4 1 ( ( ) () ( + o 1
1 8 * % 8 * % 5 ( ( (
1( 1 ( () 5 ) ( 1 )
( + ) ( )
> * ) 8 ¢ + + ) 1 8 *
c )y ¢ ¢ € ) ) 7 ) ) 0
) 8 ** () 1 ) ) (O 1( 1 ( ( ()
) 1 8 *x + + () 1
1 1 (+ )« (
O O + ) 31 < U ( J/Cca
C (
@) ( + 1 2¢ 1 ( 7
( () ( 7 (+) ( ()
+ ) ) ( 7 ) (+ ) o ( 0 (
( +( ( ( ( ( () ( (
) ( ) ( () ( ) )« 3 ( 4 ) (
) ( () ( ) )« ) ) ( 0O 7 ( (
8 8 ( 7 3, ) ( A1>4 $ C 1
) ) + ) ( 7 )
"1.)
% - )% "1
#') 2#") + "<l +
,2(+2) ',2(+2)2 L2(+ 2) 2 )() 2
9: 2 9; 2 90 2 999
$ CJ + ) ) (7 ) 3- O A1>4



Chapter 2: Self-Compacting Concrete

The advances in admixture technology have played a vital part in the development of SCC.
Modern superplasticisers (based on poly-carboxylic ethers) promote good workability
retention and can be added at any stage of the batching cycle. They contribute to the
achievement of denser packing and lower porosity in concrete by increasing the flow-ability
and improving the hydration through greater dispersion of the cement particles, and thus
assisting in producing SCCs of high strength and good durability.

2.7.1 Action of superplasticisers

The use of superplasticisers improves the flow-ability of SCC by their liquefying and
dispersing actions. In addition, a superplasticiser deflocculates the cement particles and frees
the trapped water by their dispersing action and hence enhances the flow-ability of SCC. Due
to the dispersing action, the inter-particle friction and, thus, the flow resistance are also
decreased, thus improving the flow-ability of concrete. As stated by Dransfield (2003), “this
is analogous to the situation where people are walking both ways along a narrow pavement. If
groups of people walking in one direction hold hands, then it is hard for people walking the
other way to pass, especially if they are also holding hands. If everyone stops holding hands
and walking in groups, then it is easy for people going in opposite directions to move round
each other and pass”. Admixtures adsorb on to the cement surfaces and break up the flocs,

leaving individual cement grains, which can pass each other easily, making the mix more

fluid (Figure 2.8).
SO0
Dispersing admixture O
et DAY
Adsorbs on cement
= 0050
Cement flocs reduce Cement uniformly dispersed
fluidity increasing fluidity

Figure 2.8: Effect of dispersing admixtures in breaking up cement flocs (After Dransfield, 2003)
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2.8 Cement replacement materials and micro-silica

2.8.1 Cement replacement materials

A self-compacting concrete requires a high amount of flow-ability that can easily be achieved
by the addition of a superplasticiser to the concrete mixture, as stated earlier. However, for
such a concrete to remain cohesive during the flow, special attention has to be paid to mix
proportioning. To avoid segregation following the addition of a superplasticiser, a simple
approach is to increase the sand content, whilst at the same time to decrease the coarse
aggregate content. But the reduction in the coarse aggregate content results in the use of a
high volume of cement which has the disadvantage related to a higher temperature rise during
hydration and an increase in the cost. An alternative approach is to incorporate a viscosity-
modifying admixture to enhance the stability, i.e. cohesiveness (Khayat and Guizani, 1997).
Chemical admixtures are, however, expensive, and their use may increase the cost of
concrete. Although savings in labour cost might offset the increased material cost, the use of
cement replacement materials (CRM) or mineral admixtures in SCC is a better way to impart
high workability to the mix, as well as to reduce the total cost of SCC.

Cement replacement materials, sometimes also called mineral admixtures, are added to
concrete as part of the total cementitious system. They enhance self-compacting ability,
fluidity, cohesiveness, segregation resistance and limit heat generation during hydration. The
CRMs may be used in addition to, or as a partial replacement of, Portland cement in concrete
depending on the properties of the materials and the desired effect on concrete (Mindess et
al., 2003).

The mineral admixtures are generally industrial by-products and have therefore economic and
environmental benefits. The slow rate of setting and hardening associated with the
incorporation of CRMs in concrete is advantageous, if durability is the primary interest. The
CRMs are less reactive than cement and can reduce problems resulting from the loss of

fluidity of a rich concrete.

Two of the most commonly used CRMs are the ground granulated blast furnace slag (GGBS)
and pulverised fuel ash or fly ash (FA). These additives can be used as binary, ternary (two
CRM s in a single mix) and quaternary mixtures.
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2.8.1.1 Ground granulated blast furnace slag

The ground granulated blast furnace slag is one of the CRMs widely used in the production of
SCC. It is a by-product from the blast furnaces used to make iron. It is classified by EN
15167-1 and EN 15167-2 (or BS 6699) according to its level of reactivity.

The powder is about 10% less dense than Portland cement. For equal mass of the total binder
(i.e. cement plus GGBS) content in the concrete, the GGBS will produce a larger volume of
the binder paste increasing the segregation resistance and making the concrete easier to work,
pump, place and compact. Finer particles in the GGBS (compared with the Portland cement)
can also reduce bleeding.

The use of GGBS as a CRM in SCC has benefits related to the protection against both
sulphate and chloride attack.

However a SCC made with GGBS sets more slowly. The setting time depends on the amount
of GGBS used. The SCC containing GGBS gains strength over a longer period of time; this

results in a lower heat of hydration and a lower temperature rise.

Depending on the desired properties, the amount of GGBS can be as high as 50 per cent by
mass of the total cementitious material content (Ramachandran et al., 1981). The use of
GGBS lowers concrete permeability, thereby reducing the rate of chloride ion diffusion
(Russell, 1997). A proper combination of the Portland cement and GGBS can eliminate the
need to use low alkali or sulphate-resistant cements. As reported by Russell (1997), replacing
the Portland cement by 20 to 30 per cent of GGBS by mass can enhance the strength gain
when the concrete is older than 28 days. Sobolev (1999) studied the effect of adding up to
50% by mass GGBS to the cementitious material and reported that it resulted in an increase
of chemical and thermal resistance. A high proportion of GGBS may affect the stability of
SCC resulting in reduced robustness with problems of consistence control, while slower

setting can also increase the risk of segregation (EU Guidelines for SCC, 2005).

Druta (2003) reported no visible destruction in concrete samples containing GGBS after 140

cycles of freezing and thawing and also a high resistance to elevated temperatures.
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2.8.1.2 Fly ash

Fly ash (also known as pulverised fuel ash) is a by-product of coal-fired electricity generating
plants. The ash is produced during the combustion of ground or powdered coal. Due to its
pozzolanic properties, the fly ash can be used as a replacement for some of the Portland

cement content in SCC.

The fly ash for use in Portland cement concrete conforms to the requirements of ASTM C

618, standard specification.

According to the type of coal used in the power station, there are two classes of fly ash, i.e.
class C fly ash and class F fly ash.

The class C fly ash is produced from the burning of younger lignite or sub-bituminous coal.
This class generally contains more than 20% lime (CaO). The class C fly ash is preferable in
the green building application.

The class F fly ash is obtained from the burning of harder, older anthracite and bituminous

coal. This fly ash is pozzolanic in nature and contains less than 20% lime (CaO).

The use of fly ash as a partial replacement for Portland cement is generally limited to Class F
fly ash. It can replace up to 30% by mass of Portland cement, and can add to the final

strength of the SCC and also increase its chemical resistance and durability.

Due to the spherical shape of fly ash particles, they can also increase the workability of SCC
mixtures, while reducing the water demand. The fly ash reduces segregation and bleeding and

lowers the heat of hydration.

Concrete mixes containing the fly ash reach their maximum strength more slowly than

concretes made with only Portland cement.

The investigations by Bouzoubaa and Lachemib (2001) show that the use of fly ash and blast
furnace slag in SCC reduces the dosage of superplasticiser needed to obtain slump flow
spread comparable to that of the concrete made with Portland cement only (Yahia et al.,
1999). Also, the use of fly ash improves the rheological properties and reduces the thermal
cracking of concrete due to the heat of hydration (Kurita and Nomura, 1998). Kim et al.
(1996) studied the properties of super-flowing concrete containing fly ash and reported that
the replacement of 30% cement by fly ash resulted in excellent workability and flow-ability.
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Chindaprasirt et al. (2005) reported that the use of fly ash increased both the initial and final
setting times of fly ash-cement pastes due to the smaller surface area of fly ash particles
(adsorbing less free water from the mixture). Due to the higher free water content, the powder
concentration decreases. The addition of lime powder (LP) enhances the rate of hydration. A
ternary mixture of fly ash and lime powder showed better flow-ability and
deformability/workability compared to brick powder and kaolinite. The lime powder is the
finest and the fly ash is the coarsest admixture. An increase of 5% in the LP content reduces
the flow time and increases the relative spread of the mix. An increase of LP content beyond
50% is not advantageous as the compressive strength begins to decrease sharply. A partial
replacement of cement by fly ash results in a higher volume of paste due to the lower density
of FA. This increase in the volume of the paste reduces the friction at the fine aggregate-paste
interfaces, and improves the plasticity and cohesiveness of the mix, leading to increased
workability. Therefore, the fineness of the CRMs is not the only parameter to improve the
workability.

2.8.2 Micro-silica

Micro-silica (MS) or silica fume (SF) is a by-product of the manufacture of silicon metal and
ferrosilicon alloys. It is a very fine almost pure silica (S10;) powder collected from the
exhaust gases consisting mainly of spherical particles or microspheres of mean diameter

about 0.15 microns.

Each microsphere is on average 100 times smaller than an average cement grain. At a typical
dosage of 10% by mass of cement, there will be 50,000-100,000 micro-silica particles per

cement grain.

Because of its extreme fineness and high silica content, micro-silica is a very effective
pozzolanic material. Standard specifications for micro-silica used in cementitious mixtures
are given in ASTM C1240 and EN 13263.

Micro-silica is one of the most effective and widely used fines that is added to SCC to
improve its properties, in particular its compressive strength, bond strength, and abrasion
resistance. It also significantly reduces the concrete permeability by blocking the capillary

channels.
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Micro-silica increases the yield stress of a SCC mix thus decreasing the slump flow and
segregation (Carlsward et al., 2003). It also reduces the ionic strength of the pore solution
leading to a reduced consistence loss (Bonen and Sarkar, 1995). In the case of Portland
cement, 18% micro-silica (by weight of cement) is theoretically enough for the total
consumption of calcium hydroxide (Papadakis, 1999) produced during the primary reaction
of cement with water. However, as the small micro-silica particles also physically fill the
pores, more than 25% micro-silica should be added to concrete to get the densest granular
mixture (Richard and Cheyrezy, 1995). An excessive use of micro-silica in the SCC can be
counterproductive because of the difficulty in attaining the desired workability (Hassan et al.,
2010).

Khayat et al. (1997) have studied the influence of micro-silica blended with cement on some
of the properties of fresh and hardened concretes. The properties studied were bleeding,
slump loss, compressive strength and setting time. A total of 26 mixtures were developed.
One half of the mixtures were air-entrained and had water-cement ratios ranging from 0.3 to
0.6. The remaining half contained non air-entrained mixtures and the water-cement ratios
varied between 0.45 and 0.7. Their study revealed that the addition of small percentages of
micro-silica, usually less than 10%, and of a proper amount of high range water reducing
admixture (superplasticiser) could decrease the viscosity of the paste, thus reducing the water
demand and the risk of bleeding. The small particles of micro-silica can displace some of the
water present among flocculated cement particles and fill some of the voids between the
coarser particles, which otherwise can be occupied by some of the mix water. This causes
some gain in workability and in the densification of the fresh paste. Concrete mixtures made
with blended micro-silica cement exhibited substantially less bleeding than those made with
type I Portland cement. In addition, mixtures made with blended micro-silica cement showed

15 to 20 mm greater loss of slump than concretes without micro-silica.

In general, concrete mixtures made with type I Portland cement and blended micro-silica
cement exhibited initial times of setting that were within one hour apart. When 15% of micro-
silica was added with a high dosage of superplasticiser, initial and final times of setting were
delayed by approximately 1 and 2 hours, respectively (Liu, 2009). Regarding the compressive
strength, Khayat et al. (1997) found out that after three days of curing, no effect of cement
type was observed on the development of compressive strength for concretes. However,

starting with the seventh day, mixtures containing blended micro-silica cement exhibited
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greater strength than those made with type I Portland cement. After 28 days, in non-air-
entrained concretes, the use of blended micro-silica cement resulted in approximately 20%
better strength gain compared with mixtures containing only Portland cement. Similar results

were obtained in air-entrained concrete.

Duval and Kadri (1998) studied the influence of micro-silica on the workability and
compressive strength of concretes. The concretes that have been investigated had low water-
cement ratios (0.25 to 0.40). The type I Portland cement was replaced by 10-30% by mass
micro-silica, and superplasticiser was added. It was found that micro-silica increased the
compressive strength at most by 25%, but the workability of concretes was best when its
content was between 4 and 8%. Duval and Kadri also found out that if micro-silica exceeds

15% of the cementitious material, both compressive and tensile strengths are reduced.

Carlsward et al. (2003) observed a decrease of slump flow with an increase in the micro-silica
content in all of their workability tests. Regarding the rheological parameters, the general

tendency was an increase in the yield stress with an increase in the micro-silica content.
Vikan and Justnes (2003) also observed the same effect on the yield stress.

2.8.3 Benefits of CRMc

In summary, the benefits of CRMs to concrete (besides the obvious economic and

environmental ones) are as follows:

o The placing and compaction are made easier thus giving better workability;

e The durability of concrete is increased because of the retardation in the early setting
time with a better long term strength;

e The risk of thermal cracking in large pours is reduced, because of lower early-age
temperature rise due to hydration;

e The resistance to attack by sulphate and other chemicals is increased,

e The risk of reinforcement corrosion is reduced.

2.9 Effect of fibres on the behaviour of fresh self-compacting concrete

The modern development of steel fibre reinforced concrete may have begun around the early

1960s. Polymeric fibres came into commercial use in the late 1970s; glass fibres experienced
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widespread use in the 1980s, and the carbon fibres attracted much attention in 1990s. The
main application of steel fibre reinforced concrete (SFRC) is in structures subjected to
potentially damaging concentrated and dynamic loads. The steel fibre reinforced concrete has
been used in several areas of infrastructure and industrial applications such as airport
pavements, industrial floors, overlays, and channel linings, where laboratory tests and field
applications have shown SFRC to be more durable than plain concrete subjected to high
velocity water flow (Aydin, 2007).

Fibres can be used in the SCC to extend the range of its application and to overcome its
drawbacks, namely the brittleness, as well as the volume changes which occur during the
hardening of the material, i.e. the autogenous shrinkage. Such fibre reinforced SCCs are
called self-compacting (high or ultra-high performance) fibre reinforced concrete (SCFRC).
Fibres bridge cracks and retard their propagation. They contribute to an increased energy
absorption compared with plain SCC. In the past, steel fibres have been used to replace bar
reinforcement, to decrease the width of cracks and to improve the tensile strength or the post-
cracking behaviour (e.g. Benson and Karihaloo, 2005a,b).

Both metallic and polymeric fibres have been used in the production of SCC, but they may
reduce flow and passing ability. Trials are therefore needed to establish the optimum type,
length and quantity of the fibre to give all the required properties to both the fresh and
hardened SCFRC.

Steel and long polymer structural fibres are used to modify the ductility/toughness of
hardened SCFRC. Their length Lrand quantity V¢ are selected depending on the maximum
size of the aggregate and structural requirements. The higher the aspect ratio (L¢ds) and the
volume fraction of the fibres, the better is the performance of the mix in the hardened state.
On the other hand, the higher the fibre factor (V¢ L¢/ds) the more the slump flow is decreased.
Before the addition of fibres the slump flow spread should be larger than 700mm. If the fibres
are used as a substitute for normal reinforcement, the risk of blockage is reduced but it should
be emphasised that using SCFRC in structures with normal reinforcement significantly

increases the risk of blockage (European Guidelines for SCC, 2005).
2.9.1 Characteristics of the fibres

The mixture composition of fibre reinforced SCC is a compromise between the requirements

in the fresh and the hardened states. The shape of the fibres differs from that of the
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aggregates; due to the long elongated shape and/or a higher surface area, the workability of
SCC is affected. The practical fibre content is limited; a sudden decrease of workability
occurs at a certain fibre content, which depends on the mixture composition and the fibre type
used. To optimise the performance of a single fibre, fibres need to be homogeneously
distributed; clustering of fibres has to be counteracted (EU Guideline for SCC, 2005).

The steel fibre is the most common fibre type in the building industry; plastic, glass and
carbon fibres contribute to a smaller part to the market. Also polymer fibres are mainly used
to improve the stability of SCC, as they help prevent settlement and cracking due to plastic
shrinkage of the concrete. In high and ultra high performance SCCFRC, polymer fibres
maybe additionally needed as sacrificial fibres to achieve the required fire rating in these very

dense mixes.

The size of the fibres relative to that of the aggregates determines their distribution.
To be effective in the hardened state it is recommended to choose fibres not shorter than the
maximum aggregate size. Usually, the fibre length is 2-4 times that of the maximum
aggregate size (Groth, 2000). The effect of aggregate size on the fibre distribution is shown in
Figure 2.9.

Maximum grain size
5 mm 10 mm 20 mm

OO

Q0
.
R

40 mm

YO

le

Fibre length

Figure 2.9: Effect of aggregate size on fibre distribution (After Johnston, 1996)

The self-compacting fibre reinforced concrete can maintain its flow-ability in spite of the
addition of fibres. The slump flow decreases with the addition of fibres, also increasing the

Tsoo time. The degree to which the steel fibres affect the slump flow and Tso depends on the
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composition of the SCC mix (Saak et al., 2001). The effect of two types of polypropylene
fibres on the characteristics of SCC in the fresh state was studied by Griinewald & Walraven
(2003); these two were a monofilament and a fibrillated type. The self-compacting concrete
remained self-compacting with the fibrillated type; the slump flow decreased from 710 to 620
mm. The monofilament type, on the other hand significantly decreased the slump flow to 440

mm due to the higher surface area.
The effect of fibres on the workability of SCC is summarised below:

e The shape of the fibres is more elongated compared with the aggregates; the surface
area at the same volume is higher;

e Stff fibres change the structure of the granular skeleton, while flexible fibres fill the
space between them. Stiff fibres push apart particles that are relatively large compared
with the fibre length (i.e. the porosity of the granular skeleton increases);

e Surface characteristics of fibres differ from that of cement and aggregates, e.g.
polymer fibres might be hydrophilic or hydrophobic;

e Steel fibres often are deformed (e.g. have hooked or crimped ends or are wave-
shaped) to improve the anchorage between the fibre and the surrounding matrix. The
friction between hooked-end steel fibres and aggregates is higher compared with
straight steel fibres.

2.10 Properties of fresh self-compacting concrete

The self-compacting concrete differs from conventional concrete in that its fresh properties
are vital in determining whether or not it can be placed satisfactorily (Jacobs and Hunkeler,
1999). All the aspects of workability need to be fully controlled to ensure that its ability to be
placed remains acceptable. These include the flowing ability, the passing ability, and the
segregation resistance. Driven by its own weight, the concrete has to fill a mould completely
without leaving entrapped air even in the presence of dense steel bar reinforcement. The
components have to be homogeneously distributed during the flow and at rest. Clustering of
the aggregates in the vicinity of reinforcement (blocking) and separation of water or paste
affect the characteristics of SCC in the hardened state.
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2.10.1 Flowing ability

Without vibrating the concrete, the SCC has to fill any space within the formwork; it has to
flow in horizontal and vertical directions without keeping air entrapped inside the concrete or
at the surface. The driving forces of this process are the weight of the concrete and the casting
energy. To achieve high flowing ability, it is necessary to reduce inter-particle friction among
solid particles (coarse aggregates, sand and powder) in the concrete by using a
superplasticiser and a lower coarse aggregate content (Khayat, 1999, Sonebi and Bartos,
2005). Adding more water could improve flowing ability by decreasing inter-particle friction,
but it also reduces viscosity, thus leading to segregation. Too much water also leads to
undesirable influences on the strength and durability. Unlike water addition, which reduces
both the yield stress and viscosity, the incorporation of a superplasticiser not only reduces the
inter-particle friction by dispersing the cement particles but also maintains the deformation
capacity and viscosity. It also impairs the hardened properties less than does additional water.
The particle size distribution also affects the flowing ability. Inter-particle friction can be
reduced by using continuously graded materials, aggregates and powder (Khayat, 1999,
Sonebi et al., 2001).

2.10.2 Passing ability

Passing ability is required to guarantee a homogenous distribution of the components of SCC
in the vicinity of obstacles. The minimum bar distance to avoid blocking depends on the
flowing ability of the SCC, on the maximum aggregate size, the paste content and the
distribution and the shape of the aggregates (Khayat and Roursel, 2000). Blocking results
from the interaction among aggregate particles and between the aggregate particles and
reinforcement; when concrete approaches a narrow space, the different flowing velocities of
the mortar and coarse aggregate lead to a locally increased content of coarse aggregate
(Noguchi et al., 1999, Okamura and Ouchi, 2003b). Some aggregates may bridge or arch at

small openings which block the rest of the concrete, as shown in Figure 2.10.
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more prone to segregation. The segregation resistance of SCC can be different under static (at

rest) and dynamic (during the flow) conditions.

2.11 Tests on fresh self-compacting concrete

The rheological tests can be performed on a SCC mix using rheometers of different types.
However these tests suffer for some drawbacks; they are not suited for use at the working
site, and they can be rather time-consuming (Utsi et al., 2003). Therefore, it is important to
find suitable workability test methods for continuous use outside the laboratory, and to
calibrate them with rheological parameters. For the SCC, a number of empirical workability
tests (slump flow test, V-Funnel, L-Box test, U-Box test, J-Ring, wet sieve stability and
surface settlement tests) have been proposed and established in practice (Wu et al., 2009).
Two aspects of SCC, the deformation capacity and deformation velocity, are evaluated by the
workability tests. In this section, the workability tests which are recommended by the EN
standard (EN 206-9:2010) are discussed, namely the slump flow test for flowing ability, L-
box and J-Ring tests for passing ability, and visual examination and sieve stability tests for

segregation resistance.
2.11.1 Flow-ability test
2.11.1.1 Slump flow test

The slump flow is a well-established test method. It is usually the test that accepts or rejects a
mix at the working site (Utsi et al., 2003). The slump flow test, which is a modification of the
traditional slump test, in which the spread of the material is measured instead of the height
reduction, is the simplest and most commonly used test for evaluating the flow-ability of
SCC (Pashias et al., 1996). The slump flow test evaluates the deformation capacity of SCC
under its own weight without external forces against the friction of the base plate. As shown
in Figure 2.12, the slump flow is the diameter of the concrete flowing over a level plate after
a slump cone is lifted. The larger the slump flow spread, the greater the deformation capacity
of the concrete provided that no segregation occurs. Tseo, the time from lifting of the cone to
the concrete spreading to a 500 mm diameter, is used to indicate the deformation rate. The
higher the Tsoo value, the lower the deformation rate of the concrete. Tsy varies from 2-7

seconds in the case of fresh SCC (Neophytou et al., 2010). However the Tsq value can be
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Slump flow (mm)
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Figure 2.13: The relationship between slump and slump flow measurements (After Domone,
2003)

Bouzoubaa and Lachemi (2001) have reported that the slump flow is determined primarily by
the superplasticiser dosage; the water to powder ratio and the fly ash replacement content
have only a secondary effect. However, Sonebi (2004) showed that the water to binder
(cement+ fly ash) ratio had the greatest effect on the slump flow for SCC incorporating fly

ash.

2.11.1.2 Is there any relationship between rheological characteristics of self-compacting

concrete and slump flow test measurements?

In the slump flow test, the concrete stops flowing when the shear stress of the sample
becomes equal to or smaller than the yield stress. This confirms that the yield stress must be

the dominant factor that governs the slump flow spread.

Several researchers have investigated the possibility that there exists a relationship between
the rheological characteristics (yield stress and plastic viscosity) of a self-compacting
concrete and measured parameters in the slump flow test (namely, the diameter of slump
flow spread and Tseo) (e.g. Thrane, 2007; Grunewald, 2004). The yield stress is defined as

the critical shear stress required to initiate the deformation (flow), while the plastic viscosity
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describes the resistance to flow once the yield stress is exceeded (more details of these two
rheological parameters will be given in Chapter 3). In general, both the yield stress and the

plastic viscosity increase with time, as the concrete hardens (de Castro and Liborio, 2006).

Roussel et al. (2005) found an analytical correlation between the slump flow spread and the
yield stress of cement pastes. Roussel and Coussot (2005), and Roussel (2006) performed
three-dimensional simulations of the flow of concrete in different slump tests. They
concluded that slump flow depends only on the yield stress and the density of the SCC mix.

Grunewald (2004) obtained a correlation between the slump flow and yield stress for
different mixes of self-compacting fibre reinforced concrete (Figure 2.14).

Yield value (Pa)
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Slump flow (mm)

Figure 2.14: A typical relationship between slump flow diameter and yield stress for different
mixes of self-compacting concrete (After Grunewald, 2004)

Carlsward et al. (2003) concluded that the slump flow is dependent on both the yield stress

and the plastic viscosity of the mix.

Various concrete mixtures have been examined by Utsi et al., (2003) to find the possible

relations between workability and rheology. The yield stress was found to be correlated to the
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slump flow spread for stiff mixes (spread less than 600 mm) but not for mixes with flow

spread in excess of this value.

However, Esping (2007) carried out a set of tests on SCCs and found that the slump flow
spread is not a unique function of the yield stress, but rather a more complex function of both
the yield stress and plastic viscosity. The results of Tregger et al., (2008) also suggest that the
slump flow spread is a not unique function of the yield stress. Another study by Tregger et
al., (2007) revealed that the plastic viscosity of SCC is linked to the time required for slump

flow test to reach its final spread but no reliable correlations were found.

Roussel (2007a) showed that there is no correlation between the Bingham parameters (i.e. the
yield stress and plastic viscosity) and the slump flow test and suggested alternate test
methods.

Reinhardt and Wustholz (2006) concluded that the plastic viscosity also affected the stump
flow but the influence can be negligible compared to that of the yield stress and concrete
density. Moreover they have stated that other factors such as the surface tension can also
affect the measurements and should not be ignored. Tsoo has a good correlation with the
plastic viscosity (R*>0.70) provided there is no segregation (Figure 2.15), but rather a poor
correlation with the yield stress (R? below 0.4) (The EU guidelines for SCC).

Tsoo (5)
10

y=0.0192x+1.33

0 T T T
0 100 200 300 400

Plastic viscosity (Pas)

Figure 2.15: A typical relationship between flow time (Tseo) and plastic viscosity of SCC (After
Grunewald, 2004)
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Utsi et al., (2003) also obtained a correlation between Tsoo and the plastic viscosity for their

stiffer mixes with slump flows below 600mm.

Thrane (2007) has reported that Kurokawa et al. (1994) used the visco-plastic finite element
method (VFEM,; see Chapter 3) and obtained a relation between the Tso and the plastic

viscosity.

From their experiments, Neophytou et al,, (2010) conclude that Tspo can only be used to
estimate the plastic viscosity of a mixture with a constant yield stress, while the slump flow

can be used to estimate the yield stress with constant plastic viscosity.

There have been many attempts to correlate the rheological parameters of SCC to empirical
test data. However correlations of this type are highly dependent on the choice of materials
and the devices for measuring the rheological parameters (i.e. different types of rheometers)

and therefore it is not certain whether a relationship can be easily generalised.

From the above literature review, it can be concluded that the Tsgo time can be related to the
plastic viscosity but that the slump flow spread is a function of both the yield stress and the
density of SCC.

2.11.2 Passing ability tests
2.11.2.1 L-box test

The L-box test evaluates the passing ability of SCC in a confined space. The apparatus
(Figure 2.16) consists of a long rectangular trough with a vertical column/hopper at one end.
A gate is fitted to the base of the column allowing discharge of SCC into the horizontal
trough. Adjacent to the gate is an arrangement of bars which permits assessment of the

blocking potential to be made.
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2.11.3 Segregation tests

Several empirical tests have been proposed to evaluate static segregation (i.e. at rest).
However, no methods have yet been proposed for dynamic segregation (i.e. during flow).

2.11.3.1 Visual examination

The visual examination method (PCI-TR, 2003) is carried out by inspecting the periphery of
the concrete after measuring the slump flow spread and rating it from O to 3. However it is an
inadequate method because it relies on the experience of the performer and fails to evaluate

segregation quantitatively.
2.11.3.2 Sieve stability test

The potential for static segregation can be evaluated by a simple sieve stability test, which
measures the amount of grains passing through a 5 mm sieve after a standard period, which is
called sieve segregation or segregation index. The GTM Stability Sieving test (Cussigh,
1999) is used to measure the degree of separation of the coarse aggregates and mortar
fractions. In this test, 10 litres of fresh SCC are placed into a test container and allowed to
settle over a 15 minute period. The coarse aggregate settles at the bottom and the upper part
of the concrete in the container is then wet sieved and the volume of mortar calculated. The
more the segregation has occurred the more mortar passes through the sieve, indicating a

higher risk of segregation after the placement of SCC.

2.12 Examples of structures made with self-compacting concrete

Many structures have been designed throughout the world using the SCC. However the
application of SCC at the building site is not yet widespread and is mostly limited to special
structures. With the SCC it is possible to solve special problems, like those occurring in the
case of special shapes of the concrete elements, congested reinforcement or casting in remote
areas. In the following, some of these are highlighted. It should be mentioned that some of
these projects would not have been possible without using a SCC.

Akashi-Kaikyo (Straits) Bridge (Figure 2.18): It is a suspension bridge with the longest
span in the world (1,991 meters). The volume of the cast concrete in the two anchorages
amounted to 290,000 m>. The concrete was mixed at the batching plant beside the site, and

was pumped out to the place. It was transported 200 meters through pipes to the casting site,

Page 39



1 1 ( O ) 1 > ? ( ( ) )OO
* % ) ) ) 1Q 3& () : )8 ((2( .4
$ . 0DJ -2( 8 ,(2 3 ( 4 3- & () : )8 ((2( .11
( )') ) 3% " 0A4J ) () ( ) 3D ?
0/ 4 1 ( ) ) ) ) )
O 7 ) =/Q () 0/Q + ) ( ) 1 ) )
$ . 0AJ ( )') ) 3- % >4
& 7( (O )) ) E( () 3% >4 )2 :
“( ( *OCC 3 0O ( 0AA@4 () () (2 1 ) ) ( (
#2 ((E( () 3 0AAA4



Chapter 2: Self-Compacting Concrete

2.13 Concluding remarks

The self-compacting concrete homogenously fills moulds of different shapes and geometry
under its own weight, without any additional compaction energy. Building elements made of
high strength concrete are usually densely reinforced. The small distance between reinforcing
bars may lead to defects in concrete. If the high strength concrete is self-compacting, the
production of densely reinforced building element from high strength concrete with high
homogeneity would ease the task (Ma et al., 2003).

The use of SCC offers great opportunity for automated pre-cast production. Not only will it
reduce the unhealthy tasks for workers, it can also reduce the technical costs of in situ cast
concrete constructions, due to improved casting cycle, quality, durability, surface finish and
reliability of concrete structures and eliminate some of the potential for human error (Esping,
2007).

However, the annual production of SCC indicates that challenges still need to be overcome.
According to the European Ready Mixed Concrete Organization, SCC amounted for less than
1% of the ready mix concrete production in Europe in 2004 (ermco.org 2005).

This chapter gave a general overview of SCC and the basic principles involved in its design.
Different mix designs of SCC were introduced, i.e. powder-type SCC, VMA-type SCC and
combined-type SCC.

The influence of cement replacement materials on the characteristics of SCC was discussed
with the emphasis on the fresh state of SCC. It was concluded that CRMs enhance self-
compacting ability, fluidity, cohesiveness, segregation resistance and limit heat generation

during hydration.

Tests to examine the workability of SCC, i.e. flowing ability, passing ability and segregation
resistance of SCC were described, along with the possibility that relationships exist between
the rheological characteristics (the yield stress and the plastic viscosity) of self-compacting
concrete and parameters measured in these empirical tests (such as the diameter of slump
flow and Tseo). It was however observed that there is as yet no consensus on such

relationships.

The effect of fibres on the SCC was reviewed. Fibres bridge cracks and retard their

propagation. They contribute to an increase in the energy absorption compared with plain
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concrete. The addition of fibres to SCC will lead to benefits in the fresh state and an
improved performance in the hardened state, although the fibres greatly impair the
workability of SCC because of their elongated shape and large surface area. In order to make
the best use of the fibres, they need to be homogeneously distributed in the mix without

clustering.

It was noted that the development of SCC has been closely related to the development of
superplasticisers. The latter have a profound effect on the high level of workability of the
SCC together with the good stability of the mix through liquefying and dispersing actions.
Nowadays, the new generation of superplasticisers - the polycarboxylate ethers - give
improved workability retention to the cementitious mix (Thrane, 2007). These
superplasticisers disperse the cement by steric stabilisation, which is more powerful than the
electrostatic repulsion of older types of plasticisers (Yamada et al., 2000, Flatt 2004a).

In the next Chapter, we shall review the rheology of SCC, and in particular introduce the
Bingham model for describing its constitutive behaviour. We shall also review the
computational techniques that are used to simulate the flow of SCC which is a non-

Newtonian fluid.
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Simulating its Flow

3.1 Introduction

Over the past few decades, self-compacting concrete (SCC) technology has advanced in a
similar manner to many other aspects of concrete technology. Workable SCC mixes at lower
water to binder ratios have been achieved through the use of superplasticisers, thus increasing
their compressive strength. The principles of rheology can be applied in the field of
workability to explain the development and use of test methods which give a more complete
understanding of the behaviour of the SCC. Several tools are available to address the
workability of SCC. These tools can be classified into two main groups: empirical group e.g.
tools that model the flow of SCC, and the second based on the measurement of concrete flow.
Both sets of tools will be reviewed in this chapter. The field of fluid mechanics that studies
the relation between the applied stress and the resulting deformation of a fluid is called by the
Greek word Rheology. The rheology of cement paste, SCC and methods of measurement of
their rheological characteristics will be briefly discussed. Different computational methods of
simulation of the flow of SCC which are available in the literature will be reviewed and the

equations used in the general flow simulation will be introduced.

3.2 Classification of workability

The workability of concrete can be studied at three levels as follows (Tattersall, 1991):

e Qualitative: studying the general behaviour of concrete without trying to quantify it,
e.g. workability, flow-ability, pump-ability, etc.

¢ Quantitative empirical: dealing with a simple quantitative behaviour, e.g. slump flow
test, L-box test, etc.

¢ Quantitative fundamental: studying the rheological characteristics, such as plastic
viscosity, yield stress, fluidity, etc.

The first two classes have been dealt with in Chapter two. In the following, the third class

will be examined in more detail.
3.3 Rheological characteristics of self-compacting concrete

The mixture of self-compacting concrete is strongly dependent on the composition and
characteristics of its constituents in the fresh state. The properties of SCC in its fresh state
have a great effect on its hardened state. Therefore it is critical to understand its flow

behaviour in the fresh state. As the SCC is essentially defined in terms of its workability, the
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characterisation and control of rheology is crucial for the successful production of this type of
concrete. However the measuring techniques in its fresh state have not changed significantly
in the last two decades. The slump flow has for a long time been considered to be a unique
function of the yield stress of a Bingham fluid, without being influenced by its plastic
viscosity (Wallevik, 2006). But, as we have seen in the previous Chapter, this is still an
unresolved question. In fact, concretes with the same slump spread may flow differently and
have different workability (Ferraris, 2000); this is because concrete flow cannot be described
by a single parameter. For a normal concrete, researchers have found that the flow of
concrete can be defined reasonably well by using the Bingham constitutive model. This
constitutive model is a linear representation of the flow using two parameters, namely the
shear stress (response of the considered concrete) against shear rate. This relationship

involves two main parameters, i.e. the yield stress and the plastic viscosity.

3.4 Measuring the rheological parameters

The instruments that measure the relationship between the shear stress and strain rate are
called rheometers or viscometers. To obtain the rheological characteristics of general viscous
liquids (such as cement pastes) and solid-liquid suspensions (such as self-compacting
concretes), a theometer is to be used. Several types of this instrument have been proposed to
evaluate the plastic viscosity and yield stress of cementitious materials. Empirical techniques
have also been proposed. The most basic type is the cup method, where the time that it takes
to empty a cup with a defined hole in the bottom gives a measure of the viscosity. Other types
use a penetration rod, ball, etc., where a falling object with a defined density penetrates the
sample. These types of kinematic viscometers are only appropriate for making comparative
studies, as the shear rate is not fully controllable (Esping, 2007) and they are therefore

excluded from this review.
3.4.1 Rheology of cement paste

For testing viscous liquids (such as cement pastes) in which the maximum particle size is
about 100 um, the rheometer used is the so-called coaxial cylinder rheometer. In this type of
rheometer the annular gap between the inner and outer cylinders can be of the order of few

millimetres. A BML rheometer is the most common type for measuring the rheological
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properties of cement paste. As shown in Figure 3.1, the inner cylinder is rotated and the

torque imposed on the stationary outer cylinder is measured; other rotating and measuring

arrangements are possible.
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Figure 3.1: A coaxial cylinder rheometer (After Domone, 2003)

Let us consider the simplest mixture of cement and water; both the yield stress and plastic
viscosity of this mixture reduce with increasing water content. Figure 3.2 shows a fan-shaped
family of flow curves. As a result the extent of changes in both the yield stress and plastic

viscosity are comparable.

Shear stress (1)

X Increasing
water/cement
ratio

Rate of shear strain (7)

Figure 3.2: Fan-shaped curves for different water-cement ratio (After Domone, 2003)
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Figure 3.3 shows a typical effect of water-cement ratio on the Bingham constants for cement

paste which confirms that adding or subtracting water leads to similar changes in both

properties.
Yield stress
(Pa) Plastic viscosity
1000 ®a's)
1
100 *
¢
0.1 MANT)
*
10 3 N e
l T T T T T T 1 o_ol 1 Bl T T T 1
0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
‘Water/cement ratio ‘Water/cement ratio

Figure 3.3: Typical effect of water-cement ratio on Bingham constants for cement paste (After
Domone and Thurairatnam, 1988)

However when superplasticisers are added, the behaviour is somewhat different. Domone and
Thurairatnam (1988) have used naphthalene formaldehyde superplasticisers in pastes with
three different water-cement ratios. As shown in Figure 3.4, increasing the dosage of
superplasticiser leads to a reduction in both the plastic viscosity and the yield stress, however

the reduction in the plastic viscosity is much less than that in the yield stress.

Plastic viscosity

Yield stress (Pa) (Pa.s)
100 1
10 0.3
0.35
1
04
0.1 4 T T T L R— 0.01
0 02 04 06 08 1 ) 02 04 06 08 1
Sp. dosage (% solids by wt cement) Sp. dosage (9% solids by wt cement)

Figure 3.4: Typical effect of superplasticiser on Bingham constants for cement paste (After
Domone and Thurairatnam, 1988).
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Domone (2003) combined the data in Figures 3.3 and 3.4 into a single diagram, shown in

Figure 3.5.
Yield stress
(Pa)
100
Sp. dosage
(% cement)
10
1
0.01 0.1 1

Plastic viscosity (Pa‘s)

Figure 3.5: Yield stress vs. plastic viscosity for cement paste with different water-cement ratios
and superplasticiser dosage (After Domone, 2003)

3.4.2 Rheology of self-compacting concrete

A SCC mix has some special characteristics that should be considered when choosing a
rheometer. These are the size of aggregate (smaller than in conventional vibrated concrete),
time-dependence of flow properties, the presence of yield stress, moderate plastic viscosity,
the potential for segregation and the high sensitivity to small changes in materials and their
proportions. However it should be noted that at the present time not a single rheometer exists
that can take into account all of the characteristics of the SCC mentioned above. Normally
there are two main types of rheometer, namely those that impose a controlled shear rate on
SCC and measure its shear stress and those that do the opposite. A wide range of rheometers

is commercially available, as described below.
3.4.2.1 Coaxial cylinder rheometers

A coaxial cylinder rheometer consists of two cylinders with one cylinder rotating relative to

the other. In order to ensure a homogeneous test sample, the distance between outer and inner
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HH Drive shaft

WA
R

]
{s
AN
i

254 o 360
() MH system () LM system

Y

Figure 3.8: Two systems for the impeller rheometer (After Domone, et al., 1999; RILEM, 2002)

3.5 Mathematical description of self-compacting concrete rheology

All the above tests give a flow curve in the form of a relationship between the applied torque
(T) and speed of rotation of the moving part (N). For most concrete mixes, a straight-line
relationship of the form T=g+h.N fits the data well. Concrete and other cement-based
materials, such as self-compacting concretes, are usually considered to be a Bingham fluid,
i.e. their behaviour under shear depends on the shear stress and shear rate. Considering a

Bingham model, g is the yield term and h the plastic viscosity term.

The relationships between g and the yield stress (7,) and between h and the plastic viscosity

(7n) depend on factors such as the rheometer size, the flow pattern and geometry, which are

all obviously different for each rheometer. By assuming a laminar uniform flow, simple
relationships have been proposed for the BML and BT RHEOM rheometers. However for the

impeller rheometer, the analytical relationships are far more complex.

3.5.1 Is there any consistency in the rheological properties of concrete?

The yield stress and plastic viscosity are the fundamental properties of a Bingham fluid.

Logically for a given concrete mix, any rheometer should give the same values of these two
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fundamental parameters. But in practice that is not the case. As reported by Domone (2003),
to quantify and to try to resolve these differences, a series of comparative tests was carried
out in 2000, in which all three instruments were taken to the same laboratory and used
simultaneously to test a series of fresh concrete mixes with a wide range of rheological
characteristics (Banfill et al., 2001). The results confirmed that the instruments did indeed
give differing values of the yield stress and plastic viscosity for the same mix. Figure 3.9 is
an example of how two different rheometers gave totally different responses for one and the

same mix.

Shear stress (Pa)

600

Tattersall MK-II

[} 2 4 ] 10 12 14
Shear rate (1/s)

Figure 3.9: Two different responses for a single SCC mix tested by two rheometers (After Feys,
2007)

3.5.2 Effect of concrete constituents on the Bingham constants

The effect of the paste content, water, superplasticiser and cement replacement materials on
the yield stress and plastic viscosity of a concrete mix are discussed here. Similar to what has
been observed in the cement paste, the addition of water to a concrete mix decreases both its
yield stress and the plastic viscosity. Superplasticisers normally reduce the yield stress but
seem to have a different effect on the plastic viscosity. Solid-based superplasticisers like

naphthalene-based, lead to an increase in the plastic viscosity, while the liquid-based
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superplasticisers such as Gelenium ACE 333 have the opposite effect. Replacing some
cement by Pulverized-Fuel Ash (PFA) or Ground Granulated Blast Furnace Slag (GGBS)
reduces the yield stress, but leads to a decrease, and an increase, in the plastic viscosity,

respectively. Also, using more paste increases the plastic viscosity but decreases the yield

stress. All these effects are summarised in Figure 3.10.

Superplasticiser

Yieldstress  §

4’
Plastic viscosity

Figure 3.10: The effect of mix constituents on Bingham constants (After Domone, 2003)
As stated by Carlsward et al. (2003) regarding the influence of constituents on rheology, air
and crushed aggregates primarily decrease and increase the plastic viscosity, respectively,
while the addition of silica fume predominantly increases the yield stress. Addition of water

also decreases both the yield stress and plastic viscosity (see Figure 3.11).

Sifica
T fume
l{
£ Ad
3 «—1
> Air (Water
Plastic viscosity

Figure 3.11: Effect of some constituents on the rheological characteristics of SCC (After Dietz
and Ma, 2000)
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All these effects, although typical, will not necessarily occur with all mixes, and the
behaviour can vary according to the type and source of component materials (particularly

admixtures) and the properties of the initial mix, i.e. the starting point in Figure 3.10.

Also, it is difficult to predict the interactive effects of two or more variables; an example of
this is shown in Figure 3.12 for mixes containing varying cement and microsilica contents.
Small amounts of microsilica reduce the plastic viscosity, with almost no effect on the yield
stress; however, above a threshold level of microsilica, which depends on the cement content,
there is a substantial increase in the yield stress, followed by an increase in the plastic

viscosity.

Cement content (kg/m?)
400

Yield stress

200

\
2% Microsilica replacement

»

Plastic viscosity

Figure 3.12: Bingham constants for mixes containing various amount of microsilica (After
Gjorv, 1997)

3.6 Basic terms and equations used in the general flow simulation

Fluid dynamics uses the concept of fluid particles whose motion is described by Newton’s
second law of motion. In continuum mechanics, the mathematical relations are written in the
form of conservation equations. The basic governing equations of motion for a fluid particle
are the equations of mass, momentum, and energy conservation. However in the absence of
heat flux in a continuum, the energy can be assumed to be identically conserved (see Section
3.7). In this Section we will derive the mass and momentum conservation equations in the

Lagrangian frame of reference that employ the material derivative (a combination of local
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and convective derivatives). Normally the derivations use either the finite control volume or

an infinitesimal fluid element concept.

3.6.1 Finite control volume

Consider a finite region of a flow field shown in Figure 3.13. Let us assign a control volume
V and a control surface S to this region. The control volume can be fixed in space and the
flow pass through it or it may move with the flow in such a way that a constant number of
fluid particles is always inside it. The fundamental physical principles are applied to the fluid
inside the control volume to derive the equations in an integral form. The integral equations
are then converted to partial differential equations. If the concept of a fixed control volume is
used, the equations so obtained are called the conservation form of the governing equations,
while the concept of a moving control volume gives the non-conservation form of the

governing equations (Wendt, 1992).

Control surface § / /
S

_—/

Control volume ¥

_— T~

Figure 3.13: Finite control volume approach with fixed control volume (left) and moving control
volume (right) (After Wendt, 1992)

3.6.2 Infinitesimal fluid element

Let us consider a general flow field shown in Figure 3.14. On the one hand, the fluid element
should be small to be considered as a differential volume d¥ for the purpose of the modelling
and on the other this volume has to be sufficiently large to contain a very large number of
molecules in order to regard it as a continuous medium. Again the fluid element can be fixed
in space and the flow pass through it or it may move with the flow in such a way that a

constant number of fluid particles is always inside it. This approach gives the partial
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differential equations directly. These equations are obtained based on the fixed or moving
fluid elements which yield the conservation and non-conservation forms of the equations,

respectively.

Figure 3.14: Infinitesimal fluid element approach with fixed control element (left) and moving
control element (right)

3.6.3 Material derivative

The substantial derivative or the total time derivative is an important physical concept in fluid
dynamics. Let us consider the infinitesimal fluid cell moving with the flow (right side of

Figure 3.14) at two time instants, t; and t. The scalar density field at time t, is given by,
P :p(xlaypzptl) (31)

At a later time, t, this field becomes:

Py =p(X,,Y,,2,,1,) (3.2)

The function (3.2) is expanded in a Taylor’s series around the first point t; (Wendt, 1992) to

give

Py =P +(g§l (x, _x1)+(%l O, -y1)+(%o)l (z,-z)

(3.3)
+ [%’) (z, —t,) + (higher order terms)

Dividing both sides of (3.3) by (¢, —¢,) gives
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p2_pl:(ap) (xz x1)+
L-1 ox ), t,—t,

o\ Y= N\.[0P -2
2 (B) (%)

The left hand side of (3.4) is physically the average time rate of change in density of the fluid

(4)

element as it moves from point 1 to point 2. If t; approaches t;, then

lim| 2=A |- PP (3.5)
L4 12—11 Dt

. . . . Dp . i
Examining (3.5), it can be realized that in a physical sense Ep is the time rate of change of

the fluid element, i.e. the change of density as it moves through point one as opposed to

(a—p) which is the time rate of change of density at the fixed point 1. By taking the limit of
1

the right hand side of (3.4) as t; approaches t;, we have

lim(l’ll;‘i) =v (3.6)

Q=v 6_p+v 6—p+v a—p+—@2 3.7

Dt *a&x oy ‘e o
By considering (3.7), a general expression can be obtained for a material derivative

D 0 0 0 0
—=—+V —+V —+V, — 3.
D e ra e (3.8)

Denoting
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0 +0 -0
V=i —+j—+k— 39
3 Jay 5 (3.9)
(3.8) can be written as
D 0
= Rvj 3.10
Dt 8t+(v ) (3.10)

v-V is called the convective derivative, which in physical terms defines the time rate of
change as the fluid element moves from one location to another in the flow field. The

substantial derivative can be used for any flow field variables, e.g. pressure.

3.6.4 Physical meaning of V.v

The divergence of the velocity is a term that appears frequently when dealing with fluid
dynamics problems. Consider a moving control volume in a flow field (right side of Figure
3.13); this control volume contains the same particles as it moves through the flow. As the
control volume moves to a different location of the fluid, its volume V and control surface S
will change because at its new position a different value of p might exist. The moving
control volume with a constant mass is continuously changing its volume and shape
depending on the characteristics of the flow. Consider an infinitesimal element moving at the
local velocity v, with surface dS and volume AV . Figure 3.15 shows the change in the

volume of the control volume AV over a time increment At .

Figure 3.15: Physical meaning of the divergence of velocity (After Wendt, 1992)

From Figure 3.15, the change in volume is equal to the volume of the cylinder with base area
dS and height (vA?)-n, wherenis a unit vector perpendicular to the surface. This change in

volume is equal to
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AV =[(vAf)-n}dS (3.11)

The total volume change of the entire control volume is the integral over the control surface S

AV:ijt-ndS (3.12)
S

Dividing both sides of (3.12) by Ar and applying the divergence theorem yields

ﬂ:ijdV (3.13)
Aty

where V is the divergence operator (3.9).

Note that the left side of (3.13) is the material derivative of V, because this case is dealing

with the time rate of change of the control volume as the volume moves with the flow.

If the control volume is shrunk to an infinitesimal fluid element with volume d¥v , (3.13)

becomes

_A_(iﬁqv-v)j d(V)=(V-v)sV (3.14)
| 4
Finally, the velocity divergence is given by;

o LD
Viv=—— (3.15)

The RHS of (3.15) explains physically the divergence of the velocity. It expresses the fact

that V . v is the time rate of change of the volume of a moving fluid element per unit volume.
3.6.5 The continuity equation

Consider a moving fluid element with a fixed mass §m and volume 6V then

om=p& (3.16)
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The continuity equation is based on the conservation of mass. It implies that the time rate of
change of the mass of the fluid element is zero as the element moves along with the flow.

Physically, this means that the substantial derivative of the infinitesimal mass is zero, i.e.

Dem) _ (3.17)
Dt

The substantial derivative of (3.17) reads

D@m) _De¥)_g Do, D) _,, (3.18)
Dt Dt Dt Dt

Rearranging (3.18) gives

Dp,, 1 D¥)_, (3.19)

Dt & Dt

The second term in (3.19) is the divergence of the velocity (see (3.15)). Therefore

DPe, w.v=0 (3.20)

Dt

(3.20) is the continuity equation or the mass conservation equation in the Lagrangian form.

3.6.6 The momentum equations

The momentum equations are based on the conservation of momentum. The physical
principle here is Newton’s second law, i.e. the total force on a fluid element equals to its mass
times the acceleration of the considered fluid element. Let us consider a moving fluid element
as shown in Figure 3.14. The fluid element with the components of the force in the x

direction is shown in more detail in Figure 3.16.
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Figure 3.16: A fluid element with components of the force in the x direction (After Wendt, 1992)

The acceleration of the fluid element is Dv, ,—= and Dy, , in x, y and z directions
Dt =~ Dt Dt

respectively, where v_,v  and v, are the components of the velocity in the same directions.

The net force acting on this element follows from two sources: the body force and the surface

force.

e Body forces act directly on the volumetric mass of the fluid; examples of this kind of
force are the gravitational, electric and magnetic forces;

o Surface forces act on the surface of the fluid element and are divided into two sub-
categories, i.e. the pressure imposed by the outside fluid surrounding the fluid
element, and the shear and normal stress distributions related to the time rate of
change of the deformation of the element which result in a shear deformation and

volume change, respectively.

The face dhgc may be called as the negative face of x and the face aefb as the positive face of
x since the x value for face dhgc is less than that for the face aefb. Similarly, the face abcd is
the negative face of y and ehgf is positive face of y. Negative and positive faces of z are hgcd
and efab. Note that the stress on the positive face is equal to the stress on the negative face

plus the rate of change of that stress multiplied by the distance between the faces. The
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convention will be used here that a stress is positive when it is on the positive face in the

positive direction or on the negative face in the negative direction. Also, the shear stress 7,

denotes a stress in the j-direction exerted on a plane perpendicular to the i-axis.

Both the shear and normal stresses depend on the velocity gradients in the flow. In most

viscous flows, the normal stresses (e.g. 7. ) are much smaller than the shear stresses and are
neglected, however when the normal velocity gradients (e.g. dv, /Ox ) are very large, the

normal stresses have to be taken into account (such as inside a shock wave).

With the above in mind, in the x direction, all the forces acting on the infinitesimal fluid

element are:
1P+ L aey-Piyds +[r,, + e )—1_ Wz +
ox ox
or or,
[(7,. +?yxd)’)—7y,]‘b‘dz +I(z.. +Ta;5dz)—ta]dxdy (3.21)
oP or,, 07, or,

== adydz + L= dedydz +—2-dxdydz + <= dxdydz
pw dy o dy > dy P dy

where P is the pressure from the surrounding fluid.

If the body force in the x direction is F;, then according to Newton’s second law;

dv av OP

X~ dz —* = ——dxdydz
mdt pexdy dt ox dydz +
or ot or
—2 ddydz + —=dxdydz + —=dxdydz
pe dy > dy +62 dydz +
F, (pdxdydz )
(3.22)

And hence the momentum equation in the x direction is given by

0
pDv‘ =_§£+6rn + “x +(jrzx + pF, (3.23)
Dt ox Oox o oz

Similarly, the y and z components can be obtained as

Dv 0 0 0
p—= =—§£+ i + 8 Ty + pF, (3.24)
Dt &y & y o y

or
pe P 0% Tt D% b, (3.25)
Dt oz ox oy Oz
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Equations (3.23) to (3.25) are called the Navier-Stokes equations in honour of M. Navier and
G. Stokes, who obtained the equations independently in the first half of the nineteenth

century.

If only the gravitational force on a particle is considered, the momentum equations (3.23) to

(3.25) may be written in a compact form as

0o,
_I_)v_ :l_'f_+g (3.26)

Note that, in (3.26) the first term in the right hand side is the total stress tensor, which is made

up of two parts: the isotropic pressure P and the viscous stress T as
o, ==Pd; +1; 3.27)

Therefore, in summary the momentum conservation equations become
ﬁ:—lVP+lV.'r+g (3.28)
Dt p p

3.7 Disregarding energy conservation equations

In the case of an incompressible flow (V.v =0), i=CT, where i is the sum of internal energy
and C is the specific heat. Therefore the energy conservation equations reduce to temperature
equations. In these equations if the differences between the surface and free stream
temperatures are small so that the fluid properties such as its density and viscosity in the
conservation equations are not affected by temperature, the conservation equations for energy

can be ignored.
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For this simple case, the force is constant and is proportional to the velocity gradient, 7y .

Therefore

Fld=1, =ny, (3.29)

The first subscript represents the direction normal to the shearing surface, while the second

subscript indicates the direction of the force (or flow).

If the ratio /7y is constant, the fluid is Newtonian, otherwise it is non-Newtonian. The non-

Newtonian fluids can be grouped into three categories as follows:

¢ Generalized Newtonian fluids: the rate of shear at any point is obtained only by the
value of the shear stress at that point and at that instant. These fluids are also known
as purely viscous, time-independent and inelastic fluids.

¢ Time-dependent fluids: more complex relations are implemented to describe such
fluids. The relation between the shear stress and shear rate depends on the duration of
shearing and their kinematic history.

e Visco-elastic fluids: demonstrate properties of both ideal fluids and elastic solids.
These fluids show partial elastic recovery after deformation.

These categories of fluids may be further subdivided, as shown in Figure 3.19.

Non-Newtonian
fluids
X
f T |
Time-independent
or Generalized Time-dependent Visco-elastic
Newtonian
X I
4 T ] r 1 T
Viscoplastic e.g.
Bingham plastic Shear-thinning Shear-thickening Thixotropy Rheotropy Elongation
model

Figure 3.19: Subdivision of non-Newtonian fluids
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The most common type of flow behaviour observed is generalized Newtonian or time-
independent non-Newtonian. Figure 3.20 shows sets of qualitative flow curves on linear

scales for the above three types of non-Newtonian fluid behaviour.

ki I T [

Yield-

pseudoplastic
Bingham
__ plastic —

Shear stress

Newtonian |
fluid

1Y
Dilatant fluid

l ] 1 ]
Shear rate

Figure 3.20: Types of generalized non-Newtonian flow behaviour (After Chhabra and
Richardson, 2008)

Among these three, the most common type of flow behaviour is the visco-plastic one,

characterized by the existence of a yield stress (7,) which must be exceeded in order for a

fluid to flow.

The viscosity of a fluid can be a decreasing or an increasing function of y; such fluids are

called shear thinning and shear thickening, respectively. Figure 3.21 shows these behaviours

in relation to Bingham and Newtonian fluids.
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Shear stress (1)
4 Shear thinning

Linear (Bingham)

Shear thickening

_~ - Linear (Newtonian)

~
- ’T Viscosity |
Rate of shear strain (y)

Figure 3.21: Behaviour of shear thinning and shear thickening fluids in relation to viscoplastic
fluids behaviour (After Domone, 2003)

Once the shear stress reaches this yield value, the flow curve (shear stress vs. shear rate) may
be linear or non-linear which do not pass through the origin. Over the years, some empirical

equations have been proposed. The three commonly used models are described below.

3.8.1.1 Bingham plastic model

The Bingham plastic model or simply the Bingham model is the simplest relation to show the

behaviour of a fluid having a yield stressz, . It is written as

T=7, +ny ™>7
’ g (3.30)

y=0 7<t,

3.8.1.2 Herschel-Bulkley model

This model is a generalization of the Bingham model in such a way that, upon deformation,
the viscosity can be shear thinning or shear thickening (see Figure 3.21). The constitutive
equation is

r=1,+my" >7,

(3.31)

y=0 <7,

For n<l1, the fluid exhibits shear thinning properties
n=1, the fluid shows Bingham behaviour

n>1, the fluid shows shear thickening behaviour
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In equation (3.31), m and n are two empirical curve-fitting parameters and are known as the
fluid consistency coefficient and the flow behaviour index, respectively. For a shear thinning
fluid, the index may have any value between 0 and 1. The smaller the value of n, the greater
is the degree of shear thinning. For a shear thickening fluid, the index »n will be greater than

unity.

3.8.2 Compressible and incompressible fluids

As previously mentioned, one can divide the flows based on their response to an external
pressure. Physically, a fluid which is not reduced in volume by an increase in pressure is
called an incompressible fluid, whereas the opposite is true for a compressible fluid. In an
incompressible flow the ratio of the material speed to the speed of sound in the fluid is very
low (normally around 0.1); this ratio is called the Mach number. In computational fluid
dynamics this classification is of prime importance in order to solve the conservation
equations (see Sections 3.6.5 and 3.6.6 above). A problem that occurs in solving the
conservation equations is introduced by the pressure term, which only appears in the
momentum conservation equations (3.28) and needs to be coupled with the velocity field in
the mass conservation equations (3.20). In compressible flows, this problem can be solved by

adopting a suitable equation of state P = P(p,T)which gives the pressure based on density

and temperature; this means that the continuity equations are used as a transport for density.
However, if the flow is incompressible, the density is constant and by definition has no link
to pressure. The main aim in solving an incompressible fluid flow problem is to apply the
correct pressure field in the momentum equations in order to have a continuous velocity field,
i.e. divergence free velocity (V-v=0). As we shall be solving an incompressible flow
problem later in Chapter 6, we shall review briefly how the pressure-velocity linkage is
affected through either the concept of artificial compressibility or the pressure-Poisson

(projection or pressure correction) equation.
3.8.2.1 Artificial compressibility

As stated before, the main difficulty with the solution of the incompressible fluid flow
equations is due to the decoupling of the mass and momentum conservation equations due to
the absence of the pressure (or density) term from the continuity (or mass conservation)

equations. Chorin (1968) proposed an approach to overcome this problem. He introduced an
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artificial compressibility term into the continuity equations. In the absence of external forces
and the deviatoric part in the momentum conservation equations, using this method the

conservation equations become

—1—%+V.v =0

gv . (3.32)
—=——VP

Dt P

B is a factor which enables the conservation equations to have a divergence free solution, i.e.
to satisfy the incompressibility requirement. The artificial compressibility gives sets of
equations which are hyperbolic and hyperbolic-parabolic and whose solution is often less
computationally expensive than that of elliptic equations (used in the pressure-Poisson

method; see below).
3.8.2.2 Pressure-Poisson equation

The basic idea of this method is to formulate a Poisson’s equation for the pressure correction.
The pressure and velocity fields are updated until they reach a divergence free state. Taking
the divergence of the momentum conservation equations in the absence of a deviatoric stress

gives

V2P = —pV.(Wv) (3.33)

In order to use the pressure-Poisson’s equation, a projection formulation introduced by
Chorin (1968) is implemented in such a way that the pressure field is applied to enforce a

divergence-free velocity. The basic idea of projection method is to introduce a vector field
(here velocity or velocity gradient), v =(v*,v,v*)neglecting the divergence of the velocity

field, and then to recover the incompressible nature of the flow through projection. The

operation is
v? = P(v) (3.34)
where v?is a desired solenoidal vector fieldi.e. V.v=0.

The projection methods in turn are divided into exact and approximate projections. In the
exact projection, the discrete divergence of a vector field is intended to be identically zero

after applying the projection to a vector field. In the approximate projection, the discrete
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divergence is a function of the truncated error of the scheme. In Chapter 6, we shall be using

the pressure-Poisson equation in order to impose exactly the incompressibility requirement.

3.9 Simulation of the flow of concrete

This section briefly provides a general overview of the present computational strategies
available in the literature to model the flow of fresh concrete. From the modelling point of
view, the fresh concrete can be considered as a fluid when a particular degree of flow-ability
is achieved, e.g. the slump is at least 100 mm (Ferraris et al., 2001a) and when the concrete is
homogeneous. Due to its extreme flow-ability, the SCC in general satisfies the flow and
cohesiveness requirements and can thus be modelled as a Bingham fluid (Vasilic et al.,
2010). In most numerical simulations, only the steady-state of the flow is considered, i.e.
thixotropy is not taken into account. Therefore the loss of workability of concrete during the
flow is not modelled. However, sometimes the viscosity increases with the shear rate which
means the SCCs exhibit a shear thickening behaviour (e.g. in mixing and pumping). This
behaviour can be modelled by a generalization of the Bingham model, the so-called Herschel-
Bulkley model (see equation (3.31)).

Computational modelling of flow could be used in three main ways; first, for the simulation
of mould filling behaviour; second, a potential tool for understanding the rheological
behaviour of concrete; and third, a tool for mix proportioning. The numerical simulation of
the SCC flow could allow us to determine the minimum workability of the fresh concrete that

would ensure the proper filling of a given mould.

The computational modelling techniques based on the finite element method (FEM) are used
to deal with the concrete particles. In the literature, these mesh-based FEM modelling
techniques may be divided into two main families: homogeneous fluid simulation and non-
homogeneous fluid simulation. An alternative to modelling the concrete particles is to use
methods which are based on the mesh-less methodology, such as the smooth particle
hydrodynamics (SPH) method.
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3.9.1 FEM modelling techniques
3.9.1.1 Homogeneous fluid simulation

The homogenous fluid approach has mostly been used to model the flow of fresh concrete. It
refers to the simulation of ideal fluids without particle inclusions and is included in the
overall framework of computational fluid dynamics (CFD) (Wendt, 1992). A numerical
solution method is applied to obtain the flow characteristics by solving the governing

equations of mass, momentum and energy conservation.

The important assumptions are that the segregation of the coarse particles during the flow
(dynamic segregation) does not take place and that the blocking of concrete caused by
particle interactions, e.g. by their interaction with the reinforcement bars, at any stage of flow
is avoided. Also the smallest characteristic dimension of the flow (size of the mould or the
spacing between the bars) must be large compared to the size of the largest particle (five

times larger) (Spangenberg et al., 2010). Otherwise, other simulation methods must be used.

In this approach a single fluid characteristic is assigned during the flow, such as the yield
stress and the plastic viscosity. The Bingham model is the most common model used. The
discretization methods comprise the finite volume method, the finite element method, and the
finite difference method (Wendt 1992). In the past researchers have mainly used two models
to simulate the fluidity tests of fresh concrete, namely the visco-plastic finite element method
(VFEM) (e.g. Mori and Tanigawa, 1992), and the visco-plastic divided element method
(VDEM) (e.g. Kurokawa et al., 1996).

Both methods assume that concrete can be described as a homogeneous fluid with single
rheological properties. As reported by Roussel et al. (2007), in the VFEM, the fresh concrete
is divided into elements in which the deformation is calculated, and the flow is described by
the displacement of the nodal points. In the VDEM, the domain is divided into elements and
cells, which are either empty or full, and the flow is described by+he displacement of virtual

markers.

A few studies have been carried out on the process of casting cementitious materials using
the homogeneous fluid approach. For the SCC, Thrane (2007) registered consistency between

the experimental and simulated flow behaviour for the slump flow test, the L-box test, and
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