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Abstract

The improvement of packing density of granular composition in combination with
highly effective superplasticizer together with fibre reinforcing generates a new class of
concretes called Ultra-High Performance Fibre Reinforced Concrete (UHPFRC). The
characteristic key properties of UHPFRC are (i) its self-flow ability, (ii) its ultra-high
compressive strength of 150 - 200 MPa, (iii) its high ductility and toughness, and (iv)
its extremely high durability. Due to its outstanding characteristics, many innovative
applications of UHPFRC were developed for sustainable and elegant structures.

UHPFRC’s mix design using local materials is a challenge due to the high number of
the raw materials and their great difference regarding physical and chemical properties.
Furthermore, the existing particle packing models for concrete mix design have some limits
because of the difference between the assumption of the mathematical models and the real
chemical-physical effects. Therefore, the predictions are at variance with the experiments.

The main questions answered in this research project, with regards to the improvement
of the packing density and strength are how the proper materials can be selected for
UHPFRC production, how the optimum cementitious paste can be determined, how the
optimum aggregate can be found out to obtain the optimum concrete considering the
combination of the optimum paste and the optimum aggregate, how an effective steel
fibre can be established for achieving the best strain-hardening UHPFRC with low fibre
content.

This thesis provides a systematic and highly efficient approach that is based on
stepwise optimization of particle packing density for UHPFRC mix design using local
materials. The proposed approach is an optimization procedure, starting with the materials
selection to the optimization of cementitious paste and the whole concrete matrix (UHPC)
and finishing by determination of the most effective fibre for improving the ductility and
toughness of UHPFRC.

First the advantages and disadvantages of different existing particle packing models
and of various existing particle packing density measurement methods were analyzed.
Furthermore, the major roles of each raw material in UHPFRC production and the
influence of the materials characteristics on UHPFRC performance were summarized. As
a result of that, an efficient test method called superplasticizer-water solution demand
test, based on mixing energy measurement, was proposed to examine the particle packing
density of powder. The reactivities and packing densities of the powders were evaluated,
thereby selecting the most suitable materials of cements, superplasticizers, silica fumes, fly
ash, ground granulated blast furnace slag, quartz powders, limestone powder for UHPFRC
matrix production.
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Abstract

Based on the basic idea that the void space between larger grains can be filled by
smaller grains in order to improve the packing density of the granular concrete mixture, a
method of stepwise optimization of particle packing for granular materials was proposed.
Five different optimum binders that include cement, reactive and/or inert powders were
developed by applying the test of superplasticizer-water demand and the method of the
stepwise optimization of particle packing.

Taking into account the relation between the compressive strength of concrete and the
water-cement ratio, the degree of hydration of cement, the gel-space ratio the water-cement
ratio of 0.25 was chosen and kept constant for all tests which relate to the rheology
behavious and strength of pastes and concretes. The saturated amount of superplasticizer
for each optimum binder was found out by the assessment of the rheological of paste and
concrete using a rotational rheometer and spread-flow test.

When an optimum paste having a fixed volume combined with a blended aggregate
which was formed by the combination of various aggregates, the best mix proportion of
blended aggregates was recognized by showing the highest flowability and the lowest plastic
viscosity of concrete mixture as the stepwise optimization of particle packing method was
employed for aggregate combinations. Four optimum self-flowing UHPC with different
maximum grain sizes of 1 mm, 2 mm, 4 mm and 8 mm were developed, their compressive
strength at 28 days age were higher than 190 MPa.

Three existing particle packing models such as the modified Andreasen and Andersen
equation-based ideal curve, the Compressible Packing Model (CPM) of de Larrard and the
Compaction-Interaction Packing Model (CIPM) of Fennis (which represent the packing
together of different monosized classes) were also used to determine the mix proportion of
binder and of blended aggregate and the whole concrete matrix. However, the experimental
results indicate that these existing models are limited for UHPC mixture proportioning
and it is not guaranteed to achieve the highest performance of concrete.

Six different high strength steel fibres were employed to improve the ductility of the
developed optimum UHPCs. Four micro steel fibres were two types of smooth straight
fibres (F1: L1/D1 = 13mm/0.2mm; F2: L2/D2 = 20mm/0.2mm) and two types of crimped
fibres (F3: L3/D3 = 9mm/0.12mm; F4: L4/D4 = 12mm/0.18mm) while two indented
macro steel fibres were hooked ends fibre (F5: L5/D5 = 30mm/0.55mm) and straight
fibre (F6: L6/D6 = 25mm/0.3mm). Fibre pull-out tests were carried out to determine the
fibre-matrix bond strength. The influences of fibre types, contents and matrix composition
on the properties of UHPFRC in fresh and hardened states were investigated. The critical
fibre volumes for self-flowing properties of UHPFRC without fibres clumping were found
out experimentally. The comparative investigations on the mechanical behaviour of the
UHPFRCs were then carried out using four points bending test and direct tensile test.
The effectiveness of each fibre type in reinforcing UHPCs were analyzed. Self-flowing
strain-hardening UHPFRCs with the highest mechanical performance and the lowest fibre
content were established.

The developed UHPFRCs were applied successfully to some pilot projects.
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Kurzfassung

Die Verbesserung der Packungsdichte der Kornzusammensetzung in Kombination
mit Hochleistungsfliemitteln und Faserbewehrung erzeugt eine Betonsorte namens faser-
bewehrten Ultra-Hochleistungsbeton (UHPRFC). Die wesentlichen Eigenschaften von
UHPFRC sind selbstverdichtende Eigenschaften, Druckfestigkeiten von 150-200 MPa,
eine hohe Duktilität und Widerstandsfähigkeit sowie eine extreme Dauerhaftigkeit. Auf-
grund dieser auergewöhnlichen Charakteristik wurden viele innovativen Anwendungen mit
UHPFRC für nachhaltige und elegante Strukturen entwickelt.

Die Rezepturentwicklung für UHPFRC mit lokalen Materialien ist eine große Her-
ausforderung aufgrund der Vielzahl an Rohstoffen und ihren großen Unterschieden in
Bezug auf deren physikalischen und chemischen Eigenschaften. Des Weiteren haben
vorhandene Modelle zur Bestimmung der Packungsdichte grenzen. Dies beruht auf Unter-
schiede zwischen den Annahmen in mathematischen Modellen und den realen chemischen
und physikalischen Effekten. Aus diesem Grund weichen die prognostizierten von den
experimentell ermittelten Ergebnissen ab.

Die zentralen Fragen, welche in dieser Forschungsarbeit bezüglich der Verbesserung
der Packungsdichte und Festigkeit beantwortet werden, sind wie die geeigneten Materialien
für die UHPFRC-Produktion ausgewählt werden können, wie die optimale Leimzusam-
mensetzung bestimmt werden kann, wie die optimale Gesteinskörnung ermittelt werden
kann um den optimalen UHPFRC zu erhalten und wie eine wirksame Stahlfaserbewehrung
mit mglichst niedrigem Fasergehalt zum Erreichen eines verfestigendem Tragverhaltens
unter Zugbeanspruchung ermittelt werden kann.

Diese Arbeit bietet einen systematischen und hocheffizienten Ansatz, der auf einer
schrittweisen Optimierung der Packungsdichte zur Rezepturentwicklung von UHPFRC
mit lokalen Materialien basiert. Der vorgeschlagene Ansatz ist ein Optimierungsverfahren
beginnend mit der Materialauswahl zur Optimierung des Leims und der gesamten UHPFRC-
Matrix und endet mit der Bestimmung der wirksamsten Faserbewehrung zur Verbesserung
der Duktiliät und Widerstandfähigkeit von UHPFRC.

Die entwickelten UHPFRC-Rezepturen sind bereits erfolgreich in diversen Pilotpro-
jekten eingesetzt worden.
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1. Introduction

1.1. UHPFRC research and application

The improvement of packing density of granular composition in combination with
highly effective superplasticizer together with fibre reinforcing generates a new class of
concretes called Ultra-High Performance Fibre Reinforced Concrete (UHPFRC). Ultra-
High Strength Concretes are characterized by brittle failure behaviour. The adding of
high volume steel fibres, i.e. higher than 1 vol.%, to the brittle matrix improves the
ductility and the toughness considerably. Self-compacting properties of concrete matrix is
really essential to ensure a good workability of UHPFRC. The compressive strength of
about 150 - 200 MPa, the high ductility and toughness, the extremely good durability
properties of UHPFRC make it, more and more, become popular materials for building of
new structures with light weight in elegant form as well as for repair and strengthening of
existing structures with a longer service life. For instance:

� Figure 1.1 shows an arch road bridge in Austria (Reichel et al. [2011a, 2011b]).
Due to the high stiffness of the arch structure a maximum utilization of the high
compressive strength of UHPFRC was achieved. The main span of the two parallel
arches is about 70 m. The wall thickness of the precast hollow box UHPFRC is 60
mm only.

Figure 1.1.: The arch road bridge WILD in Carinthia-Austria: assembly of the UHPC precast
elements of the arch (left) and the completed bridge in August 2010 (right), after
Reichel et al. [2011a, 2011b]

� Figure 1.2 shows the application of UHPFRC in the renovation of an existing
reinforced concrete motorway bridge in Austria (Tue et al. [2015]). A thin UHPFRC
layer of 7 cm replaced the waterproofing as well as the asphalt pavement and increased
the load-carrying capacity.

During the last decades numerous UHPFRC researches all over the world presented
and discussed at many prestigious UHPFRC International Symposium (Germany (Fehling

1



1. Introduction

Figure 1.2.: Application of UHPFRC as road bridge topping within the adaptation of an
existing conventional bridge to an integral abutment bridge - Steinbach bridge S6
motorway in Austria: casting the UHPFRC bridge deck (left) and the finished
bridge topping (right), after Tue et al. [2015]

et al. [2004, 2008, 2016] and Schmidt et al. [2012]); France (AFGC/fib [2009, 2013]); USA
(Sritharan et al. [2016])) and National Research Program on UHPFRC (France (AFGC
[2002, 2013] and AFNOR [2016b, 2016a]); Germany (Schmidt et al. [2014]); USA (FHWA
[2015])) have given a broad survey of all aspects of UHPFRC including raw materials,
micro- and macro-structures, mechanical behaviour, durability as well as of construction
and design specifications appropriate for this material. The detail information about
completed UHPC Projects can be found in the books of Resplendino and Toutlemonde
[2011] and of Fehling and Schmidt et al. [2013].

UHPFRC in Germany: The priority program SPP 1182 of the German Research
Foundation with the participation of 26 university and industrial research institutes is a
great effort to create the precondition to individually design, produce and purposefully
apply UHPFRC from suitable, locally available raw materials (Schmidt and Fehling et
al. [2014]). In the program SPP 1182, various standards UHPFRC were developed at the
University of Kassel. Holcim sulfo CEM I 52.5 R HS/NA with C3A lower than 1.5 wt.%
was used for all researches, the qualilty of the cement clinker phases was monitored very
strictly. Table 1.1 describes some typical UHPC compositions developed for the program
SPP 1182.

UHPFRC in France: Based on the technical consensus expressed in AFGC Rec-
ommendations [2002, 2013] two standards for UHPFRC were introduced in France. One
standard for UHPFRC as a construction product, referred as NFP 18-470 (AFNOR
[2016b]). One standard for the design of UHPFRC structures, referred as NFP 18-710
(AFNOR [2016a]), which stands as a national complement to Eurocode 2. According to
NFP 18-470 (AFNOR [2016b]) UHPFRC fulfills the following requirements:

� Maximum size of aggregates is smaller or equal to 10 mm.
� Concrete density is about 2200-2800 kg/m3.
� Characteristic value of the elasticity limit under tension at 28 days fctk,el ≥ 6 MPa.
� Water porosity at 90 days ≤ 9%.
� Coefficient of apparent diffusion of chloride ions at 90 days ≤ 0.5x10-12 m2/s.
� Apparent gas permeability at 90 days ≤ 9x10-19 m2.
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1.1. UHPFRC research and application

Additionally, the 28 days characteristic compressive strength measured on cylinders with
100 mm diameter and 200 mm height is used for the compressive strength classification of
UHPFRC, as listed in Table 1.2.

Table 1.1.: The reference mixtures of the priority program SPP 1182 of German Research

Foundation, after Schmidt and Fehling et al. [2014].

Unit M2Q M2Qb M3Q M3BS B4Q B5Q

Water (kg/m3) 166 166 183 165 158 158

Cement CEMI
52.5R HS-NA
Holcim Sunfo

(kg/m3) 832 832 775 832 650 650

Silica fume
(kg/m3) 135 135 164 135 177 177

Product Elkem
Microsil-
ica Grade
983

Elkem
Microsil-
ica Grade
971

Sika Sili-
coll P un-
densified

Sika Sili-
coll P un-
densified

Elkem
Microsil-
ica Grade
983

Sika Sil-
icoll P
densified

Superplasticizer
(kg/m3) 29.4 29.4 23.5 24.2 30.4 30.3

Product FM 1254 Master
Glenium
51

Sika Vis-
cocrete
2810

Sika Vis-
cocrete
2810

Master
Glenium
51

Sika Vis-
cocrete
20 Gold

Quartz Pow. I -
MILLSIL W12

(kg/m3) 207 207 193 207 325 325

Quartz Pow. II -
MILLSIL W3

(kg/m3) - - - - 131 131

Quartz sand
0.125-0.5 mm
H33 or G33

(kg/m3) 975 975 946 - 354 354

Basalt 0-2 mm (kg/m3) - - - 1104 - -

Basalt 2-8 mm (kg/m3) - - - - 597 597

Steel fibres
STRATEC
Weidacon

(%vol.) 2.5 2.5 2.5 2.5 2.5 2.5

W/C ratio 0.22 0.22 0.255 0.22 0.275 0.28

W/B ratio 0.19 0.19 0.21 0.19 0.215 0.22

Compressive strength (MPa)

Cube 100mm 172.2 - - - - 187.4

Cylinder
D16cm/H32cm

154.3 - - - - 168.3

3
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Table 1.2.: Compressive strength classes for UHPFRC acc. to standards NFP 18-470 [2016b].

Compressive strength class
Limiting value

Minimum fck-Cylinder (MPa) Minimum fck-Cube (MPa)

UHPC 130/140 130 145
UHPC 150/165 150 165
UHPC 175/190 175 190
UHPC 200/215 200 215
UHPC 225/240 225 240
UHPC 250/265 250 265

UHPFRC in USA: UHPFRC bridges were developed in USA since 2001 by the
Federal Highway Administration as a pioneer in research on the optimal uses of UHPFRC
in the highway bridge infrastructure. The products of the developed UHPFRC projects
include precast, prestressed girders; precast waffle panels for bridge decks; and jointing
material between precast concrete deck panels and girders and between the flanges of
adjacent girders. Ductal® is a commercial product used in most UHPC researches and
applications in North America. Table 1.3 shows a typical composition of this material
(Russell and Graybeal [2013]).

Table 1.3.: Typical composition of Ductal® in North America (Russell and Graybeal [2013]).

Materials kg/m3 wt.% of cement

Portland Cement 712 100
Fine sand 1020 143.3
Silica fume 231 32.4
Ground Quartz 211 29.6
Superplasticizer
(SP)

30.7 4.3

Accelerator 30 4.2
Steel fiber 156 21.9
Water 109 15.13 (without water in SP and Acclerator)

1.2. Motivation

In order to achieve the highest performance of UHPFRC the basic rules for UHPFRC
production have been applied since the first introduction by Bache [1981] and the further
development of Reactive Powder Concrete by Richard and Cheyrezy [1995]. These rules
are:

� The homogeneity of the concrete is improved by eliminating coarse aggregates because
large grains cause stress concentrations that lead to a decrease in strength.

� An optimum packing density for the granular applied materials in concrete is
important. As a result of that, the microstructure of concrete is improved significantly
by the fine particles of reactive and inert materials.
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� Fine steel fibres with a sufficient content have to be added to the brittle matrix to
obtain a ductility behaviour.

� Post-set heat treatment of 90 ◦C should be used to accelerate the cement hydration
as well as the pozzolanic reaction that help improve the microstructure and the
mechanic properties.

Based on the first three rules most developed UHPFRC mixtures consist of high
hydraulic reactivity Portland cement, ultra-fine and high reactive materials like silica fume
or fly ash or ground granulated blast furnace slag, fine (or ultra-fine) inert filler materials
such as quartz powder or limestone powder, fine sand with grain size of smaller 1 mm,
highly effective superplasticizer, water and fine steel fibre with the aspect ratio Lf/Df of
higher than 65. In addition, it is well-known that UHPFRC has a very low water-binder
ratio of about 0.2, cement dosage is from 650 kg/m3 to 850 kg/m3. Silica fume, quartz
powder, polycarboxylate ethers based superplasticizer, with respect to the cement, are
used in wide ranges of 15-30 wt.%, 30-50 wt.%, 3-4 wt.%, respectively. Fine steel fibres
with high aspect ratio are usually used in range of 1-3 vol.%.

Surprisingly, UHPFRC mix design is still one of topics of universal interest with regard
to using local materials in order to reduce its production cost but meet fully the highest
quality. Generally speaking, mix design is one of the most important tasks of UHPFRC
applications. It focuses on optimizing the properties of concrete in fresh and hardened
states to satisfy the specific requirements. The particle packing density optimization
for the granular composition of the concrete has been accepted as the key concept for
UHPFRC mix design (Bache [1981], Richard and Cheyrezy [1995], Schmidt et al. [2005],
Fehling et al. [2013]).

However, the available literature about UHPFRC mix design based on particle packing
density optimization is not sufficient. In addition, the existing particle packing models for
concrete mix design have some limits, leading to a large difference between predictions
and experimental results. For instance, in ideal curve models the particle shape, particle
packing of input materials are not taken into account. Furthermore, the surface force of
fines is not considered in nearly all particle packing models. In reality the modification
of the existing UHPFRC mixtures of the available literature by trial and error is very
popular for UHPFRC mix design. By this way lots of experiments have to be carried out
but the success of the expected concrete is limited due to the different sources of the input
materials.

It is a challenging problem to design UHPFRC mixture using local commercial
materials. For instance, the local commercial input materials are completely different
in comparison to the input materials in the literature, and there are many different
products from many materials suppliers for each input material. The questions here are,
for example, with regard to the improvement of the packing density and strength, how
to select the proper materials for UHPFRC production, how to calculate the optimum
powder combination for cementitious materials, how to obtain the best concrete with the
highest packing density and an expected performance through the combination of the
optimum paste and the optimum blended aggregates which is formed by the mixing of
different grain aggregates, what are existing particle packing models suitable for UHPFRC
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mix design and how to employ them, how to find out the optimum fibre for reinforcing
UHPFRC considering the highest performance and cost efficiency.

1.3. Research Objective

The performance requirements for UHPFRCs in this research were the self-compacting
properties, the 28 days compressive strength of more than 180 MPa, the high ductility
and toughness. Therefore, the answer to the above mentioned questions is very important
to obtain the success in production and quality control for UHPFRC.

The objective of this research was the development of a systematic, reliable and
efficient method for UHPFRC mix design using local commercial materials.

The research includes two parts:

� In the first part, based on particle packing optimization various optimum mix
proportion of UHPC matrices with different maximum grain size from 1 mm to 8
mm were developed.

� In the second part, the influence of the fibre types, volume and the matrices com-
position on the self-flowing ability and mechanical behaviour of UHPFRCs were
investigated.

1.4. Research Strategy and Outline

First, the optimum mix proportions of UHPC matrices were developed. This part of
the thesis includes chapters 2, 3, 4 and 5.

� In chapter 2 the appropriate test methods for particle packing density measurement
were introduced. The principles in particle packing and the existing particle packing
models for concrete mix design were also summarized. As a result of that, the idea
of modification and application of existing particle packing models for UHPFRC mix
design is presented.

� The importance of the compatibility of constituent materials and the role of mineral
admixtures in UHPFRC production were emphasized in chapter 3 based on the
overview of UHPFRC research focusing in materials.

� Materials selection which is a crucial part in mix design for UHPC was reported
in detail in chapter 4. The most suitable materials were selected concerning their
highest compatibility for the highest packing density and strength. In this chapter
a highly effective method of particle packing density measurement for powder was
proposed.

� An optimization process from paste to the whole concrete matrix was carried out
and presented in chapter 5. A straightforward and effective method of stepwise
optimization was proposed for granular materials combination regarding improvement
in packing density as well as rheological behaviour. Some existing packing models were
employed for the mix design and their effectiveness were evaluated experimentally.
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1.4. Research Strategy and Outline

The effects of steel fibre on the properties of UHPFRC in fresh and hardened states
were investigated and presented in chapter 6. An overview about steel fibre reinforced
concrete highlighted the important factors which highly affect the performance of fibre
concrete. The influences of fibres and matrix components on the flowability and mechanical
behaviour of UHPFRC were investigated in detail.

Chapter 7 describes some pilot projects which have used the developed UHPC.

Chapter 8 is the conclusions of the research project.
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2. Particle packing model in concrete

2.1. General definitions

The packing density of a granular mixture is defined as the ratio of the total solid
volume of the granular mixture Vsolid to the bulk volume occupied by the particles Vbulk,
represented by Equation (2.1).

βmix−actual =
Vsolid
Vbulk

=

M

Vbulk
M

Vsolid

=
ρbulk
ρsolid

(2.1)

where: M is mass of the granular mix (g or kg), ρsolid and ρbulk are the particle density
and bulk density of the granular material respectively (kg/m3 or g/cm3).

The void content within the granular structure is called void fraction which is directly
related to the packing density by Equation (2.2).

φ = 1− βmix−actual (2.2)

According to Funk and Dinger [1994] the terminology for particles distribution in size
classes are as follows:

� Monodispersion refers to particles of one size only, whether spheres or angular
particles.

� Discretely sized particles describes the particles within a single, narrow class size
such as between two sieves, or a single class in a particle size analyzer. In this
context, the opening sizes of a sieves set vary by a factor of

√
2 or 4

√
2.

� Continuous size distribution concerns the particles cover a range of particle sizes
that is continuous from the largest particle size Dmax to a smallest particle size Dmin.

� Polydispersion applies to a mixture of two or more monodispersions or discrete sizes.

2.2. Particle packing density measurement

2.2.1. Agglomeration of fine particles

Agglomeration is the sticking together of particulate solids which is caused by short-
range physical or chemical forces between the particles themselves, by chemical or physical
modifications of the solids which are triggered by specific process conditions, or by binders,
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2. Particle packing model in concrete

substances that adhere chemically or physically to the solid surfaces and form a material
bridge between the particles. Agglomeration occurs naturally and, especially if a sufficiently
large fraction of fine particles is present (particle size is smaller 125 micron). Table 2.1
(Pietsch [2005]) presents the binding mechanisms of agglomeration including five major
groups and several subgroups.

Table 2.1.: Binding mechanisms of agglomeration (Pietsch [2005]).

I Solid bridge, caused by:
1 Sintering
2 Partial melting
3 Chemical reaction
4 Hardening binders
5 Recrystallization
6 Drying

a) Recrystallization (dissolved substances)
b) Deposition (colloidal particles)

II Adhesion and cohesion forces
1 Highly viscous binders
2 Adsorption layers (< 3 nm thickness)

III Surface tension and capillary pressure
1 Liquid bridges
2 Capillary pressure

IV Attraction forces between solids
1 Molecular forces

a) van-der-Waals forces
b) Free chemical bonds (valence forces)
c) Associations (non-valence); hydrogen bridges

2 Electric forces (electrostatic, electrical double layers, excess charges)
3 Magnetic forces

V Interlocking bonds

Van der Waals forces, which highly influence the agglomerate of fine particles in both
of dry and wet condition, refer to a group of electrodynamic interactions including Keesom,
Debye and London dispersion interactions that occur between the atoms in two particles.
The dispersion force is a result of Columbic interactions between correlated fluctuating
instantaneous dipole moments within the atoms that comprise the two particles. In general
the van der Waals interaction is always attractive between two particles with the same
materials. The sign and magnitude of the interaction for a particular pair of particles
interacting in a given medium is expressed as the numerical value of the Hamaker constant.
Oxide minerals in air are strongly attractive and cohesive, they in water are also attractive
but less than in air, for example the Hamaker constants of silica-air system and silica-water
system are 6.5×10−20 J and 0.7 10−20 J respectively (Franks [2008]). Lomboy et al. [2011]
reported that the pull-off forces of quartz powder and calcite powder interacting with
Si3N4 equal 14.66 ± 0.57 nN and 10.19 ± 0.55 nN in air, equal 2.47 ± 0.27 nN and 1.9 ±
0.46 nN in water, respectively, corresponding the effective Hamaker constants of 1.96 ±
0.58 10−20 J and 1.03 ± 0.34 10−20 J in water. Such results allow to explain the positive
effect of limestone powder on the fluidity of concrete in comparison to concrete using
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2.2. Particle packing density measurement

quartz powder.

Figure 2.1.: Random sections through part of an agglomerate: (left):pore volume filled with
a wetting liquid; (middle): liquid bridges at the coordination points; (right):
adhesion forces at the coordination points (Pietsch [2005]).

For concrete technology the occurrence of the agglomeration is undesired in dry
powders of cement, mineral admixture as well as in concrete mixture.

The agglomerate in dry powders can occur in the production (in grinding of cement,
ground granulated blast furnace slag, silica powder, or in burning-cooling-collecting of
industrial by-products such as fly ash, silica fume) and in the preservation as well. During
grinding bonds between the atoms and molecules of a solid are stressed and ultimately part
creating new surfaces. Immediately after separation, unsatisfied valences exist on these
newly created surfaces. The recombination of free valence forces at newly created and the
van der Waals forces between the particles form strong agglomerates. For example, in the
case of silica fume with ultrafine particles van der Waals forces highly arise forming strong
adhesion forces in the agglomerates. Besides, the agglomerate can occur in the molten
state due to solid bridge mechanism. In preservation most finely divided solids easily
attract free atoms or molecules from the surrounding atmosphere. The thin adsorption
layers are then formed on particles surfaces, they contact and penetrate each other, leading
a bonding forces between the particles.

The wet agglomerate in concrete mixing is formed by liquid bridges at the coor-
dination points between the particles. We can, however, control the wet agglomerate
by using polymer admixtures. In most cases, the products of an agglomerate contain a
significant void fraction. This problem does not only lead to inaccurate results of materials
characterization such as particle size distribution, packing density etc., but also reduces
the performance of concrete due to heterogeneous and porous structure.

The agglomerates in silica fume is an interesting example about the disadvantage
of agglomerate in concrete technology. Varying the intensity and duration of ultrasonic
dispersion gives very different results of particle size distribution for the same silica fume,
as presented in Figure 2.2 (ACI 234R-06 [2006]). Diamond et al. [1997, 2004] pointed out
the strong agglomerate of silica fume cannot be dispersed in concrete mixing, their size
are larger the sizes of cement particles, thus limiting any potential benefits attributed to
the filler effect. The agglomerates in silica fume behave as small aggregates, rather than
as pozzolans, and react expansively with alkalis in cement. Also, the improvements on
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2. Particle packing model in concrete

both microstructure and mechanical properties of hardened cement pastes by silica fume
addition are not effective due to the agglomeration of silica fume (Yajun et al. [2003]).

Figure 2.2.: Particle-size distribution of silica fume subjected to varying amounts of dispersion.
The set of curves shows the importance of the amount of dispersion on the
measured distribution. Varying the intensity and duration of ultrasonic dispersion
gives very different results for the same silica fume. The values shown are
percentages of full stroke in a Microtrac apparatus; higher percentages indicate
increased dispersion effort. (Figure courtesy of Elkem ASA Materials.) (ACI
234R-06 [2006]).

2.2.2. Dry packing density of coarse particle

For coarse particles (larger than 125 micron) which is not influenced by agglomeration
the packing density of granular mixture is determined in dry condition by applying
Equation (2.1). Firstly, the bulk density of granular mix (ρbulk) is determined according
to European Standard EN 1097-3 [1998] using a metal cylindrical container of prescribed
diameter and depth, depending on the maximum size of the particles. The packing of the
particles can be obtained without or with compaction. Thus, the standard EN 1097-3
specified two degrees of bulk density: loose (un-compacted) and compacted. Secondly, the
particle density ρp is measured as specified by European Standard EN 1097-6 [2013].

2.2.3. Wet packing density or water demand of powder

For fine particle (smaller than 125 micron), which is strongly influenced by interparticle
forces forming agglomerates as well as untrue packing density, the principles of packing
density measurement are: (i) minimizing the agglomeration in fine particles and (ii)
determining liquid or gas filled up the void fraction in the packing. In this context the
determined liquid, which is water normally, called water demand of the powder. From

12



2.2. Particle packing density measurement

concrete science point of view, the packing density of fine particles should be examined
under wet condition which represents the actual working environment in concrete taking
the dispersion effect of superplasticizer into account.

Various packing density measurement methods for fine particles under wet condition
were proposed in numerous researches (Okamura [1995], Miller [1996],de Larrard [1999],
Marquardt [2002], Puntke [2002], Kwan [2008], Ramge and Lohaus [2010], etc.). The
advantage and disadvantage of these methods were also analyzed experimentally in the
researches by Hunger [2010], Fennis [2010], Ramge and Lohaus [2010] :

� Hunger and Fennis recommended that water demand measurement by determining
mixing energy which propesed by Marquardt [2002] is fast and accurate for obtaining
the maximum packing density of a powder.

� Hunger concluded that water demand test introduced by Okamura [1995] is useful to
measure the sensitivity on the water need for a specified flowability. Fennis, however,
pointed out that this test method is inaccurate method for powder packing density
measurment.

� Ramge and Lohaus indicated that water demand tests introduced by Okamura [1995]
and by Puntke [2002] are only applied for mixture without superplasticizer, these
test methods do not include the effect of superplasticizer. Consequently, Ramge and
Lohaus proposed the superplasticizer based approach to determinate packing density
of fines or fines and coarse particles mixture according to the principle of the water
demand test by Okamura [1995]

The water demand test methods by Okamura [1995], by Marquardt [2002], and by
Ramge and Lohaus [2010] are described as belows:

� Water demand test introduced by Okamura and Ozawa [1995]: In this
method, packing density of powder is determined indirectly by the spread flow
test using a mini cone (60 mm height, 100 mm base diameter = d0, 70 mm cut
diameter), as described in Figure 2.3. The spread flow test is performed as follows:
after appropriate mixing as a defined mix procedure, the fresh paste is placed on a
dry glass plate in the cone. The mould was then lifted straight upwards to allow
free flow of the concrete without jolting. Two minutes after the mould lifting, two
paste diameters perpendicular to each other, d1 and d2, are determined and used to
compute the relative flow area ΓP by Equation (2.3).

ΓP =
d1 × d2 − d2

0

d2
0

=
d1 × d2

d2
0

− 1 (2.3)

For a given material at least four different volume ratios of water/powder (VW/VPow)
have to be tested, obtaining four corresponding relative flow area ΓP. The examined
data points of VW/VPow and ΓP are plotted on a 2-D graph with the x-axis of ΓP. A
straight line is then fitted through these points using a linear regression, as presented
by Equation (2.4) and illustrated in Figure 2.4. The intersection of the fitting line
with the y-axis shows a state of no slump paste in which the water adsorb on the
particles surface and fill full the void in the granular mixture. Packing density is
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2. Particle packing model in concrete

Figure 2.3.: Spread flow test using a mini cone (Okamura and Ozawa [1995]).

then calculated by Equation (2.5).

VW
VPow

= EP × ΓP + ε (2.4)

β =
1

1 + ε
(2.5)

Figure 2.4.: An example about determination of the packing density of Cem1 used in this
research project, applying Okamura and Ozawa’s water demand test method,
with Superplasticizer/Cement ratio of 1 wt.%. The result of packing density was
0.702 and much higher than test results of other methods.

� Water demand proposed by Marquardt [2002]: The principle of the method
is as follows: While powder is mixed in a mixer continuously, water is constantly
added to the powder in small quantities. At first the agglomeration of powder and
the power consumption of the mixing process increase with the water addition. At
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2.2. Particle packing density measurement

100% saturation, a thin water film surrounds each of the particles, the voids between
the particles are filled with the liquid and the liquid pressure is high as the air
pressure. With further adding of liquid the power consumption suddenly drops.
At reached maximum power consumption, the powder packing density β and the
corresponding water demand (WD) of the powder are then calculated by Equations
(2.6) and (2.7) respectively. In the work of Marquardt cement amount of about 600
grams was mixed in a mortar mixer with a constant water addition of 1.5 ml/s at a
mixing speed of 140 rounds per minute (rpm).

β =
VPow

VLiq + VPow
=

n∑
i=1

VPow(i)

VLiq +
n∑
i=1

VPow(i)

=

n∑
i=1

MPow(i)

ρPow(i)

VLiq +
n∑
i=1

MPow(i)

ρPow(i)

(2.6)

WD =
MLiq

MPow

=
VLiq × ρLiq
n∑
i=1

MPow(i)

(2.7)

where: VPow is total solid volume of the blended powder, VPow(i), MPow(i), ρPow(i)

are solid volume, mass and density of the ith component of the blended powder
respectively. VLiq is total volume of added liquid until reaching maximum power
consumption, ρLiq is density of the liquid, ρLiq = ρW = 1 g/cm3 when the liquid is
water.

� The superplasticizer based approach presented by Ramge and Lohaus
[2010]: This method can be employed for powder or mixture of powder and fine
aggregate to examine packing density of granular mixture taking into account the
effect of superplasticize. The conception of the model is illustrated in Figure 2.5.

Figure 2.5.: Model of the Superplasticizer Based Approach by Ramge and Lohaus [2010] for

determination of the packing density of granular concrete mixture.

The spread flow tests according to Okamura and Ozawa [1995] are performed. For
each granular mixture a certain consolidation point (C-point) exists when just enough
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liquid is present to fill all the voids but no additional liquid to enable flowing of
the paste or mortar. In case of mixture without superplasticizer, the C-pointwater

corresponds to βp (= ε in Equation (2.5)) according to Okamura and Ozawa. The C-
pointwater-SP of mixture including superplasticizer is much lower than the C-pointwater.
For each Vfluid/Vsolid (Vf/Vs) the consistency can be increased to a maximum value
by increasing of the superplasticizer content. Following the characteristic boundary
consistency curve, the minimum C-pointwater-SP = εmin and the segregation point
(S-point) are recognized. Then, the real packing density of mixture at the saturated
superplasticizer content is calculated with Equation (2.5). However, this approach
requires a great number of tests to determine packing density for each mixture, it is
a time-consuming process.

2.2.4. Assessment of the packing density of concrete including fine powders
and coarse aggregates

2.2.4.1. Particle packing and concrete rheological behaviour

Ferraris and de Larrard [1998] investigated the relationship between plastic viscosity
and the normalized solid concentration which is defined as the ratio of the solid volume
in a unit volume of concrete to the packing density of granular mixture including the
aggregates and the cement. The result pointed out that the plastic viscosity of concrete
appears to be controlled essentially by the normalized solid concentration, as illustrated in
Figure 2.6.

Figure 2.6.: Relationship between plastic viscosity (µ) and normalized solid concentration

(Φ/Φ*), Φ = solid volume, Φ* = packing density of granular mixture (Ferraris
and de Larrard [1998]).

In this context, when the proportion of cementitious mixture, the water-cement ratio,
the superplasticizer-cement ratio and the paste volume are constant, the modification of
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2.2. Particle packing density measurement

the aggregate characteristics (size and size distribution, packing density, shape, surface
texture) by the combination of different aggregates will change the particle packing density
of the whole concrete, leading to the change of plastic viscosity. Then, the highest packing
density of the granular concrete mixture can be recognized by the lowest plastic viscosity or
by the highest spread-flow of concrete mixture. This idea is highly effective to evaluate the
packing density of different concretes containing the same paste (volume, mix proportion).

2.2.4.2. Packing density measurement for concrete granular mixture using
Kwan’s test method

The water demand test method proposed by Kwan (Wong and Kwan [2008], Kwan
et al. [2012]) can be employed for packing density measurement of mortar and concrete
granular mixture including powders and coarse particles. In this test, the packing density
of granular mixture is defined as the maximum solid concentration when the volume ratios
of Water/Solid are varied. The method is described as follows:

� For a given granular concrete mixture, N values of weight ratio of Water/Cement
(W/C) are chosen for N tests. The first value of W/C should be chosen to achieve a
flow concrete, the next values of W/C are reduced gradually. The last value of W/C
corresponds with a clear decrease of the solid concentration. The weight and volume
of granular materials including cement (MC, VC), fillers (MFil(i), VFil(i) with i=1÷h),
aggregates (MAgg(j), VAgg(j) with j=1÷k) are determined as the given proportion and
kept constant for N tests. The weight of superplasticizer (MSP) is determined by the
weight ratio of Superplasticizer/Cement (its volume is VSP). Water amount (denoted
by MW, VW for weight and volume) is then weighed according to the W/C ratio.

� Concrete is mixed.
� The concrete mixture is placed in a cylindrical mould in several layers to excess,

diameter of the mould is at least five times larger than Dmax of the aggregates. The
compaction is applied for each layer. For self flowing concrete the compaction is just
the dropping of the mould on a strong ground. In other case tamping with a rod is
used. The same condition of compacting for each layer as well as for different test is
required. The excess concrete is then removed with a straight edge and weigh the
amount of concrete in the mould.

� Let the weight and bulk volume of concrete in the mould are M and V, respectively.
The solid volume of the granular mixture Vgranular-mix is computed by Equation (2.8).
The solid concentration % is determined by Equation (2.9). The air ratio (denoted by
uair) is defined as the ratio of the volume of air to the solid volume of the granular
mixture, and expressed by Equation (2.10).

Vgranular−mix =
M

MW +MSP +MC +
h∑
i=1

MFil(i) +
k∑
j=1

MAgg(j)

VC +
h∑
i=1

VFil(i) +
k∑
j=1

VAgg(j)

(2.8)

% =
Vgranular−mix

V
(2.9)
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uair =

V − Vgranular−mix −
VW + VSP

VC +
h∑
i=1

VFil(i) +
k∑
j=1

VAgg(i)

Vgranular−mix

Vgranular−mix
(2.10)

Figure 2.7 illustrates a process to determine packing density of the granular concrete
mixture using the Kwan’s method. The mixture includes 43.4 vol.% of binder and 56.6
vol.% of aggregate, the proportion of cementitious powder is Cem1/SF2/QP16900 =
100/12/30 in mass, the proportion of blended aggregate is QS1/QS2/QS3 = 54/36/10
in volume. The weight ratio of SP/Cem1 is 3/100. The detail explanation about the
mix proportion of this mixture are shown in chapters 4 and 5. The maximum solid
concentration or the packing density of the granular concrete mixture was 0.8276.

This method allows to determine the value of the packing density of granular concrete
mixture considering the dispersing effect of a fixed superplasticizer amount on cementitious
powder. However, this procedure is time-consuming when various Water/Solid volume
ratios have to be investigated to point out the maximum solid concentration.

Figure 2.7.: Packing density determination for granular concrete mixture developed in this
research project using the Kwan’s test method of packing density measurement.
The maximum solid concentration of the granular concrete mixture was 0.8276.

2.3. Principles of particle packing

Particle packing refers to the arrangement of particle in a finite volume. Particle
packing optimization is an important topic in many different technologies such as concrete,
ceramic, chemical engineering, geology, foundation, pharmaceuticals, foods etc. In concrete,
the improvement of particle packing density, which is used to evaluate the void space
in granular system, leads to the increase of concrete performance in fresh and hardened
states as well as the benefit of materials saving.
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2.3. Principles of particle packing

The early works by Furnas [1929, 1931] and by Westman [1930] in particle packing
based on different classes of monosized particles presented that: (i) If the space in between
coarse particle can be filled up by adding of fine particles the packing density of the
granular mixture will be increased; (ii) The effectiveness of the filling of fine particles in
packing density improvement is affected significantly by the size ratio of components, as
illustrated in Figure 2.8; (iii) The increase of the number of size class results in a higher
packing density for granular mixture.

In addition, White and Walton [1936] demonstrated that the packing of monosized
spheres system is not depended on particle size. There are five different ways of geometrical
packing for monosized spheres system, such as: cubic, cubical-tetraheral, tetragonal-
sphenoidal, pyramidal and tetrahedral. Theoretically, the cubical structure is the loosest
packing density of 0.5236, the pyramidal and tetrahedral structures are the densest packing
density of 0.7405.

Figure 2.8.: Relation between void fraction and size ratio of fine to coarse in a binary system
of broken solid when void fractions of single components = 0.4, according to
Furnas [1929]

In practice most of granular materials have a continuous size distribution, whereas
monosized particles are rare. However, two kinds of packing models for a polydisperse
systems have been developed (Funk and Dinger [1994]):

� The packing together of different discretely sized particles.
� Ideal grading curve-based packing models.

2.3.1. Ideal grading curve-based packing models

The study by Fuller and Thompson [1907] showed that an optimum aggregate grad-
ing with a continuous size distribution according to Equation (2.11) increases concrete
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performance in fresh and hardened states.

P (Di) =

(
Di

Dmax

)1/2

(2.11)

where: P(Di), the cumulative finer than Di (in volume); Di, sieve opening of the ith sieve;
Dmax, maximum size particle. This curve is called Fuller curve and still used today for
concrete mix design.

Furnas [1931] prosposed a model for a mixture of continuous grading of sizes, considered
both of the smallest Dmin and largest Dmax size particles of granular mixture, as described
by Equation (2.12), which was based on his previous work (Furnas [1929]) about packing
model for a system of discretely sized particles.

P (Di) =
rlogDi − rlogDmin

rlogDmax − rlogDmin
(2.12)

The value of r is ratio of the quantity of particles on one sieve to the quantity of particles
on the next smaller sieve. The relation between r and void fraction (φ) of granular mixture
is represented by Equation (2.13).

r =
1

φ
n
m

(2.13)

with n is one less than the number of component sizes for maximum density in intermittent
grading, m is number of screen size intervals of ratio

√
2 included between Dmax and Dmin.

Stating from the continuous distributions for packing model of continuously graded
particles Andreasen and Andersen [1930] concluded that optimum packing can be achieved
when the cumulative finer than Di obeys Equation (2.14).

P (Di) =

(
Di

Dmax

)q
(2.14)

The q-value is distribution modulus (0<q<1). They suggest the q-value in range of 0.33-0.5.
Obviously, the packing model of Fuller and Thompson (Eq.2.11) represents a special case
of Andreasen and Andersen packing model.

According to the works by Furnas [1931] (Eq. (2.12)) and by Andreasen and Andersen
[1930] (Eq. (2.14)) Funk and Dinger [1994] recognized that the Andreasen and Andersen
model prescribes a grading down to a particle diameter of zero (corresponding to P(0)
= 0) but a minimum diameter of a real granular mixture is non-zero (corresponding to
P(Dmin) 6= 0). Thus, Funk and Dinger modified the model of Andreasen and Andersen
concerning influence of the largest and smallest particles on the size distribution. The
modified Andreasen and Andersen equation by Funk and Dinger is described by Equation
(2.15) with 0<q<1.

P (Di) =
Dq
i −D

q
min

Dq
max −Dq

min

(2.15)
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The modified Andreasen and Andersen equation (Eq.2.15) (it is also called Funk-
Dinger model) is used widely for concrete mix design during recent years. Brouwers and
Radix [2005] used the model with the q-value of 0.25 for mix design of self compacting
concrete. Brouwers [2006] demonstrated that the q-value for an optimal packing is in range
of 0-0.28 theoretically. Hunger [2010] investigated self compacting mortar (coarse grains
up to 4 mm) using the model with q-value of 0.22, 0.23, 0.25, 0.35 and used q-value of 0.22,
0.25 for self compacting concrete (coarse grains up to 16 mm). Hüsken and Brouwers [2008,
2010] suggested the q-values in range of 0.35-0.40 for earth-moist concrete with a maximum
particle size of 16mm and a minimum particle size of 0.5 µm. Vogt [2010] designed high
strength and ultra-high strength concrete containing ultra-fine particles based on applying
the model with various q-value, recommending q-value of 0.3 for conventionally vibrated
concrete and q-value of 0.2-0.25 for self compacting concrete. Yu et al. [2014, 2015]
employed the model and fixed the q-value of 0.23 for mix design of ultra high performance
concrete with maximum sand grains of 2 mm and minimum grains of nano-silica of smaller
than 0.1 µm. Ha et al. [2015] used the model with q-value of 0.25 to determine the
aggregate grading having Dmax = 16 mm and Dmin = 0.63 mm for self compacting concrete.
The q-values in these research works were adjusted and selected to satisfy the required
workability. The decreasing of q-value increases volume of fine particles and vice versa.

Actually, the application of Equation (2.15) for concrete mix design is not unproblem-
atic. In this model the particles are assumed as spheres and the particle shape, surface
texture, particle packing of raw materials, surface force of fines are not taken into account.
When this model is applied for concrete mix design, a suitable process would be as the
followings: First, the particle size distribution of each material in the input materials
set have to be known (including fillers, cements, aggregates). Normally, N values of q
have to be selected (at least three values) in an interval [a;b] (0 ≤ a ≤ q ≤ b ≤ 1) for
investigation, depending on type of concrete and designer experience. For each q-value
a target grading of granular mixture is formed. The proportion of the input granular
materials is computed in such away that the particle size distribution of the real granular
mixture is closest to the target curve. This means that N calculated granular mixtures
have to be verified experimentally to find out the optimum value of q corresponding the
highest performance of packing density or/and workability or/and mechanical strength.
This process is complicated. It should be noted that there is only one optimum q-value in
the interval [a;b] for a given set of granular materials with regard to the highest packing
density. Thus, ones have to determine the optimum q-value by themselves if the input
materials are changed. A random selection of only one q-value for mix design is not
convincing to insure the best quality of the obtained mixture.

2.3.2. Packing models for a system of discretely sized particles

2.3.2.1. The Furnas model

The study by Furnas [1929] is one of the earliest works about the packing of discretely
sized particles. For the packing of discretely sized particles the Furnas’s idea was that
the best packing of binary mixture of discretely sized particles occurs when finer particles
exactly fill the void space within the larger particles. It is assumed that there is no
interaction between the particles when diameter of fine particles (d2) is much smaller than
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2. Particle packing model in concrete

diameter of coarse particle d1 (d1 >> d2). In case of ternary mixture, the medium size
particles must exactly fill the void space within the coarse particles and the finest must
exactly fill the void space within the medium (and coarse) particles. This can similarly be
applied to system of N discreted size classes.

The Furnas packing model for a binary of monosized classes can be explained in detail
as follows: The packing density for each class on its own must be known, they are called
residual packing density, denoted by β1 and β2 for coarse and fine grains respectively. The
relative volume of each size class in mixture is expressed as its volume fraction y1 and
y2 as Equation (2.16). The volumes occupied by coarse and fine classes in a unit bulk
volume of the binary mixture are denoted by ϕ1 and ϕ2 (partial volume). The relations
between yi and ϕi (i=1,2) are described by Equation (2.17). The packing density of the
binary mixture, βmix is calculated by Equation (2.18).

y1 + y2 = 1 (2.16)

yi =
ϕi

ϕ1 + ϕ2

(2.17)

βmix = ϕ1 + ϕ2 (2.18)

Two cases of dominant coarse grains or dominant fine grains can be distinguished when
the volume fractions of the coarse and the fine grains vary, resulting in the change of the
packing density of the binary mixture.

� Case 1: dominant coarse grains, occured when the volume fraction of the coarse
particles is much larger than the volume fraction of the fine particles (y1 >> y2).
First, the container is filled fully by the coarse grains, at that time ϕ1 = β1. The
voids between the coarse particles are then filled up by adding the fine particles.
Thus the total occupied volume and the packing density increase. The packing
density of mixture is calculated as Equation (2.19).

βmix = ϕ1 + ϕ2 = β1 + ϕ2 = β1 + (ϕ1 + ϕ2)× y2 = β1 + βmixy2

⇒ βmix =
β1

1− y2

(2.19)

� Case 2: dominant fine grains, arisen when the volume fraction of the coarse particles
is much smaller than the volume fraction of the fine particles (y1 << y2).
Some coarse particles is added into a matrix of small particles in a container. Coarse
particles contribute to the packing density of mixture an amount of their partial
volume ϕ1. The small particles then fill up the rest of the unit volume (1-ϕ1). The
packing density of mixture is calculated as Equation (2.20).

βmix = ϕ1 + ϕ2 = ϕ1 + (1− ϕ1)× β2 = (1− β2)ϕ1 + β2

= (1− β2)βmixy1 + β2

⇒ βmix =
β2

1− (1− β2)y1

(2.20)
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2.3. Principles of particle packing

The maximum packing density of binary mixture (βmix-Max) and the corresponding volume
fractions of coarse particles (y1-optimum) and fine particles (y2-optimum) are then calculated
by Equation (2.21), (2.22) and (2.23).

βmix−Max = β1 + β2 − β1β2 (2.21)

y1−optimum =
β1

β1 + β2 − β1β2

(2.22)

y2−optimum =
β2 − β1β2

β1 + β2 − β1β2

(2.23)

For instance, Figure 2.9 shows the packing density of binary mixture of monosized
classes, having d1 = 1122.67 µm and d2 = 11.19µm. Packing density of coarse and fine
particle are β1 = 0.675 and β2 = 0.637 respectively.

Figure 2.9.: The packing density of binary mixture according to Furnas model. First, the fine
volume fraction (y2) increases gradually and the void between coarse particles is
filled up, leading the increase in packing density. For higher value of y2-optimum,
coarse grains are replaced by an equivalent bulk volume of fine particle, decreasing
the overall solid volume.

2.3.2.2. The Linear Packing Density Model

The Linear Packing Density Model was proposed by Stovall et al. [1986]. The model
can predict the packing density for system of several mono-size classes taking into account
the wall effect and the loosening effect between grain groups, which are geometrical
interactions leading decrease of the packing density of particle system.
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2. Particle packing model in concrete

Figure 2.10.: (Left) Loosening effect exerted by a fine grain in a coarse grain packing. (Right)
Wall effect exerted by a coarse grain on a fine grain packing. (from de Larrard
[1999]).

� Loosening effect: A physical effect describes a local decrease of volume of class 1
coarse grains when the void between them is not able to fit by inserting of a fine
grain of class, see Figure 2.10.

� Wall effect: A physical effect depict a remaining void because fine particles close
to a coarse particle (or the wall of a container) cannot be packed as dense as the
maximum bulk packing density of the fine particles, see Figure 2.10.

Considering a granular mixture of n classes of monosized particles with di ≥ di+1

(i=1:1:(n-1)), class i grains are dominant if

ϕi = βi(1− ϕ1 − ϕ2 − ..− ϕi−1) (2.24)

Stovall demonstrated that there is always at least one dominant class. In general case,
the packing density of the granular mixture is then computed by Linear Packing Density
Model using Equation (2.25).

βmix = min
1≤i≤n

{
βi

1− (1− βi)
i−1∑
j=1

g(j, i)yj −
n∑

j=i+1

f(i, j)yj

}
(2.25)

where: the functions g(j,i) and f(i,j) express the wall effect and loosening effect.

2.3.2.3. The Compressible Packing Model

The further improvement of Linear Packing Density Model by de Larrard [1999]
resulted in the Compressible Packing Model (CPM) . The CPM considers the influence of
the applied compaction energy on the real packing density of a granular mixture including
n classes of monosized particles, expressed by Equation (2.26).

K =
n∑
i=1

yi
βi

1

βmix−actual
− 1

βmix−i

(2.26)
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2.3. Principles of particle packing

with K is a characteristic of the packing process, called compaction index, K-values are
shown in Table 2.2. The βmix-actual is the real packing density of granular mixture. The
βmix-i is determined by Equation (2.27).

βmix−i =
βi

1−
i−1∑
j=1

(
1− βi + bijβi

[
1− 1

βj

])
yj −

n∑
j=i+1

(
1− aijβi

βj

)
yj

(2.27)

where: the wall effect coefficient bij and the loosening effect coefficient aij are computed by
Equations (2.28) and (2.29) respectively.

bij = 1− (1− di/dj)1.50 (2.28)

aij =
√

1− (1− dj/di)1.02 (2.29)

If the compaction index (K-value) tends to infinity, the real packing density tends to
the virtual packing βmix-virtual which determined by Equations (2.30).

βmix−virtual = min
1≤i≤n

(βmix−i) (2.30)

Table 2.2.: K values for different packing process (de Larrard et al. [1999]).

Packing process K value

dry pouring 4.1

sticking with a rod 4.5
vibration 4.75
vibration + compression 10 kPa 9

wet smooth thick paste 6.7

virtual ∞

In the CPM βi is the residual packing density of the size class i. It is deduced from
the actual packing density, which is measured with a given packing process. De Larrard
suggested a way to calculate βi of the size class i in polydisperse aggregate as follows:

� A mass Mmix of dry aggregate is put in a cylinder having a diameter Dcyl, which
is more than five times the maximum size of aggregate. A piston is introduced in
the cylinder, applying a pressure of 10 kPa on the surface of the specimen. Then
the cylinder is fixed on a vibrating table, and submitted to vibration for 2 min.
The actual packing density is calculated from the final height, h, of the sample by
Equation (2.31). In this case the compaction index K equal to 9.

βmix−actual =
4Mmix

πD2
cylhρP

(2.31)
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2. Particle packing model in concrete

� It is generally assumed that β is uniform among the aggregate grading span. By
applying Eq. (2.26) and Eq. (2.27) the value of β is determined. The residual
packing density of the size class i is then calculated by Equation (2.32).

βi =
{

1− (1− kw)[1− (1− di/Dcyl)
2(1− di/h)]

}
β (2.32)

where: wall effect coefficient kw are 0.88 and 0.73 for rounded grains and crushed
grains respectively.

For example, Tables A.3 in appendix represents how the used quartz sand QS1 in this
research project was divided to several monosized classes and how the residual packing
densities of the monosized classes were computed according to the experimentally actual
packing density of the origin material.

It is noted that the interaction of fine particles due to the surface force is not taken
into account in the Compressible Packing Model.

2.3.2.4. The Compaction - Interaction Packing Model

Fennis [2010] developed the Compaction - Interaction Packing Model (CIPM) based
on Compressible Packing Model. In the CIPM the loosening effect coefficient aij and the
wall effect coefficient bij were reprogrammed. Taking into account the effect of surface
force of fines, the interaction between fines and coarses, the effect of compacting process
on different size classes the CIPM is expressed by Equations 2.33, 2.34, 2.35, 2.36.

Kt =
n∑
i=1

Ki =
n∑
i=1

ϕi/ϕ
∗
i

1− ϕi/ϕ∗
i

(2.33)

ϕ

ϕ∗ =
yiβmix−actual

βi

(
1−

i−1∑
j=1

(
1− bij,c

[
1− 1

βj

])
yjβmix−actual −

n∑
j=i+1

aij,c
βj

yjβmix−actual

) (2.34)

aij,c =

1− log(di/dj)

w0,a

if log(di/dj) < w0,a

0 if log(di/dj) ≥ w0,a

w0,a =

{
wa ∗ Ca if dj < 25µm

wa if dj ≥ 25µm
(2.35)

bij,c =

1− log(dj/di)

w0,b

if log(dj/di) < w0,b

0 if log(dj/di) ≥ w0,b

w0,b =

{
wb ∗ Cb if di < 25µm

wb if di ≥ 25µm
(2.36)

The modification of the interaction coefficient aij,c and aij,c by the implementation
of w0,a and w0,a as functions gives the model some advantages to control the interaction
between particles with regard to size ratio and particle size.
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2.3. Principles of particle packing

2.3.2.5. The 3-parameter particle packing model incorporating the wedging
effect

Kwan et al. [2013] proposed a particle packing model incorporating the wedging
effect, called 3-parameter particle packing model (loosening, wall and wedging effects).
The wedging effect is caused by entrapment of isolated fine particles at the gaps between
coarse particles, illustrated in Figure 2.11.

Figure 2.11.: Wedging effect in the dominant cases of coarse (Left) and fine particles (Right)

(according to Kwan et al. [2013]).

The model for a binary mixture (d1 > d2) is expressed by Equation (2.37) when the
coarse particles are dominant, and by Equation (2.38) when the fine particles are dominant.
Equations (2.39), (2.40), (2.41) are used to determine the loosening, wall and wedging
effect coefficients respectively, which are depended on size ratio s = d2/d1.

1

βmix−1

=

(
y1

β1

+
y2

β2

)
− (1− a)

y2

β2

[
1− c

(
y2

y∗2

)2]
(2.37)

1

βmix−2

=

(
y1

β1

+
y2

β2

)
− (1− b)(1− β1)

y1

β1

[
1− c

(
y1

y∗1

)2]
(2.38)

a = 1− (1− s)3.3 − 2.6s(1− s)3.6 (2.39)

b = 1− (1− s)1.9 − 2s(1− s)6 (2.40)

c = 0.322 tanh(11.9s) (2.41)

where: y1
* and y2

* are volume fractions of coarse and fine particles at the theoretical
optimum packing density of the binary mix determined by Eq. (2.21), Eq. (2.22), Eq.
(2.23).

Nevertheless, the interaction of fine particles due to the surface force is not taken into
account in this model. Besides, a general solution based on this model for a mixture of
more than two components having any type of size distribution have not developed yet.
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2. Particle packing model in concrete

2.4. Concluding remarks

Experimental methods of packing density measurement are important for concrete mix
design based on particle packing optimization. Packing of coarse particles with grain size
larger than 125 µm is influenced by gravitational forces and compaction energy. Packing
density of coarse particles is determined in dry condition with or without compaction by
existing standard methods. The strong effect of the surface forces of fines form agglomerates
in powder. Thus, a suitable method of packing density measurement in wet condition is
needed for powder. The method of water demand measurement by determining mixing
energy, developed by Marquardt, is is an accepted method to determine packing density of
powder materials and blended binder. In this research project, this method is modified to a
highly effective test method, called superplasticizer-water solution demand test, to measure
packing density of powder and to assess the compatibility of powder and superplasticizer.
The water demand test of Okamura is not suitable for packing density measurement
but the spread-flow test is useful to evaluate the rheological behaviour of concrete. The
superplasticizer based approach of Ramge and Lohaus take a lot of time for testing, it is
not efficient for this research project due to high mumber of raw materials. Due to low
time efficiency, the Kwan’s method of packing density measurement is only employed to
test for the established optimum mixture in this research project. The plastic viscosity of
concrete is controlled essentially by the normalized solid concentration. This implies that
when paste in concrete mixture is constant (i.e. volume, mix proportion) the modification
of the aggregate characteristics (size and size distribution, packing density, shape, surface
texture) by the combination of different aggregates will change the particle packing density
of the whole concrete, the highest packing density of the granular concrete mixture can be
recognized by the lowest plastic viscosity or by the highest spread-flow of concrete mixture.

The interaction of fine particles due to the influence of surface forces have a strong
effect on the difference between experimental result and prediction of packing models.
The Compressible Packing Model (CPM) of de Larrard work well for coarse granular
mixture but the interaction of fine particles due to surface forces is not taken into account.
Although the Compaction Interaction Packing Model was developed by Fennis to make
good CPM’s shortcomings, the interaction of fine particles due to surface forces is very
complex, the CIPM should be verified for different blended powder. In ideal curve models,
the particles are assumed as spheres and the particle shape, surface texture, particle
packing of raw materials, surface force of fines are not taken into account. In addition, a
random selection of distribution modulus, q-value, is not convincing to insure the best
quality of the obtained mixture. Ideal curve models are still used in concrete mix design
because of its simplicity. In this research project, the effectiveness of the ideal curve based
on the modified Andreasen and Andersen equation, the Compressible Packing Model of
de Larrard and the Compaction - Interaction Packing Model of Fennis in concrete mix
proportioning are experimentally evaluated. The 3-parameter particle packing model of
Kwan is not used due to its disadvantage for mixture of more than two components.

The simple idea of stepwise optimization of particle packing by Furnas is mentioned,
the idea plays an important role for the further development.
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3. Influence of the characteristics of constituent

materials on UHPFRC’s performance

3.1. Effects of Portland cement composition on setting time and
workability of concrete

In clinker production alkalies (Na2O and K2O), which are from raw materials and fuel,
are volatilized in the clinkering zone and combine with SO3 to form Na2SO4 or K2SO4

or (K, Na)2SO4, and they are more or less trapped in the C3A. According to Regourd’s
study [1978] the orthorhombic structure of C3A can be formed from its cubic structure
if the trapped Na2O in C3A is higher than 2.4% up to 3.8%. The other morphologies
of C3A in commercial available cements have not yet found (Aı̈tcin [2004]). Jawed et
al. [1978] indicated that early hydration of Portland cement is generally accelerated by
the presence of alkalies, thus a higher optimum gypsum is required when alkali content
increases. Furthermore, Odler et al. [1983] found that the hydration of C3A is retarded
by Na2O but the presence of K2O accelerate the hydration of C3A, leading to a longer
setting time in high-Na2O content cement and a shorter setting time in high-K2O content
cement. In fact, Portland cement with a high content of C3A or a high reactivity C3A has a
negative effect on initial rheology of concrete, especially concrete having low water-cement
ratio, the concrete slump is deteriorated quickly. For the production of UHPFRC with
a very low water-cement ratio, Portland cements CEM I of strength classes 42.5 R and
52.5 R according to DIN EN 196 are generally used, in which the C3A content and alkalis
content of clinker should be as lowest as possible (Fehling et al. [2013], Aı̈tcin [2016]).

It is well-known that gypsum (or calcium sulfate dihydrate CaSO4.2H2O) is added
to the clinker grinding in order to retard the intense initial hydration reactions of C3A.
Therefore, the setting time of Portland cement is controlled. In fact, gypsum is dehydrated
partially by the increase of the temperature in the grinding mill, forming calcium sulfate
hemihydrate (CaSO4.1/2H2O) or soluble anhydrite (CaSO4). In addition, natural mineral
CaSO4 or synthetic calcium sulfate CaSO4 can be used to replace gypsum partially. These
calcium sulfates have different solubility rate. Taylor [1997a] emphasized that if the calcium
sulfates content is too low or solubility rate of calcium sulfates is not sufficient, the early
reaction of C3A increase quickly, leading to a rapid set, called “flash set”, with much
evolution of heat, strength development of concrete is poor. Further, a “false set” with a
premature stiffening of concrete can be occured if calcium sulfate hemihydrate content in
cement is too high. It is very important to avoid the “flash set” and “false set” in the
production of UHPC.
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3.2. Compatibility between superplasticizer and cement

3.2.1. Dispersion mechanism of cement particles

Most solid surfaces in contact with a liquid having a high dielectric constant (such as
water) are charged (negative or positive surface charge). An electrically charged surface
in contact with water generates an electrical field which attracts oppositely charged ions.
These ions are called counterions. Due to the thermal motion, these counterions form a
diffuse layer of charge outside the charged surface. The diffuse layer of charge and the
surface charge form a so-called electrical double-layer (Wall [2002]), as shown in Figure
3.1, in which the Debye length is the thickness of the diffuse layer, the interaction between
charged particles is governed by the overlap of their diffuse layers. The Stern potential
(ψδ) cannot measured directly, however, zeta potential (ζ-potential), which is the potential
at the shear plane close to the Stern plane can be experimentally measured and is often
used as a measure of the surface potential (Somasundaran et al. [2009]). The higher
absolute value of zeta potential the particles have, the more stable the particles are in
suspension. The stability of colloidal suspension is explained successfully using the DLVO
theory, developed by Derjaguin, Landau, Verwey, and Overbeek, in which the interaction
of two adjacent colloidal particles is described by the sum of van der Waals attraction and
electrostatic repulsion (Yang et al. [1997]), as described by the blue solid curve called total
interparticle potential energy in Figure 3.2 (Gelardi and Flatt [2016]). The dispersibility
is increased when the energy barrier is increased. It should be noted that the thickness
of the diffuse layer represents the distance between surfaces within which the repulsive
potential is significant.

Figure 3.1.: Distribution of electrical potential in the double-layer region surrounding a
charged particle showing the zeta potential and the reciprocal Debye length
(Somasundaran et al. [2009]).
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3.2. Compatibility between superplasticizer and cement

Figure 3.2.: Illustration of interparticle potentials as a funtion of the distance from a charge
surface. The positive potential corresponds to electrostatic repulsion, and the
negative one to van der Waals attraction (Gelardi and Flatt [2016]).

3.2.2. Interaction of polycarboxylate-based superplasticizers with cement

Polycarboxylate-based superplasticizers (PCEs) are comb-shaped copolymers, they
are the most effective superplasticizers for producing self-compacting concrete as also high
strength concrete mixtures (Sakai et al. [2003]). These PCEs, therefore, are currently used
as major superplasticizers for UHPC.

A typical PCE consists of a polyanionic backbone (or main chain) and neutral side
chain. The backbone of PCE contains carboxylic groups which dissociate in water and cause
the negative charge for the backbone. The side chains of PCEs are made of poly(ethylene
glycol) (PEG) which are also called as poly(ethylene oxide) (PEO). Figure 3.3 represents
the bond between the backbone and the side chain of PCEs (Gelardi et al. [2016]).

Due to the negatively charge of the backbone PCEs only adsorb on particles having a
positive surface charge (or a positive ζ-potential in suspension). Many studies clarified
the surface charge of clinker phases and cement hydration phases, and pointed out the
adsorption of superplasticizer on these phases. The work by Yoshioka et al. [2002] showed
that without superplasticizer, tricalcium silicate (3CaO.SiO2 or C3S) and dicalcium silicate
(2CaO.SiO2 or C2S) have negative ζ-potential while tricalcium aluminate (3CaO.Al2O3

or C3A) and tetracalcium ferroaluminate (4CaO.Al2O3.Fe2O3 or C4AF) have positive
ζ-potential; therefore, a larger amount of superplasticizer is adsorbed on C3A and C4AF
than C3S and C2S. Nachbaur et al. [1998] reported that the initial ζ-potentials of calcium
silicate hydrate phases (C-S-H) is negative at low Ca2+ concentration, but can be positive
as the Ca2+concentration in the cement pore solution increases and adsorption of Ca2+

on the C-S-H phases occurs; this can explain for the adsorption of superplasticizer C-S-H
phases. Another study by Plank et al. [2007] also indicated that among early cement
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Figure 3.3.: Chemical structure of PCEs with ether (left) and imide (right) bonds between

the backbone and the side chains (Gelardi et al. [2016]).

hydration phases, the positive ζ-potentials of ettringite and monosulfate are the highest, in
which ettringite have the highest potential to adsorb negatively charged superplasticizers
via electrostatic attraction. However, syngenite, portlandite and gypsum have zero or
negative ζ-potentials and do not adsorb superplasticizers. Due to high adsorption capability
of superplasticizer on aluminate phases it is clear to explain that is why cement with high
C3A requires higher PCE concentrations in order to reach saturation (Zingg et al. [2009]).
Flatt and Houst [2001] propose three categories to describe the interactions and state of
the superplasticizers with the cement suspension, thereby recommending that a stepwise
or delayed addition of superplasticizer give a better fluidity of concrete in comparison
to direct addition method. The stepwise adding of superplasticizer is also significant for
UHPC concerning improvement of the fluidity (Ma et al. [2008]).

The studies by Uchikawa et al. [1997] and by Yoshioka et al. [1997] demonstrated
that the addition of comb-shaped superplasticizers to cement suspension improves cement
particles dispersing as also paste fluidity significantly due to a strong increasing of elec-
trostatic and steric repulsive force, in which the steric hindrance effect dominates the
dispersion behavior of superplasticizers. The performance of PCEs is strongly depended on
its chemical structure. The studies by Yamada et al. [2000]and by Winnefeld et al. [2007]
pointed out: (i) PCEs with higher molecular weight adsorb stronger compared to PCEs
with lower molecular weight and same molecular architecture, (ii) at the same molecular
weight, PCE molecules with short PEO side chain and low side chain densities have high
anionic charge density, leading to higher amount adsorbed PCEs on the positive surface
of the hydrating cement particles. The increase of the PEO side chain length result in
large decrease in the fluidity with time and increase in yield stress, plastic viscosity as
well. However, Plank et al. [2009] indicate that PCE main chain is not only surrounded
by a cloud of cations but also bound with calcium ions in cement pore solution, these
effects may result in very low anionic charge densities and reduce adsorption capability.
Ushiro et al. [2013] reported that the fluidity of cementitious paste with low water/powder
(W/P=0.16) improved by both adsorbed PCE on the surface of particles and PCE present
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in pore solution due to the effect of the delay adsorption of PCE, concluding that PCE
present in pore solution play important role in improvement of fluidity at low W/C; this
implies that determination of the saturated amount of PCE in cementitious suspension
with low water/powder is essential, especially UHPC.

Figure 3.4.: Chemical composition of the methacrylate ester PCEs 11 to 13 (left) (monomer ra-
tio a/b/c = 12/1.0/3.0, 12/1.0/1.4, 12/1.2/0.48 respectively) and of the allylether-
based PCEs 21 to 23 (right) (Plank et al. [2009]).

Figure 3.5.: Schematic representation to scale of the molecular architecture of the methacrylate
ester PCEs 11 to 13 (trunk chain length of 13, 27, 48 nm and side chain nEO

of 45 and anionic charge density of 2800, 2500, 2400 µeq/g respectively) and
of allylether-based PCEs 21 to 23 (trunk chain length of 2.3, 2.2, 2.2 nm, side
chain [nEO+nPO] of 34, 34, 52 and anionic charge density of 65, 90, 60 µeq/g
respectively) (Plank et al. [2009]).

Plank et al. [2009] and Schöfl et al. [2012] used methacrylate ester and allylether
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based polycarboxylates (PCEs), as illustrated in Figure 3.4 and Figure 3.5, to investigate
the compatibility of PCEs and cement as well as of PCEs and silica fume in UHPC having
a water/cement ratio of 0.22. It was concluded that for silica fume slurry, the higher
negative surface charge silica fume need a higher PCE content to achieve a given flowability.
In cement pore solution the surface charge of silica fume turns from negative to positive
due to surface adsorption of Ca2+ which formed by cement hydration. Thus, silica fume
with high negative surface charge have a higher saturated adsorption for Ca2+, requires a
higher PCE dosage and is more difficult to disperse in comparison a with low negative
surface charge silica fume. In addition, due to the very high surface area of silica fume, an
effective dispersion of silica fume is necessary to obtain highly flowable UHPC paste.

3.3. Function of mineral admixtures in UHPC

Mineral admixtures (or additions) with grain size of smaller than 125 microns are used
in concrete to improve the performance of concrete in fresh and hardened state (Aı̈tcin
[2004], Mindess et al. [2003a], Mehta and Monteiro [2006]). According to the European
Standard EN 206-1 [2000] mineral admixtures are classified as follows:

� Chemically inert additions (type I), such as quartz powder, limestone powder.
� Pozzolanic and latent hydraulic additions (type II), which are called supplementary

cementitious materials or reactive materials, for example, natural pozzolans, silica
fume, fly ash, metakaolin, rice husk ash, ground granulated blast furnace slag. In
this research project three main reactive materials were considered as follows:

– Silica fume, also known as microsilica, mostly composed of sub-micron spheri-
cal particle of amorphous silicon dioxide SiO2, is a by-product of the production
of silicon metals and ferrosilicon alloys. Owing to its ultra-fine size (about of
0.1 µm), spherical shape, high amorphous SiO2 content (higher 90 wt.%), large
total surface area (about of 20000 m2/g), silica fume is the most highly reactive
powder working as an effective filler to improve concrete engineering properties
and microstructure, especially UHPFRC (Fehling et al. [2013]).

– Fly ash, also called pulverized fuel ash, is a by-product of burning coal or
lignite in an electrical generating station. The fused particles are quenched
when they leave the flame, and they solidify in the shape of vitreous spheres,
then collected in the dust collectors. For use in concrete fly ash is classified
to Class F - low-calcium fly ash and Class C - high-calcium fly ash by ASTM
C618 [2008] based on the total content of SiO2, Al2O3 and Fe2O3. Low-calcium
fly ash (class F) has a higher 70 wt.% of (SiO2+Al2O3+Fe2O3) and a lower 10
wt.% of CaO content. In contrast, the sum of (SiO2+Al2O3+Fe2O3) is smaller
than 70 wt.% and CaO content is higher than 10 wt.% for high-calcium fly ash
(class C). The carbon content of a fly ash is requested to be lower 5 wt.% in
accordance with European Standard EN 450-1 [2005b], because carbon particles
can adsorb preferentially admixtures, increasing water and superplasticizer
demand. Actually, these fly ashes are suitable only for normal strength and
regular high performance concrete. For use in UHPFRC the fineness of fly
ash must be increased to improve the pozzolanic and filler effects. Recently,
ultra-fine fly ash with very low carbon content and mean diameter of about 3
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µm was used to produce UHPFRC having high flowability and 150 MPa 28
days compressive strength (Heinz et al. [2014]).

– Ground granulated blast furnace slag, which exhibits latent hydraulic
properties, is an industrial by-products of producing pig iron in a blast furnace.
The liquefied slag must be quenched quickly when it is tapped from the furnace
to form a hydraulically active calcium aluminosilicate glass. The slag granules
are then ground to cement fineness or finer, called ground granulated blast
furnace slag (GGBFS). The finer the GGBFS is, the higher its reactivity is.
GGBFS displays hydraulic properties when it is activated by lime, calcium
sulphate and alkalis. That is why Portland cement is a good catalyst for slag
activation. When slag particles are in the presence of a saturated solution of
Ca2+ ions, slag hydration accelerates, and well-crystallized hydration products
are formed within the slag particle. Thus, partial cement can be replaced by
GGBFS to reduce the high Portland cement clinker. However, the early strength
of GGBFS - Portland cement concrete is usually lower than that of Portland
cement, especially at low curing temperature. Heinz et al. [2014] reported that
UHPC (fibre-free) with cement replacement by 73 wt.% fine GGBFS can obtain
strength of more than 165 MPa immediately after 24 hours heat treatment at
90oC.

Filler effect is a physical nature of mineral admixture. It results in a better packing
of the granular mixture of concrete when the fine additions with grains of smaller cement
grains fill up the voids between the larger ones (cement-cement particles or cement-
aggregate particles). As discussed in Chapter 2, from physical point of view, the addition
has a better filler effect as its fineness is increased. However, for packing of fines in wet
condition, the characteristic of fines (the wettability and adhesion, the particle shape), the
liquid characteristics have a strong influence on the packing of fines. Indeed, Figure 3.6
shows the variation in packing density of blended cements when the cement was replaced
step by step by fly ash (FA) or quartz powder (QP) or limestone powder (LSP) in this
research project, the detail information of the used materials is described in Chapter 4.
Obviously, these mineral addition have the relatively similar size distribution but their
effectiveness in improvement of packing density are different.

The hydration of the calcium silicate compounds, C3S (or alite) and C2S (or belite)
in portland cement produces calcium silicate hydrate (C-S-H) and calcium hydroxide
(Ca(OH)2 or CH) as represented by Equations (3.1) and (3.2) (according to Mindess et al.
[2003b]). C-S-H is a principal strength-giving compound in the hardened concrete whereas
calcium hydroxide is considered as a weak link in the concrete structure. Addition of
pozzolanic powders to Portland cement increases the quantity of the C-S-H phase due to
the pozzolanic reaction between the calcium hydroxide and the glassy silica (SiO2 or S) of
the pozzolanic powders as described by Equation (3.3). The reactive alumina in pozzolanic
powders also react with the calcium hydroxide to form calcium aluminate hydrate C-A-H.
The chemical effect of reactive powders lead to long term benefits, including increase in
compressive strength and decrease in transport coeffiients.

2C3S + 11H = C3S2H8 + 3CH (3.1)
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3. Influence of the characteristics of constituent materials on UHPFRC’s performance

2C2S + 9H = C3S2H8 + CH (3.2)

xCH + yS + zH = CxSyHz (3.3)

Typically, the Ca/Si ratio (x/y in Eq. (3.3)) of the C-S-H that forms from pozzolanic
reaction will be lower than the Ca/Si ratio measured for C-S-H in hydrated portland cement
without pozzolan, and the difference will vary depending on the age, type, and amount of
pozzolan (Taylor [1997b]). Lothenbach et al. [2011] used thermodynamic modelling to
predict the phase change in hydrated portland cement - reactive mineral powder system in
which the reactive addition is silica fume or fly ash or ground granulated blast furnace slag,
as illustrated by Figures 3.7, 3.8, 3.9. The modelling agrees with published experimental
investigations, the results indicate that the pore structure of portland cement - reactive
addition paste is refined, resulting to more fine pores and less coarse capillary pores than
PC pastes. In addition, the high Ca/Si ratio jennite like C-S-H gradually converts to lower
Ca/Si ratio tobermorite like C-S-H when the content of reactive addition increases.

Figure 3.6.: The variation in packing density of blended cements by varying the content of

fly ash, quartz powder and lime stone powder.

Furthermore, it has been realized for a long time that fine and ultra-fine additions
act as nucleation sites for the hydration products of the clinker phases, resulting in an
acceleration of the cement hydration (Soroka et al. [1977], Gutteridge et al. [1990b]
[1990a]).
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3.3. Function of mineral admixtures in UHPC

Figure 3.7.: Modelled changes in hydrated Portland cement - silica fume binder, assuming
complete reaction of the Portland cement (CaO 60, SiO2 22, Al2O3 4.6, Fe2O3

2.7, MgO 1.9, Na2O 0.3, K2O 1.0, SO3 3.2, CO2 2 wt.%) and silica fume (100%
SiO2) (Lothenbach et al. [2011]).

Figure 3.8.: Modelled changes in hydrated Portland cement - fly ash binder, assuming complete
reaction of the Portland cement (CaO 60, SiO2 22, Al2O3 4.6, Fe2O3 2.7, MgO
1.9, Na2O 0.3, K2O 1.0, SO3 3.2, and CO2 3 wt.%) and 50% reaction of a low
Ca fly ash (CaO 4.4, SiO2 54, Al2O3 31, Fe2O3 4.6, MgO 0.8, Na2O 0.6, K2O
0.8, and SO3 0.4 wt.%). (Lothenbach et al. [2011]).
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Figure 3.9.: Modelled changes in hydrated Portland cement - blast furnace slag, assuming
complete reaction of the Portland cement (CaO 60, SiO2 22, Al2O3 4.6, Fe2O3

2.7, MgO 1.9, Na2O 0.3, K2O 1.0, SO3 3.2, and CO2 3 wt.%) and 75% reaction
of a blast furnace slag (CaO 39, SiO2 38, Al2O3 11, Fe2O3 1, MgO 10, K2O 0.3,
and S 1 wt.%). Al/Si in C-S-H=0.1 (Lothenbach et al. [2011]).

Generally speaking, fine and ultra-fine highly reactive powders possess both filler and
pozzolanic effects, they are thus indispensable for improving the microstructure of the
bulk cement paste and the interfacial transition zone in the production of high/ultra-high
performance concrete.

Talking about the influence of the granulometry and water content of fine particles
on the rheology and strength of pastes in fresh and hardened states Teichmann [2008]
and Geisenhanslüke [2009] indicated that: (i) Within the range in which the filler increase
the packing density, the water demand and plastic viscosity decrease in despite of the
increase of total surface area of filler. However, surface area of filler significantly affect
to packing density, water demand, plastic viscosity when filler content increases over the
optimum dosage. (ii) At W/C ratio of higher 0.35 wt.% the influence of the packing
density increasing on compressive strength is not clear, but at lower W/C ratio of 0.35,
especially W/C ratio of 0.25, the improvement of packing density leads to a high increase
in compressive strength of binder stone.

Papadakis [1999b, 1999a, 2000] proposed a theoretical approach to estimate the
maximum silica fume or fly ash content that can react with all lime produced during
cement hydration at high W/C ratio of 50 wt.% or higher. As a result, the maximum
contents of silica fume, low-calcium fly ash and high-calcium fly ash were determined of
18.3 wt.%, 24 wt.% and 50 wt.% of cement respectively. Silica fume or fly ash addition
exceeding these optimum values is inert and play a role of filler only. These results are
meaningful for the employing of reactive powders in UHPC having very low W/C ratio. It
implies that the extra amount of reactive powder which only play a role of filler can be
replaced by an effective filler to reduce material cost.
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3.4. Concluding remarks

The composition of cement clinker has a great influence on the processing characteristic
of UHPC having a very low Water/Cement ratio. A high content of C3A or a high reactivity
C3A give a negative effect on initial rheology of UHPC. Furthermore, the early hydration
of cement is accelerated by the presence of alkalies. Thus, the C3A content and alkalis
content of cement clinker should be as lowest as possible. Gypsum and other kinds of
calcium sulfate in Portland cement have to control to avoid the “flash set” and “false set”
in the production of UHPC.

The compatibility of cement and superplasticizer strongly govern the fluidity of
UHPC. This is depended on the composition of cement clinker and the chemical structure
of superplasticizer. The compatibility of cement and superplasticizer is experimentally
evaluation by complex process, the development of a fast and simple method is needed.
Selection of cements and superplasticizers concerning their compatibility is crucial to
achieve the best performance for UHPC.

Ultra-fine highly reactive powder is indispensable for improving the microstructure
of the bulk cement paste and the interfacial transition zone in the production of UHPC.
The extra amount of reactive powder which only play a role of filler can be replaced by an
effective inert filler to reduce material cost.
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4.1. Materials

At the beginning of this research project, the collection of raw materials includes 21
materials of five different groups. Tables 4.1, 4.2, 4.3 summarize the basic properties of the
used materials. In order to determine the particle size distribution of the materials, the
laser diffraction technique with HELOS-RODOS instrument, Sympatec GmbH was used
for the powders, while the image analysis technique with QICPIC-RODOS instrument,
Sympatec GmbH was applied for the quartz sands. However, the particle size distribution
of silica fumes were analyzed by the LS 13 320 equipment of Beckman Coulter. Other
tests for material characterization were carried out partly in the own lab, while in some
cases the data was available from materials producers. Figure 4.1 and Figure 4.2 display
the particle size distribution of powders and aggregates respectively, the detail data of the
particle size analysis are shown in Tables A.1 to A.7 in Appendix A.

Cement: Four different cements were investigated, they were produced in Austria.
As discussed in the previous chapter, these cements are sulphate resistant, C3A free, high
early strength portland cements according to EN 197-1 (CEM I 52.5 N, CEM I 42.5 R).
Two cements (Cem1, Cem2) were supplied by Cement Lafarge. The third one (Cem3) was
from W&P Cement. The last one (Cem4) was from Kirchdorfer Cement.

Reactive fillers: Four different reactive powders were used. The undensified silica
fumes Elkem 971U (SF1) and RW Füller Q1 (SF2) were supplied by Elkem - Norway and
by RW silicium GmbH - Germany respectively. The ultra-fine and low-calcium fly ash
Microsit H10 (FA) (0.45-15µm) is a commercial product delivered by BauMineral GmbH -
Germany. Ground Granulated Blast Furnace Slag (GGBFS) (0.45-180µm) is produced
and supplied by Bernegger GmbH - Austria. The activity indices of the reactive fillers
was determined according to European Standard EN 13263-1 [2005a] for silicafume, EN
450-1 [2005b] for fly ash, EN 15167-1 [2006] for ground granulated blast furnace slag.

Inert fillers: Four quartz powders QP110 (0.45-21.5µm), QP16900 (0.45-87.5µm),
QP10000 (0.45-150µm), QP2500 (0.45-215µm) produced by Gebrüder Dorfner GmbH -
Germany and the ultra-fine limestone powder Betoflow-D (LSP) (0.45-12.5µm) from Omya
International AG were used as inert fillers.

Aggregates: Three different crushed quartz sands QS1 (803-2580µm), QS2 (369-
1185µm), QS3 (64-304µm) produced by Gebrüder Dorfner GmbH - Germany were used
as fine aggregates. The coarse aggregates include two crushed basalt rocks CrB1 (2000-
9000µm), CrB2 (800-5600µm) from Steirischer Basalt und Hartgesteinwerke Appel Stein-
bruch GmbH - Austria.
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Table 4.1.: Physical-mechanical properties and chemical component of the used cements.

Cem1 Cem2 Cem3 Cem4

Type CEM I 52.5N CEM I 42.5N CEM I 42.5R CEM I 52.5N
C3A (wt.%) < 2.5 < 2.5 < 2.5 < 2.5
D50 (µm) 7.70 12.32 10.00 9.52
Vol. Mean Diameter (µm) 11.19 16.64 14.94 12.75
Density (g/cm3) 3.10 3.05 3.05 3.10
28 days Comp.Strength (MPa) 61 56 57 61
SiO2 (wt.%) 20.25 20.48 20.60 21.59
CaO (wt.%) 66.07 60.81 60.48 64.86
Al2O3 (wt.%) 2.76 4.33 4.5 –
Fe2O3 (wt.%) 4.91 5.91 5.65 –
Na2O (wt.%) 0.21 0.33 0.21 0.23
K2O (wt.%) 0.49 0.68 0.69 0.76
Na2O equivalent (wt.%) 0.53 0.77 0.66 0.73
SO3 (wt.%) 2.61 2.36 2.75 2.35

Table 4.2.: Physical-mechanical properties and chemical component of the used reactive fillers.

SF1 SF2 FA GGBFS

D50 (µm) 0.327 0.342 2.850 9.200
Vol. Mean Diameter (µm) 1.839 4.864 3.650 17.280
Density (g/cm3) 2.20 2.20 2.51 2.82
Activity Index (28 days)(%) 112.4 114.5 105.1 100.0
SiO2 (wt.%) 98.4 97.0 54.0 –
Al2O3 (wt.%) 0.20 0.15 25.00 –
Fe2O3 (wt.%) 0.10 0.03 6.00 –
CaO (wt.%) 0.30 0.25 4.00 –
Na2O (wt.%) 0.20 0.05 – –
K2O (wt.%) 0.30 0.45 – –
Loss on Ignition (wt.%) 0.5 0.8 2.7 –
pH-value 6.8 7.5 – –

Table 4.3.: Physical properties and chemical component of the used inert fillers and aggregates.

SiO2 (wt.%) Density (g/cm3) D50 (µm) Vol. Mean Diameter (µm)

QP110 99 2.63 3.40 4.68
QP16900 99 2.63 13.13 18.28
QP10000 99 2.63 22.85 31.29
QP2500 99 2.63 33.78 47.43
LSP – 2.70 2.17 2.95
QS1 99 2.63 1696.20 1715.43
QS2 99 2.63 515.80 693.88
QS3 99 2.63 103.30 152.63
CrB1 – 2.95 – 5872.80
CrB2 – 2.95 – 2812.40

Superplasticizers: Three polycarboxylate ether based superplasticizers in liquid
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form (solid content of 30 wt.%, densities of 1.05 g/cm3) were used, namely Premment
H500 (SP1) from BT3 Betontechnik GmbH, Sika® ViscoCrete®-20 Gold (SP2) from Sika
Austria and Glenium®ACE430 (SP3) from BASF Construction Polymers GmbH.

Figure 4.1.: The particle size distribution of cements, reactive fillers and inert fillers in the

test program (log-10 scale for the X axis)

Figure 4.2.: The particle size distribution of quartz sands and crushed basalt stones for UHPC

production (log-10 scale for the X axis)

4.2. Packing density measurement for coarse particles

The actual packing densities of quartz sands (QS1, QS2, QS3) and crushed basalt
(CrB1, CrB2) were examined according to the method recommended by de Larrard as the
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description in section 2.3.2.3 (compaction index K = 9 and wall effect coefficient kw =
0.73). A cylindrical mould of 150 mm diameter and 300 mm height was used for testing.
The residual packing densities of monosized classes of each material were then computed.
Table 4.4 (or Table A.3) shows the results for quartz sand QS1. The results of the other
aggregates are reported in Tables A.4, A.5, A.6, A.7 in Appendix A.

Table 4.4.: Computing the residual packing densities of monosized classes of polydisperse

quartz sand QS1 based on its experimentally actual packing density.

Quartz sand QS1
K-value βexp

monosized classes
β βi

Size
(µm)

Passing
(vol.%)

Class i Size
(µm)

yi

(vol.%)

2580.23 100

9 0.6360

1 2341.24 7.08

0.6744

0.66633
2124.39 92.92 2 1927.62 35.84 0.66774
1749.08 57.08 3 1587.07 41.07 0.66891
1440.07 16.01 4 1306.68 13.06 0.66987
1185.65 2.95 5 1075.83 1.59 0.67067
976.19 1.36 6 885.77 0.65 0.67133
803.73 0.71 7 729.28 0.30 0.67187
661.73 0.41 8 600.44 0.16 0.67232
544.83 0.25 9 494.36 0.08 0.67269
448.57 0.17 10 407.02 0.04 0.67299
369.32 0.13 11 335.11 0.13 0.67324
304.08 0

4.3. Determination of the water-cement ratio

The varying of water-cement weight ratio (W/C) influence on the compressive strength
of cement, cementitious material and concrete, leading to an impractical amount of design
variables to be investigated. Therefore various W/C ratios were computed and only
one value of W/C ratio was selected to use for all investigations relate to compressive
strength. For normal and high strength concrete having compressive strength up to 130
Mpa the relation between compressive strength and W/C ratio was already built and
shown as Figure 4.3 in some textbooks (BetonKalender [2010]; Betontechnische Daten
[2014]). However, these data can not applied for ultra high strength concrete in range of
165 MPa to 200 MPa.

Actually, the research by Powers and Brownyard [1947] and the deeper explanation
about Powers work by Hansen [1986] allow to estimated the the physical structure and
strength of room temperature cured Portland cement paste from information on W/C ratio
and degree of hydration of the cement. This approach was accepted as a general method
for determining the influence of W/C ratio on hardened paste compressive strength, and it
was introduced in some textbooks (Neville [1996]; Mindess et al. [2003a]; the International
Federation for Structural Concrete (fib [2009]).
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Figure 4.3.: Walz curve

In the Powers-Brownyard model, hardened Portland cement paste is assumed to
comprise three volumetric components: (i) unreacted cement, (ii) hydration product and
(iii) capillary pores. The relationship between the compressive strength of the hardened
paste, fc(hp), and the capillary porosity, Vcp/V0, is described by Equations (4.1) and (4.2)
(fib [2009]).

fc(hp) = fc,0

(
1− aVcp

V0

)n
(4.1)

a =

W

C
+ 0.32

W

C
+ 0.32α

(4.2)

where: fc,0 is the compressive strength of a hydrated cement paste gel free of capillary
pores. The values of fc,0 and n depend on the type of cement and other technological
parameters, they were determined as 240 MPa and 3 respectively in Powers work. V0 is
the initial volume of cement and mixing water. Vcp is the volume of capillary pores. The
α value is the degree of hydration, defined as the mass fraction of the cement which has
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hydrated at a given point in time. Powers and Brownyard [1947] demonstrated that at
complete hydration, 1 gram of cement binds approximately 0.23 gram water chemically
(non-evaporable water) and 0.19 gram gel water. Complete and unimpeded hydration is
only possible at W/C ratios above 0.42 ( = 0.23 + 0.19). Therefore, the maximum degree
of hydration, αmax for a paste with W/C of lower than 0.42 is limited by the value of
(W/C)/0.42. The relation between capillary porosity Vcp/V0, W/C ratio and degree of
hydration α is be described Equation (4.3) (fib [2009]).

Vcp
V0

=

W

C
− 0.36α

W

C
+ 0.32

(4.3)

Thus, the compressive strength of a hardened paste can be estimated by applying Equation
(4.4).

fc(hp) = 240

(
1−

W

C
+ 0.32

W

C
+ 0.32α

W

C
− 0.36α

W

C
+ 0.32

)3

= 240

(
0.68α

W

C
+ 0.32α

)3

(4.4)

the value

υ =
0.68α

W

C
+ 0.32α

is call gel/space ratio.

Mills [1966] presented an empirical model to estimate the final degree of hydration of
portland cement depending on W/C ratio, expressed by Equation (4.5).

α(∞) =
1.031

W

C

0.194 +
W

C

(4.5)

Lam et al. [2000] examined the degree of hydration of the cement in Portland cement
paste by determining the non-evaporable water (Wn) content that was the method used
in Powers work. Thereby, a model to predict the degree of hydration of the cement in
Portland cement paste at 7 and 28 days was proposed, as shown by Equations (4.6) and
(4.7). Furthermore, it was proved experimentally that the gel/space ratio of the blended
cement paste in the presence of pozzolans increase in comparison with plain cement paste,
leading to a higher compressive strength.

α(7d) = 0.8529exp(−0.1172/(
W

C
)) (4.6)

α(28d) = 0.9658exp(−0.1345/(
W

C
)) (4.7)
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Using Eqs. (4.4), (4.6) and (4.7) the compressive strengths of hardened pastes with
various W/C ratios at 7, 28 days were estimated. Eqs. (4.4) and (4.5) were used to
computed the final compressive strength of hardened pastes. The calculated results are
presented in Table 4.5

Table 4.5.: Estimating the degree of hydration of portland cement and the compressive

strength of hardened paste.

W/C ratio (wt.%)

0.28 0.27 0.26 0.25 0.24 0.23 0.22

7 days

α,7d 0.5612 0.5526 0.5434 0.5337 0.5234 0.5124 0.5007
fc(hp),7d 137.4 142.7 148.2 154.0 159.9 166.0 172.3

28 days

α,28d 0.5974 0.5869 0.5757 0.5639 0.5514 0.5382 0.5241
fc(hp),28d 153.8 159.0 164.3 169.7 175.2 180.8 186.4

∞

α,∞ 0.6090 0.5999 0.5904 0.5805 0.5701 0.5593 0.5479
fc(hp),∞ 159.2 165.3 171.7 178.4 185.5 193.0 200.9

Based on this calculation the W/C ratio of 0.25 was chosen and kept constant for all
tests that relate to the rheology behavious and strength of pastes and concretes. This was
done because this W/C ratio is not only low enough for an expected concrete strength of
180 MPa due to the strength improvement by pozzolanic reaction, but also high enough
to ensure a good workability of concrete.

4.4. The compatibility of the powders and the superplasticizers

4.4.1. The influence of the superplasticizers on packing density and strength
of the cements

The method of mixing energy measurement introduced by Marquardt (see section
2.2.3) was employed to examine the packing density (as well as the water demand) of the
cements. An Eirich intensive mixer, type R01, was used for the experiment, as shown
in Figure 4.4 (left). The mixer has a driven, rotating mixing pan and a mixing tool
which rotates eccentrically, in addition the fixed wall scraper cleans the wall of the mixing
pan. The mixer can be operated via PC-controller for multi-stage, freely definable mixing
instructions and recording of all operating parameters. The cement amount was 5000
grams for each test. First, packing densities of the four cements were determined using
water only. By using a flow velocity adjusting tool the water velocity was kept constant of
1.68 ml/s during test process.

The test procedure was as follows:

� The mixing pan and mixing tool were controlled to rotate in reverse order.
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� The mixing pan speed was 84 rpm.
� The dry cement was mixed for 60 seconds at a mixing tool speed of 84 rpm.
� Water was then added to the powder at a mixing tool speed of 150 rpm for 120

seconds.
� The speed of the mixing tool was then increased up to 450 rpm, while water was still

added to the cement until a clear decrease of the power consumption was recognized.
� The duration of water adding (twater-add) from the beginning to the maximum power

consumption was determined.
� Tests on each powder were performed twice. The mean value was reported.

Figure 4.4.: The equipment for the superplasticizer-water solution demand test (left), and

the development of power consumption during addition of the solution (right)

The packing densities and the corresponding water demands of the cements were then
calculated by Equations (2.6) and (2.7) respectively, in which the value VLiq was 1.68×
twater-add ml, as illustrated in Figure 4.4 (right).

The test results, as described by the first bar of each group in Figure 4.5 and Figure
4.6, did not show a significant difference between the cements. The dispersion of all
cements was low, their packing densities were similar (55.8% - 56.5%) and corresponded to
the water demands of 25.3 wt.% - 25.66 wt.%. Obviously, strong agglomerates were formed
as water came into powder. The fine particles in the agglomerates could not disperse well
when water was used only. According to these results there was no persuasive reason for
concluding about cements quality. The detail data of the tests are shown in Table A.8 in
Appendix A.

For a better packing of cement grains due to a high dispersibility in cement-liquid
system the use of superplasticizer is essential to reduce the interparticle forces between
cement particles. The description in section 3.2 emphasizes that molecular structure of
superpalsticizer and cement composition influence on cement dispersion considerably. This
implies that the best compatibility of cements and superplasticizers can be recognized by
a precondition of the highest packing density of cement in superplasticizer-water-cement
system.
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Figure 4.5.: The packing density of four cements in the test using SP-Water solutions with

the SP-Water ratios of 0 and 10 wt.%

Figure 4.6.: The SP-Water solution demands of the cements are described by water de-
mand (W*/C) and superplasticizer demand (SP*/C) in the test using SP-Water
solutions with the SP-Water ratios of 0 and 10 wt.%

The questions are here: (i) what are the superplasticizer dosages for cement packing
density examination and (ii) how can the superplasticizer be introduced to cement.

� De Larrard [1999] suggested that water demand measurement should be performed
with the same proportion of superpalsticizer in the concrete (with respect to the
cement). This leads to a relatively high amount of superpalsticizer for cement packing
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measurement because the superplasticizer-cement ratio is used in range 3-4 wt.% for
UHPFRC (Schmidt and Fehling et al [2014]).

� In the research of Fennis [2010] PCE Glenium 51 was used for powder packing
density measurement as a constant amount of 1.2 wt.% of powders to ensure stable
mixtures and avoid overdosage. The effectiveness of different superplasticizers in
combination with powders was not investigated. First, 1500 grams of cement and
264 grams of water and the superplasticizer were mixed in a three liters Hobart
mixer for one minute. After one minute of mixing and two minutes of resting and
scraping, mixing was continued and further water was added in drops until maximum
power consumption was reached. Clearly, the further water adding reduces the
concentration of superplasticizer. This means the dispersion effect of new solution is
lower than that of the initial solution, leading to a lower packing density of powder
compared to packing density of powder with a constant superplasticizer concentration
like the initial solution.

From the above analysis it was recommended to use a superpalsticizer-water solution
for cement packing density measurement in this research project. After trial tests, the
superplasticizer concentration in solution was determined by superplasticizer/water ratio
of 10 wt.%. The powder amount, the velocity of liquid, the test procedure were not
changed in comparison to the test using water only. The powder packing density (β) was
still calculated using Eq. (2.6). The corresponding superplasticizer-water solution demand
(denoted SpWD) of the cement was calculated using Equation (4.8) which is based on Eq.
(2.7). This SpWD value can be described by the Water*-Powder ratio (denoted W*/Pow)
and the Superplasticizer*-Powder ratio (denoted SP*/Pow) (weight ratio) as Equation
(4.9) and Equation (4.10 respectively).

SpWD =
MLiq

MPow

=

VLiq ×
1 +

MSP

MW

1

ρW
+

MSP

MW

ρSP
n∑
i=1

MPow(i)

(4.8)

W ∗/Pow =
SpWD

1 +
MSP

MW

(4.9)

SP ∗/Pow =
SpWD

1 +
1

MSP

MW

(4.10)

where: ρSP and ρW are the densities of the superplasticizer and water. MSP/MW is the
weight ratio of superplasticizer to water of the superplasticizer-water solution, for instance,
MSP/MW=0.1 was determined experimentally as a constant parameter in this research
project.
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The above Figures 4.5 and 4.6 also represent the packing densities of the four cements
measured by using superpalsticizer-water solutions with SP/W = 10wt.% and three
different SP1, SP2, SP3. The packing density of the cements were increased significantly.
The results showed that superplasticizer SP1 had the highest dispersing effect on the
four cemets in comparison to SP2 and SP3. The highest dispersibility was found in the
cement-water-SP1 system. When SP1 was used, Cem1 had the highest packing density of
63.7% and the lowest corresponding SP1-Water solution demand with W*/C of 16.784
wt.% and SP*/C of 1.678 wt.%. These phenomena could be explained successfully based
on the compatibility of superpalsticizer and cement. The detail data of the tests are shown
in Table A.8 in Appendix A.

The influence of superplasticizer SP1 concentration in the solution on Cem1 packing
density was investigated by varying SP1/W ratios of 10 wt.%, 12.5 wt.%, 15.0 wt.%,
17.5 wt.%. The real and highest packing density of 64.86% of Cem1 was determined
corresponding to the SP1/W of 15 wt.%, as described in Figure 4.7. However, it was
clear to recognize that when SP1/W ratio increased from 10 wt.% to 17.5% the packing
density of Cem1 was increased negligibly of less than 2%, W*/Cem1 ratio was also reduced
slightly, while SP1*/Cem1 increased quickly from 1.678 wt.% to 2.628 wt.%. This means
SP1/water of 10 wt.% allows to achieve SP1-Water solution with a sufficient dispersing
effect for determining the real and highest packing density of Cem1. When SP1/W is
higher than 10 wt.%, the excess amount of SP1 plays a role of water replacing liquid rather
than a dispersing agent. The detail test data are shown in Table A.9 in Appendix A.

Figure 4.7.: The influence of SP1 concentration in SP1-water solution on the packing density

of Cem1

Based on the above experimental analysis SP1/W ratio of 10 wt.% in SP1-Water
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solution was uesd as a constant parameter in this research project.

The results in the above Figures 4.5 and 4.6 indicated that Cem1 and Cem2 had the
advantage over Cem3 and Cem4 in term of packing density. Nevertheless, the influence of
the superplasticizers on 28 days compressive strength of the cements was investigated to
achieve a convincing selection of cements. The experiments were carried out using W/C
ratio of 25 wt.% and SP/C of 2 wt.%. The value SP/C of 2 wt.% was selected because the
results of SP-water solution demand test for the cements, shown in Figure 4.6, pointed out
that Cem3 had the highest SP3 demand of 2.02 wt.%. Quartz sand QS2 (369-1185 µm)
was used as aggregate. The volume ratio of paste to aggregate was 1. To provide a general
idea about the comparative performance of cements-superplasticizers, the compressive
strength all tests were normalized by the compressive strength of Cem1-SP1, since the
strength of Cem1-SP1 was the highest. The results are showed in Figure 4.8 and in Table
A.10 in Appendix A. Obviously, the compatibility of cement and superplasticizer is also
very important considering strength development of cement, especially concrete with a
very low W/C ratio.

Cement is the major component of cementitious powder, a large amount of cement
is used in cementitious powder. Besides, the compatibility of superplasticize (SP) and
cement have a strong influence on the performance (the dispersion and strength) of cement.
Cement with a low water demand and SP demand insures to achieve lower water demand
and SP demand in combination with an effective filler. Therefore, the best cement and SP
regarding the highest packing density (the lowest water demand and SP demand) and the
highest strength must be chosen.

The above results about the influence of the superplasticizers on the packing density
and the strength development of the cements are the compelling evidences to select Cem1
and SP1 for further investigation.

Figure 4.8.: The influence of three superplastic SP1, SP2, SP3 on the 28 days compressive

strength of Cem1, 2, 3 and 4 with W/C = 25 wt.% and SP/C = 2 wt.%
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4.4.2. The influence of the superplasticizer SP1 on packing density of
mineral admixtures

The SP-water solution demand test using SP1/W ratio of 10 wt.% was employed to
measure the packing density of silica fumes (SF1, SF2), fly ash (FA), ground granulated
blast furnace slag (GGBFS or BFS), quartz powders (QP1, QP2, QP3, QP4) and lime
stone powder (LSP). The results in Figures 4.9 and 4.10 show that the packing densities
of FA, GGBFS, QP1, QP2, QP3, QP4, LSP were increased by the positive dispersing
effect of SP1 in comparison with the tests using water only (the detail data are shown in
Table A.11 in Appendix A). However, SP1 had a negative effect on the dispersion of both
silica fumes SF1 and SF2, in which the SP1-water solution demand of SF1 was increase
considerably.

According to the study by Plank et al. [2009] and by Schöfl et al. [2012] this effect
was attributed to the negatively charged surface of both silica fumes, in which the surface
of SF1 is more negative and the total surface area of SF1 is much larger than that SF2.
Thus, it could be predicted that concrete with SF1 needs higher SP content than concrete
with the same SF2 content at a given flowability. This prediction is also supported by
the results from the study by Glotzback et al. [2014]. The zeta potentials of four silica
fume Elkem 971, Elkem 983, Silicoll P, Elkem 940 US were measured in the Glotzback’s
study, the negatively charged surface of the silica fumes were in descending order and
correspond to the increase of the flowability of mortars with Elkem 971, Elkem 983, Silicoll
P respectively, using the same superplasticizer and water content.

The activity of the reactive powders in Cem1 - reactive admixtures binders were
investigated using W/Cem1 ratio of 25 wt.% and SP1/Cem1 of 2 wt.%. The aggregate
was quartz sand QS2 (369-1185 µm). The volume ratio of paste to aggregate was 1. Figure
4.11 shows the normalized compressive strength of all Cem1 - reactive admixture binders
with respect to the compressive strength of Cem1, since the strength of Cem1 was the
lowest. The detail data are presented in Table A.12 in Appendix A.

Adequate reason was thus given to select SF2 for further investigations. The 28 days
age compressive strength of the binder with SF2-Cem1 ratio of 10 wt.% was 14.5% higher
than that of the binder with only Cem1. This can be attributed to the dual effect of silica
fume SF2 that acts as both a pozzolanic material and a filler. The additional improvement
of compressive strength was not remarkable, however, when SF2 increased corresponding
to SF2/Cem1 ratio from higher than 10 to 20 wt.%.

It was interesting to recognize that the SP1-water solution demands of the limestone
powder (LSP) and fly ash (FA) were much lower than that of the quartz powders (QP1,
QP2, QP3, QP4) and ground granulated blast furnace slag (GGBFS), although the total
surface area of the LSP and of FA were very high in comparison to the QPs and GGBFS
because of the higher fineness. Furthermore, a strong dispersing effect of SP1 on the FA
was observed clearly whereas its influence on the dispersion of the QPs, GGBFS, LSP
powder was weak. This could be attributed to the adsorption of superplasticizer on Ca2+

of high CaO content in the FA. Further comparison within the quartz powders showed
that the finer the quartz powder was, the higher the SP1-water solution demand was, as
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shown in Figure 4.9, but theirs effect on the compressive strength of concrete could not
be determined clearly based on theirs packing densities. Therefore, the fly ash, ground
granulated blast furnace slag, all quartz powders and the limestone powder were considered
in further investigations.

Figure 4.9.: The influence of superplasticizer SP1 on the packing density of the mineral
admixture, measured by SP1-water solution demand test with SP1/W ratios of 0
and 10 wt.%

Figure 4.10.: SP1-water solution demands of the mineral admixtures are illustrated by water
demand (W*/Pow) and superplasticizer demand (SP*/Pow) in the test using
SP1-Water solutions with SP1/W ratios of 0 and 10wt.%
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Figure 4.11.: The influence of types and content of reactive powders on the 28 days compressive
strength of Cem1 - reactive powder binders using W/Cem1 ratio of 25 wt.%
and SP1/Cem1 of 2 wt.%

4.5. Concluding remarks

Commercially available materials were used in this study. It was observed that
supeplasticizer has a great effect on the cement dispersion, subsequently cement packing
density. Therefore, the method of water demand measurement by determining mixing
energy, developed by Marquardt, was modified to a highly effective test method called
superplasticizer-water solution demand test. The compatibilities between superplasticizers
and cements as well as other kinds of fillers were recognized clearly by applying the
superplasticizer-water solution demand test. The influences of superplasticizers on the
compressive strength of cements were carried out. Based on the obtained results the
most suitable Cem1 and the most effective superplasticizer SP1 were convincingly chosen.
The activities of reactive fillers and Cem1 were examined considering the effect of SP1.
The appropriate reactive fillers including ultra-fine silica fume SF2, ultra-fine fly ash FA,
ground granulated blast furnace slag GGBFS were then selected for further investigation.
The packing densities of the inert fillers could not give an adequate reason for the selection
taking theirs influence on the strength of concrete into account. Therefore, all investigated
inert fillers were considered in further investigations.

The negative effect of superplasticizer SP1 on silica fumes SF1 and SF2, recognized by
SP1-water solution demand test for silica fumes in this research project, was also described
elsewhere (Plank et al. [2009], Schöfl et al. [2012], Glotzback et al. [2014]). It implies that
the stronger negative compatibility the silica fume - superplasticizer - water system have,
the higher superplasticizer content the concrete needs.

The investigation into the influence of superplasticizer SP1 concentration in SP1-water
solution on Cem1 packing density indicated that SP1/W ratio of 10 wt.% was an acceptable
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SP1 concentration in SP1-water solution for applying of the superplasticizer-water solution
demand test in further investigation.

The advantage of the superplasticizer-water solution demand test in packing density
measurement for powder as well as in cement-superplasticizer compatibility assessment
was convincingly demonstrated by the highest reproducibility and time efficiency.

Taking into account the relation of the water-cement ratio, the degree of hydration of
cement, the gel-space ratio and the compressive strength of mortar, W/C ratio of 0.25 was
chosen and kept constant for all tests that relate to the rheology behavious and strength
of pastes and concretes in further investigation because this W/C ratio is not only low
enough for an expected concrete strength of 180 MPa due to the strength improvement by
pozzolanic reaction, but also high enough to ensure a good workability of concrete.
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5. Mix proportioning of UHPC

5.1. Experimental methods

The absolute volume method is employed to calculate the content of materials in a
unit volume of mixture.

In order to examine the particle packing density of blended binder the superplasticizer-
water solution demand test with SP1/W ratio of 10 wt.%, described in detail in section
4.4, was applied.

The packing density test method developed by Kwan et al. (Wong and Kwan [2008],
Kwan et al. [2012]), expressed in detail in section 2.2.4.2 was employed to measure the
particle packing densities of the established optimum concretes in this research project.

For assessment of the self-flowability of a small concrete batch the spread flow test,
explained in section 2.2.3, was used. The slump flow test in accordance with DIN EN
12350-8 [2010] was only applied for the established optimum mixtures, the T500-time was
also recorded in the test.

5.1.1. Assessment of the particle packing density of concrete mixture using a
rotational rheometer

As introduced and explained in section 2.2.4.1 that when the proportion of cementitious
mixture, the water-cement ratio, the superplasticizer-cement ratio and the paste volume
are constant, the modification of the aggregate characteristics (size and size distribution,
packing density, shape, surface texture) by the combination of different aggregates will
change the particle packing density of the whole concrete, leading to the change of plastic
viscosity. Thus, the highest packing density of the granular concrete mixture can be
recognized by showing: (i) the lowest plastic viscosity or (ii) the highest self-flowability.

Viskomat NT and Viskomat XL which are commercial available rotational rheometer
of Schleibinger Gerte Teubert u. Greim GmbH (Germany) were used to measure the
plastic viscosity of paste and concrete. Basically, rotational rheometers have three standard
geometries: parallel plates, cone and plate, Couette (two coaxial cylinders), as illustrated
in Figure 5.1 (Coussot [2005]).
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Figure 5.1.: Three standard geometries of rotational rheometers: parallel plates, cone and

plate, Couette (Coussot [2005]).

However, Viskomat NT and Viskomat XL used in this research have a paddle fixed
to a torque cell. Furthermore, Viskomat NT has rotating vessels of about 500 ml, and
the rotating vessel of Viskomat XL is 3500 ml, see Figure 5.2. The material was stirred
at a rotation speed N, generating shear resistance of torque T. A series of data points of
T and N were recorded by a computer. Exactly, during operation, the rotational speed
was imposed and controlled while the torque was measured. In the test for cementitious
paste, the Viskomat NT accelerated the rotational speed from 0 to 80 rpm within 150
seconds. For the tests of concrete with aggregate smaller than 5 mm the rotational speed
increases from 0 to 15 rpm within 150 seconds. The Viskomat XL was used for the tests
of concrete with maximum grains of 8 mm, it accelerated the rotational speed from 0
to 10 rpm within 150 seconds. Using Bingham model the relation between the torque T
(N.mm) and the rotational speed N (rpm) was described with Equation (5.1) and Figure
5.2, in which g-coefficient is relative yield stress g (N-mm) and h-coefficient is relative
plastic viscosity (N-mm/rpm). Because the geometries of Viskomat NT and Viskomat XL
are complex and not complied with the standard geometries, the rotation speed was not
converted into a shear rate and torque was not converted into a shear stress due to the
complexity of convert process using a calibration liquid. That is why the h-coefficient in
Equation (5.1) (relative plastic viscosity (N-mm/rpm)) is not a plastic viscosity in Pa.s
unit. Nevertheless, if test setup of Viskomat NT (or Viskomat XL) is kept constant for all
mixtures, the plastic viscosities of these mixtures can be compared together by assessment
of h-coefficients.

T = g + h.N (5.1)

For the spread-flow test and the plastic viscosity measurement, a small Hobart mixer
with a 5 liters mixing bowl and a three speed transmission (speed I/II/III equal to
136/281/580 for the agitator and 60/124/255 for the paddle) was used to prepare one
liter of cementitious paste (or concrete with aggregates of smaller than 5 mm ). For the
production of three liters of concrete with maximum grains of 8 mm, a larger Hobart
mixer with a 12 liters mixing bowl and a three speed transmission (speed I/II/III equal
to 107/198/365 for the agitator and 61/113/207 for the paddle) was used. The mixing
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procedure was as follow: (i) dry cementitious mixture including cement, quartz powder
and silica fume (and other powders if any) was put into the mixer and then mixed for 30
seconds at the speed I; (ii) 80 wt.% water was added firstly for 60 seconds at the speed
I, the premixed remaining water with superplasticizer was then added for 30 seconds;
(iii) the paste was mixed at speed II for 120 seconds; (iv) the paste was homogenized
for 120 seconds at speed III; (vi) the aggregate, if any, was added to the paste and the
concrete mixture was mixed at speed I for 300 seconds. All tests were only carried out
five minutes after the completion of the mixing process, this waiting time was sufficient
for the de-aeration of mixture.

Figure 5.2.: Viskomat NT and Viskomat XL with paddle (two left pictures). A linear relation
between the torque T (N.mm) and the rotational speed N (rpm) is expressed by
Bingham model (right).

5.1.2. Specimen preparation and compression test

For each concrete mixture six cube specimens of 100x100x100 mm3 were produced
to determine the 28 days compressive strength (28d-fc). For each established optimum
concrete mixture, an additional eighteen cubes 100 mm and three cylinders with 100 mm
diameter and 200 mm height were tested for the 28 days compressive strength (6 cubes)
and modulus of elasticity (3 cylinders), and for the compressive strength of concrete at 90
days (6 cubes) and 180 days (6 cubes).

The homogeneous UHPFRCs were produced by using Eirich intensive mixers. The
mixers have a driven, rotating mixing pan, a mixing tool which rotates eccentrically and
a fixed wall scraper cleans the wall of the mixing pan. The mixing procedure was as
follows: (i) dry cementitious mixture including cement, quartz powder, silica fume (and
other powders if any) were added to the mixer, then mixed for 30 seconds at the speed
of 150 rpm of mixing tool and lowest speed of mixing pan; (ii) 80 wt.% water was added
firstly for 60 seconds at the mixing tool speed of 150 rpm, the premixed remaining water
with superplasticizer was then added for 30 seconds; (iii) the paste was homogenized for
240 seconds at the mixing tool speed of 450 rpm; (iv) the aggregate was added to the
paste at the mixing tool speed of 150 rpm for 240 seconds; (vi) the speed of the mixing
tool was decreased down to 84 rpm, the UHPCs without fibres were mixed for a further 60
seconds; in case of fibres addition, the further mixing time at this stage was 180 seconds.
It is noted that the speed of the mixing pan was constant during mixing.
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All specimens were cast without compaction. After casting, the specimens were
covered with plastic sheets and stored at room temperature for 24 hours. The specimens
were then de-moulded and cured in water at 20oC for 6 days. Subsequently they were
stored at ambient laboratory conditions until testing. The compression test was carried
out according to DIN EN 12390-3 [2009]. Before compression test, both loading faces
of all specimens were ground by a grinding machine, this ensured a uniform load being
applied on the brittle specimen to obtain a high test results consistency. The loading rate
for compression test was 0.6 MPa/s. The mean values were reported.

5.2. The rule of granular materials combination

As introduced in Chapter 2, the earlier studies by Furnas [1929, 1931] highlighted that
the void space between larger grains can be filled by smaller grains leading to improvement
of the packing density of the granular concrete mixture. In this research project, with
supporting of some efficient test methods for packing density measurement, this simple
idea was employed for the combination of granular materials of concrete considering
improvement of particle packing density.

The rule of granular materials combination is expressed as follows:

� At the beginning of concrete mix design, a collection of n different polydisperse grain
groups are available. The group (i+1) is finer than the group (i). Furthermore, it is
assumed that the maximum grain size of the expected mixture is the same as the
maximum grain size of the group(i).

� Stage 1: group(i) is replaced progressively by the next finer group, group(i+1). The
packing density of the formed mixture in each step is measured. If the compatibility
of the groups (i) and (i+1) is sufficient, the smaller particles will fill up the void
between larger particles and this leads to an increase in packing density of the new
grain groups. At showing of highest packing density, the optimum combination of
group(i) and group(i+1) is established, corresponding to the optimum proportion of
the group (i+1) to the group (i). If not, this means the combination of the group(i)
and group(i+1) is meaningless, the groups (i) and (i+2) will be combined and so
on. As a result, the optimum proportion of the group (i+k) to the group (i) is
determined commensurate with the new group (i)U(i+k). Then Stage 2 can start.

� Stage 2: group (i)U(i+k) is gradually replaced by the next finer group, group
(i+k+1), and the process like in Stage 1 is repeated.

� The combination process is completed when the group with the smallest grain size,
group (n), is used.

� The wettability and adhesion of powders and aggregates are considerably different.
That is why this rule is applied at first for the powders system to establish the
optimum cementitious paste. The rule is then used for the aggregates system to
determine the optimum blended aggregate corresponding to the optimum of the
whole UHPC with a fixed volume of the optimum paste
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5.3. Mixture-proportioning of cementitious paste

In the previous chapters, it is clear that the cementitious powder of UHPFRC should
include at least 2 components of cement and ultra-fine reactive powder, in which the
ultra-fine reactive powder also play a role of filler. If the cost of ultra-fine reactive powder
is insignificant, a binder of two components should be developed regarding the simple
procedures for materials preservation and control. If the cost of ultra-fine reactive powder
is high, an effective inert filler can be used to replace the ultra-fine reactive powder for
reducing materials cost. Therefore, a binder including three components of cement, inert
filler, ultra-fine reactive powder can be developed for UHPFRC. If reactive powder is
coarse, leading to a low filler effect, an ultra-fine inert filler should be used to improve
packing density of the three components system. Two reactive powders should not be used
simultaneously in the same system because there is not any additional benefit due to the
limitation of chemical reaction. In this context, based on the materials characteristics and
the rule of granular materials combination, three kinds of blended binders were developed
as follows:

� Binder of cement, quartz powder and silica fume.
� Binder of cement and ultra-fine fly ash.
� Binder of cement, GGBFS and ultra-fine limestone powder.

5.3.1. The optimum pastes of cement - quartz powder - silica fume binders

5.3.1.1. Experimental determination of the optimum binary mixtures
including Cem1 and quartz powders based on packing density
assessment

Experimental investigations into the packing densities of binary mixtures consisting
of Cem1 and the four quartz powders were carried out. Each quartz powder and Cem1
were combined. The packing densities of QPi-Cem1 blends were measured by applying the
method of SP1-Water solution demand test with SP1/W of 10 wt.%. Figure 5.3 shows
the packing densities of QPi-Cem1 blends when Cem1 was replaced gradually by QPi.
The highest packing densities of QP1-Cem1 blends, QP2-Cem1 blends and QP3-Cem1
blends were 67.4%, 66.7% and 66.7% respectively, corresponding to QP1/Cem1 of 40
wt.%, QP2/Cem1 of 35 wt.% and QP3/Cem1 of 30 wt.%. Surprisingly, there was no
improvement of the packing density in the combination of QP4 and Cem1, although QP4
is much finer than Cem1, concluding their compatibility was poor. Thus, QP4 was not
used for further investigation. The detail test data are shown in Table B.1 in Appendix B.

5.3.1.2. Determination of the optimum ternary mixtures of the optimum
QPi-Cem1 blends and silica fume SF2

Each optimum blend of QPi and Cem1 (i=1,2,3) was combined with silica fume SF2
by the stepwise replacement of QPi - Cem1 blend by SF2. The method of SP1-Water
solution demand test with SP1/W of 10 wt.% was also employed for packing density
measurement. The test results, described by the solid curves in Figures 5.4, 5.5 and 5.6,
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show that the packing density of the cementitious mixtures increased significantly as SF2
content increased up to 22.5 (wt.%) of the optimum QPi-Cem1 blends. The detail test
data are shown in Table B.2 in Appendix B.

Figure 5.3.: The variation in the packing density of QPi-Cem1 blends when Cem1 was replaced
progressively by QPi (i=1,2,3,4). The optimum QPi/Cem1 ratios was determined
by showing the highest packing density.

The flowability of cementitious pastes at each combination step was determined, in
which W/Cem1 of 25 wt.% and SP1/Cem1 of 2 wt.% were kept contant. It was observed
that the higher SF2 content the pastes had, the lower flowability the pastes showed. This
can be explained by the fact that the increasing of SF2 content in the cementitious paste
reduced the thickness of water film, which surrounds the cementitious particles and governs
the consistence of the cementitious paste due to the increasing of the number and the
total surface area of the particles. This was represented by the reducing of the volume
ratio of water to powder, as computed and shown by the dashed curves in Figures 5.4, 5.5
and 5.6. The detail computed data are shown in Table B.3 in Appendix B.

Let us make a theoretical calculation about the efficient water that lubricate the
particles. It is assumed that the water in the void between particles (Vvoid-water) does not
contribute to the fluidity of the paste, this water can be described by Equation 5.2.

Vvoid−water
Vsolid

=
1− βmix−actual
βmix−actual

(5.2)

where: Vsolid is the total solid volume of mixture, βmix-actual is the actual packing density
of mixture. Then, the efficient water for paste flowing (Vefficient-water) can be expressed by
Equation 5.3.

Vefficient−water
Vsolid

=
Vmixing−water

Vsolid
− Vvoid−water

Vsolid
(5.3)
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This efficient water spreads out all particles surface, corresponding to the thickness of the
efficient water film (tefficient-water) as Equation 5.4.

tefficient−water =
(
Vmixing−water

Vsolid
− Vvoid−water

Vsolid
)Vsolid

Sparticles

=
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(5.4)

where: W/Cem1, QP/Cem1, SF2/Cem1 are weight ratios of Water, QP, SF2 to Cem1 re-
spectively; ρmaterials are the densities of the materials; VCem1/Vsolid, VQP/Vsolid, VSF2/Vsolid

are volume fraction of Cem1, QP and SF2 in mixture respectively; Sparticles is the total
surface area of particles in mixture; N1, N2, N3 are the number of sieves in particle size
distribution analysis for Cem1, QP, SF2 respectively; the value of Retainedi,i+1 of Cem1 is
the volume fraction of particles passed sieve di and retained in sieve di+1in measurement
of Cem1 size distribution, these particles have a mean diameter of

√
didi+1; they are noted

similarly for Retainedj,j+1,
√
djdj+1 of QP and Retainedk,k+1,

√
dkdk+1 of SF2.
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Figure 5.4.: The solid curve shows the increase of the packing densities of QP1-Cem1-SF2
mixtures, in which QP1/Cem1 = 40 wt.%, when SF2 increased steadily by
SF2/(QP1+Cem1) ratios from 0 to 22.5 wt.% (corresponding SF2/Cem1 ratios
from 0 to 31.5 wt.%); whereas the dashed curve represents the decrease of
Water/Solid volume ratios in the pastes having W/C ratio of 25 wt.%.

Figure 5.5.: The solid curve shows the increase of the packing densities of QP2-Cem1-SF2
mixtures, in which QP2/Cem1 = 35 wt.%, when SF2 increased steadily by
SF2/(QP2+Cem1) ratios from 0 to 22.5 wt.% (corresponding SF2/Cem1 ratios
from 0 to 30.375 wt.%); whereas the dashed curve represents the decrease of
Water/Solid volume ratios in the pastes having W/C ratio of 25 wt.%.
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5.3. Mixture-proportioning of cementitious paste

Figure 5.6.: The solid curve shows the increase of the packing densities of QP3-Cem1-SF2
mixtures, in which QP3/Cem1 = 30 wt.%, when SF2 increased steadily by
SF2/(QP3+Cem1) ratios from 0 to 22.5 wt.% (corresponding SF2/Cem1 ratios
from 0 to 29.25 wt.%); whereas the dashed curve represents the decrease of
Water/Solid volume ratios in the pastes having W/C ratio of 25 wt.%.

Figures 5.7, 5.8, 5.9 illustrate the variations of the efficient water and of the efficient
water film thickness in QP-Cem1-SF2 system when SF2 content increases. The detail
computed data are shown in Tables B.4, B.5, B.6 in Appendix B. The variation of the
efficient water is in good agreement with the the packing theory which assumes that adding
fine particles to a particle structure helps filling up the voids in the particle structure,
leading to minimum space for water as well as maximum efficient water for particles
lubrication. However, the decrease of the efficient water film thickness in conformity with
the water layer theory which claims that adding small particles increases surface area,
reduce the water film thickness and consequently the flowability. The observed results in
Figures 5.7, 5.8, 5.9 indicate that the thickness of the efficient water film are depended
pronouncedly on the size distribution and the content of constituents which influence
directly total surface area of particles. In the cases of QP1-Cem1-SF2 and QP2-Cem1-SF2
mixtures, in which QP1 and QP2 are coarser than QP3, the increase of packing density of
mixtures by SF2 content increasing lead to increase of efficient water film thickness firstly.
Then, total surface area of particles in mixtures enlarge quickly and result to lowering of
the efficient water film thickness while the volume of efficient water is still increased due
to the improvement of packing density. However, the thickness of the efficient water film
of QP3-Cem1-SF2 mixtures reduce continuously regardless of the increase of the volume
of efficient water.

In order to solve this problem, the method of multi-objective optimization was applied
to determine the SF2 content in QPi-Cem1-SF2 cementitious mixtures in such a manner
that blended binders achieve a high packing density and a high volume ratio of W/Powder.
For this purpose, the NIMBUS program which has been developed at the University of
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Jyväskylä Finland, Department of Mathematical Information Technology by Miettinen
and Mäkelä [2000, 2006] was used. For QP1-Cem1-SF2 blends Functions 5.5 and 5.6 was
requested to achieve the highest values simultaneously when SF2/(QP1+Cem1) ratios
vary in range of 0-22.5 wt.%. The similar requirements were applied for QP2-Cem1-SF2
blends with Functions 5.7 and 5.8 and QP3-Cem1-SF2 blends with Functions 5.9 and 5.10.

y1 = −0.0001819394X2
1 + 0.0076926667X1 + 0.6723054545 (5.5)

g1 = 0.0000632060X2
1 − 0.0068207741X1 + 0.5263731294 (5.6)

y2 = −0.0001260606X2
2 + 0.0060993939X2 + 0.6642363636 (5.7)

g2 = 0.0000663308X2
2 − 0.0071356153X2 + 0.54833115740 (5.8)

y3 = −0.0000850909X2
3 + 0.0052476364X3 + 0.6635309090 (5.9)

g3 = 0.0000697732X2
3 − 0.0074805981X3 + 0.5722008963 (5.10)

where: X1 = SF2/(QP1+Cem1), X2 = SF2/(QP2+Cem1), X3 = SF2/(QP3+Cem1) wt.%,
0 ≤ X1, X2, X3 ≤ 22.5 wt.% and QP1/Cem1 = 40, QP2/Cem1 = 35, QP3/Cem1 = 30
wt.%.

Figure 5.7.: The variations of the efficient water and its thickness corresponding with the
improvement of packing densities of QP1-Cem1-SF2 mixtures when QP1/Cem1
ratio is 40 wt.%, W/C ratio is 25 wt.% and SF2 content increased steadily by
SF2/(QP1+Cem1) ratios of 0-22.5 wt.%.
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5.3. Mixture-proportioning of cementitious paste

Figure 5.8.: The variations of the efficient water and its thickness corresponding with the
improvement of packing densities of QP2-Cem1-SF2 mixtures when QP2/Cem1
ratio is 35 wt.%, W/C ratio is 25 wt.% and SF2 content increased steadily by
SF2/(QP2+Cem1) ratios of 0-22.5 wt.%.

Figure 5.9.: The variations of the efficient water and its thickness corresponding with the
improvement of packing densities of QP3-Cem1-SF2 mixtures when QP3/Cem1
ratio is 30 wt.%, W/C ratio is 25 wt.% and SF2 content increased steadily by
SF2/(QP3+Cem1) ratios of 0-22.5 wt.%.

As a results, three optimum binders were determined as the followings:

� Binder 1: SF2/(QP1+Cem1) = 7.84735 wt.%, where QP1/Cem1 = 40 wt.% ⇒
QP1/Cem1/SF2 = 40/100/11 wt.%, packing density is 72.1%.
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� Binder 2: SF2/(QP2+Cem1) = 8.50566 wt.%, where QP2/Cem1 = 35 wt.% ⇒
QP2/Cem1/SF2 = 35/100/11.5 wt.%, packing density is 70.7%.

� Binder 3: SF2/(QP3+Cem1) = 9.20616 wt.%, where QP3/Cem1 = 30 wt.% ⇒
QP3/Cem1/SF2 = 30/100/12 wt.%), packing density is 70.5%.

The SF2 content of each optimum blended binder is sufficient regarding strength develop-
ment due to pozzolanic reaction because the strength of Cem1-SF2 binders with SF2/Cem1
ratio from higher 10 wt.% to 20 wt.% was not considerably higher than that of Cem1-SF2
binder having SF2/Cem1 ratio of 10 wt.% as shown in Figure 4.11.

5.3.1.3. Determination of the saturated SP1 content for the pastes and
concretes containing the optimum Binders 1, 2, 3

In order to determine the saturated content of SP1 for Pastes 1, 2, 3 corresponding
to the optimum Binders 1, 2, 3 and constant W/Cem1 ratio of 25 wt.%, the influences of
SP1 content on the rheological behaviour of Pastes 1, 2, 3 were investigated. Viskomat
NT was used to measure plastic viscosity of paste.

The results in Figure 5.10 indicate that the plastic viscosities of Pastes 1, 2, 3
decreased with the increasing of SP1 dosage, and they then gradually increased as SP1
dosage exceeded the saturated concentration of adsorbed polymer, which corresponded
with the lowest points of the three curves at the SP1/Cem1 ratios of 3.30, 2.88, 2.75 wt.%
respectively. The detail test data are shown in Table B.7 in Appendix B. This phenomenon
is observed in suspension with low Water/Powder ratio as reported in the studies by Ushiro
et al. [2013], and Sakai et al. [2003].

Figure 5.10.: Influence of SP1 on the plastic viscosity of the cementitious pastes having
constant W/Cem1 of 25 wt.%. The optimum Binders 1, 2, 3 are the cementitious
powders of Pastes1, 2, 3 respectively.
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5.3. Mixture-proportioning of cementitious paste

The segregation was not observed in the experiments. The reason for the phenomena
may be attributed to the increase of polymer concentration in the liquid phase of the
pastes. In these tests, W/Cem1 weight ratio is constant, the change of solid volume is
negligible when SP1/Cem1 increase, but the polymer concentration in liquid phase increase
quickly leading to the saturation of the adsorbed SP1 on the surface of particles and SP1
present in pore solution. The SP1 exceeding the saturation amount is unnecessary and
result to a thick polymer layer in pore solution. It implies that an amount of efficient
water contributing to fluidity of paste is replaced by unnecessary SP1. Thus, the plastic
viscosity of paste increase.

It should be noted that superplasticizer does not disperse aggregate for improving the
fluidity of concrete. Therefore, the superplasticizer in the liquid film around aggregate
particles is an useless consumption. It means SP1 content will be not sufficient to achieve
the highest dispersing of Pastes 1, 2, 3 for maximum fluidity of concretes if the saturated
SP1 contents as the above estimation are used. For that reason the investigation into the
influence of SP1 content on the flowability of concretes with Pastes 1, 2, 3 was carried
out. Quartz sand QS2 (0.3-0.8mm) was used as a standard sand for the experiments.
Based on the estimated saturated SP1 contents of 3.30, 2.88, 2.75 wt.% Cem1 for Pastes
1, 2, 3, it was predicted that the saturated SP1 contents for concretes of Paste1-QS2,
Paste2-QS2, Paste3-QS2 could be 3.5, 3 and 3 wt.% Cem1 respectively. In order to insure
the self-compacting properties of concrete with the predicted saturated SP1 contents and
constant W/Cem1 ratio of 25 wt.%, preliminary tests with different cement contents were
conducted to select a sufficient amount of cement with that self-compacting concrete has
a spread flow of about 24 cm. As a result, Cem1 amount of 720 kg was decided.

Figure 5.11 shows the self-flowability at different SP1 contents of concretes including
optimum Binders 1, 2, 3 and QS2 using a constant W/Cem1 ratio of 25 wt.%. The detail
test data are shown in Table B.10 in Appendix B. The results indicate that within each
kind of Binder the tendencies of the influences of SP1 content on the viscosity of Paste
and on the flow of concrete are similar. The experimental results about the saturated
amounts of SP1 for pastes and for concretes allow to fix the SP1/Cem1 ratios of 3.5, 3, 3
wt.% as saturated SP1 content for the concretes having W/Cem1 ratio of 25 wt.% and
cementitious component of Binders 1, 2, 3 respectively.

In summary, for further investigation the optimum proportion of pastes including QP,
Cem1, SF2, SP1, W were determined as follows:

� Paste 1: QP1/Cem1/SF2/SP1/W = 40/100/11/3.5/25 wt.%.
� Paste 2: QP2/Cem1/SF2/SP1/W = 35/100/11.5/3/25 wt.%.
� Paste 3: QP3/Cem1/SF2/SP1/W = 30/100/12/3/25 wt.%.

Besides, Cem1 amount of 720 kg/m3 was the criterion by which the self-flowing properties
of concrete with a maximum grain size of 1 mm was guaranteed. The cement amount
could be adjusted based on the critical amount of 720 kg/m3 depending on the requirement
of the flow properties and the maximum grain size of aggregate.
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Figure 5.11.: Influence of SP1 on the self-flowability of concretes including optimum Binderi,

QS2 and W/Cem1 ratio of 25 wt.%.

5.3.2. The optimum paste of binder containing cement and ultra-fine fly ash

5.3.2.1. Determination of the optimum binary mixture of Cem1 and
ultra-fine fly ash

The packing densities of Cem1-FA blends were examined using the superplasticizer-
water solution demand test method with SP1/W ratio of 10 wt.%. The optimum proportion
of Cem1-FA blends corresponded to the highest packing density of 67.3% as FA/Cem1
ratio was 40 wt.%. The experimental results are shown in Figure 5.12 and Table B.1 of
Appendix B.

Due to the low cost of FA in comparison to silica fume, it is possible to use ultra-fine
FA up to 40 wt.% of Cem1 as an effective reactive filler in Cem1-FA binder without any
more filler materials. In addition, the experimental results in Figure 4.11 indicated that
the strength of Cem1-FA binder increase considerably due to filler and pozzolanic effects of
FA when FA increases up to 40wt.% of Cem1, over this FA content the strength decreases.
Consequently, the optimum Cem1-FA binder was determined as Binder 4 with FA/Cem1
ratio of 40 wt.%.

5.3.2.2. Experimental determination of the saturated SP1 content for the
paste of Binder 4

The experience from the experiment in 5.3.1.3 exhibits that the saturated SP1 content
for concrete having W/Cem1 ratio of 25 wt.% and Binder 4 can be established quickly by
investigation into the influence of SP1 content on the flowability of concretes. The tests
were done using Cem1 content of 720 kg and aggregate QS2. SP1 content of 3 wt.% of
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Cem1 was optimum for highest self-flowability as shown in Figure 5.13. The detail test
data are shown in Table B.10 in Appendix B.

Figure 5.12.: Packing densities of Cem1-FA blends when FA replaced Cem1 step by step.
The FA/Cem1 ratio of 40 wt.% was the optimum proportion of Cem1-FA blend
regarding highest packing density.

Figure 5.13.: Influence of SP1 on the self-flowability of concretes including optimum Binder4,

QS2 and W/Cem1 ratio of 25 wt.%.

For further investigation the optimum proportion of Paste 4 including ultra-fine FA,
Cem1, SP1 and W was determined by FA/Cem1/SP1/W ratios of 40/100/3/25 wt.%
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5.3.3. The optimum paste of binder containing cement - ground granulated
blast furnace slag - limestone powder

5.3.3.1. Determination of the optimum binary mixture of Cem1 and GGBFS

GGBFS replaced Cem1 gradually. SP1-water solution demand test using SP1/W
ratio of 10 wt.% was employed to measure packing density of GGBFS-Cem1 blends. The
packing densities of the mixtures increased slightly and decreased when GGBFS/Cem1
ratio was higher than 30 wt.% as depicted in Figure 5.14. The detail test data are shown
in Table B.1 in Appendix B. With regard to packing density improvement, the GGBFS -
Cem1 blend having GGBFS content of 30 wt.% of Cem1 was the optimum. However, its
packing density is low. An effective inert filler was needed to improve packing density of
the whole binder. Ultra-fine limestone powder could be a good solution.

Figure 5.14.: Variations of the packing density of GGBFS-Cem1 blends by increasing of
GGBFS content. The optimum GGBFS-Cem1 blend with highest packing
density corresponed to GGBFS/Cem1 ratio of 30 wt.%.

5.3.3.2. Determination of the optimum ternary mixture of the optimum
GGBFS-Cem1 blend and limestone powder

Based on the rule of granular materials combination the ultra-fine limestone powder
(LSP) was combined with the optimum GGBFS-Cem1 blend. The packing densities of
GGBFS-Cem1-LSP mixtures were examined by SP1-water solution demand test with
SP1/W ratio of 10 wt.%. The experiments showed a significant improvement in packing
density of GGBFS-Cem1-LSP mixtures when LSP content increased, see the solid curve in
Figure 5.15. The detail test and computed data are shown in Tables B.8, B.9 in Appendix
B.

Due to the low strength of limestone particle in comparison with silica particle, lime-
stone powder content should be limited (Fehling and Schmidt et al. [2013]). Furthermore,
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5.3. Mixture-proportioning of cementitious paste

as described and explained in section 5.3.1.2, with a constant W/Cem1 ratio of 0.25 for
paste, the increase of LSP content leads to thinner efficient water film around particles
and affects the flowability. Therefore, the NIMBUS program (Miettinen and Mäkelä [2000,
2006]) was used again to solve the multi-objective optimization problem for obtaining a
high packing density and a high W/Powder volume ratio of Cem1-GGBFS-LSP mixture.
Exactly, it requested to achieve the maximum for Functions 5.11 and 5.12 simultaneously
when LSP/(GGBFS+Cem1) ratios vary in range of 0-30 wt.%.

y4 = −0.0000214286X2
4 + +0.0019500000X4 + 0.6522857143 (5.11)

g4 = 0.0000470749X2
4 − 0.0062831778X4 + 0.5824447017 (5.12)

where: X4 = LSP/(GGBFS+Cem1) wt.%, 0 ≤ X4 ≤ 30 wt.% and GGBFS1/Cem1 = 30
wt.%.

Figure 5.15.: The solid curve shows the increase of the packing densities of GGBFS-Cem1-
LSP mixtures, in which GGBFS/Cem1 = 30 wt.%, when LSP increased steadily
by LSP/(GGBFS+Cem1) ratios from 0 to 30 wt.% (corresponding LSP/Cem1
ratios of 0-39 wt.%); whereas the dashed curve represents the decrease of
Water/Solid volume ratio in the pastes having W/C ratio of 25 wt.%.

As a result, the optimum binder of Cem1-GGBFS-LSP was established as Binder
5: LSP/(GGBFS+Cem1) = 12.3407 wt.%, where GGBFS/Cem1 = 30 wt.% ⇒ GG-
BFS/Cem1/LSP = 30/100/16 wt.%, packing density was 67.3%.

5.3.3.3. Determination of the saturated SP1 content for the paste of the
optimum Binder 5

The investigation into the influence of SP1 content on the flowability of concretes
with Paste 5 was carried out using Cem1 amount of 720 kg and aggregate QS2. The detail
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Figure 5.16.: Influence of SP1 on the self-flowability of concretes including optimum Binder

5, QS2 and W/Cem1 ratio of 25 wt.%.

test data are shown in Table B.10 in Appendix B. The results in Figure 5.16 indicated
that SP1 content of 3.5 wt.% of Cem1 was optimum.

The optimum Paste 5 having GGBFS/Cem1/LsP/SP1/W ratios of 30/100/16/3.5/25
wt.% was determined and used for further investigation.

5.4. Mixture-proportioning of UHPC

In the previous work five different optimum pastes were developed. The optimum
Paste 1, Paste 2, Paste 3 were based on ternary binders of Cem1-QPs-SF2. The optimum
Paste 4 and Paste 5 were based on binary bider of Cem1-FA and ternary binders of Cem1-
GGBFS-LSP respectively. The mix proportions of these optimum paste are summarized
as follows:

� Paste 1: QP1/Cem1/SF2/SP1/W = 40/100/11/3.5/25 wt.%.
� Paste 2: QP2/Cem1/SF2/SP1/W = 35/100/11.5/3/25 wt.%.
� Paste 3: QP3/Cem1/SF2/SP1/W = 30/100/12/3/25 wt.%.
� Paste 4: FA/Cem1/SP1/W = 40/100/3/25 wt.%.
� Paste 5: GGBFS/Cem1/LSP/SP1/W = 30/100/16/3.5/25 wt.%.

Cem1 amount of 720 kg/m3 was selected as a critical amount of Cem1, thereby assuring
the self-flowing properties of concrete with a maximum grain size of 1 mm (or higher than
1 mm) .

For the development of the whole concrete (without fibre) the following questions
have to be answered:
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� Can the highest performance concrete be obtained by the combination of the optimum
paste and the highest packing density aggregate which can be formed by blending of
different raw aggregates?

� How can the existing particle packing models is applied for mix proportioning of the
whole concrete?

� Are the influences of Paste 1, Paste 2, Paste 3 on the performance of concrete similar?
If their effects are different, which is the best paste for achieving the highest concrete
quality?

� How different are the performance among concretes made of the developed optimum
binders?

5.4.1. UHPC with a maximum grain size of 1 mm

5.4.1.1. Mix proportioning based on the packing together of different
discretely sized particles

The experiment in section 5.3.1, i.e. the results in Figure 5.11 shows that self-flowing
concretes with maximum grains of 1mm can be produced when Paste 1, 2, 3 including
Cem1 amount of 720 kg/m3 combine with QS2 (304-1185µm). The question is here, if
the paste fractions in concrete and paste components are kept constant, can concrete
performance (rheological behaviour and strength) be improved by the combination of QS2
(304-1185µm) and the finer quartz sand QS3 (64-304µm), regarding the modification of
the aggregate characteristics as well as of the whole granular concrete mixture (size and
size distribution, packing density, shape, surface texture)?

Basically, it is presumed that the higher packing density the aggregate is, the lower
paste the concrete needs for a given workability or the better workability the concrete
having a given paste is . This presumption seems reasonable for concrete having high
volume of aggregate because the improvement of the workability can be attributed to the
increase of paste thickness when packing density of aggregate increase in accordance with
particle packing theory. For UHPC with high volume of binder, to obtain an optimum
concrete mixture with a known volume of optimum paste, is it a simple combination of
the paste and the highest packing density aggregate mixture?

The Compressible Packing Model (CPM) developed by de Larrard [1999], described
in detail in section 2.3.2.3, and the Compaction - Interaction Packing Model (CIPM)
developed by Fennis [2010], introduced in section 2.3.2.4, were employed to determined the
optimum proportion of QS2-QS3 blend for obtaining the highest packing density aggregate.
Figure 5.17 shows the variation of the calculated actual packing density of QS2-QS3 blend
when QS3/(QS2+QS3) ratio varies in range of 0-100 vol.%. The highest actual packing
density of QS2-QS3 blend corresponded to QS3/(QS2+QS3) ratios of 38 vol.% and of 30
vol.%, computed by the CPM and CIPM (K-value = 9) respectively.

A simple experimental process was proposed to answer the above two questions and
to determine the right proportion of blended aggregate. The rule of granular materials
combination was applied. The procedure was as follows: Cem1 content of 720 kg/m3 was
kept constant for Paste 1, 2, 3 in all concrete mixtures, corresponding 564.1, 551.2, 539.1
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liters/m3 of Paste 1, 2, 3 respectively. Thus, the volume of aggregate was determined
exactly by the absolute volume method with Equation (5.13).

VPaste + VAggregate + VAir = 1m3 (5.13)

In this study, it was assumed that the air content of concrete (Vair) was small and ignored
(Vair = 0 vol.%). The blended aggregates were formed by the combination of QS2 and
QS3. Concrete corresponding to each blended aggregate was examined for plastic viscosity,
self-flowability, 28 days compressive strength. First, the aggregate consisted of QS2 only.
Then, QS2 was replaced gradually by the finer QS3.

Figure 5.17.: Determination of the optimum proportion of QS2-QS3 blend for obtaining the
highest packing density aggregate based on calculation of the actual packing
density using the Compressible Packing Model (CPM) and the Compaction -
Interaction Packing Model (CIPM)

Figures 5.18, 5.19, 5.20 present the experimental results of the rheological behaviour
and compressive strength of concrete mixtures in accordance with the proposed experiment
model. The experimental results show a good correlation between plastic viscosity and
flowability of the UHPCs. Regarding the highest self-flowability and the lowest plastic
viscosity of concretes, the best volume ratios of QS3/(QS2+QS3) were 10 vol.% for UHPCs
with Paste1 and UHPCs with Paste2 (notated UHPC-1mm-Paste1-90QS2-10QS3, UHPC-
1mm-Paste2-90QS2-10QS3), and for UHPCs with Paste3 the ratio was 20 vol.% (notated
UHPC-1mm-Paste3-80QS2-20QS3). In general, for each kind of paste, the compressive
strength of concretes tend to increase as the packing density increased. However, it is not
sure to conclude that the concrete with the highest packing density, showing by the highest
self-flowability and the lowest viscosity, can be obtained the highest strength. Indeed,
as shown in Figure 5.18 and Figure 5.19, the highest compressive strengths are not in
agreement with the highest packing densities, in contrast to the result shown in Figure
5.20. It can be recognized that Paste 1 and Paste 2 include particles with larger diameter
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in comparison to Paste 3, such coarse particles seem play a role of fine aggregate, leading
to less fine quartz sand QS3 in blended aggregate.

As can be seen in Figure 5.18 for Paste1 and Figure 5.19 for Paste2, the self-flowability
of concrete with the highest packing density QS2-QS3 aggregate (QS3/(QS2+QS3) = 40
vol.%) computed by CPM, were lower than that of concretes consisting of QS2 only. The
same phenomenon was observed in Figure 5.18 for concrete with Paste1 using the highest
packing density QS2-QS3 aggregate (QS3/(QS2+QS3) = 30 vol.%) computed by CIPM.
The results imply that the use of the highest packing density aggregate can not insure
to achive the highest packing density UHPC having a given and high paste volume. The
interaction between fine particles of the given paste and coarse particles of aggregate have
to be taken into account in the particle packing calculation of the whole concrete mixture.

Figure 5.18.: Three diagrams from bottom: the experimental results of the viscosity, spread-
flow, 28 days compressive strength of concretes with Paste1 containing 720 kg
Cem1 when QS3 replaces QS2 step by step. The top diagram: estimation of
the packing density of Binder1-QS2-QS3 mixtures, in which the volume mean
diameter of Binder1 is 20.664 µm and Binder1/(Binder1+QS2+QS3) ratio is
46.4 vol.%, using Compressible Packing Model with K-value of 4.1.

Considering the interaction between aggregate particles and fine particles of Binder
1, Binder 2, Binder 3, the Compressible Packing Model (CPM) and the Compaction
- Interaction Packing Model (CIPM) were used again to estimate the packing density
of granular concrete mixture. Thus, the computed optimum proportions of QS2-QS3
aggregates in UHPCs-Paste1, UHPCs-Paste2 and UHPCs-Paste3 could be determined and
compared to the experimental results of the proposed experiment model.
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The following two case were inspected:

� In case of using the Compaction - Interaction Packing Model: the binder
was devided into ten size classes. The compaction index, K-values, of 12.2 was
applied.

� In case of using the Compressible Packing Model: because the interaction
between fine particles within the binders related to surface force is not taken into
account in the model, the computing of mix proportion and packing density was not
accurate if the binder was devided into many size classes. This effect was eliminated in
the model by assuming that binder has only one size of volume mean diameter which
is computed according to ISO 9276-2 [2014]. The volume mean diameter of Binders 1,
2, 3 were 20.664, 15.343, 11.635 µm respectively. Based on the known proportion and
volume of Paste1, Paste2, Paste3 the volume ratios of Binder1/(Binder1+Aggregate),
Binder2/(Binder2+Aggregate), Binder3/(Binder3+Aggregate) were 0.464, 0.449,
0.434 respectively. The compaction indexes, K-values, of 4.1, 6.7, 9 were employed.

Figure 5.19.: Three diagrams from bottom: the experimental results of the viscosity, spread-
flow, 28 days compressive strength of concretes with Paste2 containing 720 kg
Cem1 when QS3 replaces QS2 step by step. The top diagram: estimation of
the packing density of Binder2-QS2-QS3 mixtures, in which the volume mean
diameter of Binder2 is 15.343 µm and Binder2/(Binder2+QS2+QS3) ratio is
44.9 vol.%, using Compressible Packing Model with K-value of 4.1.

In the calculation using the Compaction - Interaction Packing Model, the combination
of QS2 and QS3 was not influenced by increasing binder volume and coarse particles
in binder, QS3/(QS2+QS3) ratios in all case of Pastes1, 2, 3 converge to the value
of 20 vol.%, the trend was more clear when the compaction index increase to infinite.
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Only the Compressible Packing Model with K-value of 4.1 exhibits the best agreement
between the estimation and the experiment, as illustrated in Figures 5.18, 5.19, 5.20. The
estimation showed that the highest packing densities of UHPCs-Paste1, UHPCs-Paste2,
UHPCs-Paste3 corresponded to QS3/(QS2+QS3) ratios of 10.4, 16.5, 24 vol.% respectively.
However, it should be noted that the computed packing densities are much lower than the
experimental results.

Figure 5.20.: Three diagrams from bottom: the experimental results of the viscosity, spread-
flow, 28 days compressive strength of concretes with Paste3 containing 720 kg
Cem1 when QS3 replaces QS2 step by step. The top diagram: estimation of
the packing density of Binder3-QS2-QS3 mixtures, in which the volume mean
diameter of Binder3 is 11.635 µm and Binder3/(Binder3+QS2+QS3) ratio is
43.4 vol.%, using Compressible Packing Model with K-value of 4.1.

Comparing the three experimentally optimum UHPC-1mm mixtures, i.e. UHPC-1mm-
Paste1-90QS2-10QS3, UHPC-1mm-Paste2-90QS2-10QS3 and UHPC-1mm-Paste3-80QS2-
20QS3), indicates that the UHPC-1mm with Paste3 and volume ratios of QS3/(QS2+QS3)
of 20% (UHPC-1mm-Paste3-80QS2-20QS3) was the best mixture with the lowest viscosity,
the highest spread-flow of 258 mm and the highest 28days compressive strength of 193.5
MPa, although the volume of Paste3 is lower than volume of Paste1 and Paste2. This
is probably due to the low viscosity of Paste3 and the good filling effect of QP3, which
is finer than QP1 and QP2, leading to better de-aeration and denser microstructure for
concrete. For this reason, only Paste3 was selected for further investigations.
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5.4.1.2. Mix proportioning using the modified Andreasen and Andersen
equation-based ideal curve

The modified Andreasen and Andersen equation-based ideal curve can be employed
easily for concrete mix proportioning considering the entire grading of all solid ingredients.
The modified Andreasen and Andersen equation (Eq.2.15) is used to built the target
grading curve, described by:

Ptar(Di) =
Dq
i −D

q
min

Dq
max −Dq

min

in which, Dmax and Dmin are the maximum and minimum grain size of the real blended
granular mixture including all solid ingredients of concrete; the q-values for self-compacting
concrete involving UHPC vary in range of 0.20-0.25 (as introduced in section 2.3.1); Di is
equal to the opening size of the ith sieve of the sieve set containing all sieves for powder
size distribution analysis from Dmin up to 125 µm and all sieves for coarse particle size
distribution analysis from 125 µm up to Dmax according to the real particle size distribution
analysis. The volume fractions of solid ingredients in the real blended granular mixture are
varied in such a way that the actual particle size distribution of the mixture, described by
Pmix(Di), is closest to the target grading curve, described by Ptar(Di), resulting in a curve
fitting problem. The least squares technique solves this fitting problem by finding the
minimum of the sum of squared residuals (SSR) as expressed mathematically in Equation
(5.14).

SSR =
n∑
i=1

(
Pmix(Di)− Ptar(Di)

)2

−→Min (5.14)

Further information on the algorithm of the modified Andreasen and Andersen
equation-based ideal curve for concrete mix proportioning can be found in Hüsken and
Brouwers [2008, 2010].

In this research project, the modified Andreasen and Andersen equation based ideal
curve was used to calculate the proportion of the granular concrete system containing
Cem1, quartz powder QP3, silica fume SF2, quartz sands QS2 and QS3, in which Dmax

was 1185.65 µm and Dmin was 0.042 µm. The distribution moduli, q-values, of 0.2 and
0.23 were selected according to the recommendation of literature introduced in section
2.3.1. Table 5.1 shows the mix proportion of concrete mixtures computed by the modified
Andreasen and Andersen equation-based ideal curve, the experimental results of concrete
flowability are also presented. As seen in Table 5.1, q-value of 0.2 was applied for Mix 1
to Mix 5. Mix 1, 2 and 3 had the same W/Cem1 ratio of 25 wt.% and SP1/Cem1 ratio of
3 wt.%, and the cement contents were 720, 680, 640 kg/m3 respectively. Obviously, the
water content (or total liquid), W/Cem1 ratio and W/Powder ratio were reduced when
cement content decreased, leading to decrease of the spread-flow of Mix 2 and Mix 3 in
comparison to Mix 1. Therefore, Mix 4 and Mix 5 were design using cement contents of
680 and 640 kg/m3 and SP1/Cem1 ratio of 3 wt.% respectively, but water amount was
calculated in such away that total liquid was equal to total liquid of Mix 1. The q-value of
0.23 was applied for Mix 6 to Mix 10, the principle of the calculation for Mix 1 to Mix
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5 was employed once again. The variations of q-values, cement contents, water contents
insured that the investigation was adequate.

Table 5.1.: Mix proportion of concrete mixtures computed by the modified Andreasen and
Andersen equation based ideal curve. Granular system of Cem1, QP3, SF2, QS2
and QS3; Dmax = 1185.65 µm and Dmin = 0.042 µm.

Mix q Cem1
QP3

Cem1

SF2

Cem1

SP1

Cem1

W

Cem1

W

Pow.
W+SP1 Paste

QS2

Agg.

QS3

Agg.
Spread
flow

[kg] [by weight] [lit] [lit] [by volume] [mm]

Mix1 0.20 720 0.2306 0.2924 0.030 0.2500 0.1641 185.4 576.5 0.4953 0.5047 241
Mix2 0.20 680 0.3031 0.3202 0.030 0.2500 0.1540 175.1 571.8 0.4961 0.5039 224
Mix3 0.20 640 0.4033 0.3445 0.030 0.2500 0.1430 164.8 569.6 0.4997 0.5003 191
Mix4 0.20 680 0.2914 0.3163 0.030 0.2650 0.1555 185.4 577.8 0.4969 0.5031 238
Mix5 0.20 640 0.3682 0.3360 0.030 0.2821 0.1467 185.4 579.2 0.4985 0.5015 233

Mix6 0.23 720 0.2008 0.2302 0.030 0.2500 0.1747 185.4 548.0 0.5046 0.4954 236
Mix7 0.23 680 0.2791 0.2468 0.030 0.2500 0.1638 175.1 543.0 0.5053 0.4947 219
Mix8 0.23 640 0.3603 0.2727 0.030 0.2500 0.1531 164.8 538.3 0.5065 0.4935 187
Mix9 0.23 680 0.2678 0.2438 0.030 0.2651 0.1653 185.4 549.3 0.5061 0.4939 232
Mix10 0.23 640 0.3347 0.2660 0.030 0.2821 0.1561 185.4 550.7 0.5076 0.4924 230

Figure 5.21.: The 28 days compressive strength of concrete formed by the modified Andreasen
and Andersen equation based ideal curve, in comparison to Optimum UHPC-
1mm-Paste3-80QS2-20QS3.

The calculated results in Table 5.1 indicated that the volume ratio of QS3/(QS3 +
QS2) was stable around 0.5 for all mixtures. The variations of q-value and cement content
led to a large change of the fractions of QP3 and SF2 for binder. Exactly, the calculation
showed that the grading curves of mixtures had a better fitting with the target curve when
cement content and liquid content decreased, corresponding to Mixes 2, 3, 7, 8. However,
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the spread-flow values of Mixes 2, 3, 7, 8 were lower than the standard value of 240 mm
for the self-flow properties of concrete, these mixtures could not be used. Compression
test was carried out for Mixes 1, 4, 5, 6, 9, 10, the test results were present in Figure 5.21.
The detail test data are shown in Table B.11 in Appendix B. Within these mixtures, Mix
1 was the best regarding the highest self-flowability and highest strength, Mix 4 could
be a right option due to its low cement content, high flowability and medium strength
in comparison to other mixtures. It is noted that the proportion of binder of Mix4 has a
very high packing density as seen in Figure 5.6.

It should be emphasized that the performance in terms of self-flowability and strength
of the optimum UHPC-1mm-Paste3-80QS2-20QS3 developed by using the method of
stepwise optimization of packing density is much better than that of all mixtures designed
by the modified Andreasen and Andersen equation-based ideal curve, although Mix 1 to
Mix 10 as shown in Table 5.1 have higher paste content and use a very high silica fume
amount. This implies that the use of the modified Andreasen and Andersen equation-based
ideal curve is unreliable to achieve an optimum UHPC.

5.4.2. UHPC with a maximum grain size of 2.5 mm

The investigation in section 5.4.1 presents how the experimental method of stepwise
combination of granular materials and how the Compressible Packing Model can be applied
for determination of the optimum proportion of a blended aggregate in UHPC regarding
to the highest flowability and the lowest viscosity of concrete.

The effectiveness of such ideas were verified once again in the development of UHPC
with a maximum grain size of 2.5 mm. Two kinds of blended aggregate, i.e binary aggregate
and ternary aggregate, were investigated. Paste3 was used in this investigation, its volume
was kept constant, corresponding to 539.1 liters/m3, by a fixed amount of 720 kg/m3

Cem1.

5.4.2.1. UHPC with a binary aggregate having maximum grains of 2.5 mm

The binary aggregates were formed by the combination of QS1 (1-2.5mm) and QS3
(0.064-0.3mm). Figure 5.22 shows the estimated packing density and the experimen-
tal results of the rheological and mechanical behaviour of concretes when the volume
replacement of QS1 by QS3 increased. The estimation of packing density was good
agreement with the experiment of plastic viscosity and spread-flow. The experimental
optimum proportion of blended aggregate corresponded to QS3/(QS1+QS3) ratio of 20
vol.%, resulting to the optimum packing density UHPC with the lowest plastic viscosity,
the highest spread-flow of 276 mm and the 28 days compressive strength of 193.8 MPa
(notated UHPC-2.5mm-Paste3-80QS1-20QS3). The calculated packing density was highest
as QS3/(QS1+QS3) ratio was 24 vol.%.

In comparison to UHPC-1mm-Paste3-80QS2-20QS3, the increase of grain size of
QS1 in UHPC-2.5mm-Paste3-80QS1-20QS3 led to a better plastic viscosity and a higher
self-flowability due to the increase of paste layer thickness which surrounds and lubricates
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each aggregate particle.

Figure 5.22.: Three diagrams from bottom: the experimental results of the viscosity, spread-
flow, 28 days compressive strength of concretes with Paste3 containing 720 kg
Cem1 when QS3 replaces QS1 step by step. The top diagram: estimation of
the packing density of Binder3-QS1-QS3 mixtures, in which the volume mean
diameter of Binder3 is 11.635 µm and Binder3/(Binder3+QS1+QS3) ratio is
43.4 vol.%, using Compressible Packing Model with K-value of 4.1.

5.4.2.2. UHPC with a ternary aggregate having maximum grains of 2.5 mm

This investigation was an extension of case study of UHPC with a maximum grain
size of 2.5 mm using a continuous aggregate grading generated by the combination of
QS1 (1-2.5 mm), QS2 (0.3-1 mm), QS3 (0.064-0.3 mm). The stepwise combination of
aggregates included into two stages for both experiment and estimation. The procedure
and results are expressed as the following description:

� Experiment: First, QS1 was gradually replaced by QS2. This process resulted
in the increase of the self-flowability and the compressive strength of concretes, as
well as the decrease of the plastic viscosity of concretes. The first experimental
optimum packing density corresponded to QS2/(QS2+QS1) ratio of 40 vol.%, shown
in Figure 5.23. In the second stage, the first optimum blended aggregate including
40 vol.% QS2 and 60 vol.% QS1 was replaced by QS3 step by step. An additional
improvement of concrete performance was observed, the optimum packing density
UHPC with the lowest plastic viscosity, the highest spread-flow of 283 mm and
the 28 days compressive strength of 196.5 MPa was determined when the volume
ratios of QS3/(QS3 + blend of 40 vol.% QS2 and 60 vol.% QS2) was 10 vol.% (i.e.
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QS1/QS2/QS3 = 54/36/10 vol.%), (notated UHPC-2.5mm-Paste3-54QS1-36QS2-
10QS3), presented in Figure 5.24.

� Estimation using CPM: The procedure was similar to the experimental process.
The first computed highest packing density mixture of Binder3-QS1-QS2 corre-
sponded to QS2/(QS2+QS1) ratio of 41.7 vol.%, illustrated in Figure 5.23. In the
second stage, the first optimum blended aggregate including 41.7 vol.% QS2 and
58.3 vol.% QS1 was replaced by QS3 gradually. The packing density of mixture of
Binder3-QS1-QS2-QS3 increased when the volume ratios of QS3/(QS3 + blend of
41.7 vol.% QS2 and 58.3 vol.% QS2) increased up to 12.1 vol.% (i.e. QS1/QS2/QS3
of 51.2/36.7/12.1 vol.%), then the packing density of mixture decreased, as depicted
in Figure 5.24. The estimation of packing density was good agreement with the
experiment of plastic viscosity and spread-flow.

Furthermore, a direct estimation without stepwise combination was also performed.
The calculation showed that the highest packing density of Binder3-QS1-QS2-QS3 mixture,
in which Binder3/Aggregate ratio is 43.4 vol.%, was achieved when QS1/QS2/QS3 ratios
were 56.5/28.3/15.2 vol.%. Concrete with this proportion of aggregate possessed a spread-
flow of 280 mm and a 28 days compressive strength of 196.1 MPa. Obviously, this direct
estimated mix proportion can be only verified by a comparison with the experiment results
of the stepwise optimization method. This implies that the experiment using the stepwise
optimization method is crucial regardless of support of particle packing model, especially
aggregate of more than two components.
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Figure 5.23.: STAGE1 - Stepwise optimization for UHPCs-2.5mm using Paste3 and QS1-QS2-
QS3 aggregate. Three diagrams from bottom: the experimental results of the
viscosity, spread-flow, 28 days compressive strength of concretes with Paste3 con-
sisting of 720 kg Cem1 when QS2 replaces QS1 step by step. The top diagram:
estimation of the packing density of Binder3-QS1-QS3 mixtures, in which the vol-
ume mean diameter of Binder3 is 11.635 µm and Binder3/(Binder3+QS1+QS3)
ratio is 43.4 vol.%, using Compressible Packing Model with K-value of 4.1.
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Figure 5.24.: STAGE2 - Stepwise optimization for UHPCs-2.5mm using Paste3 and QS1-
QS2-QS3 aggregate. Three diagrams from bottom: the experimental results
of the viscosity, spread-flow, 28 days compressive strength of concretes with
Paste3 consisting of 720 kg Cem1 when QS3 replaces the blend of 60 vol.%QS1
and 40 vol.%QS2 gradually. The optimum UHPC-2.5mm was determined at
QS1/QS2/QS3 = 54/36/10 vol.%. The top diagram: estimation of the packing
density of Binder3-QS1-QS3 mixtures, in which the volume mean diameter of
Binder3 is 11.635 µm, Binder3/(Binder3+QS1+QS2+QS3) ratio is 43.4 vol.%
and QS2/QS1 ratio is 41.7/58.3 vol.%, using Compressible Packing Model with
K-value of 4.1.

The total surface area of aggregate of UHPC-2.5mm-Paste3-54QS1-36QS2-10QS3 is
higher than that of UHPC-2.5mm-Paste3-80QS1-20QS3 but UHPC-2.5mm-Paste3-54QS1-
36QS2-10QS3 has a better plastic viscosity, self-flowability and compressive strength using
the same Paste3 volume. This mean the stepwise combination of aggregates modifies the
packing structure of the whole concrete and leads to a higher liquid layer for lubrication
of particle.

5.4.3. UHPC with a maximum grain size of 4 mm

In this investigation, a three components aggregate system including CrB2 (2-4 mm),
QS2 (0.3-1 mm) and QS3 (0.064-0.3 mm) was used. The crused basalt particles CrB2
are very angular (with sharp edges and corners) and have a rough surface texture unlike
quartz sand having a relatively round shape. Paste3 with 720 kg/m3 Cem1 was used. For
aggregate of three components, the stepwise combination of aggregates including two stages
was carried out. First, CrB2 was progressively replaced by QS2. The particle packing
density of concrete mixture was improved significantly when a high amount up to 70 vol.%
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of CrB2 was replaced, as shown in Figure 5.25. This phenomenon may be attributed
to the strong effect of the high angular CrB2 particles on the interaction of particles in
mixture. In the second stage, as presented in Figure 5.26, the blended aggregate including
70 vol.% QS2 and 30 vol.% CrB2 was then replaced with QS3 gradually. This process
created the optimum packing density UHPC-4mm showing the lowest plastic viscosity, the
highest spread-flow of 283 mm and the highest compressive strength of 197.4 MPa at the
volume ratio of QS3/(QS3 + blend of 30 vol.% CrB2 and 70 vol.% QS2) of 20 vol.% (i.e.
CrB2/QS2/QS3 = 24/56/20 vol.%) (notated UHPC-4mm-Paste3-24CrB2-56QS2-20QS3).

In a way similar to section 5.4.2.2, the Compressible Packing Model was used to
compute packing densities of Binder3-CrB2-QS2-QS3 blends with Binder3/(Binder3 +
CrB2 + QS2 + QS3) ratio of 43.4 vol.% for finding optimum proportion of CrB2-QS2-QS3
aggregate. However, the estimation of packing density variation was completely different
to the experiment of rheological behaviour. This mean the loosening effect and wall effect
coefficients of the model should be modified in case of UHPC including high angular and
round aggregates.

Figure 5.25.: STAGE1 - Stepwise optimization for UHPCs-4mm using Paste3 and CrB2-
QS2-QS3 aggregate. The experimental results of the viscosity, spread-flow, 28
days compressive strength of concretes with Paste3 consisting of 720 kg Cem1
when QS2 replaces CrB2 step by step. The first optimum packing density was
achieved at QS2/(QS2+CrB2) ratio of 70 vol.%.
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Figure 5.26.: STAGE2 - Stepwise optimization for UHPCs-4mm using Paste3 and CrB2-QS2-
QS3 aggregate. The experimental results of the viscosity, spread-flow, 28 days
compressive strength of concretes with Paste3 consisting of 720 kg Cem1 when
the blend of 70 vol.% QS2 and 30 vol.% CrB2 was gradually replaced by QS3.
The optimum UHPC-4mm was determined at CrB2/QS2/QS3 = 24/56/20
vol.%.

5.4.4. UHPC with a maximum grain size of 8 mm

The successfully developed UHPCs using binary and ternary aggregates demonstrates
the advantage of the stepwise optimization method. The method was applied once again to
develop UHPC with maximum grains of 8 mm using a four components aggregate system
of CrB1 (4-8 mm), QS1 (1-2.5 mm), QS2 (0.3-1 mm) and QS3 (0.064-0.3 mm). The cement
content for the UHPCs-8mm was 640 kg/m3 (corresponding to 479.2 liters of Paste3),
because the significant increasing of the grain sizes of aggregate permitted the retaining of
good self-compacting properties with less paste. The optimization process includes three
stages for blended aggregate of four components. With the same experimental process used
in the previous case studies from section 5.4.1 to section 5.4.3, the gradual replacements
of larger aggregate particles by smaller aggregate particles in each stage was achieved, as
described in Figures 5.27, 5.28, 5.29. The final result was the optimum packing density
UHPC-8mm with the lowest plastic viscosity, the highest spread-flow of 278 mm and
the highest compressive strength of 191.2 MPa at the ratios of CrB1/QS1/QS2/QS3 of
25.2/37.8/27/10 (notated UHPC-8mm-Paste3-25.2CrB1-37.8QS1-27QS2-10QS3). It was
clear to perceive that the paste layer thickness was reduced corresponding to the increasing
of the number and the total surface area of the smaller aggregate particles. However, the
plastic viscosity, the self-flowability and the compressive strength of the concretes were
improved significantly.
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Figure 5.27.: STAGE1 - Stepwise optimization for UHPCs-8mm using Paste3 and CrB2-QS1-
QS2-QS3 aggregate. The experimental results of the viscosity, spread-flow, 28
days compressive strength of concretes with Paste3 consisting of 640 kg Cem1
when QS2 replaces CrB1 step by step. The first optimum packing density was
achieved at QS1/(QS1+CrB1) ratio of 60 vol.%.
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Figure 5.28.: STAGE2 - Stepwise optimization for UHPCs-8mm using Paste3 and CrB2-
QS1-QS2-QS3 aggregate. The experimental results of the viscosity, spread-
flow, 28 days compressive strength of concretes with Paste3 consisting of 640
kg Cem1 when when the blended of 60 vol.% QS1 and 40 vol.% CrB1 was
gradually replaced by QS2. The second optimum packing density was achieved
at CrB1/QS1/QS2 ratios of 28/42/30 vol.%.
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Figure 5.29.: STAGE3 - Stepwise optimization for UHPCs-8mm using Paste3 and CrB2-QS1-
QS2-QS3 aggregate: The experimental results of the viscosity, spread-flow, 28
days compressive strength of concretes with Paste3 consisting of 640 kg Cem1
when when the blended of 30 vol.% QS2 and 42 vol.% QS1 and 28 vol.% CrB1
was progressively replaced by QS3. The optimum UHPC-8mm was determined
at CrB1/QS1/QS2/QS3 ratios of 25.2/37.8/27/10 vol.%.

5.4.4.1. A summary for the developed optimum UHPCs using Paste 3

Based on the three optimum Paste 1, 2 and 3, UHPCs containing maximum grains of
1 mm using QS2 and QS3 were developed firstly. Therefore, it was recognized that Paste
3 was better than Paste 1 and Paste 2 considering the improvement of flowability and
strength of concrete. Paste 3 was then used for the further development of UHPC with
maximum grain size from 2.5 mm to 8 mm.

The developed optimum UHPCs were compared to reference mixtures. The reference
mixtures include two groups. The mixtures of the first reference group were produced in
the own lab using unselected materials of the initial materials collection of this research
project and applying recipes of the existing mixtures from literature (Fehling and Schmidt
et al. [2013], Schmidt and Fehling et al. [2014], Yu et al. [2014]). The second reference
group consists of data of recent researches from literature (Yu et al. [2014], Fröhlich and
Schimdt [2014], Wille et al. [2012]). The mix-proportion, the self-flowing and the 28 days
compressive strength of the developed optimum UHPCs-Paste3 in this research project
and the reference mixtures are summarized in Table 5.2.

It is clearly apparent that the developed optimum UHPCs were much more effective
than the reference mixture in terms of materials saving and performance improving. For
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instance, in comparison to the mixture M2Q, published by Fröhlich and Schimdt [2014], the
optimum UHPC-1mm-Paste3-80QS2-20QS3 has 13.4 wt.% lower cement, 35 wt.% lower
silica fume, 25.8 wt.% lower superplasticizer, 12 wt.% higher comp. strength. In another
case of using unsuitable materials the flowability and the compressive strength of the control
mixture 1 are much lower than that of the optimum UHPC-1mm-Paste3-80QS2-20QS3.

Table 5.2.: Mix proportion and properties of the developed optimum UHPCs based on Paste3

in comparison with the reference mixtures.

Mix-proportion Spread
flow

Slump
flow

28d-
fc,cube

28d-
fc,cyl.

28d-
E

[wt. ratio for paste and vol. ratio for aggregate] [mm] [mm] [MPa] [MPa] [GPa]

The developed optimum UHPCs based on Paste3

Paste3 QP3/Cem1/SF2/W/SP1 = 0.3/1/0.12/0.25/0.030

UHPC-
1mm

Paste3 with 720 kg Cem1
QS2/QS3 = 80/20

258 800 193.5 183.3 53.4

UHPC-
2.5mm

Paste3 with 720 kg Cem1
QS1/QS2/QS3 = 54/36/10

283 875 196.5 189.8 54.9

UHPC-
4mm

Paste3 with 720 kg Cem1
CrB2/QS2/QS3 = 24/56/20

283 840 197.4 188.1 53.8

UHPC-
8mm

Paste3 with 640 kg Cem1
CrB1/QS1/QS2/QS3 = 25.2/37.8/27/10

278 805 191.2 185.6 57.0

Reference mixtures - 1st Group

Control1 640 kg Cem4; QS2 = 100%
QP3/Cem4/SF2/W/SP3 = 0.3/1/0.12/0.25/0.040

210 – 137.5 – –

Control2 800 kg Cem2; QS2/QS3 = 80/20
QP3/Cem2/SF2/W/SP3 = 0.4/1/0.18/0.25/0.040

268 – 158.3 – –

Reference mixtures - 2nd Group

Yu
[2014]
UHPC1

875 kg Cem and 2.5 vol.% StF 13mm/0.2mm
QP/Cem/SF/W/SP=0.25/1/0.05/0.23/0.052
QS 0-2 mm = 100%; sample 40x40x160 mm

– – 156.0 – –

Wille
[2012]
UHPC

775 kg Cem; sample 50x50x100 mm
QP/Cem/SF/W/SP = 0.25/1/0.25/0.22/0.014
and QS 0.2-0.8 mm / QS 0-0.2 mm = 80/20

– 910 192.0 – –

Fröhlich
[2014]
M2Q

832 kg Cem and 2.5 vol.% StF 9mm/0.15mm
QP/Cem/SF/W/SP=0.25/1/0.16/0.22/0.035
QS 0.125-0.5mm = 100%

– – 172.2 – –

Fröhlich
[2014]
B5Q

650 kg Cem and 2.5 vol.% StF 9mm/0.15mm
QP/Cem/SF/W/SP = 0.7/1/0.27/0.24/0.046
QS 0.125-0.5mm / Basalt 2-8mm = 40/60

– 800 187.4 – –

The packing density of these optimum UHPCs were determined by Kwan’s method
and depicted in Figure 5.30. It is interesting to compare the packing density and the
flowability of the three optimum concretes UHPC-1mm-Paste3, UHPC-2.5mm-Paste3 and
UHPC-4mm-Paste3 containing the same paste (content and proportion). UHPC-1mm-
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Paste3 has the lowest spread flow of 258 mm, the lowest slump flow of 800 mm and also
has the lowest packing density of 81.77%. UHPC-2.5mm-Paste3 has the highest spread
flow of 258 mm, the highest slump flow of 875 mm and also has the highest packing
density of 82.76%. Due to the replacement of Binder3 with a angular shape aggregate,
UHPC-8mm-Paste3 has the highest packing density of 84.26% but its spread flow of 278
mm and slump flow of 805 mm are lowest in comparison to the other mixtures.

Figure 5.30.: The packing density of the optimum UHPC-1mm-Paste3, UHPC-2.5mm-Paste3,
UHPC-4mm-Paste3 and UHPC-8mm-Paste3 determined applying Kwan’s
method.

The strength development of the optimum UHPC-2.5mm-Paste3 was examined at 28,
90, 180 days age to compare with the strength development of the optimum UHPCs-2.5mm
using Paste 4 and Paste 5. The experimental results is shown in Figure 5.35.

5.4.5. UHPC based on the optimum paste containing binary binder of
cement and ultra fine fly ash

In the previous work, the optimum paste containing binary binder of cement and
ultra fine fly ash was established, i.e Paste 4 with FA/Cem1/SP1/W ratios of 40/100/3/25
wt.%. In this investigation, Paste 4 containing 720 kg/m3 Cem1 (corresponding to 532.5
liters/m3) and blended aggregates of QS1 (1-2.5 mm), QS2 (0.3-1 mm) and QS3 (0.064-0.3
mm) were used to produce UHPCs with maximum grains of 2.5 mm. This aggregate system
was chosen because it allows to create high flowable concrete and the Compressible Packing
Model (CPM) can be applied for computing the optimum aggregate proportion without
any effect of angular particles on results, as reported in the previous investigation in section
5.4.1.1. The use of Cem1 content of 720 kg/m3 allows an appropriate comparison between
UHPCs-Paste4 and the previously developed UHPCs-Paste3. A procedure including
two stages of stepwise optimization as described in section 5.4.2.2 was carried out. The
comprehensive investigation in section 5.4.1.1 demonstrated a very good agreement between
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the spread-flow and plastic viscosity of concrete. Thus, measurement of plastic viscosity was
not performed in this investigation to simplify the test procedure. First, QS1 was replaced
by QS2 step by step. The experiment showed the first highest flowability of concrete at
QS2/(QS2+QS3) ratio of 40 vol.%. In the estimation using the CPM, the volume mean
diameter of Binder 4 is 8.7 µm, the first highest packing density of Binder4-QS2-QS3
blend was achieved when QS2/(QS2+QS3) ratio was 42.5 vol.%. Figure 5.31 shows the
experimental results and the variation of the computed packing density of Binder4-QS1-QS2
mixtures. In the second stage, the optimum blended aggregate of QS1 and QS2 determined
in the first stage was progressively replaced by QS3. Figure 5.32 shows that the computed
highest packing density of Binder4-QS1-QS2-QS3 corresponded to QS3/(QS3 + Blend of
42.5% QS2 and 57.5% QS1) ratio of 18.2 vol.% (i.e. QS1/QS2/QS3 = 47.035/34.765/18.2
vol.%), while the experimental highest spread-flow of concrete was obtained at QS3/(QS3
+ Blend of 40% QS2 and 60% QS1) ratio of 15 vol.% (i.e. QS1/QS2/QS3 = 51/34/15
vol.%) (notated UHPC-2.5mm-Paste4-51QS1-34QS2-15QS3). Actually, the experimental
optimum aggregate was determined after the estimated optimum aggregate proportion
was compared to the experimental results of spread-flow at QS3/(QS3 + Blend of 40%
QS2 and 60% QS1) ratios of 10 and 20 vol.%.

Figure 5.31.: STAGE1 - Stepwise optimization for UHPCs-2.5mm using Paste4 and QS1-
QS2-QS3 aggregate. Two diagrams from bottom: the experimental results
of the spread-flow and 28 days compressive strength of concretes with Paste4
containing 720 kg Cem1 when QS2 replaces QS1 step by step. The top diagram:
Estimation of the packing density of Binder4-QS1-QS3 mixtures, in which the
volume mean diameter of Binder4 is 8.7 µm and Binder4/(Binder4+QS1+QS3)
ratio is 42.6 vol.%, using Compressible Packing Model with K-value of 4.1.
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Figure 5.32.: STAGE2 - Stepwise optimization for UHPCs-2.5mm using Paste4 and QS1-QS2-
QS3 aggregate. Two diagrams from bottom: the experimental results of the
spread-flow and 28 days compressive strength of concretes with Paste4 containing
720 kg Cem1 when QS3 replaces the blend of 60 vol.%QS1 and 40 vol.%QS2
gradually. The optimum UHPC-2.5mm was determined at QS1/QS2/QS3
= 51/34/15 vol.%. The top diagram: Estimation of the packing density of
Binder4-QS1-QS3 mixtures, in which the volume mean diameter of Binder4 is
8.7 µm, Binder4/(Binder4+QS1+QS2+QS3) ratio is 42.6 vol.% and QS2/QS1
ratio is 42.5/57.5 vol.%, using Compressible Packing Model with K-value of 4.1.

In comparison to the optimum UHPC-2.5mm-Paste3-54QS1-36QS2-10QS3 the self-
flowability of UHPC-2.5mm-Paste4-51QS1-34QS2-15QS3 was higher, although the packing
density of Binder 4 was lower than that of Binder 3, the volume of Paste 4 was lower and
the total surface area of aggregate were higher than that of UHPC-2.5mm-Paste4-51QS1-
34QS2-15QS3. This can be attributed to (i) the positive effect of the spherical shape of
ultra-fine fly ash on the fluidity, and (ii) the very positive effect of superplasticizer SP1 on
the fly ash in comparison with silica fume (see Figure 4.9 in section 4.4.2. However, the 28
days compressive strength of UHPC-2.5mm-Paste4-51QS1-34QS2-15QS3 was much lower
than that of UHPC-2.5mm-Paste3-54QS1-36QS2-10QS3 due to low activity and low rate
of pozzolanic reaction of fly ash compared to silica fume.

UHPC-2.5mm-Paste4-51QS1-34QS2-15QS3 was not used for further investigation into
steel fibre reinforced UHPC. However, its strength development was still examined and
shown in Figure 5.35
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5.4.6. UHPC based on the optimum paste containing ternary binder of
cement-blast furnace slag-limestone powder

The optimum Paste 5 containing binder of cement-blast furnace slag-limestone powder
was found out and expressed by GGBFS/Cem1/LSP/SP1/W ratios of 30/100/16/3.5/25
wt.% in the previous work. UHPCs having maximum grains of 2.5 mm were developed
using Paste 5 and blended aggregates of QS1 (1-2.5 mm), QS2 (0.3-1 mm) and QS3
(0.064-0.3 mm). The Cem1 content of 720 kg/m3 was fixed (corresponding to 537.9
liters/m3). In comparison with UHPCs-2.5mm using Paste3 and blended aggregate of QS1,
QS2 and QS3 developed in section 5.4.2.2, UHPCs-2.5mm in this investigation have the
same paste volume, Binder 5 and Binder 3 have the same volume mean diameter (11.514
µm for Binder 5 and 11.635 µm for Binder 3). Therefore, it was be predicted that the
optimum proportion of aggregate for UHPC-2.5mm-Paste5 could be similar to UHPC-
2.5mm-Paste3-54QS1-36QS2-10QS3. Surprisingly, the experimental results and calculation
demonstrated that the prediction is exact. Figures 5.33 and 5.34 show two stages of the
stepwise optimization for experiment and calculation of the optimum aggregate proportion.

Figure 5.33.: STAGE1 - Stepwise optimization for UHPCs-2.5mm using Paste5 and QS1-QS2-
QS3 aggregate. Two diagrams from bottom: the experimental results of the
spread-flow and 28 days compressive strength of concretes with Paste5 containing
720 kg Cem1 when QS2 replaces QS1 step by step. The top diagram: estimation
of the packing density of Binder5-QS1-QS3 mixtures, in which the volume mean
diameter of Binder5 is 11.514 µm and Binder5/(Binder5+QS1+QS3) ratio is
43.2 vol.%, using Compressible Packing Model with K-value of 4.1.

The first experimentally highest flowability of concrete was obtained at QS2/(QS1+QS3)
ratio of 40 vol.%, and the first calculated highest packing density of Binder5-QS1-QS2
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corresponded to QS2/(QS1+QS2) ratio of 40.14 vol.%. The final experimental results
show the optimum UHPC-2.5mm-Paste5 has the highest spread-flow of 309 mm and the
28 days compressive strength of 172.2 MPa when QS3/(QS3 + blend of 40% QS2 and 60%
QS1) ratio was 10 vol.% (i.e. QS1/QS2/QS3 = 54/36/10 vol.%) (notated UHPC-2.5mm-
Paste5-54QS1-36QS2-10QS3). The calculated optimum aggregate corresponding to the
computed highest packing density was good agreement with the experiment, expressed by
QS1/QS2/QS3 ratios of 52.81/35.41/11.78 vol.%.

Figure 5.34.: STAGE2 - Stepwise optimization for UHPCs-2.5mm using Paste5 and QS1-QS2-
QS3 aggregate. Two diagrams from bottom: the experimental results of the
spread-flow and 28 days compressive strength of concretes with Paste5 containing
720 kg Cem1 when QS3 replaces the blend of 60 vol.% QS1 and 40 vol.% QS2
gradually. The optimum UHPC-2.5mm was determined at QS1/QS2/QS3 =
54/36/10 vol.%. The top diagram: Estimation of the packing density of Binder5-
QS1-QS3 mixtures, in which the volume mean diameter of Binder5 is 11.514
µm, Binder5/(Binder5+QS1+QS2+QS3) ratio is 43.2 vol.% and QS2/QS1 ratio
is 40.14/59.86 vol.%, using Compressible Packing Model with K-value of 4.1.

The self-flowability of UHPC-2.5mm-Paste5-54QS1-36QS2-10QS3 was much higher
than that of the optimum UHPC-2.5mm-Paste3-54QS1-36QS2-10QS3, although they
have the same paste content and the packing density of Paste5 was lower than that of
Paste3. This can be attribute to the highly efficient filler effect of limestone powder due
to its low Hamaker constant in water as introduced in section 2.2.1. However, similar to
UHPC-2.5mm-Paste4-51QS1-34QS2-15QS3, the 28 days compressive strength of UHPC-
2.5mm-Paste5-54QS1-36QS2-10QS3 was much lower than that of UHPC-2.5mm-Paste3-
54QS1-36QS2-10QS3 due to low activity and low rate of reaction of ground granulated
blast furnace slag compared to silica fume.
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UHPC-2.5mm-Paste5-54QS1-36QS2-10QS3 was not used for further investigation into
steel fibre reinforced UHPC. However, its strength development was still examined and
shown in Figure 5.35.

Figure 5.35.: Strength development of the optimum UHPC-2.5mm-Paste3, UHPC-2.5 Paste4
and UHPC-2.5 Paste5. The compressive strength developed quickly in the first
28 day, especially Paste3 containing SF2. Then, the strength developed slowly,
the lowest rate for UHPC-2.5mm-Paste3 and the highest rate for concrete with
Paste5 containing GGBFS.

5.5. Concluding remarks

For mix proportioning of paste:

� Taking into account the cost and performance efficiencies of reactive and inert
powders three different binder types were developed, representing some possible cases
of the use of reactive and inert powders for high performance blended binder. Binder
type 1 contained Cem1, quartz powder and ultra-fine silica fume SF2, in which a
small amount of SF2 was used. Binder type 2 consisted of Cem1 and high amount of
ultra-fine fly ash FA due to the high filler effect and low cost of ultra-fine fly ash FA.
Binder type 3 included Cem1, ground granulated blast furnace slag (GGBFS) and
ultra-fine limestone powder, in which a high amount of reactive GGBFS was used.
However, GGBFS had a very low filler effect, the addition of the inert ultra-fine
limestone powder was necessary to improve the packing density of binder type 3.

� The physical-chemical interaction of fines is very complicated. Therefore, the
proportion of blended binder could not be calculated exactly by using the existing
particle packing models. However, based on Fennis’s idea described in 2.3.2.4 the
modification of the loosening effect and wall effect coefficients of the Compaction -
Interaction Packing Model (CIPM) taking into account the effect of surface forces of
fines is expected for a good estimation of binder mix proportion.
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� The addition of ultra-fine particles increases the packing density of blended binder
but it also leads to a significant increase of total surface area of particles resulting
in the decrease of the efficient water film thickness, which govern the flowability of
paste. Therefore, concerning the workability improving the optimum mix proportion
of blended binder having ultra-fine particle represents a compromise between im-
provement of the packing density of granular mixture and satisfaction of a sufficient
fluidity.

� In this study the proportion of blended binders had to be determined experimentally.
Based on the rule of stepwise combination for granular materials and by mean of
the superpalsticize-water solution demand test method, the optimum proportions of
blended binders were established regarding the improvement of packing density and
fluidity.

� The saturated amounts of superpalsticizer SP1 for the optimum binders at a given
W/Cem1 ratio of 25 wt.% were determined by assessment of the paste viscosity and
the concrete self-flowability when SP1 content varied. The viscosity of paste was
measured by using a rotational rheometer. The results of paste viscosity were good
agreement with the results of concrete spread-flow. Therefore, determination of the
saturated superpalsticize amount based on assessment of the concrete spread-flow
was recommended taking an extra useless consumption of superplasticize in the
liquid film around aggregate particles into account.

� The developed optimum pastes can be modified easily by varying the cement con-
tent to satisfy the concrete’s requirements of self-flowing properties and 28 days
compressive strength up to 190 MPa.

For mix proportioning of concrete:

� Based on the rule of stepwise combination for granular materials and by assessment
of the rheological of the whole concrete having a constant paste (content, mix
proportion) the optimum proportions of blended aggregate were established taking
into account the influence of the modification of aggregate (grading, packing density,
shape) on the improvement of packing density and fluidity of the whole concrete.

� The experimental results indicate that the spread-flow of concrete is good agreement
with its plastic viscosity. Concrete with the lowest viscosity also has the highest
spread-flow. The increase of particle packing density of concrete resulted in a signifi-
cant improvement of the plastic viscosity and the self-flowability. The compressive
strength of concretes tend to increase as the packing density increased (smaller than
10%). However, the concrete with the highest packing density (recognized by the
highest self-fowability and the lowest viscosity) is not insured to possess the highest
strength.

� The experimental results pointed out that the use of the modified Andreasen and
Andersen equation-based ideal curve cannot guarantee to achieve an optimum UHPC
having a given and high paste volume because the materials characteristics such as
shape, packing density, the surface forces of fines are not taken into account. In
addition, the use of the highest packing density aggregate, which can be estimated by
the existing particle packing models (the Compaction - Interaction Packing Model,
the Compressible Packing Model) or determined experimentally, cannot insure to
obtain the highest performances of self-flowability and viscosity for UHPC with a
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given and high paste volume. The interaction between fine particles of the given
paste and coarse particles of aggregate have to be taken into account in the particle
packing calculation of the whole concrete. The experiments based on the proposed
approach of stepwise optimization of particle packing density have to be carried out
to obtain the optimum concrete, and to verify the estimated result of mix proportion
from the existing particle packing models.

� The Compressible Packing Model could be used to determine the optimum proportion
of round granular aggregate mixture when it was assumed that binder had only one
size of volume mean diameter. For aggregate mixture including angular particles the
result of mix proportion computed by the Compressible Packing Model was much
different with the result of experiment.

� The optimum UHPC-2.5mm-Paste4 and UHPC-2.5mm-Paste5 showed an excellent
flowability but their strength development were slow, resulting in a low 28 days
compressive strength of about 170 MPa in comparison to 28 days compressive strength
of 196 MPa of the optimum UHPC-2.5mm-Paste3. Therefore, the optimum UHPC-
2.5mm-Paste4 and UHPC-2.5mm-Paste5 were not used for further investigation
on steel fibre reinforced UHPC. However, the use of the optimum UHPC-2.5mm-
Paste4 and UHPC-2.5mm-Paste5 could be more attractive concerning their long-term
strength (180 days compressive strength of about 190 MPa).

� The particle shape has a significant effect on the fluidity of concrete.
� Four developed concrete UHPC-1mm-Paste3, UHPC-2.5mm-Paste3, UHPC-4mm-

Paste3, UHPC-8mm-Paste3 (see Table 5.2), were the standard mixtures for further
development.
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6.1. Introduction

UHPC is very brittle when loaded. Thus, UHPC can absorb very little deformational
energy before failure. Adding discrete short fibres to UHPC enhances the toughness,
ductility and energy absorption capacity of the composite because a fibre in the path of a
propagating crack bridges the crack opening and resists further crack growth by dissipating
energy during pull-out. According to Naaman [2003a], in order to be effective in brittle
UHPC matrix, fibres must have the following properties: (i) a tensile strength significantly
higher than that of concrete; (ii) a bond strength with the concrete matrix preferably of
the same order as or higher than the tensile of matrix; (iii) an elastic modulus in tension
significantly higher than that of the concrete matrix; (iv) the Poisson’s ratio and the
coefficient of thermal expansion preferably of the same order as the matrix. That is why
steel fibre is the most suitable fibre for UHPFRC.

The tensile stress in the composite at the first cracking of matrix (σcc), and the
ultimate tensile stress (σpc) can be calculated by Equations (6.1) and (6.2) respectively
(Naaman [1972, 2003b], Bentur and Mindess [2007]). In addition, the critical volume
fraction of fibres for obtaining strain-hardening with 3-D random fibres distribution can be
estimated by Equation (6.3). In order to use Equation (6.2) in the post-cracking zone, it
is assumed that: (i) a critical crack exists across the entire section of the tensile member,
(ii) the crack is normal to the tensile stress field, and (iii) the contribution of the matrix is
negligible. Figure 6.1 shows the stress-strain response of high performance fibre reinforced
concrete (HPFRC) in comparison to conventional fibre reinforced concrete.

σcc = σmu(1− Vf ) + α1α2τfVf
Lf
Df

≤ σmu

[
1 +

(Ef
Em
− 1
)
Vf

]
(6.1)

where: Vf, volume fraction of fibres; Lf, fibre length; Df, fibre diameter; Lf/df, fibre aspect
ratio; σmu, tensile strength of the matrix; τ f, average fibre-matrix bond strength, constant
along the entire fiber length; α1, coefficient representing the fraction of of bond mobilized
at first matrix cracking; α1, efficiency factor of fibre orientation in the uncracked state of
the composite; Ef/Em, the ratio of the elastic moduli of fibre and matrix.

σpc = λ1λ2τfVf
Lf
df

(6.2)

where: λ1 and λ2 are the orientation and efficiency factors of fibres.

(Vf )critical =
2σmu
τf

1
Lf
Df

(6.3)
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Figure 6.1.: Stress-strain (or elongation) curve in tension of fibre reinforced concretes: (a)
strain-softening conventional fibre reinforced concrete; (b) strain-hardening high
performance fibre reinforced concrete (Naaman [2003a]).

Equation (6.1) indicates that the first cracking tensile stress σcc of UHPFRC and the
tensile strength of matrix σmu are nearly same if steel fibre content is low.

Improvement of the post-cracking strength is an important aim of UHPFRC mix
design. Based on the working mechanism of the cementitious composite described by
Equation (6.2), various approaches have been proposed.

� It is clear to realize that if the volume fraction of fibres (Vf), the fibre length (Lf)
and the average bond strength at the fibre matrix interface (τ f) are kept constant,
the reduction of fibre diameter (Df) increases the density of fibre crossing (λ3) as
well as the fibre aspect ratio, resulting in increase of the ultimate tensile stress
(σpc). However, the smaller the fibre diameter is, the larger the total surface area of
fibres have, the interaction between fibres and granular concrete mixture is stronger.
Therefore, the workability of fibre concrete is affected considerably, a high paste
volume is needed. This is suitable to explain for the reason of using fine steel fibre in
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reinforcing UHPC, which have high paste voulme and fine aggregate in comparison
with other kind of concrete.

� The densification of the transition zone between fibre and matrix by ultra-fine
particles with high chemical - filler effect and the improvement of the mechanical
bond between fiber and matrix by modification of the fibre geometry are feasible
to increase the post-cracking strength of the composite with a given fibre volume
content and fibre aspect ratio.

� Using high fibre content and long fibre allow to increase the ultimate tensile stress
(σpc) but the cost of UHPFRC increases, the mixing and casting of fiber UHPC are
very difficult.

Basically, the average fibre-matrix bond strength (τ f) is governed by adhesion, friction
and mechanical anchorage by deformations on the fibre surface or by overall complex
geometry (Bentur and Mindess [2007]). Many studies (Bathia and Trottier [1994]; Robins et
al. [2002]; Cunha et al. [2010]; Zile and Zile [2013]) pointed out that mechanically deformed
fibers are more effective than straight fibers in improving the fibre-matrix interactions,
resulting in a better pullout resistance as well as flexural and tensile behaviours, for
examples in case of UHPFRC:

� For straight smooth fibre with embedded length of Lf/2: Orange et al. [2000]
and Wuest [2007] measured τ f of 10 MPa and 6.9 MPa for fibre sizes of Lf/Df =
5mm/0.2mm and Lf/Df = 10mm/0.2mm respectively. Chan and Chu [2004] reported
that τ f slightly increases from 4.82 MPa to 5.48 MPa when silica fume content of
Reactive Powder Concrete increases up to 30 wt.% of cement for a fibre size of Lf/Df

= 13mm/0.16mm.
� Naaman [2000] invented twisted polygonal fibre. An intensive investigation was

carried out by Naaman and coworker (Chandrangsu and Naaman [2003], Sujivorakul
and Naaman [2003], Kim et al. [2008], Wille and Naaman [2012]) at the University of
Michigan to compare the effectiveness of smooth, hooked, and twisted polygonal fibre
in reinforcing cement composites. The results demonstrated that twisted polygonal
fibre is the best fibre, the fibres achieve the most effective mechanical bond and
provide a slip-hardening bond stress. Wille [2012] reported that the equivalent
bond strength of deformed fibres embedded in UHPC was five times the equivalent
bond strength of straight fibers embedded in the same matrix. The equivalent bond
strength of straight steel fibres could be improved by optimizing the UHPC matrix
through composition and particle size distribution, reported τ f of 8.7 MPa for a fibre
size of Lf/Df = 13mm/0.2mm.

� Wille et al. [2011, 2012] investigated the tensile and bending behaviour of UHPFRC
using straight smooth steel fibre (Lf/df = 13mm/0.2mm), hooked steel fibre (Lf/Df

= 30mm/0.38mm) and tailoring twisted polygonal fibre (Lf/Df = 30mm/0.3mm),
and reported that the ratio of equivalent bending strength to direct tensile strength
ranged between 2.4 and 2.65. Using an UHPC matrix with a compressive strength
of 200 MPa the ultimate tensile stress σpc were 14.2 MPa, 14 MPa, 14.9 MPa
corresponding with 2.5 vol.% straight smooth steel fibre (Vf*Lf/Df = 1.625), 2 vol.%
hooked steel fibre (Vf*Lf/Df = 1.579) and 2 vol.% twisted polygonal fibre (Vf*Lf/Df

= 2.0) respectively.
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Actually, UHPFRC with a strain-hardening behaviour is expected for structural
application. It is, however, not a simple way of adding high volume fibre which can be
computed by Eq. (6.3). The UHPC matrix and fibre content, geometry have to be tailored
to achieve the optimum rheological behaviour in the fresh state as well as the highest
mechanical performance in the hardened state of fibre concrete.

Grünewald and Walraven [2001, 2004], Dhonde et al [2007], Ferrara et al [2007] and
Martinie et al. [2010] demonstrated that the workability of fibre self-compacting concrete
decreases corresponding the increase of the yield stress when the product Vf*Lf/Df, defined
as the fiber factor, increases. In addition, Swamy and Mangat [1974] and Grünewald
and Walraven [2001, 2004] emphasized that it is important to determine the critical
concentration of fibres to prevent forming of fibre clumps or balls in concrete mixture and
to ensure a uniform fibre distribution, the critical concentration of fibres is depended on
concrete matrix composition and fibre characteristics.

Martinie et al. [2010] proposed Equation (6.4) to estimate the maximum amount of
fibers in fine UHPC, above that fibers tend to form clumps or balls and entrap air in the
mixture.

(Vf )max−concentration =
400
Lf
Df

(1− VS
βS

) (6.4)

where: Lf, fibre length; Df, fibre diameter; VS, volume fraction of sand in the mixture; βS,
packing density of the sand. Martinie suggested a βS value of 0.65 for fine UHPFRC with
rounded sand.

In the priority program SPP 1182 of the German Research Foundation, an intensive
investigation was performed by Fröhlich and Schmidt [2014] to evaluate the test methods
for assessment of UHPFRC performance in fresh and hardened states. Two types of
straight smooth steel fibre were used, short fibre with Lf/Df ratio of 9mm/0.22mm and
long fibre with Lf/Df ratio of 17mm/0.22mm. The results showed that the slump flow of
fibre concretes were decreased significantly when fibre contents increased up to 2.5 vol.%,
UHPC with 8 mm coarse aggregate was strongly affected by fibre content in comparison to
fine grain UHPC (M2Q, M3Q and B5Q mixtures as shown in Table 1.1 in Chapter 1). In
addition, the increase of fibre length, volume led to a significant increase of post-cracking
flexural tensile strength and toughness.

In summary, the optimum fibre content of UHPFRC represents a good compromise
between mechanical properties in the hardened state and workability in the fresh state.

6.2. Investigation objective and methodology

6.2.1. Investigation objective

In the previous work four optimum self-compacting UHPCs were developed, these
mixtures had different maximum grain size of 1 mm, 2.5 mm, 4 mm, 8 mm and compressive
strength of about 190 MPa as described in Table 5.2 in section 5.4.4.1. In this investigation
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six different high strength steel fibres were employed to improve the ductility of these
UHPCs. Four micro steel fibres were two types of smooth straight fibres (F1: Lf1/Df1 =
13mm/0.2mm; F2: Lf2/Df2 = 20mm/0.2mm) and two types of crimped fibres (F3: Lf3/Df3

= 9mm/0.12mm; F4: Lf4/Df4 = 12mm/0.18mm) while two indented macro steel fibres
were hooked ends fibre (F5: Lf5/Df5 = 30mm/0.55mm) and straight fibre (F6: Lf6/Df6 =
25mm/0.3mm), as represented in Figure 6.2. Fibre F1 was OL 13/0.20 steel fibre type
from Bekaert, its tensile strength was 2600 N/mm2. Fibres F2, F5, F6 with tensile strength
of 2200 N/mm2were supplied by Stratec Abrasive and Fibre Technology GmbH having
trade names of FM 20/0.2, FE 30/0.55 and FG 25/0.3. Fibres F3 and F4 having tensile
strength of 3300 N/mm2 were produced by Voestalpine Special Wire GmbH.

The objective of this investigation was to determine the most effective fibre for
producing self-compacting UHPFRC considering the improvement of tensile performance
and material saving.

First, the pullout tests were carried out to assess the influence of fibre geometries on
the pullout resistance. Because fibre F1 (Lf1/Df1 = 13mm/0.2mm) and fibre F2 (Lf2/Df2

= 20mm/0.2mm) were the smooth and straigth fibres and their fibre-matrix bonds were
similar, fibres F1 and F2 were then selected for the investigation into the influence of
the fibre types, volume and the matrices composition on the self-flowing ability and the
mechanical behaviour of UHPFRCs. In a further investigation, the fine UHPC with
maximum grains of 1 mm was modified by increasing the cement content for a more fibre
addition to guarantee a higher 7 MPa ultimate tensile strength of UHPFRC. A comparative
investigation into the mechanical behaviour of the UHPFRCs with six different fibre types
was conducted employing bending and direct tensile tests. Furthermore, the tensile
constitutive properties of UHPFRCs were estimated by an inverse analysis based on the
four-point bending test results. The most effective steel fibre for reinforcing UHPCs could
be selected convincingly.

6.2.2. Testing methods

Mixing procedure: A concrete batch of 30-60 liters for producing specimens of
compressive, flexural, tensile tests was produced using an ELBA Laboratory Compulsory
Mixer, see Figure 6.3. The speed of the spiral mixing tool of the mixer is controlled by
changing the frequency of current using an inverter. The mixing procedure was as follows:
(i) dry cementitious mixture including cement, quartz powder, silica fume (and other
powders if any) were added to the mixer, then mixed for 60 seconds at the speed I of
25 round per minute; (ii) 80 wt.% water was added for 60 seconds while the mixing tool
was working at the speed I, the premixed remaining water with superplasticizer was then
added for 30 seconds; (iii) the paste was homogenized for 240 seconds at the mixing tool
speed II of 50 round per minute; (iv) the aggregate was added to the paste at the mixing
tool speed I for 120 seconds and concrete was homogenized for 120 seconds at the mixing
tool speed II; (vi) for fibre adding, the micro steel fibre had to be gone through a mesh
with 15 mm mesh opening to against the forming of fibre ball, as shown in Figure 6.3, the
further mixing time at this stage was 180 seconds.

Casting and curing: all specimens were casted without any compaction. After
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Figure 6.2.: The used fibres in the research project: smooth straight fibres: F1 - L1/D1

= 13mm/0.2mm, F2 - L2/D2 = 20mm/0.2mm; crimped fibres: F3 - L3/D3 =

9mm/0.12mm, F4 - L4/D4 = 12mm/0.18mm; indented and hooked ends fibre: F5

- L5/D5 = 30mm/0.55mm; indented straight fibre: F6 - L6/D6 = 25mm/0.3mm.
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Figure 6.3.: Compulsory Mixer for preparation of UHPFRC.

casting, the specimens were covered with plastic sheet and stored at room temperature
for 24 hours. The specimens were then removed from their moulds and stored at ambient
laboratory conditions for additional 27 days. All mechanical tests was carried out at 28
days age of concrete.

Slump-flow test: according to DIN EN 12350-8 [2010] was applied to assess the
self-flowability of UHPCs with and without fibres. Two minutes after cone lifting, from the
spread-flow of the concrete, two diameters perpendicular to each other were determined
and their mean was reported, the T500-time was also recorded in the test.

Specimens preparation and compression test: The compression test was carried
out according to DIN EN 12390-3 [2009]. For each UHPFRC mixture, six cube specimens
of 100 mm were produced to determine the compressive strength. Both loading faces of
all specimens were ground before testing. The loading rate was 0.6 MPa/s. The mean
values were reported.

Specimens preparation and pullout test: The pullout test can be carried out
using single-sided specimens (Grünewald [2004]; Markovic [2006]; Cunha [2010]) or double-
sided specimens (Bathia and Trottier [1994]; Robins et al. [2002]; Chan and Chu [2004])
with a single fibre or an array of fibres. The advantages and disadvantages of these pullout
test configuration were analyzed in detail by Cunha [2010]. In this research project,
single-sided specimens were applied for pullout test, as shown in Figure 6.4. For each kind
of fibre fifteen separated fibres were stuck vertically into three bases made of Styropor®,
each base with size of 20x40x160 mm3 included five fibres. The styropor bases with fibres
were put into a there-gang mould 40x40x160 mm3. The fresh UHPC with maximum grains
of 1 mm was then filled into the mould. Thus, the protruding part of the fibre from the
styropor base was the embedded length of the fibre in UHPC matrix and equals a half
fibre length. A servo-controlled universal testing machine with a capacity of 1000 kN
was used. In order to obtain a high precise of the load values, a HBM® load cell with a
capacity of 2 kN was attached to the machine test frame. The styropor was removed at 28
days age of concrete for fibre pullout test. The concrete block with five free part of fibres
(that get out of concrete block) was kept tightly on the bedplate of the machine. The free
part of the single fibre was hold securely by a grip, as described in Figure 6.5. The rate
of displacement of the loading head was constant 0.05 mm/min during testing. Linear
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Variable Differential Transformer (LVDT) could not be fixed to measure the fibre pullout
slip due to the very short length of the fibre as also of the protruding end. Therefore,
only the data of pullout force and crosshead displacement were recorded. The average
fibre-matrix bond strength τ f is computed by Equation 6.5

τf =
Fmax

πDfLf,embedded
(6.5)

where: Fmax, maximum pull-out load; Df, fibre diameter; Lf,embedded, fibre embedded length.

Figure 6.4.: Specimens preparation for pullout test.

Figure 6.5.: Configuration of the single fibre pullout test. The embedded length equals a half

length of fibre.

Specimens preparation and bending test: For each UHPFRC mixture, six
beams of 140 x 140 x 560 mm3 (which allows a 3-D orientation of fibres) were produced to
investigate the effectiveness of fibres in improving the ductility and toughness of UHPC.
Self-compacting UHPFRC was poured, without vibration, at one end of the mould and
left to spread into place. Four-point bending test on unnotched specimen was carried
out according to the ASTM C1609/C1609M [2012], standard test method for flexural
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performance of fiber reinforced concrete. The parameter calculations when Peak Load
(Modulus of Rupture) is greater than First-Peak Load in accordance with this standard
is shown in Figure 6.6. The First-Peak point is defined as a point where the slope is
zero. However, in all case of this investigation, the UHPFRCs showed a stable deflection-
hardening, the First-Peak Load could not be determined clearly. ASTM C1609/C1609M
defines that the total area under the load - deflection curve up to a net deflection of L/m
is the toughness TD

m, in which L is the span length and m is a positive number. In
this investigation, toughness value at a certain deflection is an important information to
evaluate the effect of fiber type, volume on the energy absorption capacity of concrete.
For this purpose, besides the point of the Peak Load, three points corresponding to the
deflections of L/1000 = 0.42 mm, L/600 = 0.7 mm, L/150 = 2.8 mm were considered for
the comparative calculation regarding toughness and residual strength. A servo-controlled
bending machine was used, the rate of displacement of the loading head was constant 0.2
mm/min during testing. The test setup is illustrated in Figures 6.7.

Figure 6.6.: Example of parameter calculations when Peak Load greater than First-Peak Load

according to the ASTM C1609/C1609M.

Figure 6.7.: Four-point bending test on unnotched beam of 140x140x560 mm3 according to

the ASTM C1609/C1609M

Specimens preparation and direct tensile test: A standard test method for
determination of the direct tensile behaviour of UHPFRC is not available currently.
However, various configurations of direct tensile test were introduced in literature, as
summerized by Wille [2014]. Figure 6.8 shows some kind of end shapes of uniaxial tension

109



6. Steel fibre reinforced UHPC

test specimens (Kasai and Ikeda [1993], from Kanakubo [2006]), including three boundary
conditions of pin-pin, pin-fix and fix-fix. Kanakubo [2006] indicated that failure often
occurs at the end of specimen or grip portion in the specimens with a uniform cross section.
Furthermore, the effect of bending moment on the direct tensile behaviour is significant
in a direct tensile test. The bending moment effect can be reduced when the pin-pin
condition is used. Figure 6.9 shows a direct tensile test setup developed by Graybeal and
Baby [2013] for both cast and extracted UHPFRC specimens.

Figure 6.8.: Example of end shapes for direct tensile test (Kasai and Ikeda [1993], from

Kanakubo [2006]).

Figure 6.9.: Direct tensile test setup developed by Graybeal and Baby [2013]

In this research project, dog-bone shape specimens with a circular bays, which reduces
stress concentration and allows the failure occur at the weakest spot in the material (Vliet
and Mier [2000]), were used, as illustrated in Figure 6.10. The cross section area in the
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middle (50mm x 150mm) of the specimen is 40% smaller than that of the specimen ends.
Self-compacting UHPFRC was poured, without vibration, at one end of the mould and
left to spread into place. After casting, the specimens were covered with plastic sheet and
stored at room temperature for 24 hours. Then, the specimens were removed from their
moulds and stored at ambient laboratory conditions for additional 27 days. The tension
test was carried out at 28 days age of the specimen. The bottom end of the specimen was
fixed on the bedplate of test machine and the top end of the specimen was connected to
an adapter having a pin to create rotating boundary condition. The strain was captured
with a parallel ring extensometer containing four linear variable differential transformers
(LVDTs), the gage length was 320 mm. Tests were performed under displacement control
with a constant displacement rate of 0.0025 mm/s. There specimens were tested for a
fibre content of each kind of fibres.

Figure 6.10.: Specimen preparation and direct tension test setup.
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6.2.3. Inverse analysis based on four-point bending test for estimation of the
tensile constitutive properties of UHPFRC

Kanakubo [2006] indicated that specimen geometry, size and boundary conditions
have a significant influence on results of the direct tensile tests. In this research project
in order to obtain a good analysis and interpretation of the experimental results a back
calculation based on four-point bending test for estimation of the tensile properties was
performed.

Several back-calculation methods were proposed to estimate the tensile behaviour of
UHPFRC based on four-point bending test (AFGC [2013]; Baby et al. [2013]; Lopez et al.
[2015]). In this research project the inverse analysis approach developed by Lopez et al.
[2015] was used. Lopez’s method is described as an iterative method based on a complete
experimental law using load-deflection. In the method Lopez proposed an equation that
relates the experimental mid-span deflection (δ) and curvature (χ), and an analytical
moment (M) - curvature (χ) close-form formulation. In the method a constitutive law in
both compression and tension is assumed. These parameters are then modified during
the iterative process to minimize the error between the experimental moment (Mexp) -
curvature curve (χ) and the analytical moment (M) - curvature curve (χ). The inverse
analysis procedure is illustrated in Figure 6.11.

Figure 6.11.: Scheme for the inverse analysis procedure acc. to Lopez et al. [2015].
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6.3. Experimental results

6.3.1. The effect of fibre types on fibre pullout resistances

The optimum UHPC-1mm having 193.5 MPa compressive strength (fc,cube) was used
for fibre pullout tests. The pullout test results of each kind of fibre are represented in
Figures 6.12, 6.13, 6.14. Obviously, the mechanical anchorage play an important role in
improving fibre pullout resistances when the average fibre-matrix bond strength τ f of the
deformed fibres F3, F4, F5 in UHPC-1mm matrix were much higher than that of smooth
straight fibres F2 and F2 and indented straight fibre F6. However, a high risk of fibre
failue have to be considered in case of high bond strength fibre-matrix together with long
embedded length of fibre.

Figure 6.12.: The pullout resistances of smooth straight fibres F1 and F2 in the matrix of
UHPC-1mm. The fibre-matrix interaction is governed by chemical bond and
friction.
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It should be noted that the average fibre-matrix bond strengths of fibres F1 and F2
were relative low in comparison with the reported values of literature mentioned in section
6.1.

Figure 6.13.: The pullout resistances of crimped fibres F3 and F4 in the matrix of UHPC-1mm.

A very high bond between crimped fibre F3 and the matrix UHPC-1mm led to a very
high uniaxial tensile stress in the fibre, which were equal to or very closed to the fibre
ultimate tensile stress, due to its small diameter. The failure of a half of number of tested
fibres implied the disadvantage of fibre F3 in UHPC matrix having 190 MPa compressive
strength at 28 days and higher with time. A shorter fibre length is required to against
the fibre failure but the efficiency in strengthening is reduced. A longer wavelength or a
decrease of the wave height could be a suitable solution for fibre F3. Fibre modification,
however, is not discussed in this research project. The geometry of fibre F4 was quite
good, fibre-matrix bond was high but was safe to use regarding the strength development
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of UHPC matrix. Clearly, fibres F3 and F4 are very appropriate for a conventional UHPC
matrix with 150 MPa at 28 days age because of theirs good mechanical anchorage.

Figure 6.14.: The pullout resistances of indented hooked ends fibre F5 and indented straight

fibre F6 in the matrix of UHPC-1mm.

The experimental results of fibres F5 and F6 indicated that the effect of the hooked
ends on improving pullout resistnace was much higher than that of the indented surface.
However, a high risk of fibre failure was recognized for fibre F5. A shorter fibre length or
no indented surface could be a good solution for fibre F5 in a matrix with higher 190 MPa
compressive strength at 28 days age. The fibre F6 with indented surface shows a better
bond with matrix in comparison to the smooth straight fibres F1 and F2.

Normally, it is expected that the higher the fibre-matrix bond is, the better mechanical
behaviour the composite shows. However, the working mechanism of the cementitious
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composite described by Equation (6.2) points out that it is impossible to predict the
mechanical properties of composite only based on the single fibre pullout test results.

6.3.2. The effect of fibre types, content and matrix compositions on the
properties of UHPFRC in fresh and hardened states

For the application of the four developed optimum UHPC matrices (UHPC-1mm,
UHPC-2mm, UHPC-4mm and UHPC-8mm) it was necessary to investigate the influence
of fibre types, content and matrix compositions on the self-flowability in fresh state as well
as on the compressive, flexural, direct tensile behaviours in hardended state of UHPFRC.

Fibre F1 and fibre F2 were smooth and straight fibres, they had the same diameter,
their pullout resistances in UHPC-1mm matrix were similar. Therefore, fibres F1 and F2
were selected for the investigation.

First, the maximum fibre concentration for obtaining self-flowing properties of UH-
PFRC was determined experimentally. The flexural and tensile behaviours of UHPFRCs
with the maximum fibre concentration were then examined.

6.3.2.1. Effect of fibres F1, F2 contents and matrix compositions on the
flowability of UHPFRCs

Table 6.1 shows the experimental results of the maximum concentration of fibres F1
and F2 for self-compacting UHPFRC using the four developed optimum UHPC matrices.
Figure 6.15 shows the experimental results of slump-flow and T500-time of these UHPFRCs
with a fibre volume of no higher than the maximum fibre concentration for achieving a
slump-flow of more than 650 mm. It is interesting to recognize that in case of UHPC-
1mm-720kgCem1 the estimated maximum fibre concentrations of fibre F1 (Lf1/Df1 =
13mm/0.2mm) (1.8 vol.%) and Fibre F2 (Lf2/Df2 = 20mm/0.2mm) (1.16 vol.%) applying
Eq. (6.4) were relatively close to the experimental results (1.75 vol.% for F1 and 1 vol.%
for F2).

Table 6.1.: The experimental results of the maximum concentration of fibres F1 and F2 and
the equivalent fibre factors for self-compacting UHPFRCs with maximum grain
sizes of 1 mm, 2 mm, 4 mm and 8 mm.

Fibre type UHPC-
1mm

UHPC-
2.5mm

UHPC-
4mm

UHPC-
8mm

F1 13mm/0.2mm
Max. Concentration [vol.%] 1.75 1.5 1.5 1
Fibre factor (Lf1/Df1)*Vf1 1.138 0.975 0.975 0.65

F2 20mm/0.2mm
Max. Concentration [vol.%] 1 0.75 0.75 0.5
Fibre factor (Lf2/Df2)*Vf2 1 0.75 0.75 0.5
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Figure 6.15.: The slump-flow (top) and T500 time (bottom) of UHPCs with and without
fibres F1, F2. The fibre contents were no higher than the maximum fibre
concentration.

A homogenous fibre distribution and a good self-flowability of UHPFRCs were observed
as the fibre contents were less than or equal to the maximum fibre concentration. The
slump-flow test results indicated that the maximum fibre concentration increased at
increasing the paste volume and the content of the smaller 1 mm aggregate. Indeed, the
three UHPCs with maximum grain size of 1 mm, 2.5 mm and 4 mm had the same paste
(characteristics and volume fraction) but the maximum fibre concentration of both fibres for
UHPC-1mm was the highest. Further, compared with other matrices, the maximum fibre
concentration of UHPC-8mm with a higher aggregate volume fraction and a high content
of the larger 1 mm aggregate was the lowest. The higher the fibre factor (Lf/df)*Vf was,
the more the slump flow decreased. However, there was a strong interaction between long
fibres and aggregates, leading to a lower flowability of long fibre concrete compared with
short fibre concrete showing the same fibre factor. In addition, the larger the maximum
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aggregate size was, the lower flowability the fibre concrete possess.

It should be noted that the further investigation into the flexural and tensile behaviours
of UHPFRCs using the same maxtrix and the maximum concentration of fibres F1 and
F2 is meaningful to evaluate the materials efficiency of fibres F1 and F2 because the
self-flowability of these UHPFRCs were nearly similar (the difference of less than 50 mm
slump-flow).

Figure 6.16 shows UHPFRCs with fibre clumps when the maximum fibre concentrations
were exceeded. Exactly, the flowability of fibre concrete lost quickly and fibre clumps
appeared thickly when long fibre content increased slightly more the maximum fibre
concentration.

Figure 6.16.: Fibre clumps in the UHPC-8mm - 0.75 vol.% F2 (left side) and in the UHPC-
2.5mm - 1.75 vol.% F1 (right side). Although these fibre concretes have the
slump-flow of 650 mm and 700 mm, respectively, they cannot be used in practice.

6.3.2.2. Effect of fibres F1, F2 contents and matrix compositions on the
mechanical behavoiur of UHPFRC

The experimental results of the UHPFRCs compressive strength are shown in Table
6.2. Figure 6.17 depict both the envelope and average flexural stress - deflection response
from the bending tests of the UHPFRCs having the critical fibre content (for the self-flow
properties). The measurements of the peak strength (fP), the residual strength (fDm) and
the toughness (TD

m) at the specified points of the load-deflection curve are also presented
in Table 6.2.

The compression test results showed that the addition of steel fibres up to the maximum
fibre concentrations for self-flow properties influenced negligibly on the compressive strength
of UHPFRCs (less than 2% increasing).

The experimental results of bending tests indicated that the flexural behaviours of
UHPFRCs using the same maxtrix and the maximum concentration of fibres F1 and

118



6.3. Experimental results

F2 were nearly same but fibre F2 content was equal to a half fibre F1 content. These
concretes also had the same flowability as mentioned in the previous investigation of fibre
concentration. Therefore, it can be concluded that the material efficiency of long fibre F2
is better than that of short fibre F1.

During the beam casting, the fibres tended to orient in the direction of flow, which is
also the direction of applied stress, resulting in a good improvement in bending behaviour,
but this effect decreased as the grain size of aggregate increased. Indeed, the bending test
results show that using the same volume of 1% F1, the flexural strength and the toughness
at the peak points decrease with increase of aggregate size in cases of UHPC-2.5mm,
UHPC-4mm and UHPC-8mm. Also, a similar phenomenon can be observed for the
comparison of UHPC-1mm, UHPC-2.5mm and UHPC-4mm at 1.5 vol.% F1.

In order to guarantee about the advantage of fibre F2 compared to fibre F1, direct
tensile tests were performed for UHPFRC-1mm containing 1.75 vol.% F1 and UHPFRC-
1mm containing 1 vol.% F2. Furthermore, a back-calculation was conducted to estimate
the tensile constitutive properties of these fibre concrete. The experimental and estimated
results are shown in Figures 6.18, 6.19 and Table 6.3.

Figure 6.17.: The effect of fibres F1 and F2 on the flexural behaviours of UHPFRC-8mm,

4mm, 2mm, 1mm.
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Table 6.2.: The compressive strength and the average flexural properties of UHPFRCs.

Matrix
Fibre fc,cube

Flexural strength [MPa] and toughness [Nm] (values in parentheses)

Peak (δP;fP) Specified deflections [mm]

[vol.%] [MPa] δP [mm] fP 0.42 0.7 2.8

UHPC-8mm
0.5-
F2

193.8 0.511 10.04
(29.95)

9.93
(24.01)

9.81
(42.24)

5.52
(145.1)

0.75-
F1

194.2 0.358 9.6
(20.10)

9.54
(23.97)

9.07
(41.02)

4.58
(133.4)

1-F1 193.3 0.388 12.47
(27.41)

12.40
(30.00)

11.95
(52.34)

5.90
(173.5)

UHPC-4mm
0.75-
F2

200.8 0.992 14.72
(81.01)

13.04
(28.49)

14.09
(53.59)

9.45
(227.2)

1-F1 199.7 0.561 12.65
(39.80)

12.43
(28.22)

12.51
(51.24)

6.04
(177.7)

1.5-
F1

199.2 0.646 15.11
(50.95)

14.88
(32.33)

15.01
(59.78)

7.92
(219.6)

UHPC-2mm
0.75-
F2

199.1 0.899 14.16
(71.77)

13.08
(28.48)

13.82
(53.53)

9.13
(218.4)

1-F1 199.8 0.459 13.17
(33.64)

13.16
(30.29)

12.72
(54.02)

7.06
(189.8)

1.5-
F1

198.3 0.551 15.33
(47.33)

15.32
(34.23)

14.93
(62.11)

5.85
(198.8)

UHPC-1mm
1-F2 196.1 1.181 18.23

(121.88)
16.02
(34.32)

17.56
(65.32)

13.12
(292)

1.5-
F1

195.6 0.615 18.23
(61.22)

17.82
(38.43)

18.22
(71.34)

9.54
(262.2)

1.75-
F1

195.9 0.679 17.98
(68.55)

17.36
(38.46)

17.96
(71.01)

9.11
(256.8)

Figure 6.18.: Deflection-hardening and Strain-hardening behaviours of UHPFRCs-1mm hav-

ing 1.75 vol.% F1, experimental and estimated results.
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Figure 6.19.: Deflection-hardening and Strain-hardening behaviours of UHPFRCs-1mm hav-

ing 1 vol.% F1, experimental results and estimated result by Lopez’s method.

Table 6.3.: Experimental and estimated tensile results of UHPFRC-1mm containing 1.75

vol.% F1 and 1 vol.% F2.

Matrix
Fibre

Specimen No.
Tensile strength [MPa] and Strain[�]

[vol.%] σcc εcc σpc εpc εt,max

UHPC-1mm 1.75-F1

Exp-1 7.33 0.156 6.76 0.157 –
Exp-2 6.59 0.153 7.72 1.322 –
Exp-3 6.30 0.126 7.43 1.825 –
Exp-Average 6.74 0.145 7.30 1.101 –
Estimation 7.3 0.140 7.5 1.000 31

UHPC-1mm 1-F2

Exp-1 5.06 0.069 7.11 1.543 –
Exp-2 6.83 0.136 8.82 2.340 –
Exp-3 5.89 0.123 7.90 2.511 –
Exp-Average 5.93 0.109 7.94 2.131 –
Estimation 5.8 0.105 7.2 5.000 45

The stress - strain-hardening behaviour was observed for both UHPFRC-1mm using
1.75 vol.% F1 and 1 vol.% F2. The ultimate tensile strength of 7 MPa was sure of success.
The use of 1 vol.% fibre F2 (having a high fibre aspect ratio of Lf2/Df2=20mm/0.2mm=100)
improved significantly the ultimate tensile strength and the strain capacity of UH-
PFRC in comparison to the use of 1.75 vol.% fibre F1 (with a lower fibre aspect ratio
Lf1/Df1=13mm/0.2mm=65).

6.3.3. Experimental assessment of the effectiveness of six different fibres in
reinforcing UHPC

The above investigation focusing the effect of fibres F1, F2 and matrices composition
on UHPFRC properties indicate that the fine grain UHPC-1mm is the most suitable
matrix for production of ductile UHPFRC with high steel fibre volume. Only UHPC-1mm
was used for further investigation. However, in order to achieve a better self-flowability
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and a good fibre distribution of concrete with a high steel fibre volume the paste volume
of UHPC-1mm was increased by increasing of Cem1 content from 720 kg/m3 up to 750
kg/m3, notated UHPC-1mm-750kgCem1, corresponding to paste volume of 561.6 lit/m3.

Table 6.4 shows the content of each kind of fibre for direct tensile test and four-point
bending test to evaluate the effectiveness of these fibres in reinforcing UHPC-1mm-
750kgCem1. All fibre concretes showed a good self-flowing properties with the slump-flow
of no less than 750 mm and no fibre clumps.

Table 6.4.: Fibre contents for bending and tension test.

Fibre content (vol.%)

F1 F2 F3 F4 F5 F6

Bending test 2 1.5 1.5 1.5 2 1.75
Tension test 2 1.5 1.5 1.5 2 1.75

Figures 6.20, 6.21, Tables 6.5, 6.6 show the influence of fibre types, contents on
the flexural and tensile behaviours UHPFRC, including the experimental and estimated
results.

The experimental results of bending and direct tensile tests are in good agreement.
Surprisingly, UHPFRC-1mm-750kgCem with 2 vol.% F5 possessed the weakest flexural
and tensile behaviours in comparison to others although the single fibre pull-out resistance
of fibre F5 was much higher than that of fibres F1 and F2. This may be attributed to the
lowest density of fibre crossing, the lowest fibre aspect ratio of fibre F5 and the low fibre
factor of UHPFRC-1mm-750kgCem-2vol.%F5. In addition, the real fibre-matrix bond
strength of fibres F1 and F2 in the specimens of flexural and tensile tests, that formed
by a homogeneous mixing process of UHPC matrix and fibres, may be much higher than
the results of single fibre pull-out test, it could be a suitable reason for the observed
phenomenon.

The estimation of the tensile properties based on four-point bending test showed that
the first cracking tensile stress σcc of fibre concrete (which approximate to the matrix
tensile strength as mentioned at the beginning of this chapter) was in range of 6-8 MPa.
However, a high scattering of the experimental σcc of 5.7 MPa up to 10.3 MPa was observed
and has not explained yet.

Comparing the experimental and estimated tensile strengths of a UHPFRC group
pointed out that fibres in the thin dog-bone specimen might have a 2-D distribution
and tended to orient in the direction of applied stress leading to higher results of the
experiment. Furthermore, the experimental σpc was computed using a constant area of
the middle cross-section of the dog-bone specimen resulting to an overestimate.

The experimental results showed that the flexural deflection-hardening response,
the modulus of rupture of UHPFRC-1mm-750kg-2vol.%F1 were better than that of
UHPFRC-1mm-750kg-1.5vol.%F3. However, the experimental σpc of UHPFRC-1mm-
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750kg-1.5vol.%F3 was higher than that of UHPFRC-1mm-750kg-2vol.%F1. The higher
density of fibre crossing, the greater fibre pull-out resistance of fibre F3 in comparison
with fibre F1 and the good fibre orientation in the thin dog-bone specimen of fibre F3
could be the reason.

Table 6.5.: The average flexural properties of UHPFRCs-1mm-750kgCem1 with different fibres

types, contents.

Matrix
Fibre

Flexural strength [MPa]

Peak (δP;fP) Specified deflections [mm]

[vol.%] δP [mm] fP 0.42 0.7 2.8

UHPC-1mm-750kgCem1

2-F1 0.819 19.48 18.60 19.40 9.15
1.5-F2 1.364 26.40 21.40 22.70 16.40
1.5-F3 0.734 17.20 16.40 17.20 3.89
1.5-F4 0.988 21.22 20.92 20.57 6.55
2-F5 0.460 14.20 14.17 13.83 4.86
1.75-F6 1.160 22.09 18.36 20.70 12.33

Figure 6.20.: Influence of fibres F1, F2 on the flexural and tensile behaviours of UHPFRCs-

1mm-750kgCem1, experimental results and estimation.
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Figure 6.21.: Influence of fibres F3, F4, F5, F6 on the flexural and tensile behaviours of

UHPFRCs-1mm-750kgCem1, experimental results and estimation.
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Table 6.6.: Tension test results of UHPFRCs-1mm-750kgCem1 with six different fibre types

and contents.

Matrix
Fibre

Specimen No.
Tensile strength [MPa] and Strain[�]

[vol.%] σcc εcc σpc εpc εt,max

UHPC-1mm-750kgCem1 2-F1

Exp-1 5.09 0.094 8.13 1.906 –
Exp-2 5.78 0.111 8.16 2.544 –
Exp-3 6.33 0.135 8.39 1.33 –
Exp-Average 5.73 0.113 8.23 1.927 –
Estimation 8.0 0.145 8.0 1.4 30

UHPC-1mm-750kgCem1 1.5-F2

Exp-1 9.53 0.197 12.68 5.663 –
Exp-2 9.48 0.186 11.31 6.238 –
Exp-3 9.82 0.187 10.92 6.624 –
Exp-Average 9.61 0.190 11.64 6.175 –
Estimation 8.25 0.15 10.75 8 30

UHPC-1mm-750kgCem1 1.5-F3

Exp-1 8.63 0.190 10.26 1.454 –
Exp-2 8.59 0.180 10.19 1.684 –
Exp-3 8.13 0.179 9.71 1.299 –
Exp-Average 8.45 0.183 10.05 1.479 –
Estimation 6.5 0.13 7.0 3 20

UHPC-1mm-750kgCem1 1.5-F4

Exp-1 9.54 0.172 11.76 1.200 –
Exp-2 9.58 0.172 12.21 2.813 –
Exp-3 10.27 0.189 11.11 2.374 –
Exp-Average 9.80 0.178 11.69 2.129 –
Estimation 8.0 0.16 9 2 23

UHPC-1mm-750kgCem1 2-F5

Exp-1 5.27 0.094 6.85 1.494 –
Exp-2 6.55 0.123 6.67 1.446 –
Exp-3 6.36 0.114 7.53 1.067 –
Exp-Average 6.06 0.110 7.02 1.336 –
Estimation 5.6 0.102 5.6 1.4 25

UHPC-1mm-750kgCem1 1.75-F6

Exp-1 10.87 0.193 12.58 3.656 –
Exp-2 10.93 0.199 12.09 4.090 –
Exp-3 9.14 0.162 11.03 3.037 –
Exp-Average 10.31 0.185 11.90 3.594 –
Estimation 8.0 0.151 8.25 7.75 30

The results pointed out that fibre F4 was more effective than fibre F3 in improving
ductility of concrete using the same fibre volume due to the higher fibre aspect ratio of
fibre F4. In addition, fibre F4 was much more advantage than fibre F1 because such
fibres have nearly same length, fibre aspect ratios, density of fibre crossing but the flexural
deflection-hardening response and tensile strain-hardening response of UHPFRC-1mm-
750kg-1.5vol.%F4 was better than that of UHPFRC-1mm-750kgCem-2 vol.% F1.

The longer length of fibre F6 in comparison to the length of fibre F2 led to a better
fibre orientation in the direction of applied stress in the thin dog-bone specimen and
resulted in the same ultimate tensile strength of UHPFRC-1mm-750kg-1.75vol.%F6 and
UHPFRC-1mm-750kg-1.5vol.%F2. However, in 3-D fibres distribution of the bending
specimens the experimental flexural results and the estimated tensile properties showed
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6. Steel fibre reinforced UHPC

that the ductility and toughness of UHPFRC-1mm-750kg-1.5vol.%F2 was better than that
of UHPFRC-1mm-750kg-1.75vol.%F6.

The highest effectiveness of fibre F2 in improving ductility and toughness of UHPFRC-
1mm was, once again, demonstrated convincingly. Using only 1.5 vol.% F2 the flexural
strength deflection-hardening responce and tensile strength strain-hardening responce of
UHPFRC-1mm-750kg-1.5%F2 was much better than that of others UHPFRCs-1mm-750kg
having an equal or a higher fibre volume. In addition, the results implies that the single
fibre F2 pullout resistance was much lower than the real fibre F2-matrix bond strength in
the specimens of flexural and tensile tests.

6.4. Concluding remarks

Six different high strength steel fibres including smooth-straight fibres, crimped fibres,
indented-hooked ends fibre and indented-straight fibre were employed to improve the
ductility of the developed UHPC matrix.

The results of the pullout tests of single fibre in UHPC-1mm show that the deformed
fibres possess a very high pullout resistance implying a high bond strength between the
deformed fibres and matrix in contrast with the smooth-straight fibres. However, the
fibre-matrix bond strength of fibres F1 and F2 in specimens of bending and tension tests
that formed by a homogeneous mixing process of UHPC maxtrix and fibres may be much
higher than the results of single fibre pull-out test.

An experimental study in the influence of fibre types, content and matrices composition
was performed using all the developed optimum UHPC matrices and the smooth-straight
fibres F1 and F2 to obtain insight into the fibre-matrix interactions that influence the self-
compacting properties and the mechanical properties of UHPFRCs. It verifies convincingly
that the determination and utilization of the maximum fibre concentration for a given
UHPC matrix are significant to achieve the highest mechanical performance for self-
compacting fibre concrete.

Within the developed optimum UHPC matrices, for UHPFRCs with maximum grain
size up to 4 mm, the long fibre F2 was much more effective than the short fibre F1 in
terms of cost saving and toughness improving, the concretes using the long fibres had a
similar modulus of rupture and a better toughness in comparison to the concretes having
twice higher short fibre volume fraction. Fibre factors of long fibre F2 were 1, 0.75, 0.75
for UHPCs-1, 2.5, 4 mm, respectively. Short fibre F1 with fibre factor of 1 was the best
for UHPC-8mm. The tensile strain-hardening behaviour with a maximum post-cracking
stress of no less than 7 MPa was achieve for both UHPFRC-1mm-1.75vol.% F1 and
UHPFRC-1mm-1vol.%F2, and the higher effective of F2 was recognized.

The effectiveness of six different fibres in improving ductility and toughness of UHPC
were evaluated through a comparative investigation into the flexural and tensile behaviours
of UHPFRCs including experiment and estimation. Evidently, UHPFRCs-1mm with Cem1
content of no less than 720 kg/m3 was the most suitable concrete matrix for high volume
steel fibre reinforcing. Fibre F2 was the best fibre for achieving the highest quality of
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6.4. Concluding remarks

ductile UHPFRC. The use of 1.5 vol.% fibre F2 guaranteed to achieve a strain-hardening
UHPFRC with an ultimate tensile strength of higher than 10 MPa.

The modification of direct tensile test using a specimen with a sufficiently large size
for a 3-D fibre distribution and a universal joint for reducing bending effect is needed for
a good description of UHPFRC tensile behaviour.
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7. Application of the developed UHPFRC

The developed UHPC-1mm-Paste3, UHPC-2.5mm-Paste3, UHPC-4mm-Paste3 and
UHPC-8mm-Paste3 have been applied as standard mixtures for some UHPFRC projects
of Insitute of Structural Concrete such as Project No. 846023 “Substitution of Steel with
UHPFRC”and Project No. 840397 “Structural design for the Quickway System”. The
proposed mix design approach allows to modify these UHPC standard mixtures to satisfy
the special requirement of designs. The modified UHPFRC can vary from stiff concrete
to highly flowable concrete, in which the fibre content is sufficient for achieving stress
strain-hardening behaviour. The success of the large scale tests demonstrated convincingly
the feasibility of applying the developed UHPFRC and the effectiveness of the proposed
mix design approach.

7.1. The project Substitution of Steel with UHPFRC

Substitution of Steel with UHPFRC is a federal funded joint research project under
the auspices of the Austrian Research Promotion Agency (FFG): 846023. The joint
research is carried out in cooperation with Graz University of Technology represented
by the Institute of Structural Concrete, the Institute of Materials Testing and Building
Materials, University of Applied Sciences Kärnten, and the Kirchdorfer and Voestalpine
companies.

The detail information of the project was described by Hadl et al. [2016].

The aim of the project Substitution of steel by UHPFRC is to use the high capacity of
UHPFRC effectively. This includes the development of specific elements that are usually
made of steel. The project focuses on the development and feasibility of a hollow box
girder, a UHPFRC composite column and a UHPFRC-steel-composite girder with a web
made of steel and flanges made of UHPFRC.

7.1.1. UHPFRC hollow box girder

The hollow box girder of UHPFRC, which can span up to 30 m, is produced in a factory
of precast concrete element. It is a prestressed concrete element using pre-tensioning
technique. Several girders are connected by a layer of normal strength concrete on the
construction site, as described in Figure 7.1. This method enables short construction times
and a long service life.

The box girder consists of a deck plate and thin webs of 0.06 m, and a bottom slab.
Its thickness de-pends on the span of the girder, but is not more than 0.14 m. In the
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7. Application of the developed UHPFRC

Figure 7.1.: Bridge cross section with UHPFRC box girders and a layer of normal strength

concrete.

bottom slab, pretension strands are arranged in order to achieve the required bearing
capacity. In order to prevent cracking during the pre-stressing work, strands are needed
in the deck plate. The inclination of the thin webs is chosen according to construction
demands and the casting process. Besides the prime load bearing function, the thin deck
plate is used as formwork for casting the normal strength concrete layer.

Figure 7.2 illustrates the cross section of a girder with a span of 30 m. The total
height of the bridge construction is 1.2 m, whereas the UHPC box girder has a height of 1
m, and a 0.2 m normal-strength concrete layer is included. 36 strands (AP = 150 mm2)
in the bottom slab and 6 strands in the deck plate are required to ensure the bearing
capacity. The girder should be made without conventional reinforcement. In order to
avoid the formation of splitting cracks due to the transfer of prestressing forces, a high
amount of micro steel fibre is required.

Figure 7.2.: Cross section of the UHPFRC girder including the prestressing strands.

The fibres F3 and F4 were used for reinforcing the concrete matrix of UHPC-1mm-
750kgCem1. Pull-out tests according to RILEM TC RC 6 [1994] were carried out to
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7.1. The project Substitution of Steel with UHPFRC

determine the bond strength between the UHPFRC and prestressing strands. Furthermore,
pull-out tests were also performed on thin plates of 6 cm to simulate component dimensions
and determine the transfer of the splitting tensile forces, as illustrated in Figure 7.3. A
7-wire pre-tensioning strand with a steel area of 150 mm (diameter φS of 15.7 mm) and a
steel grade of ST1680/1860 was used. The experimental bond strength was 22 MPa for
small bond lengths (4φS=63mm), and was 20 MPa for large bond lengths (10φS=157mm).
As expected, in the test of thin plate, a pull-out behaviour was observed for small bond
lengths (4φS, 6φS), while a pull-off failure of the strands occurred for full bond lengths (750
mm). In all experiments, micro-cracking was observed on the concrete surface. However,
a crack opening due to splitting tensile forces has been pre-vented by the high amount of
fibres and the load bearing capacity was further increased. The results indicate that no
conventional reinforcement is re-quired to avoid the formation of splitting cracks in the
transmission zone.

Figure 7.3.: Test setup for pull-out tests with thin plate (left), according to RILEM (right)

and cross-section (middle).

The project is ongoing.

7.1.2. UHPFRC composite column

The composite column consists of a cover of normal strength concrete and a core of
UHPFRC. The high load bearing capacity is achieved by the use of a UHPFRC core with a
compressive strength more than 180 MPa as well as by varying the core cross-section. The
core contains a small amount of longitudinal reinforcement and strong spiral reinforcement
in order to increase ductility.

The cover of normal-strength concrete increases the bearing capacity and improves
the confinement of the UHPFRC core. Furthermore, it ensures that the UHPFRC core
is effectively fire-resistant. Figure 7.4 shows the schematic cross section of the UHPFRC
composite column. The cover is produced using spun concrete technology. The core of
UHPFRC is then cast.
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7. Application of the developed UHPFRC

Figure 7.4.: Schematic cross section of the UHPC composite column.

The UHPC-8mm was modified by reducing Cem1 content from 640 kg/m3 down to
600 kg/m3 with the aim of reducing concrete shrinkage. In addition, the fibre F4 was used
at low content of 0.5 and 0.75 vol.% when the UHPFRC core was surrounded by spiral
reinforcement and normal strength concrete.

The influence of the spiral reinforcement on the confinement and load bearing ca-
pacity of the UHPFRC core was investigated. The UHPFRC core was tested without
cover layer of normal strength concrete. UHPFRC columns with a height of 1 m and
a diameter of 0.20 m were produced. All columns have a small amount of longitudinal
reinforcement (8 rebarsφ8mm). Three types of specimens were examined: type A without
spiral reinforcement, used as reference for determination of load bearing capacity; type
B includes spiral reinforcement (φ8mm) with spacing of 40 mm; type C includes spiral
reinforcement (φ8mm) with spacing of 25 mm. Furthermore, different amounts of steel
fibres were investigated (0.5 and 0.75 vol.%). Figure 7.5 depicts the test setup.

Figure 7.5.: Different amount of spiral reinforcement (Types A and C) and test setups for

the UHPC columns.

The columns without spiral reinforcement showed brittle characteristics, which was
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expected. The fracture behaviour became more ductile as the amount of spiral reinforcement
was increased. The maximum load bearing capacity and the structural behaviour are
strongly influenced by spiral reinforcement until the failure occurs. The column behaves
linear elastic up to about 80% of its load bearing capacity. The maximum load of all test
series (3 specimens each) is approximately 5000 kN, which corresponded to a compressive
strength of 160 MPa. Hence, the element strength was approx. 85% of the cylindrical
compressive strength ( 185 MPa). The results also indicated that the steel fibre content
has no significant impact on the structural behaviour.

The project is ongoing.

7.2. The project Structural Design for The Quickway System

Structural design for the Quickway System is a federal funded joint research project
under the auspices of the Austrian Research Promotion Agency (FFG): 840397. The joint
research is carried out in cooperation with S+W Wrle Sparowitz Ingenieure ZT GmbH,
Hans Lechner ZT GmbH and Graz University of Technology represented by the Institute
of Construction Management and Economics, the Laboratory for Structural Engineering
as well as the Institute of Structural Concrete.

The detail information of the project was described by Oppeneder et al. [2016].

Main principle of Quickway is to implement a slender but robust roadway network
over existing road networks. The single elements are pre-fabricated and assembled on
site by external tendons pre-stressing dry joints without any further measures of joint
connection. For efficient and fast construction, Quickway is to be based on a modular
construction kit.

The major girder elements are determined to be produced with UHPC to enable
slender cross sections and lightweight elements. For simplification of the production
ordinary reinforcement should generally be avoided by using fibers (UHPFRC). Exceptions
are parts with high loads, e.g. anchoring of tendons, support areas or regions with high
torsional forces.

Modular construction kit

� All girders consist of standard or curved middle elements between two end elements.
The cross section is in all cases a hollow box with a monolithic connected parapet
(in total h = 1.80 m). The max. section thickness is 14 cm, however the webs of
the box girder are arranged with haunches taking into account the vehicle wheel
positions. In case of the curved element with R = 30 m, the carriageway has a width
of 2.75 m yielding a cross-sectional area of 1.14m, as shown in Figure 7.6.

� In longitudinal direction the girder is assembled by the external tendons prestressing
a dry joint without any further measures, as illustrated in Figure 7.7. The shear
resistance of the joint will be provided by friction in the cross section area. The
requirements on the accuracy of such joints will be complied by the formwork, further
details on related studies are given by Theiler et al [2015].
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7. Application of the developed UHPFRC

Figure 7.6.: Curved cross section.

Figure 7.7.: Overview of the precast beam elements.

The UHPFRC-1mm-750kgCem1-1.5%F2 was applied for this project. The detail
properties of UHPFRC-1mm-750kgCem1-1.5%F2 was examined and described in section
6.3.3.

A short beam segment of 0.5 m with full scale curved cross section was cast to evaluate
the flowability of UHPFRC. Self-compacting UHPFRC was poured, without vibration,
at one side of the formwork and left to spread into place, as illustrated in Figure 7.8.
Concluding that the self-flowing properties of UHPFRC-1mm-750kgCem1-1.5%F2 was
very good.
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7.2. The project Structural Design for The Quickway System

Figure 7.8.: Casting for beam segment of 0.5 m with full scale curved cross section, using
self-compacting UHPFRC-1mm-Paste3 with 750 kg Cem1 and 1.5 vol.% StF
20mm/0.2mm.

The decisive girders of the Quicknet are the 40m long single spanned straight girder in
bending and the 30m long single spanned curved girder in bending with torsion. The load
bearing behaviour during closed and opened joints were analysed. Through the missing of
consistent guidelines, and to verify the FEM calculations, a large-scale test was conducted.
Hereby three straight elements in scale 1:2 with the designed UHPFRC was produced.
They were connected with external straight tendons and dry joints to a cantilever beam.
The loads from the straight and curved girder were applied on this girder. Special focus
was hereby on the joint behaviour (friction coefficient and inaccuracy of the surface) and
the behaviour of the UHPFRC in the area of the joint during bending combined with
torsion. A special focus was also the fibre orientation and fibre distribution in the cross
section of the girder.

Figure 7.9.: Evaluation of the structural performance of assembled system for Quickway.
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7. Application of the developed UHPFRC

Concluding, the test worked as expected and the ultimate load could be applied on
the different girder types. The addition of fibres, achieve a ductile failure behaviour of the
girders. With UHPFRC-1mm-750kgCem1-1.5%F2 the requirements for the static design
was achieved. UHPFRC-1mm-750kgCem1-1.5%F2 is a suitable material for an application
like Quickway. Complicated cross sections can be achieved with the self-compacting
material as it was shown in the large scale-casting test. The high durability as well as
the high bearing behaviour of the girders under compression in combination with external
tendons and dry joint makes the developed UHPFRC to the optimal material for a precast
pre-stressed modular construction.
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Selection of cements and superplasticizers concerning their compatibility in terms of
packing density and strength improving is crucial to achieve the highest performance for
UHPC/UHPFRC.

Ultra-fine highly reactive powder is indispensable for improving the microstructure
of the bulk cementitious paste and the interfacial transition zone between hardened
cementitious paste and aggregate as well as fibres in the production of UHPFRC. However,
the extra amount of reactive powder which only play a role of filler can be replaced by an
effective inert filler to reduce material cost.

The method of superplasticizer-water solution demand measurement by determin-
ing mixing energy, which was developed in this research project, is highly effective for
assessment of the compatibilities of superplasticizers and powders of cements, silica fumes,
ground granulated blast furnace slag, fly ash, quartz powders, limestone powder as also
for determination of the optimum mix proportion of blended binder regarding particle
packing density improvement.

Due to a very complex physical-chemical interaction of fines the proportion of blended
binder have to be determined experimentally for achieving multi-objective optimization of
flowability, packing density, compressive strength of blended binder.

The rule of stepwise combination for granular materials in combination with effective
test methods for packing density measurement (i.e. the superplasticizer-water solution
demand test, viscosity measurement using a rotational rheometer, spread-flow test) were
applied successfully for mix proportioning of blended binder as well as of the whole concrete
regarding the improvement of packing density, self-flowability and strength of concrete.

The modification of the loosening effect and wall effect coefficients of the Compaction
- Interaction Packing Model (CIPM) taking into account the effect of surface forces of fines
is necessary for each kind of reactive powder to apply the model for mix proportioning of
blended binder.

The use of the highest packing density aggregate, which can be estimated by the
Compaction - Interaction Packing Model or the Compressible Packing Model or determined
experimentally, cannot insure to obtain the highest performances of self-flowability and
viscosity for UHPC with a given and high paste volume. The interaction between fine
particles of the given paste and coarse particles of aggregate have to be taken into account
in the particle packing calculation of the whole concrete.

The modified Andreasen and Andersen equation-based ideal curve cannot guarantee
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to achieve an optimum UHPC having a given and high paste volume because the materials
characteristics such as shape, packing density, the surface forces of fines are not taken into
account.

Taking into account the interaction between fine particles of the given paste and
coarse particles of a blended aggregate the Compressible Packing Model can be used to
determine the optimum proportion of round granular aggregate mixture when it is assumed
that binder has only one size of volume mean diameter. For aggregate mixture including
angular particles the modification of the loosening effect and wall effect coefficients of the
model is necessary to obtain a good agreement with experiment. The estimation using
the model has to be verified by experiments based on the proposed approach of stepwise
optimization of packing density.

A systematic and highly effective approach of stepwise optimization of particle packing
density was proposed to design UHPFRC. The advantage of the proposed approach was
convincingly verified by the success of the comprehensive investigations from the materials
selection to the optimization of cementitious paste and the whole UHPC matrix and
finishing by determination of the most effective fibre for improving the ductility and
toughness of UHPFRC. Four self-compacting UHPFRCs with different maximum grain
sizes of 1 mm, 2.5 mm, 4 mm, 8 mm and compressive strength of higher than 190 MPa
at 28days age, were developed and applied successfully. These developed UHPFRCs can
be modified easily to satisfy the special requirement of designs. UHPFRCs-1mm with
Cem1 content of equal or higher than 720 kg/m3 is the most suitable concrete matrix
for high volume steel fibre reinforcing to achieve a ultimate tensile strength of higher
than 7 MPa. Within the six different steel fibre types used in this research project,
Fibre F2 (Lf2/Df2=20mm/0.2mm=100) is the best fibre for obtaining the highest quality
of ductility UHPFRC, F2 content of no less than 1.5 vol.% guarantee achieving strain-
hardening UHPFRCs-1mm with higher 10 MPa ultimate tensile strength and 26 MPa
flexural strength.
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Table A.1.: Passing volume - Particle size distribution of the used cements and reactive fillers.

Size (µm)
Powders

Cem1 Cem2 Cem3 Cem4 FA GGBFS SF1 SF2
0.042 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.046 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
0.050 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.03
0.055 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.06
0.061 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.12
0.067 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.24
0.073 0.00 0.00 0.00 0.00 0.00 0.00 0.83 0.47
0.080 0.00 0.00 0.00 0.00 0.00 0.00 1.45 0.84
0.088 0.00 0.00 0.00 0.00 0.00 0.00 2.27 1.36
0.097 0.00 0.00 0.00 0.00 0.00 0.00 3.25 2.04
0.100 0.00 0.00 0.00 0.00 0.00 0.00 4.40 2.89
0.117 0.21 0.11 0.23 0.20 0.42 0.17 5.74 3.95
0.128 0.35 0.19 0.38 0.33 0.70 0.29 7.29 5.26
0.141 0.51 0.28 0.55 0.47 1.01 0.42 9.07 6.86
0.155 0.68 0.37 0.74 0.63 1.35 0.56 11.09 8.78
0.170 0.87 0.47 0.94 0.81 1.72 0.72 13.41 11.07
0.186 1.08 0.59 1.16 1.00 2.13 0.89 16.11 13.81
0.205 1.31 0.71 1.41 1.21 2.58 1.07 19.30 17.07
0.225 1.56 0.85 1.68 1.44 3.08 1.28 23.11 20.96
0.247 1.83 1.00 1.97 1.69 3.62 1.50 27.68 25.56
0.271 2.13 1.16 2.30 1.97 4.21 1.75 33.10 30.90
0.297 2.46 1.34 2.65 2.28 4.87 2.02 39.33 36.90
0.326 2.82 1.54 3.04 2.62 5.58 2.32 46.22 43.35
0.358 3.22 1.75 3.47 2.98 6.37 2.65 53.47 49.96
0.393 3.66 1.99 3.94 3.39 7.23 3.01 60.71 56.41
0.431 4.14 2.25 4.46 3.83 8.18 3.40 67.55 62.37
0.45 4.37 2.38 4.71 4.05 8.64 3.59 70.22 64.65
0.55 6.01 3.06 6.40 5.29 10.86 4.89 81.15 73.82
0.65 7.49 3.74 7.90 6.38 12.83 6.06 86.73 78.37
0.75 8.84 4.42 9.23 7.58 15.43 7.11 89.47 80.55
0.90 10.66 5.44 10.98 9.56 18.42 8.52 90.44 81.28
1.10 12.82 7.54 12.97 11.59 21.05 10.17 90.49 81.32
1.30 14.76 9.36 14.68 13.02 24.04 11.65 90.51 81.36
1.55 16.99 10.94 16.56 14.75 27.41 13.35 90.60 81.61
1.85 19.49 12.98 18.59 16.80 30.70 15.27 90.76 82.15
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2.15 21.85 15.23 20.45 18.90 34.50 17.14 90.87 82.67
2.50 24.48 17.08 22.49 21.41 39.83 19.26 90.93 83.09
3.00 27.98 19.05 25.19 24.84 54.54 22.21 90.94 83.41
3.75 32.66 21.15 28.84 29.27 61.02 26.36 90.96 83.70
4.50 36.65 23.15 32.02 32.81 68.74 30.17 91.21 83.99
5.25 40.20 25.49 34.92 35.88 76.73 33.74 91.86 84.40
6.25 44.46 28.92 38.51 39.46 84.00 38.23 92.78 85.10
7.50 49.32 34.16 42.70 43.67 89.09 43.52 93.38 85.92
9.00 54.60 39.37 47.27 48.37 93.47 49.35 93.66 86.40
10.50 59.36 44.37 51.35 52.68 96.62 54.58 94.01 86.61
12.50 65.11 50.57 56.28 57.72 98.60 60.77 94.85 87.27
15.00 71.46 57.46 61.83 63.47 99.58 67.40 95.97 88.84
18.00 77.97 64.61 67.81 70.01 99.97 73.94 96.80 90.55
21.50 84.11 70.63 73.97 77.25 100 79.87 97.38 91.44
25.50 89.35 77.23 79.88 84.62 100 84.72 98.08 91.82
30.50 93.78 83.61 85.69 91.18 100 88.70 98.89 92.37
36.50 96.82 89.07 90.65 96.52 100 91.45 99.44 93.93
43.50 98.52 93.22 94.39 99.00 100 93.17 99.72 96.43
51.50 99.31 96.04 96.90 99.74 100 94.27 99.92 98.67
61.50 99.66 97.96 98.56 100 100 95.15 100 99.81
73.50 99.83 99.14 99.41 100 100 95.93 100 100
87.50 99.91 99.79 99.77 100 100 96.63 100 100
105 100 100 100 100 100 97.34 100 100
125 100 100 100 100 100 97.99 100 100
150 100 100 100 100 100 98.64 100 100
180 100 100 100 100 100 99.21 100 100
215 100 100 100 100 100 100 100 100

Table A.2.: Passing volume - Particle size distribution of the used inert fillers.

Size (µm)
Powders

LSP QP110 QP16900 QP10000 QP2500
0.10 0.00 0.00 0.00 0.00 0.00
0.45 2.91 5.33 3.70 2.47 0.64
0.55 4.95 7.68 5.08 3.39 0.96
0.65 7.32 9.53 6.32 4.23 1.27
0.75 9.95 12.08 7.43 4.98 1.59
0.90 14.23 15.14 8.92 6.00 2.05
1.10 20.28 18.93 10.64 7.17 2.67
1.30 26.44 22.46 12.15 8.20 3.28
1.55 33.94 26.54 13.81 9.33 4.03
1.85 42.23 31.05 15.58 10.54 4.90
2.15 49.52 35.23 17.19 11.64 5.73
2.50 56.71 39.78 18.93 12.81 6.65
3.00 67.87 45.77 21.20 14.35 7.86
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3.75 73.74 53.71 24.23 16.42 9.52
4.50 79.99 60.42 26.90 18.25 11.01
5.25 84.73 66.21 29.34 19.96 12.44
6.25 89.53 72.74 32.40 22.13 14.29
7.50 93.82 79.35 36.04 24.75 16.53
9.00 97.10 85.38 40.13 27.76 19.1
10.50 98.84 89.7 43.93 30.59 21.52
12.50 99.73 93.77 48.63 34.13 24.57
15.00 99.98 96.92 54.04 38.28 28.16
18.00 100 98.89 60.02 42.97 32.21
21.50 100 99.72 66.40 48.14 36.64
25.50 100 99.97 72.87 53.67 41.35
30.50 100 100 79.71 60.06 46.77
36.50 100 100 86.06 67.01 52.68
43.50 100 100 91.20 74.10 58.84
51.50 100 100 94.75 80.71 64.99
61.50 100 100 97.14 86.82 71.46
73.50 100 100 98.47 91.51 77.67
87.50 100 100 99.19 94.57 83.23
105 100 100 99.64 96.62 88.42
125 100 100 99.88 97.90 92.61
150 100 100 99.99 98.89 96.09
180 100 100 100 99.57 98.39
215 100 100 100 99.94 99.66
255 100 100 100 100 99.98
305 100 100 100 100 100

Table A.3.: Computing the residual packing densities of monosized classes of polydisperse

quartz sand QS1 based on its experimentally actual packing density.

Quartz sand QS1
K-value βexp

monosized classes
β βi

Size
(µm)

Passing
(vol.%)

Class i Size
(µm)

yi

(vol.%)

2580.23 100

9 0.6360

1 2341.24 7.08

0.6744

0.66633
2124.39 92.92 2 1927.62 35.84 0.66774
1749.08 57.08 3 1587.07 41.07 0.66891
1440.07 16.01 4 1306.68 13.06 0.66987
1185.65 2.95 5 1075.83 1.59 0.67067
976.19 1.36 6 885.77 0.65 0.67133
803.73 0.71 7 729.28 0.30 0.67187
661.73 0.41 8 600.44 0.16 0.67232
544.83 0.25 9 494.36 0.08 0.67269
448.57 0.17 10 407.02 0.04 0.67299
369.32 0.13 11 335.11 0.13 0.67324
304.08 0
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Table A.4.: Computing the residual packing densities of monosized classes of polydisperse

quartz sand QS2 based on its experimentally actual packing density.

Quartz sand QS2
K-value βexp

monosized classes
β βi

Size
(µm)

Passing
(vol.%)

Class i Size
(µm)

yi

(vol.%)

1185.65 100

9 0.6420

1 1075.83 1.98

0.6759

0.67217
976.19 98.02 2 885.77 18.52 0.67283
803.73 79.5 3 729.28 34.73 0.67338
661.73 44.77 4 600.44 31.34 0.67383
544.83 13.43 5 494.36 11.37 0.67420
448.57 2.06 6 407.02 1.35 0.67451
369.32 0.71 7 335.11 0.34 0.67476
304.08 0.37 8 275.91 0.16 0.67497
250.36 0.21 9 227.17 0.08 0.67514
206.13 0.13 10 187.03 0.13 0.67528
169.71 0

Table A.5.: Computing the residual packing densities of monosized classes of polydisperse

quartz sand QS3 based on its experimentally actual packing density.

Quartz sand QS3
K-value βexp

monosized classes
β βi

Size
(µm)

Passing
(vol.%)

Class i Size
(µm)

yi

(vol.%)

304.08 100

9 0.6470

1 275.91 2.07

0.66968

0.66872
250.36 97.93 2 227.17 7.10 0.66889
206.13 90.83 3 187.03 18.75 0.66903
169.71 72.08 4 153.99 31.26 0.66914
139.73 40.82 5 126.78 24.66 0.66924
115.04 16.16 6 104.38 10.68 0.66932
94.72 5.48 7 85.94 3.29 0.66938
77.98 2.19 8 70.76 1.21 0.66943
64.21 0.98 9 58.25 0.53 0.66948
52.86 0.45 10 47.96 0.23 0.66951
43.52 0.22 11 39.49 0.11 0.66954
35.84 0.11 12 32.51 0.11 0.66957
29.50 0

Table A.6.: Computing the residual packing densities of monosized classes of polydisperse

crushed basalt CrB1 based on its experimentally actual packing density.

crushed basalt CrB1
K-value βexp

monosized classes
β βi

Size
(µm)

Passing
(vol.%)

Class i Size
(µm)

yi

(vol.%)

9000 100

9 0.6080

1 8485.28 4.3

0.6326

0.60570
8000 95.70 2 6693.28 51.40 0.61114
5600 44.30 3 4732.86 38.70 0.61724
4000 5.60 4 2828.42 4.70 0.62333
2000 0.90 5 1414.21 0.90 0.62795
1000 0
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Table A.7.: Computing the residual packing densities of monosized classes of polydisperse

crushed basalt CrB2 based on its experimentally actual packing density.

crushed basalt CrB2
K-value βexp

monosized classes
β βi

Size
(µm)

Passing
(vol.%)

Class i Size
(µm)

yi

(vol.%)

5600 100

9 0.5960

1 4732.86 2.55

0.6280

0.61282
4000 97.45 2 2828.42 83.20 0.61882
2000 14.25 3 1414.21 10.95 0.62338
1000 3.30 4 894.42 3.30 0.62508
800 0

Table A.8.: Packing densities, water demand, superplasticizers demand of the used cements

examined by the method of superplasticizer-water solution demand test.

Cem1 Cem2 Cem3 Cem4

Using water only
Packing density (%) 56.04 56.10 56.50 55.80
Water demand (W*/C wt.%) 25.30 25.66 25.24 25.55
SP demand (SP*/C wt.%) 0 0 0 0

Using SP1-water solution with SP1/W = 10 wt.%
Packing density (%) 63.70 63.48 61.78 61.08
Water demand (W*/C wt.%) 16.78 17.22 18.52 18.77
SP demand (SP*/C wt.%) 1.678 1.722 1.852 1.877

Using SP2-water solution with SP2/W = 10 wt.%
Packing density (%) 62.30 61.23 60.16 60.69
Water demand (W*/C wt.%) 17.82 18.96 19.83 19.08
SP demand (SP*/C wt.%) 1.782 1.895 1.982 1.908

Using SP3-water solution with SP3/W = 10 wt.%
Packing density (%) 62.10 60.34 59.71 60.27
Water demand (W*/C wt.%) 17.96 19.68 20.20 19.42
SP demand (SP*/C wt.%) 1.796 1.968 2.020 1.942

Table A.9.: The influence of SP1 concentration in SP1-Water solution on the packing density

of Cem1.

SP1/W (wt.%) in SP1-water solution

0 10 12.5 15 17.5

Packing density (%) 56.04 63.70 64.42 64.86 64.80
Water demand (W*/C wt.%) 25.30 16.78 15.92 15.29 15.02
SP demand (SP*/C wt.%) 0 1.678 1.990 2.294 2.628

155



A. Appendix A: Materials properties

Table A.10.: The influence of three superplasticizers SP1, SP2, SP3 on the 28 days compressive
strength of Cem1, 2, 3 and 4 with W/C = 25 wt.% and SP/C = 2 wt.%,
normalized with respect to 28 days compressive strength of Cem1-SP1

SP1 SP2 SP3

Cem1 100.0 99.2 90.3
Cem2 94.7 83.1 82.7
Cem3 92.3 82.1 83.2
Cem4 94.1 82.8 81.8

Table A.11.: Packing densities, water demands, SP1 demands of silica fumes (SF1, SF2),
fly ash (FA), ground granulated blast furnace slag (GGBFS or BFS), quartz
powders (QP1, QP2, QP3, QP4) and lime stone powder (LSP) examined by the
method of superplasticizer-water solution demand test.

SF1 SF2 FA BFS QP1 QP2 QP3 QP4 LSP

Using water only
Packing density (%) 59.43 60.43 57.41 56.02 61.28 57.44 54.89 54.50 69.18
Wa. demand (W*/C wt.%) 31.03 29.76 29.56 27.84 24.02 28.17 31.25 31.74 16.50
SP demand (SP*/C wt.%) 0 0 0 0 0 0 0 0 0

Using SP1-water solution with SP1/W = 10 wt.%
Packing density (%) 52.55 57.40 66.88 58.03 61.65 58.01 56.10 55.30 69.54
Wa. demand (W*/C wt.%) 37.15 30.54 17.86 23.21 21.41 24.91 26.93 27.82 14.68
SP demand (SP*/C wt.%) 3.715 3.054 1.786 2.321 2.141 2.491 2.693 2.782 1.468

Table A.12.: The influence of types and content of reactive powders on the 28 days compressive
strength of binders containing Cem1 and reactive powders with W/Cem1 =
25wt.% and SP1/Cem1 = 2wt.%

Reactive Powder / Cem1 ratios (wt.%)

0 10 15 20 30 40 50

Cem1 100 – – – – – –
SF2 – 114.5 116.0 116.0 – – –
SF1 – 112.4 113.1 113.8 – – –
GGBFS – 104.5 – 111.5 113.8 114.3 112.3
FA – – – 105.1 110.4 112 108
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concretes

Table B.1.: The variation in the packing density of QPi-Cem1 blends, FA-Cem1 blends and
GGBFS-Cem1 blends when Cem1 was replaced progressively by QPi (i=1,2,3,4),
or FA, or GGBFS, applying the method of SP1-Water solution demand test with
SP1/W of 10 wt.%.

Addition/Cem1 (wt.%)
Packing density (%) of blends of

QP1-
Cem1

QP2-
Cem1

QP3-
Cem1

QP4-
Cem1

FA-Cem1 BFS-
Cem1

0 63.7 63.7 63.7 63.7 63.7 63.7
10 65.3 65.0 64.7 64.1 64.8 64.2
20 65.9 65.7 65.7 64.1 65.8 64.9
30 67.0 66.6 66.7 64.2 66.7 65.3
35 – 66.7 – – – –
40 67.4 66.6 66.3 – 67.3 65.1
50 66.5 66.1 66.1 – 66.9 –
60 66.1 65.3 65.3 – – –

Table B.2.: The variation in the packing density of mixtures containing SF2 and the opti-
mum blends (QPi+Cem1) when the optimum blends (QPi+Cem1) were replaced
progressively by SF2, applying the method of SP1-Water solution demand test
with SP1/W of 10 wt.%.

QP1/Cem1 QP2/Cem1 QP3/Cem1 SF2/(QP(i)+Cem1) Packing density (%) of blends of

(wt.%) (wt.%) (wt.%) (wt.%) SF2-QP1-
Cem1

SF2-QP2-
Cem1

SF2-QP3-
Cem1

40 35 30 0 67.4 66.70 66.7
40 35 30 2.5 68.8 67.6 67.4
40 35 30 5.0 70.6 68.9 68.4
40 35 30 7.5 72.1 70.4 69.7
40 35 30 10.0 73.0 71.3 70.7
40 35 30 12.5 74.0 72.2 72.1
40 35 30 15.0 74.9 72.8 72.4
40 35 30 17.5 75.2 73.3 72.8
40 35 30 20.0 75.1 73.4 73.4
40 35 30 22.5 75.4 73.8 73.8
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Table B.3.: The computed water-powder volume ratios of mixtures containing SF2 and the
optimum blends (QPi+Cem1), SF2 increased progressively and W/Cem1 of 25
wt.% was constant.

QP1/Cem1 QP2/Cem1 QP3/Cem1 SF2/(QP(i)+Cem1) Water-Powder vol. ratios of blend of

(wt.%) (wt.%) (wt.%) (wt.%) SF2-QP1-
Cem1

SF2-QP2-
Cem1

SF2-QP3-
Cem1

40 35 30 0 0.52668 0.54865 0.57254
40 35 30 2.5 0.50960 0.53078 0.55381
40 35 30 5.0 0.49359 0.51404 0.53626
40 35 30 7.5 0.47856 0.49832 0.51979
40 35 30 10.0 0.46442 0.48354 0.50430
40 35 30 12.5 0.45109 0.46960 0.48970
40 35 30 15.0 0.43850 0.45645 0.47593
40 35 30 17.5 0.42660 0.44401 0.46291
40 35 30 20.0 0.41532 0.43224 0.45059
40 35 30 22.5 0.40463 0.42107 0.43890

Table B.4.: The variations in efficient-water to solid volume ratios and of the film thickness
of the efficient water in ternary binders containing SF2 and the optimum blends
(QP1+Cem1), SF2 increased progressively and W/Cem1 of 25 wt.% was constant.

QP1/Cem1 SF2/(QP1+Cem1) Veff.-water/Vsolid teff.-water

(wt.%) (wt.%) (nm)

40 0 0.03926 17.5
40 2.5 0.061164 22.0
40 5.0 0.077604 23.6
40 7.5 0.089222 23.7
40 10.0 0.096500 22.9
40 12.5 0.099801 21.6
40 15.0 0.099379 19.8
40 17.5 0.095406 17.7
40 20.0 0.087975 15.3
40 22.5 0.077105 12.7
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Table B.5.: The variations in efficient-water to solid volume ratios and of the film thickness
of the efficient water in ternary binders containing SF2 and the optimum blends
(QP2+Cem1), SF2 increased progressively and W/Cem1 of 25 wt.% was constant.

QP2/Cem1 SF2/(QP2+Cem1) Veff.-water/Vsolid teff.-water

(wt.%) (wt.%) (nm)

35 0 0.043166 16.9
35 2.5 0.057372 18.6
35 5.0 0.068081 19.0
35 7.5 0.075627 18.7
35 10.0 0.080272 17.9
35 12.5 0.082220 16.8
35 15.0 0.081621 15.4
35 17.5 0.078582 13.9
35 20.0 0.073171 12.2
35 22.5 0.065420 10.3

Table B.6.: The variations in efficient-water to solid volume ratios and of the film thickness
of the efficient water in ternary binders containing SF2 and the optimum blends
(QP3+Cem1), SF2 increased progressively and W/Cem1 of 25 wt.% was constant.

QP3/Cem1 SF2/(QP3+Cem1) Veff.-water/Vsolid teff.-water

(wt.%) (wt.%) (nm)

30 0 0.065453 23.5
30 2.5 0.074774 22.6
30 5.0 0.082011 21.5
30 7.5 0.087330 20.5
30 10.0 0.090865 19.3
30 12.5 0.092726 18.1
30 15.0 0.092997 16.9
30 17.5 0.091746 15.6
30 20.0 0.089020 14.3
30 22.5 0.084852 13.0

Table B.7.: Influence of SP1 on the plastic viscosity of the cementitious pastes having constant
W/Cem1 of 25 wt.%. The optimum Binders 1, 2, 3 are the cementitious powders
of Pastes1, 2, 3 respectively.

W/Cem1 SP1/Cem1 Relative Plastic Viscosity (N-mm/rpm)

(wt.%) (wt.%) Binder 1 Binder 2 Binder 3

25 1.854 0.3964 – –
25 1.922 – 0.3765 –
25 1.881 – – 0.2876
25 2 – – 0.2526
25 2.5 0.3231 0.2770 0.2084
25 3 0.2869 0.2671 0.2102
25 3.25 – – 0.2265
25 3.5 0.2855 0.309 –
25 4.0 0.3117 – –
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Table B.8.: The variation in the packing density of mixtures containing LSP and the optimum
blends (GGBFS+Cem1) when the optimum blends (GGBFS+Cem1) were replaced
progressively by LSP, applying the method of SP1-Water solution demand test
with SP1/W of 10 wt.%.

GGBFS/Cem1 LSP/(GGBFS+Cem1) Packing density
(wt.%) (wt.%) (%)

30 0 65.3
30 5 66.1
30 10 66.8
30 15 67.8
30 20 68.3
30 25 68.8
30 30 69.1

Table B.9.: The computed water-powder volume ratios of mixtures containing LSP and the
optimum blends (GGBFS+Cem1), LSP increased progressively and W/Cem1 of
25 wt.% was constant.

GGBFS/Cem1 LSP/(GGBFS+Cem1) Water-Powder vol. ratios
(wt.%) (wt.%)

30 0 0.5828
30 5 0.5518
30 10 0.5240
30 15 0.4988
30 20 0.4760
30 25 0.4551
30 30 0.4360

Table B.10.: Influence of SP1 content on the self-flowability of fine grain concretes containing
the developed optimum binders, 720 kg/m3 of Cem1, W/C ratio of 25 wt.%,
quartz sand QS2 (0.3-0.8 mm)

SP1/Cem1 (wt.%)
Spread-flow of concrete containing

Binder 1 Binder 2 Binder 3 Binder 4 Binder 5

2.5 236 239 228 234 246
3.0 240 245 235 247 252
3.5 242 243 232 245 254
4.0 239 238 226 240 250

Table B.11.: The 28 days compressive strength of concrete formed by the modified Andreasen

and Andersen equation-based ideal curve

Mix 1 Mix 4 Mix 5 Mix 6 Mix 9 Mix 10

187.3 181.1 169.4 183.7 173.0 168.6
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