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Preface

This master thesis was carried out at the Department of Mechanical and Structural
Engineering and Materials science at the University of Stavanger in autumn 2019.

It consists of a material characterization program of ultra-high performance con-
crete (UHPC). This thesis aimed to map UHPC´s workability over time and study its
mechanical properties when the material constituents in the mix design were modified.
It also includes a literary study on UHPC.

Concrete technology has been my area of interest during the 5 years spent at the
University of Stavanger. My bachelor thesis involved a full scale study in mapping low
heat concrete in cooperation with Norcem AS. I have also carried out some volunteer
laboratory work on geopolymer concrete during my second year in addition to covering
three courses on concrete technology/structural design. I previously had little knowl-
edge about ultra-high performance concrete but feel personally very satisfied by the
learning outcome of this thesis.

I would like to express my gratitude to my teaching supervisor Kjell Tore Foss̊a for
his guidance and professional support during this semester. All batching and testing
were performed in the concrete laboratory in Ivar Langenes house at the University of
Stavanger. I would also like to thank head engineer Jarle Berge for his assistance and
guidance in the laboratory.

Fredrik Meidell Knutsen, Stavanger, December 2019
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Abstract

Ultra-high performance concrete (UHPC) is characterized by high compressive and
tensile strength along with excellent durability due to a densely packed matrix with
low porosity. It has a low water-to-binder ratio (w/b) that can be compensated by
the supplementation of superplasticizers (SP) to improve its workability. This thesis
presents a literary study on UHPC and a laboratory report in which a total of 22 mix
designs were batched and tested with respect to their mobility and stability over time.
Compressive, tensile, and flexural strength were determined in the concretes hardened
state, in addition to the modulus of elasticity, permeability, and porosity. For each new
mix design, a material component was altered, either in quality of quantity, to isolate its
effect on the material´s properties. A total of five binders, two fillers, four aggregates,
two superplasticizers, and a shrinkage-reducing admixture were utilized in the mix
designs. The main focus of this thesis was to understand how alterations to the mix
design affect the workability over time, mechanical properties, and durability of UHPC.
This was achieved though a range of tests performed both in its fresh and hardened
states. The results show that UHPC´s have a similar density to that of a normal
strength concrete. The mix designs examined exhibited good stability with no sign
of water separation, only a tendency for paste separation when larger-sized aggregates
were used. Improving the concrete´s mobility over time can lead to a reduction in its
mechanical properties. A higher SP dosage increases mobility over time and, in most
instances, improves the compressive strength as well. A higher w/b ratio indicates
higher mobility but decrease in compressive strength and durability due to a higher
capillary pore structure. A higher initial slump flow usually preserves the mobility over
longer periods compared to a concrete with a low initial slump flow. The use of smaller
particle-sized granular constituents of under 1mm in diameter can on an overall improve
the material´s properties both in its fresh and hardened state.

The tensile strengths for the mix designs qualified as UHPC; however, there were
unexpected large variations registered in specimens of the same design that had under-
gone the same curing regime, whether this is a result of uncertainties in the method of
measurement, or actual variations in the tensile strength was uncertain.

Water permeability tests were performed and showed that the mix designs had low
capillary porosity with a very gradual ingress of water, providing the material with
superior resistance to chemical attack such as chlorides.
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1 Introduction

Ultra-high performance concrete (UHPC) is a material that has been developed over
the past three decades and is characterized by its high compressive strength, durability,
and ductility with the presence of fiber reinforcement. When utilizing steel fibers,
the material is often referred to as ultra-high performance fiber-reinforced concrete
(UHPFRC). In this thesis, UHPC will be used as a joint term.

UHPCs have many advantages compared to normal strength concretes (NSCs). An
enhancement in their mechanical properties such as compressive and tensile strengths
can possibly help reduce the cross sectional areas of members and, thus, the designing of
more slender constructions. This may lead to a cost reduction and lower CO2 emissions,
i.e, a more environmentally friendly construction. UHPCs have a high density matrix
that contribute to its superior durability. Compared to NSC, UHPCs have increased
resistance to abrasion, fire, and chemical attack such as chlorides. These characteristics
make this composite material very well suited for a variety of applications.

Currently, there are no standardized codes and regulations in Norway that can be
used when utilizing UHPC (Eurocode 2). NS-EN 1991-1-1:2004 only covers strength
classes B12 to B95. The development and research into material behavior is a step
toward this goal.

1.1 Objective

This thesis aims to map UHPC´s workability over time and attempts to understand its
mechanical properties and durability when the material constituents in the mix design
are modified.

1.2 Outline

This thesis entails two sections: the first is a literature study on the subject of UHPC
with a focus on its workability and mechanical properties. The second section is a
material characterization program including the proportioning of 22 mix designs where
16 different materials were used in varying quantities. A range of tests were performed
to determine the mechanical properties of each mix design.
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2 Literature

2.1 Concepts of UHPC

2.1.1 Definition of Ultra-high performance concrete (UHPC)

UHPC is a new generation of cementitious composites with exceptional mechanical
properties and durability. In the reviewed literature, there is no exact definition of
UHPC; however, there seems to be a consensus that this is a concrete with compressive
strengths that surpass 150 MPa. To ensure a high performing material, other char-
acteristics are also prevalent in the literature. Direct tensile strength should exceed 6
MPa, and the water-to-binder ratio (w/b) should usually be below 0.25. A large binder
content reduces the capillary porosity, and steel fibers contribute to an increase in duc-
tility. Without the use of fiber reinforcement, the material may achieve a modulus
of elasticity of around 60 GPa, causing a brittle behavior when failing, restricting its
applications [10, 3, 11].

2.1.2 History of UHPC

In the early 1950´s, Otto Graf developed a concrete with a compressive strength of
70 MPa and, in 1966, Kurt Walz showed that by implementing special production
methods, this strength could be increased to 140 MPa [10]. Neither of these events
attracted much attention from the construction industry. However, in the 1980´s, the
discovery of silica fumes effects on concrete and the development of SP paved the way
for its possible applications. In the early stages, this high strength concrete was in
limited use due to its high cost compared to NSCs [10].

Today, producing a concrete with compressive strengths surpassing 200 MPa in a
controlled laboratory environment is not a problem. Uncertainties may arise in large
scale production of UHPC and if there is a market for this product. The economical
aspect to the material selection process plays an important role besides the product´s
mechanical properties and is often a deciding factor in assessing if the cost is worth its
higher performance.

France has conducted considerable research on UHPC and published two standards
for UHPCs: NF P18-470 that covers the test procedures and NF18-710, which is a
national addition to Eurocode 2, that gives guidelines for its use in buildings, bridges,
and other constructions.
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2.1.3 Pros versus cons

Pros

As mentioned in the introduction, UHPC allows the designing of thinner construc-
tions due to its improved mechanical properties. This has several advantages: first,
the price may be reduced if the savings due to use of lesser concrete exceeds the in-
creased price per cubic meter because of more expensive material components. Second,
a thinner construction means a smaller self weight, which is often a significant factor
in designing constructions such as buildings and bridges. Third, looking at the archi-
tectural aspect of making a thinner cross section, more elegant shapes and forms but
with the same structural capacity. Figure 2.1 shows a photograph of a museum in
Marseille where UHPC has been used as both the structural member and sheathing on
a vast scale. In 2013, the International Symposium on Ultra High Performance Fiber
Reinforced Concrete was held at this museum. The objective was to gain an overview
of the achievements in infrastructure, constructions, and rehabilitations with a focus
on design, reliability, and sustainability.

Cons

In Norway, along with most other countries, there are no codes and regulations for
testing and designing constructions with UHPC.

Figure 2.1: Musée des civilisations de l’Europe et de la Méditerranée in Marseille [1]
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2.2 Mix design

UHPC has a material composition that is very similar to that of NSC. Its constituents
are cement, water, aggregates, additives, admixtures and, often, fibers. The main
variation between UHPC and NSC lies in the amount of binder used, aggregate particle
size, and the use of fiber reinforcement. Figure 2.2 shows an example of the mix design
of a NSC compared to that of UHPC.

Figure 2.2: Mix proportions by volume comparing UHPC with NSC.[2]

A concrete material´s constituents are divided into the matrix and particle phase.
Free water, additives, and all the solid particles with a diameter under 0.125mm are
included in the matrix phase. Larger constituents over 0.125mm belong to the particle
phase [12]. This shows the matrix phase comprises both chemically reactive and inert
materials.

2.2.1 Grading optimization

A densely packed system is beneficial and an essential part of concrete technology. A
smaller binder quantity is required in the mixture if a refined optimization of the gran-
ular components is carried out, where a densely packed system is the objective. There
is however a balancing act when proportioning a concrete mixture. A more densely
packed system will exhibit better mechanical properties and durability. However, it
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may have a negative impact on the rheological aspect. The properties of fresh concrete
can be described by the concept of workability [7]. By introducing large amounts of
small-sized particles, the void space between the larger particles will fill up, leading to
an increase in density. Figure 2.3 shows an illustration of packing density. The use of
water reducing additives such as SP can contribute to a better material flow in its fresh
state.

Figure 2.3: Packing density of concrete [3].

2.2.2 Local packing phenomena in concrete

The inter-facial transition zone (ITZ) is a porous and weak layer that occurs due to
what is called the packing phenomena in concrete. This takes place in the part of the
concrete paste in proximity to larger aggregates. This layer occurs as a consequence
of the cement particles inability to be properly packed beside the aggregate grains. In
addition to a weaker layer and high porosity, an increase in the formation of ettringite
and portlandite (CH) crystals is also documented [13]. The ITZ has several unfavorable
effects on concrete. Mechanical properties such as compressive and tensile strength are
diminished and the material´s durability reduced due to an increase in sulfate attack
and immersion of chlorides.

Lagerblad & Kjellsen in 1999 suggests the following five factors influence the thick-
ness of ITZ layer [14]:

• Particle packing around the aggregates grains,

• Stability of the cement paste and the micro-mortar,

• Volume stability of the concrete,

• Cement composition and

• Fineness and chemical reactions of the aggregates.
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By adding a filler with a particle diameter smaller than that of cement, stability
and particle packing can be improved, in addition to positively effecting the rheology
of the fresh concrete. [14]

2.2.3 Water-to-binder ratio

An essential variable to ensure optimal material properties is the w/b ratio. The binder
refers to the chemically active portion of the matrix phase. This includes cement and
the sum of all pozzolanic constituents. Figure 2.4 illustrates the strength as a function
of w/b for a range of different concrete classes. As displayed, UHPC requires w/b values
from 0.16 to 0.25 while a normal concrete lies between 0.4 to 0.7.

Figure 2.4: Strength as a function of w/b for different concrete types [3].

The ratio is determined by Equation 1.

w/b =
w

c+
∑

(k · p)
(1)

It is derived on the basis of a k-value in accordance with NS-EN 206-1:2000+NA:2007
and takes into account the hydraulic activity of the supplementary cementitious mate-
rials (SCMs) compared to the cement with k = 1. When adding flyash, k-values are
dependent on the cement´s strength classification. (k = 0.4 for class 42.5 or higher).
The k-value for silica is determined by using table NA.7 and depend on the cement
type and exposure class.
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2.2.4 Cement

UHPC usually contains about twice the amount of cement as an ordinary concrete.
Values between 600 to 1000 kg/m3 are normal, and the fineness should be between
3000 and 4500 cm2/kg [3]. Usually a Portland cement with low aluminate (C3A) is
preferred as it reduces the need for water which, in return, reduces the w/b ratio. As
a result of large amounts of cement in the matrix, not all the particles come in contact
and react with water; the excess cement is chemically inert and positively contributes
to the particle packing density.

2.2.5 Pozzolans

There are numerous amounts of chemically reactive constituents that can be added to
the concrete mix. They either work alone or in combination with the cement clinker
or its hydration products [15]. Chemically inert materials are also widely used and
are referred to as fillers; They have many benefits such as improved workability and
optimized material density. Figure 2.5 displays a scanning electron micro-graph of two
different pozzolans commonly used in concrete, silica fume (SF) and fly ash (FA).

Figure 2.5: SEM of SF and FA [4]

Silica fume
SF is an industrial by-product from the manufacture of silicon metal and ferro-silicon
alloys. These particles contain 85-98% SiO2, they are spherically shaped with an aver-
age particle size ranging from 0.1 to 0.2 µm and has an amorphous structure. SF plays
an important role in UHPC because it reacts with the hydration product of Portland
cement, calcium hydroxide (CH), and generates C-S-H binder, which inhibits higher
strength and gives a lower material porosity, especially in the ITZ [15]. It also im-
proves the packing density of all the granular constituents as its particle diameter is
approximately 1% to that of cement.
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In an ordinary cement paste, a certain level of water is required to fill the void space
between the granular constituents to give the desired workability. Using SF in the mix
design, a substantial amount of water can be replaced to fill these voids. As a result
of the silica fume´s spherical form, a “ball-bearing effect” may exist, improving the
mobility in its fresh phase [15].

Fly ash
FA is an industrial by-product obtained from furnace fires with pulverized coal. This
pozzolanic material´s composition may vary depending on the coal used, but will include
high levels of silicon dioxide SiO2. FA has a blaine fineness in the range of 300-450
m2/kg and a density of 2300 kg/m3 [15].

The high fineness and the reduction of water in the mix design reduce the probabil-
ity of bleeding in the fresh phase. The concrete´s early age strength may be confined;
however, after the hydration reaction between cement and water diminishes, the poz-
zolanic reaction continues, resulting in a higher final strength, which is noticeable after
28 days.
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2.2.6 Admixtures

Superplasticizers (SP)

SP´s are organic polymers and crucial elements when producing UHPC. This ad-
mixture maintains an acceptable workability when w/b values are decreased. The main
role of SPs are to disperse flocculated cement particles [16]. This is accomplished by
reducing the cohesion and internal friction between the different material components
by neutralizing surface changes [7]. As stated earlier, the SP dosage should exceed 5
mass % of the cement to maintain its workability. Polycarboxylate ethers (PCE) are
third-generation SPs and the only admixture that allows the replacement of the large
water amounts required to make a UHPC. Figure 2.6 shows the stabilization effect of
polycarboxylate ethers; they have comb-like structures and are absorbed on to the ce-
ment particle surface, preventing the cement from coming in close proximity to each
other [5].

Figure 2.6: Schematic draft showing stabilization by steric hindrance [5]
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Shrinkage reducing admixtures (SRA)

UHPC experiences minimal dry shrinkage due to low water volume; however, it un-
dergoes a large autogenous shrinkage due to a high binder volume. Studies have shown
that the addition of shrinkage reducing admixtures can diminish this substantially [6].
Figure 2.7 displays the effect of a shrinkage reducing agent provided by German Evonik
Industries at dosages 0, 0.5, 1, and 2%.

Figure 2.7: Effects of SRA on autogeneous shrinkage of UHPC at different dosages [6].
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2.2.7 Aggregates

The aggregates used in UHPC should have a grain size distribution that produces a
dense particle packing. Compared to an ordinary concrete, the largest aggregate frac-
tion is usually removed, and the mean particle size often lies below 1 mm. The removal
of course aggregates can strengthen the material´s homogeneity. The aggregates should
inhibit high mechanical strength to prevent the particle phase from becoming the weak-
est link in the material. Calcined bauxite, basalt and granite are often utilized in UHPC
because of their high strength. When the largest grain size used in the mix design is 0.5
mm, the material can be classified as a reactive powder concrete (RPC) [3]. Addition of
courser aggregates may result in a lower autogenous shrinkage; however, the thickness
of the constructional element should be sufficiently large compared to the maximum
aggregate fraction used [17]. Furthermore, the addition of courser aggregates in the
mix design has the potential of reducing the material cost significantly. The strength
of a fully compacted concrete with a certain water/binder ratio is for the most part
independent of the aggregate grading; however, without adequate workability, the fresh
concrete cannot be compacted sufficiently to attain its maximum strength potential
[18]. Therefore, the grading of aggregates plays a substantial but indirect part in the
mechanical properties.

2.2.8 Fibers

UHPCs exhibit brittle behavior without the use of fiber reinforcement. Fibers are
therefore important if the material is to be utilized in construction members. They
improve ductility in both tension and compression as well as enhance the flexural and
tensile strength significantly [3]. The use of fibers can have a negative impact on the
workability depending on the fiber dimensions and volume percent used. Both the
geometry of the construction member and stress type can influence the size and shape
of a crack opening when its yield limit is reached. The fiber length and diameter can
determine which cracks it can handle without ending in brittle failure. The amount of
fibers proportioned is measured as percent of the total composite volume termed volume
fraction (Vf ). The aspect ratio is defined by the fiber length (l) divided by its diameter
(d). Steel fibers provide the composite material with a high modulus of elasticity, high
ductility, strength, and durability. The high alkaline environment in concrete protects
the fibers from corrosion. Closer to the carbonated layer at the surface, corrosion may
take place if the moisture level is high enough. However, studies have shown that due to
the fiber´s slenderness, corrosion does not build up enough pressure to induce spalling in
the material [19]. An ordinary fiber-reinforced concrete usually contains 0.25 to 2 vol-%
steel fibers while UHPC can be proportioned with as much as 11 vol-% [3]. A study
has established that a volume percentage of around 2.5 with an aspect ratio between
40 to 60 provides a good balance between the fresh and hardened phase properties [19].
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2.3 Rheology - Workability

A material´s strength, volume stability and durability is not only influenced by its
composition but also how the concrete has performed in its fresh phase. Its ability
to become compact and reworkable in addition to maintaining its homogeneity before
hardening play an important role in its final performance. UHPCs with fiber rein-
forcement need high quantities of SP to accomplish an acceptable flow and level of
workability. According to some studies, SP should exceed 5 mass-% of cement to attain
this [19]. The use of air-entraining agent also has a positive effect on workability as
well as frost resistance. Workability can be summed up by three elements: stability,
mobility, and compactability [7].

Figure 2.8: The workability concept [7]

2.3.1 Stability

During its fresh phase, concrete is subjected to numerous loads due to transportation,
casting, and compacting. Stability refers to concrete´s ability to sustain its homogeneity
through these processes as well as at rest. Separation is an example of poor stability and
occurs due to the low cohesion and internal friction between the material components
compared to the variations in densities. There are different forms of separation; in
ordinary strength concretes, the most likely form is water separation. In UHPCs,
however, the low water/cement ratio is low, reducing the possibility of water separation.
The stable cement paste itself may separate from the other larger granular constituents.
This can be avoided by increasing the fine filler fraction with diameter under 0.125mm
and limiting the flow of concrete by restricting the quantity of SP in the mix design [7].

2.3.2 Mobility

The term mobility refers to the concrete´s ability to move when subjected to dynamic
forces. Factors that influence concrete´s mobility include the friction between particles,
internal cohesion to solid surfaces, and the liquid phase´s resistance to internal flow [7].
UHPCs have a large paste volume, creating a larger distance between the aggregate
particles, lowering the internal friction, and increasing the mobility. Additives such as
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SPs and air-entraining admixtures can also be used to increase the mobility. When
proportioning a mix design to have a high flow and be self-compacting, a high level of
fine particles and a smooth grading curve are essential, as higher mobility often reduces
stability. Figure 2.9 illustrates how the mobility of concrete is affected by altering the
material´s components. The vertical axis displays the yield value (g), and the horizontal
axis shows the plastic viscosity (h). The arrow directions illustrate increasing values.
Take the slump flow test as an example (described in Section 3.2), the concrete will
continue to flow if the stress due to gravity is greater than the yield value. The plastic
viscosity determines the velocity of movement.

Figure 2.9: Effect of material composition on concrete´s yield value and plastic viscosity
[7].

2.3.3 Compactability

Compactability refers to concrete´s ability to be compacted and release encapsulated
air pockets during casting. Cohesion, shock absorption, density, air void content, and
mobility are factors that effect compactability. A higher mobility gives higher com-
pactability, but reduces stability. Air voids are weak zones in hardened concrete, affect-
ing both strength and permeability. These voids are often course and irregular shaped
with a diameter of 1mm or larger.
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2.4 Material properties

2.4.1 Compressive strength

Compressive strength is an essential factor when designing a concrete construction, and
is the property most often measured. UHPC typically has compressive strengths ranging
from 150 to 250 MPa. Fibers do not have a significant influence on the compressive
strength; however, they do affect the stress-strain behavior of the material. At failure,
UHPC without fibers will act brittle and can be described as an explosion. The presence
of fibers has a restraining and confining effect on the concrete and will experience a
ductile failure with adequate vol-%.

(a) Without Fibers (b) With Fibers

Figure 2.10: Stress-strain curve for UHPC

Figure 2.10 displays a stress-strain curve for an UHPC with and without fiber rein-
forcement. The slope of the descending branch depends on: [20]

• Fiber content

• Fiber geometry (length, diameter)

• Fiber length in relation to maximum aggregate size

• Fiber stiffness (in case of fiber cocktails)

• Fiber orientation

A study on the compression strength of UHPC and its relationship to the modulus of
elasticity was published in 2007 by Benjamin Graybeal [21]. This paper included three
empirical linear equations, connecting E-modulus and 28-day compressive strength, one
for NSC (Equation 2) and two for UHPC (equations 3 and 4). This paper stated that
achieving the correct stress-strain response and modulus of elasticity is difficult due to
the material´s heterogeneous nature with a variety of possible mix designs.
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E = 4730
√
fc[MPa] (2)

E = 3320
√
fc + 6900[MPa] (3)

E = 19000
3

√
fc
10

[MPa] (4)

The maturation speed of compressive strength in concrete depends on the heat
regime; a higher temperature environment will accelerate the chemical reaction and
may also improve the final micro-structure. Studies have shown that heat curing at 90
degrees Celsius for a duration of 48 hours can result in higher compressive strengths
than immersion in water for 28 days [20].

Table 2.1 shows the strength classes up to B95 in NS-EN206-1; as previously stated,
the Norwegian standards do not cover UHPC´s strengths.

Table 2.1: NS-EN206-1 table NA2

Specimens
Strength classes
B10 B20 B25 B30 B35 B45 B55 B65 B75 B85 B95

Cylinders (150x300mm) 10 20 25 30 35 45 55 65 75 85 95
Cubes (100x100mm) 12 25 30 37 45 55 67 80 90 100 110
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2.4.2 Tensile and flexural strength

UHPC subjected to tensile forces can be categorized either as strain softening or strain
hardening and define how the material behaves after crack initiation. Figure 2.11
illustrates a typical stress-strain response for UHPC in tension. Here, σcc is the strength
at which crack initiation takes place. Strain softening occurs when the maximum tensile
capacity decreases after crack initiation, indicating the fibers do not have a restricting
effect on crack propagation. Stain hardening on the other hand occurs when the fibers
help stitch the crack together though plastic deformation, allowing the tensile capacity
to increase beyond the point of cracking; this illustrated in Figure 2.11 as σpc (post
cracking strength). For this to be possible, it usually requires a fiber volume percentage
larger than 2 [8]. As stated above, the residual strength after crack initiation depends
on fiber content, geometry, length, stiffness, and orientation. Here, orientation and
distribution depend on viscosity and casting methods. Typical tensile strengths of
UHPCs lie in the range of 6-20MPa [3, 8].

Figure 2.11: Typical stress-strain response of UHPC in tension [8].
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2.5 Durability

Concrete´s durability can be defined by its ability to withstand significant deterioration
over time, whether it be resistance to weathering action, abrasion, or chemical attack
[22].

2.5.1 Porosity

During hydration, the external volume remains approximately constant where the vol-
ume change is mostly affected by the storage conditions. Internally, hydration causes
significant alterations to the solid volume, affecting the degree of porosity. Here, poros-
ity can be defined by the internal volume that can be filled with water [9]. The largest
influence on porosity are by the water-to-cement ratio and the degree of hydration. The
low w/c of UHPCs results in low porosities, as can be seen in Figure 2.12.

Figure 2.12: Total porosity of cement paste [9].
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Concrete is a porous media, with a pore structure consisting of a wide range of sizes
and shapes ranging from nanometers to micrometers. The total porosity displayed
in Figure 2.12 above can be subdivided into air/macro pores (d<1000nm), gel pores
(around 2 nm), and capillary pores (4nm < d < 1000nm). Macro pores are often formed
by encapsulated air during casting and compacting. Gel pores occur in the small space
between the solid parts of the C-S-H phase formed during hydration. The original
water-filled volume between the cement particles that are not filled with the hydration
products form the capillary pores. Figure 2.13 illustrates the volumetric composition
of the cement paste, neglecting the presence of macro pores. The low w/c of UHPCs
means low porosity and a higher level of CH / C-H-S and unhydrated cement particles.

Figure 2.13: Volumetric composition of cement paste [9].

2.5.2 Permeability

Permeability is the transport of mass though a substance and, for concrete, an impor-
tant factor that is either directly or indirectly responsible for most of the deterioration
mechanisms. The low porosity of UHPC mitigates the intrusion of chloride ions and
other aggressors, improving its durability over time.

2.5.3 Elephant skin

UHPCs have a tendency to form a thin surface skin after mixing, which is colloquially
known as elephant skin. This layer is only a few micrometers thick and consists of
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enriched sodium and potassium, originating from the accumulation of SP. This thin
layer hinders the out-gassing of entrapped air during compaction, resulting in a higher
macro porosity.

2.5.4 Autogenous shrinkage

All UHPC mix designs are proportioned after a low w/b, which is one of the main
contributing factors to its high strength. However, UHPCs display large autogenous
shrinkage, which can lead to early age cracking in the concrete structure. The hydration
reaction between the cement particles and water produce hydration products. These
products have a smaller volume than the reactants. A larger dosage of cement in the
mix design can also lead to a larger volume reduction. It is estimated that the volume
is reduced by 0.06 cm3 per gram cement that hydrates. With w/b as 0.4, a reduction
of 8 vol-% is normal [23].
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3 Methods of measurement

This section describes the test procedures carried out before and after batching and on
the specimens in their hardened state.

3.1 Moisture in aggregates

The amount of water added to the concrete mixture is adjusted based on the moisture
already present in the aggregate to attain the desired w/b ratio. This can be done
by using the speedy moisture tester that measures the gas pressure generated by a
reaction between the available moisture within the aggregate sample and a pulverized
calcium carbide reagent. A 20g sample of the aggregate is measured and placed in the
vacuum container and then two scoops of reagent added in the container´s inverted
cap, keeping the sample and reagent separate as to not start the reaction prematurely.
The cap is placed on the container in a horizontal position, then sealing it air tight. It
is shaken with a rotating motion and turned 180 degrees for 20 seconds, rested, and
then shaken for another 20 seconds. A gauge underneath the container displays the
moisture percentage by wet weight and needs to be converted into percentage by dry
weight using Equation 5 given:

%moisture(dry) =
%moisture(wet) · 100

100−%moisture(wet)

(5)
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3.2 Workability of fresh concrete

The workability of fresh concrete can be measured with the slump flow test which indi-
cates the concrete´s filling ability and some insight into the its resistance to segregation.
This test is governed by NS-EN 12350 part 8[10]. The base plate and inside of a trun-
cated cone-shaped mold, with dimensions 200mm at base, 100mm at top, and 300mm
height are moistened. The cone is placed centrally on the level base board and held
down firmly. Concrete is poured in the mold, and any surplus concrete outside the cone
is removed. The mold is raised vertically in a controlled manner, allowing the concrete
to flow freely. The diameter is recorded in two places perpendicular to each other and
the average slump flow value calculated.

A miniature variant of this test is used to measure workability over time; although
this variant is not standardized in any code, it can give an indication of how the
concrete´s workability degrades over time after mixing. Several base boards are created
by laminating A3 papers with circular distance markings. The molds are made by
cutting a plastic pipe with an inner diameter of 7.2 cm into 10cm pieces. Figure 3.1
illustrates this slump flow setup.

Figure 3.1: Miniature slump flow to measure workability over time
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3.3 Hardened density

The density of hardened concrete can be determined by first measuring the mass (m) of
a specimen. A container filled with water is placed on a weight scale and the specimen
is submerged in water while hanging in an apparatus to ensure it does not touch the
container walls. The weight displayed on the scale represents the volume (V) as water
has a density of 1 kg/m3. The concrete´s density is then determined by Equation 6.

ρ =
m

V
(6)

3.4 Compressive strength

Compressive strength is measured in accordance with NS-EN 12390-3 [13]. Concrete
cubes, 100x100mm, are placed and aligned centrally in a compression testing machine
shown in Figure 3.2. A compressive load of 0.8 N/mm2s is applied until fracture. The
failure load is divided by the cross sectional area resisting the load and measured in
units newton per millimeters or mega-pascals.

fc =
F

Ac

(7)

Figure 3.2: Photograph of specimen undergoing compressive testing
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3.5 Splitting tensile strength

The splitting tensile strength is determined in accordance with NS-EN 12390-6 [14].
This is an indirect method for testing the tensile strength of concrete and is a simpler
method compared to a uniaxial tensile test. The sample size of the concrete specimen
is a cylinder with 150mm diameter (d) and 300mm length (L). Diametrical lines are
drawn on the two ends of the specimen to ensure the force is exerted on the same axial
place. The specimen is placed in a compression testing machine in a jig, as illustrated
in Figure 3.3. A continuous load is applied to the specimen until fracture. The failure
load (F) is noted and used in Equation 8 to determine the splitting tensile strength:

fct =
2 · F
π · d · L

(8)

Figure 3.3: Illustration of splitting tensile testing.

3.6 Modulus of elasticity

The modulus of elasticity is governed by NS-EN 12390-13 [15]. Method A is described
in this section. A cylinder with 150mm diameter (d) and 300mm length (L) is placed in
a compression testing machine. The deformation of the specimen is recorded at different
load variations by fitting the specimen with a strain measuring instrument. First, three
preloads are carried out to check for wiring stability and specimen positioning, followed
by three load cycles, where stress and strain values are registered. This is illustrated
in Figure 3.4 below. The load rates are set to 0.6 ± 0.2 MPa/s and the upper/lower
stresses are held at 20 second period per cycle.

The stabilized modulus of elasticity can be determined by Equation 9.
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Figure 3.4: Miniature slump flow to measure workability over time.

Ec,s =
σm
a − σm

b

εa,3 − εb,2
(9)

where,

• σm
a is the measured upper stress and can be calculated by the equation,

fc
3

(10)

where fc is the cylinder´s compressive strength. In the case where compressive
strengths have been measured on 100x100mm cubes, a conversion factor can usu-
ally be applied based on its strength class according to NS-EN 206-1 (Table 1).
However, as this standard does not account for UHPCs, the conversion factor of
0.86 corresponding to B95 is chosen, keeping in mind this may lead to a small
source of error.

• σm
b is the measured lower stress and lies within the following interval:

0.10 · fc ≤ σb ≤ 0.15 · fc (11)
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• εa,3 is the average strain measured at the third upper stress cycle,

• εa,3 is the average strain measured at the second upper stress cycle, and

• σp is the preload stress and lies between 0.5MPa and σm
b .

3.7 Flexural strength

The flexural strength test is standardized in NS-EN 12390 part 5 [16]. A beam with
dimensions 100x100x500mm is supported at each end with steel rollers with a diameter
of 20 mm. This is illustrated in Figure 3.5 below. The beam is subjected to a central
point loading F that is gradually increased by 0.05 MPa/s until failure occurs. The
failure load is used in Equation 12 to determine its flexural strength.

Figure 3.5: Illustrative drawing of flexural strength test.

fct =
F · L
d1 · d22

(12)
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3.8 Sorptivity and Porosity

The method for testing sorptivity and porosity in hardened concrete is standardized in
publication 426 (PF method) at The Norwegian Public Roads Administration. This
method derives various water porosities by exposing dried concrete specimens to water,
both with and without pressure [9].

Method

• Concrete cubes/cylinders are cut into 20 ± 1 mm thick specimens; the concrete
can either be casted or core drilled from an existing construction.

• Specimen thickness is control measured.

• The specimens are air dried at 105 ◦C for 7 days followed by a minimum 2 hours
of cooling in room temperature sealed in plastic foil.

• The specimens are weighed (m1).

• Specimens are placed in a tub where the cut surface is exposed to a water front,
with the water level not surpassing 1-2mm up the sides. This is illustrated in
Figure 3.6. The specimens are weighed after 10 and 30 minutes and 1,2,3,4,6, 24,
48, 72, and 96 hours. (96 hour weight = m5)

• When weighing the specimens, they are removed from the tub, making sure the
water does not drip onto the other specimens. The surface water is removed by
using a damp cloth, weighted and placed back in the tub.

• The specimens are now submerged in water for 72 hours and weighed in air (m2).
The volume (V) is determined by weighing the specimen under water.

• The specimens are submerged in a pressure tank at 50 atm for minimum 24 hours
before being removed and immediately weighed (m3).
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Figure 3.6 illustrates the specimens while undergoing capillary sorption from one
side.

Figure 3.6: Photograph of specimens undergoing capillary sorption

Calculations

• Bulk Dry Density (g/cm3):

ρBD =
m1

V
(13)

• Saturated Surface Dry Density (g/cm3):

ρSSD =
m2

V
(14)

• Solid Density (g/cm3)

ρS =
ρBD

1− εtot
(15)
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• Air porosity Vol-%

εair =
m3 −m2

V
(16)

• Saturated by suction porosity Vol-%

εsuc =
m2 −m1

V
(17)

• Pressure saturated porosity Vol-%

εtot =
m3 −m1

V
(18)

• Pore Protection Factor

PF% =
εair
εtot

(19)

For a concrete to be classified as frost resistant, the pore protection factor defined
as the air content as a percentage of the total porosity, should be greater than 25% [9].
The air porosity (εair) entails macro/air pores that are too large to produce capillary
tension in the water; pressure is required to determine the air porosity, i.e, the m3

weight needs to be calculated. The εsuc contains smaller gel/capillary pores that can
suck water through the material.

The rate of capillary suction depends on the concrete´s quality; however, it is almost
linear when presented in a graph with the square root of time as an axis. UHPCs with
a higher density matrix have a more gradual slope than NSC. When the capillary pores
have been filled with water, the slope evens out horizontally and the gradual incline
represents the small portion of the macro pores being filled. Figure 3.7 illustrates this
effect.

Capillary number (k) is derived by Equation 21 and is an empirical value that repre-
sents the slope of the first linear section; it can be used to characterize the permeability
of concrete. UHPCs with a high density matrix and lower porous micro-structure have
a lower capillary number than NSCs.

Resistance number (m) derived by equation 22 shows the water front´s suction
velocity into the concrete specimen, indicating to the capillary pore size. This is due to
the fact that capillary tension in water is inversely proportional to the water´s meniscus
radius, i.e, pore size.
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Figure 3.7: Capillary sorption over square root of time

k =
Qcap√
tcap

(20)

m =
tcap
z2

(21)

where,

• Qcap represents the point of capillary capacity.

• tcap is the time where capillary capacity is reached.

• z is the specimen thickness.
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4 Research plan

The stated goal of this thesis is the mapping of UHPC´s workability over time and
attempt to understand its mechanical properties and durability, when the material
constituents in the mix design are modified. The curing treatment applied to concrete
is especially crucial when working with UHPC. The specimens researched underwent
two different curing treatments; either immersed in water or air tempering. These
curing regimes will be described in more detail later.

This section describes the test matrix, specimen nomenclature, mix designs, and
procedures undertaken when batching, casting, and curing. Individual test programs
were performed when investigating specific aspects of UHPC.

4.1 Batch and Specimen nomenclature

The test matrix includes over 200 separate concrete specimens; so a naming schedule
is devised to correctly identify each of them. Most of these specimens were a part of a
standardized program to identify the hardened state behavior of UHPC when the mix
design and curing condition varied. The remaining specimens were part of an extraneous
program to determine specific properties, such as durability and flexural strength when
the workability and compressive strengths were within favorable parameters.

Figure 4.1: Specimen naming schedule

The nomenclature used was a five digit alphanumeric identifier, where the first two
digits were numerical, displaying the batch number. The third digit disclosed the curing
treatment the specimen underwent, where A represents immersion in a water bath at
20 degrees Celsius. B represents an air tempering program where the specimen is after
unmolding sealed in plastic and placed in 90 ◦C for 48 hours followed by 20 ◦C for the
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remaining period. The fourth digit is numerical and identifies the test procedure to be
undertaken. Figure 4.1 shows which test corresponds to which number. The fifth digit
is a letter A,B, or C, separating specimens from the same batch that have undergone the
same curing and tests. An example is 01B2A, indicating the specimen is from batch 1,
has been air-tempered, compression-tested 7 days post mixing, and is the first of three
specimens.

4.2 Test matrix

The test matrix prepared for this program focuses on the material´s characteristics in
both fresh and hardened states. The tests to be performed focused on determining
workability over time, mechanical strengths, and durability. Two different mixers were
used, an Eirich R09t with a capacity of 150 liters or 240 kg and an Eirich intensive
mixer R02/Vac with a capacity of 3-5L or max 8kg. The amount and type of concrete
specimens to be casted for each batch depend on the type of mixer used as the volume
capacity varies between them. A total of 22 different mix designs were batched and
are described in detail in the next subsection. Each batch underwent a mapping of
its workability over time, independent of the mixer used. This was done by using a
miniature version of a flow board test and is described in Section 6.2. Measurements
were carried out at 0,5,10,15, and 30 minutes. The 7-day compressive strength were
also determined after undergoing curing regime B for all 22 mix designs. When using
the larger mixer the 7-day and 28-day compressive strengths, modulus of elasticity, and
tensile splitting tests were also determined for specimens that underwent curing regime
A. Table 4.1 gives an overview of the test matrix for the standardized test program
depending on the type of mixer.

Table 4.1: Matrix for standardized test program (batches 1-22)

Type of test Mixer Specimens cast Curing regime
Flow board R02/Vac and R09t 5 -

7d compressive strength R02/Vac and R09t 3 100x100mm cubes B
7d compressive strength R09t 3 100x100mm cubes A
28d compressive strength R09t 3 100x100mm cubes A

Modulus of elasticity R09t 2 150x300mm cylinder A
Tensile splitting strength R09t 2 150x300mm cylinder A

where A = water immersion at 20 ◦C, B = air tempering at 90 ◦C, R09t = 150L Eirich
mixer, and R02/Vac = 5L Eirich intensive mixer.

The three batches that result in the most promising workability over a 30-minute
period and also possess a compressive strength of over 150 MPa after 28 days with
curing regime A, were re-batched with modifications made to the amount of SP. Trying
to achieve a similar initial slump flow value so that the workability over time can be
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analyzed more accurately. Results were compared to that of batches 1 through 19.
The four best mix designs were re-batched in an 85 liter batch in the R09t mixer.
Workability measurements were now registered up to one hour after mixing (0, 5, 10,
15, 20, 30, 40, 50, and 60 min); a larger test program was undertaken for these batches.
This includes compressive strengths after 7 and 28 days, modulus of elasticity, both
splitting tensile and flexural strength, and permeability tests using the PF-method.
This is displayed in Table 4.2 below.

Table 4.2: Matrix for extraneous test program (Batches 23-26)

Type of test Mixer Specimens cast Curing regime
Flow board R09t 10 -

7d compressive strength R09t 3 100x100mm cubes B
7d compressive strength R09t 3 100x100mm cubes A
28d compressive strength R09t 3 100x100mm cubes A

Modulus of elasticity R09t 2 150x300mm cylinder A
Tensile splitting strength R09t 2 150x300mm cylinder A

Flexural strength R09t 3 100x500mm beams A
Porosity (PM method) R09t 3 100x100mm cubes B

where A = water immersion at 20 ◦C, B = air tempering at 90 ◦C, and R09t = 150L
Eirich mixer.
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4.3 Proportioning the mix designs

A total of five binder materials, two fillers, four aggregates, two superplasticizers and
a shrinkage reducing admixture were used in varying degrees for the mix designs. The
components and their properties are displayed below. Material data sheets for all the
materials used can be found in Appendix I.

Binder
CEM II/A-V 42,5 N
(Norcem Anleggsement FA)
Density: 3020 kg/m3

Blain: 390 m2/kg

Binder
CEM I 52,5 R
(Norcem Industrisement)
Density: 3130 kg/m3

Blaine: 550 m2/kg

Binder
CEM III/A 52,5 R
(Dyckerhoff Variodur 40)

Binder
Slag (Merit 5000)
Density: 2920 kg/m3

Blaine: 500 m2/kg

Binder
Silica fume
(Elkem microsilika 940U)
Density: 2650 kg/m3

Filler
Millisil W12
Density 2650 kg/m3

Silica powder
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Filler
Betofill VK50
Density: 2720 kg/m3

Limestone powder

Aggregate
Hostrup quartz sand
Particle diameter 0-1mm
Density: 2640 kg/m3

Aggregate
Quarzwerke H33
Particle diameter < 0.5mm
Density 2650 kg/m3

Aggregate
Gneiss-granite
Particle diameter 0-4mm
Density: 2660 kg/m3

Aggregate
Quartz-diorite
Particle diameter 5-8mm
Density: 2770 kg/m3

Steel fiber (Weidacon)
Length: 9 mm
Diameter: 0.15 mm
Aspect ratio: 60
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Superplasticizer
Mapei Dynamon SX-N
Density: 1.06 kg/L
Solid content≈ 18.5%

Superplasticizer
Sika Visco-Crete UHPC-2
Density: 1.08 kg/L
Solid content≈ 40.0 %

Shrinkage reducing
admixture
SAPs BASF

4.3.1 Standardized test program

First series

A mix design was taken from a UHPC bachelor thesis previously written at the
University of Stavanger [24]. This mixture was fine grained with a maximum grain
size of 0.5mm. As binder material, a CEM III/A 52,5 N ENCI was used however
in this thesis CEM II/A-V 42,5N was used (Norcem Anleggsement FA) in addition to
microsilica as these are most accessible for concrete suppliers in Norway. The chemically
inert constituents included quartz sand H33 with a grain size ranging from 0.1-0.5mm
and a German filler (Millisil W12). The steel fibers had a length/diameter of 9/0.15mm
respectively, utilizing the SP Mapei Dynamon SX-N. This is a reference mixture in this
thesis and shown as batch number 1 in Table 4.3 below. The first test series consists of 7
batches with different mix designs. One material constituent is replaced one at a time in
order to isolate the effect it has on both the fresh and hardened phase properties. This
first series focuses on modifying the fillers, aggregates, and SPs, keeping the quantity
and type of binder, water, and fiber constant.
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Table 4.3: Mix design - Series 1 - Batches 1-7 (kg/m3)

Batch number 1 2 3 4 5 6 7

CEM II/A-V 42,5 N (Anl-FA) 740 740 740 740 740 740 740

CEM III/A 52,5 R (Variodur 40) - - - - - - -

CEM I 52,5 R (Industri) - - - - - - -

Merit 5000 (slag) - - - - - - -

Elkem microsilica 940 U 146 146 146 146 146 146 146

Millisil W12 198 198 198 198 - - 198

Betofill VK50 - - - - 215 215 -

Danish quartz sand 0-1mm - - 934 - - - -

German quartz H33 938 938 - - - - -

Gneiss-granite 0-4mm - - - 942 942 659 659

Quartz-diorite 5-8mm - - - - - 293 293

Weidacon 0,15/9mm 146 146 146 146 146 146 146

SAPs BASF - - - - - - -

Mapei Dynamon SX-N 30 - - - - - -

Sika Visco-Crete UHPC-2 - 10 10 10 10 10 10

Free water 210 210 210 210 210 210 210

Total 2408 2391 2384 2392 2409 2419 2402

w/b 0.224 0.210 0.210 0.210 0.210 0.210 0.210

EIRICH R09t 3 3 3 - - 3 3

EIRICH R02/Vac - - - 3 3 - -

Batch number 2 replaces Mapei Dynamon SX-N with another SP (UHPC-2), espe-
cially developed for use in UHPC. This SP is more effective so the dose was adjusted
to 10 kg/m3. Batch number 3 replaces the German quartz H33 with a Danish quartz
sand 0-1mm. The volume of the granular constituents is constant when substituting a
material; so the weight per cubic meter is adjusted based on its density. Batch 4 uses
a gneiss-granite sand (0-4mm). Batch 5 changes the filler from Millisil W12 to Betofill
VK50, which is a less expensive product. The aim here was to investigate whether the
use of a cheaper filler has an impact on the material´s properties. Batch 6 replaces 30
% of the gneiss-granite with quartz-diorite, 5-8mm; 30% is chosen as it gives an even
particle size distribution curve (Appendix H, Figure H.4). Batch 7 utilizes Millisil W12
as a filler while also using the larger fraction quartz-diorite, 5-8mm.

The water-binder ratio is derived by using a k-value of 2 for silica in accordance
with NS-EN 206-1:2000+NA:2007 and assuming that the SP contain on average 70 %
water.
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Second series

The second series tests the use of a shrinkage reducing admixture SAPs BASF. This
mix design was proportioned by a faculty member and is a part of an external research
project undertaken at the University of Stavanger. Whether the SRA has an effect on
minimizing the autogenous shrinkage was not examined in this thesis. The focus here
was to understand its effect on workability over time and mechanical properties. Table
4.4 shows the mix design for this series, batches 8 and 9.

Table 4.4: Mix design - Series 2 - Batches 8-9 (kg/m3)

Batch number 8 9

CEM II/A-V 42,5N (Anl-FA) - -

CEM III/A 52,5 R (Variodur 40) 778 778

CEM I 52,5 R (Industri) - -

Merit 5000 (Slag) - -

Elkem Microsilica 940 U 154 154

Millisil W12 - -

Betofill VK50 186 186

Danish quartz sand 0-1mm - -

German quartz H33 - -

Gneiss-granite 0-4mm 402 402

Quartz-diorite 5-8mm 649 649

SAPs BASF - 2.34

Mapei Dynamon SX-N - -

Sika Visco-Crete UHPC-2 8.56 9.34

Free water 186 249

Total 2364 2430

w/b 0.177 0.239

EIRICH R09t 3 3

EIRICH R02/Vac - -

Batch number 8 is a reference batch, while the ninth batch contains a SRA at a
dose of 0.3 wt% of cement. The water content has been increased by 63 kg/m3.
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Third series

In the third series, modifications were made to the binder, SP, and water while the
filler, aggregate, and fiber remained constant. Table 4.5 displays the mix designs for
series 3, batches 10 through 19.

Table 4.5: Mix design - Series 3 - Batches 10-19 (kg/m3)

Batch number 10 11 12 13 14 15 16 17 18 19

CEM II/A-V 42,5 N (Anl-FA) 740 740 740 740 740 518 - - 740 -

CEM III/A 52,5 R (Variodur 40) - - - - - - - - - 740

CEM I 52,5 R (Industri) - - - - - - 766 766 - -

Merit 5000 (Slag) - - - - - 215 - - - -

Elkem microsilica 940 U 146 146 146 146 146 146 146 146 146 146

Millisil W12 198 198 198 198 198 198 198 198 198 198

Betofill VK50 - - - - - - - - - -

Danish quartz sand 0-1mm - - - - - - - - - -

German quartz H33 938 938 938 938 938 938 938 938 938 938

Gneiss-granite 0-4mm - - - - - - - - - -

Quartz-diorite 5-8mm - - - - - - - - - -

Weidacon 0.15/9mm 146 146 146 146 146 146 146 146 146 146

SAPs BASF - - - - - - - - - -

Mapei Dynamon SX-N - - - - - - - - - -

Sika Visco-Crete UHPC-2 12.69 12.69 12.69 15 15 15 15 17.5 17.5 15

Free water 195 180 180 180 170 180 230 230 170 180

Total 2376 2361 2361 2363 2353 2356 2439 2441.5 2355.5 2363

w/b 0.198 0.183 0.183 0.185 0.175 0.186 0.227 0.229 0.177 0.185

EIRICH R09t 3 3 - - - - - - - -

EIRICH R02/Vac - - 3 3 3 3 3 3 3 3

Batch number 10 replicates batch number 2 with a reduction in free water to 195
kg/m3. Batch 11 reduces the free water additionally to 180 kg/m3. Batch 12 has the
same mix design as batch 11, but the R02/Vac mixer is used to check its effect on the
concrete´s properties. Batch 13 increases the SP dosage from 12.69 to 15 kg/m3. Batch
14 reduces the free water to 170 kg/m3 while keeping the SP dosage at 15 kg/m3. Batch
15 replaces 30 % of the cement (CEM II/A-V 42,5N) with slag (Merit 5000). Batch 16
uses a CEM 1 52,5 R cement (Norcem Industrisement) because of an increase in the
cement´s blaine value; the free water is increased to 230 kg/m3 to achieve a similar
initial slump flow reading. Batch 17 increases the SP dosage of batch 16 to 17.5 kg/m3.
Batch 18 increases the SP dosage to 17.5 kg/m3 from batch 14. Batch replicates batch
13 but replaces the CEM II/A-V 42,5 N with a CEM III/A 52,5 R (Variodur 40).
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4.3.2 Extraneous test program

As described in the test matrix, the four mix designs with the best workability over a
30-minute window after mixture were re-batched with the exact same mix design, only
in a larger volume as more specimens would be casted.
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4.4 Batching, casting and curing

All material components were weighed up and placed in separate containers; the mois-
ture content in the aggregates were measured with the speedy test as described in Sec-
tion 6.1. Corrections were made to the amount of free water to account for this moisture
percentage; these calculations are displayed in appendix A. The mixing procedure de-
pends on the mixer used as the Eirich R02/Vac intensive mixer is more effective than
the R09t; this has been described in Table 4.6.

Table 4.6: Mix procedure depending on type of mixer

Eirich R09t Eirich R02/Vac
Add all dry components Add binder, filler and 25% of aggregates*
Mix for 1 minutes mix for 1 minute
Add water and superplasticizer Add water and superplasticizer
Mix for 4 minutes Mix until kW value peaks*
Add steel fibers Add the remainder of aggregates
Mix for 4 minutes Mix for 2 minutes

Add steel fibers
Mix for 2 minutes

* The R02/Vac can display the real time kW value being used; the mixer is sensitive
to a sudden increase in the kW level due to a build up of dry material between the tool
and mixing pan. seventy five percent of the aggregates were added after the mixture
had achieved a level of plasticity, which can be indicated by a peak drop in kW.

After mixing, the miniature slump flow test was carried out, in addition to a reg-
ular sized slump flow test if the R09t mixer is used. As UHPCs have a more viscous
behavior than ordinary concrete, the material requires more time before it can come to
a rest because of its reduced flow ability. Measurements of the diameter were therefore
consistently taken 20 seconds after lifting the mold to get comparable results. Visual
observations of the concrete´s stability or other factors were noted. The amount of
cubes, cylinders, and beams were cast in accordance with the test matrix described in
Section 4.2. Twenty four hours after casting, the concrete specimens were de-molded
and placed in their respective curing environments. Material testing commenced 7 and
28 days after casting in accordance with the test matrix; the procedures for this are
described in Section 3.
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5 Results

This section presents the results from the tests performed where a thorough analysis
of these can be found in Section 6. The results from the standardized test program
(batches 1-22) are presented first followed by the extraneous program (batches 23-
26). Appendix A presents the material components as weight in kilograms per batch,
measurements of surface moisture in the aggregates, and adjustments to the free water
content to compensate for this effect to ensure an accurate w/b ratio. Figure 5.1 shows
the specimens that were cast from batch 24.

Figure 5.1: Photograph of the specimens cast from batch 24.
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5.1 Standardized program (Batches 1-22)

5.1.1 Workability

Table 5.1 displays results from the miniature slump flow test for batches 1-19. These
values are visually presented in Figure 5.2. Images of every slump flow test can be
found in Appendix G. The initial slump flow measured at 0 min varies from 150mm for
batch 16 to 295mm for batch 3.

Table 5.1: Slump flow values for batches 1-19.

Batch number
Miniature slump flow (mm)

0 min 5 min 10 min 15 min 30 min
1 170 146 135 120 110
2 280 280 263 253 238
3 295 290 270 248 238
4 250 218 190 188 155
5 230 200 185 178 153
6 250 245 205 195 185
7 270 245 225 210 170
8 280 248 238 220 195
9 215 170 165 145 115
10 225 218 213 193 190
11 195 165 160 150 140
12 215 195 170 168 143
13 230 215 190 185 180
14 225 185 173 170 145
15 240 215 205 190 185
16 150 145 140 135 113
17 153 145 140 135 130
18 213 185 180 168 155
19 260 253 248 235 233
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Figure 5.2: Slump flow (mm) for batches 1-19.

43



To get a better image of how the workability decreases over time, Table 5.2 shows
the slump flows as a percentage reduction from the initial value at 0 min. These are
also illustrated in Figure 5.3. Batch 19 containing CEM III/A 52.5R (Variodur 40) had
the lowest reduction while batch 9 containing the shrinkage reducing admixture had
the highest reduction during the first 30 minutes after mixing.

Table 5.2: Slump reduction as a percentage of the initial slump value (batches 1-19).

Batch
Percent reduction from initial slump flow (%)
5 min 10 min 15 min 30 min

1 85.9 79.4 70.6 64.7
2 100 93.9 90.4 85.0
3 98.3 91.5 84.1 80.7
4 87.2 76.0 75.2 62.0
5 87.0 80.4 77.4 66.5
6 98.0 82.0 78.0 74.0
7 90.7 83.3 77.8 62.9
8 88.6 85.0 78.6 69.6
9 79.1 76.7 67.4 53.5
10 96.9 94.7 85.8 84.4
11 84.6 82.1 76.9 71.8
12 90.7 79.1 78.1 66.5
13 93.5 82.6 80.4 78.3
14 82.2 76.9 75.6 64.4
15 89.6 85.4 79.2 77.1
16 96.6 93.3 90.0 75.3
17 94.8 91.5 88.2 85.0
18 86.9 84.5 78.9 72.8
19 97.3 95.4 90.4 89.6
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Figure 5.3: Slump reduction as a percentage of the initial slump value (batches 1-19)
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Observations

Batch 1 became very stiff 30 minutes after mixing and was very adhesive towards the
plastic mold. It took approximately 10 seconds before the concrete sample completely
slipped out of the mold with a low plastic viscosity.

Batch 2 was the first mix design containing the SP Sika Visco-Crete UHPC-2 and,
during the mixing process, 2.7 kg/m3 was added as the SP dosage seemed to be in-
sufficient compared to the previous batch. Batch 1 took approximately 1 minute to
achieve a level of plastic viscosity in the mixer while the batches with UHPC-2 took
approximately 30 seconds longer to reach the same degree.

Batch 3 had the largest initial slump flow reading of all 19 mix designs. There was
no indication of flocculated steel fibers, and they seemed to be evenly spread out along
the slump flow´s circumference. This was also the case for batches 1 and 2.

Batch 4 was designed with the larger granular gneiss-granite (0-4mm). Here, a minor
paste separation was observed, as shown in Figure 5.4. This occurs when the amount
of cement paste is too large compared to the sand, or the sand lacks the finer fractions.
No expelling of water was observed. The particle size distribution curve for the gneiss-
granite produced by the supplier shows a smooth almost linear curve, as shown in
Appendix H.

Figure 5.4: Magnified view of the slump flow for batch 4 showing a slight paste sepa-
ration
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Batch 5 was similar to batch 4 with regard to stability. The distribution of the fibers
for batches 4 and 5 seemed even from visual observation.

Batch 6 contained the largest granular fraction 5-8mm, of quartz-diorite. Figure 5.5a
shows how this granular fraction is not evenly distributed in the fresh concrete.

Batch 7 containing the same granular components as batch 6 also show gathering of
the larger fraction in some areas; the fibers seemed to accumulate at the same places
(illustrated in Figure 5.5b).

(a) Batch 6 (b) Batch 7

Figure 5.5: Magnified view of the slump flows showing paste separation.

Batch 8 also contained the larger sized aggregate fraction; however, they were more
evenly distributed, and the stability was found to be better than that for batches 6 and
7.

Batch 9 showed the same level of stability as batch 8, but experienced the largest drop
in mobility after mixing, were mobility refers to the flow-ability and velocity of move-
ment as described in Section 2.3.2. This mix design contained a shrinkage reducing
admixture and a larger dose of both water and SP, but still had a smaller slump flow
and drop in mobility over time. As mentioned earlier, the mix design for batches 8 and
9 were proportioned independent of this thesis, so there were several differences in both
the quantity and material choices compared to the other batches.

Batch 10 had an even fiber distribution with a similar loss of mobility over time as
batch 2 with almost the same design. A slight elephant skin was observed on the surface
of the sample, forming approximately five minutes after lifting the slump flow cylinder.
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Batches 11, 12, and 13 also formed a layer of elephant skin; the stability seemed good
with no visual signs of separation. With a water dosage of 180 kg/m3, the last slump
flow measurment after 30 minutes took longer time to release from the cylindrical mold.

Batch 14 had the lowest w/b ratio of all the 19 mix designs, and the formation of
elephant skin was found to be very rapid compared to the other batches. The same
issue arose for the last slump flow measurement as for the previous three.

Batch 15 showed good stability with a slight formation of elephant skin.

Batches 16 and 17 contained the CEM I 52,5R (Norcem Industri) and, even with
larger w/b ratios (≈ 0.228), they still had a small slump flow.

Batch 18 had similar characteristics as batch 14 with a quick formation of elephant
skin.

Batch 19 had the lowest loss of workability over time. Large air pores rose to the
surface creating a more uneven surface; this was also the case when filling the cubic
forms.

Figure 5.6: Magnified view of the slump flow for batch 19
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Batches 2,10,17, and 19 displayed the lowest loss of workability over a time period
of 30 minutes after mixing. Batch 17 did not classify as UHPC when only considering
compressive strength, as can be seen in the next section. Small modifications to the SP
dosage were made to batches 2,10, and 19 with a goal of producing approximately the
same high initial slump value so that the workability over time could be better analyzed.
For batch 19, the SP dosage was reduced to 12.69 instead of 15kg/m3, displayed as batch
20 in Table 5.3. Since batch 2 had the largest initial slump flow value, the SP dosage
was adjusted to 10 kg/m3 (now batch 21). The SP was increased for batch 10 from
12.69 to 15 kg/m3 (now batch 22).

Table 5.3: Mix design - Series 4 - Batches 20-22 (kg/m3)

Batch number 20 (19) 21 (2) 22 (10)

CEM II/A-V 42,5N (Anl-FA) - 740 740

CEM III/A 52,5R (Variodur 40) 740 - -

CEM I 52,5R (Industri) - - -

Merit 5000 (Slag) - - -

Elkem Microsilica 940 U 146 146 146

Millisil W12 198 198 198

Betofill VK50 - - -

Danish quartz sand 0-1mm - - -

German quartz H33 938 938 938

Gneiss-granite 0-4mm - - -

Quartz-diorite 5-8mm - - -

Weidacon 0.15/9mm 146 146 146

SAPs BASF - - -

Sika UHPC-2 12.69 10 15

Free water 180 210 195

Total 2360.7 2388 2378

w/b 0.177 0.210 0.199

EIRICH R09t - - -

EIRICH R02/Vac 3 3 3

Table 5.4 displays the results from the miniature slump flow test for batches 20-22;
these values are visually presented in Figure 5.8 in red compared to batches 1-19 in
gray.
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Table 5.4: Slump flow values for batches 20-22

Batch number
Miniature slump flow (mm)
0 min 5 min 10 min 15 min 30 min

20 255 248 238 233 228
21 250 235 218 213 195
22 233 223 213 205 190

Figure 5.7: Workability testing

Observations

Batch 20 showed the same formation of air crater at the surface. It had a good fiber
distribution on all sides and a minimal loss of workability over the first 30 minutes.

Batches 21 and 22 exhibited good visual stability and a gradual drop in workability.
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Figure 5.8: Slump reduction as a percentage of the initial slump value for batches 20-22.
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5.1.2 Compressive strength and hardened density

Tables 5.5 to 5.8 show the densities and compressive strengths for all cubic specimens
from batches 1-22. The average compressive strength for each batch and curing regime
is displayed in the column to the right.

Table 5.5: Compressive strengths and densities for batches 1-4

Batch Curing regime Specimen ρ(kg/m3) σ (MPa) σ (MPa)

1

7d. A (20◦C)
01A2A 2386 90.3

92.501A2B 2390 90.5
01A2C 2394 93.8

28d. A (20◦C)
01A1A 2384 134.2

132.201A1B 2389 130.8
01A1C 2381 131.5

7d. B (90◦C)
01B2A 2354 168.3

167.301B2B 2350 169.7
01B2C 2356 163.9

2

7d. A (20◦C)
02A2A 2423 113.0

112.802A2B 2425 112.0
02A2C 2430 113.4

28d. A (20◦C)
02A1A 2427 152.3

154.602A1B 2418 154.2
02A1C 2415 157.3

7d. B (90◦C)
02B2A 2401 182.0

183.902B2B 2397 186.3
02B2C 2396 183.4

3

7d. A (20◦C)
03A2A 2426 105.0

105.803A2B 2428 106.4
03A2C 2422 106.1

28d. A (20◦C)
03A1A 2418 151.9

151.203A1B 2413 150.0
03A1C 2416 151.6

7d. B (90◦C)
03B2A 2399 177.1

176.503B2B 2392 177.3
03B2C 2388 175.1

4 7d. B (90◦C)
04B2A 2376 166.8

163.104B2B 2376 164.0
04B2C 2391 158.6

52



Table 5.6: Compressive strengths and densities for batch 5-8

Batch Curing regime Specimen ρ(kg/m3) σ (MPa) σ (MPa)

5 7d. B (90◦C)
05B2A 2388 155.9

154.505B2B 2386 152.1
05B2C 2390 155.4

6

7d. A (20◦C)
06A2A 2445 103.6

103.106A2B 2439 103.7
06A2C 2439 102.1

28d. A (20◦C)
06A1A 2448 137.4

139.506A1B 2458 137.9
06A1C 2451 143.1

7d. B (90◦C)
06B2A 2405 161.4

159.006B2B 2404 155.2
06B2C 2401 160.2

7

07d. A (20◦C)
07A2A 2454 106.9

107.907A2B 2455 109.4
07A2C 2443 107.6

28d. A (20◦C)
07A1A 2461 150.4

147.707A1B 2461 149.9
07A1C 2453 142.8

7d. B (90◦C)
07B2A 2404 171.7

171.007B2B 2374 168.4
07B2C 2400 172.9

8

7d. A (20◦C)
08A2A 2406 125.5

123.608A2B 2408 123.7
08A2C 2417 121.7

28d. A (20◦C)
08A1A 2389 135.8

138.308A1B 2400 135.5
08A1C 2415 143.7

7d. B (90◦C)
08B2A 2384 158.6

157.208B2B 2371 154.2
08B2C 2369 158.8
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Table 5.7: Compressive strengths and densities for batch 9-14

Batch Curing regime Specimen ρ(kg/m3) σ (MPa) σ (MPa)

9
28d. A (20◦C)

09A1A 2309 125.8
124.409A1B 2300 117.6

09A1C 2312 129.8
7d. B (90◦C) 09B2A 2282 131.6 131.6

10

07d. A (20◦C)
10A2A 2415 113.5

114.610A2B 2426 114.7
10A2C 2435 115.5

28d. A (20◦C)
10A1A 2430 148.7

151.410A1B 2429 149.5
10A1C 2429 156.0

7d. B (90◦C)
10B2A 2396 182.5

188.510B2B 2399 194.5
10B2C 2397 188.4

11

07d. A (20◦C)
11A2A 2414 114.7

116.011A2B 2416 118.3
11A2C 2416 115.0

28d. A (20◦C)
11A1A 2423 156.9

155.511A1B 2438 159.0
11A1C 2424 150.6

7d. B (90◦C)
11B2A 2384 192.9

193.311B2B 2395 197.2
11B2C 2387 189.7

12 7d. B (90◦C)
12B2A 2386 194.9

194.812B2B 2386 194.8
12B2C 2407 194.5

13 7d. B (90◦C)
13B2A 2382 190.3

187.613B2B 2377 183.2
13B2C 2391 189.3

14 7d. B (90◦C)
14B2A 2398 190.6

191.714B2B 2387 192.7
14B2C 2415 191.7
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Table 5.8: Compressive strengths and densities for batch 15-22

Batch Curing regime Specimen ρ(kg/m3) σ (MPa) σ (MPa)

15 07d. B (90◦C)
15B2A 2385 181.0

177.915B2B 2363 175.5
15B2C 2399 177.2

16 7d. B (90◦C)
16B2A 2333 166.7

153.616B2B 2332 147.0
16B2C 2342 147.0

17 7d. B (90◦C)
17B2A 2329 163.7

161.317B2B 2338 165.8
17B2C 2332 154.5

18 7d. B (90◦C)
18B2A 2392 189.0

183.218B2B 2383 178.5
18B2C 2411 182.3

19 7d. B (90◦C)
19B2A 2418 208.3

203.119B2B 2432 197.7
19B2C 2440 203.3

20 7d. B (90◦C)
20B2A 2424 205.2

205.420B2B 2408 200.8
20B2C 2393 210.1

21 7d. B (90◦C)
21B2A 2339 171.1

171.421B2B 2346 173.8
21B2C 2341 169.2

22 7d. B (90◦C)
22B2A 2347 176.3

176.622B2B 2347 176.3
22B2C 2352 177.3

Observations

When the specimens were cured at 90◦C for 48 hours, starting 24 hours after casting,
they were seen to posses a higher compressive strength than specimens cured in water at
20◦C. Cubes from the same batch that had undergone the same curing regime exhibited
small differences in compressive strengths and densities. The values are calculated with
equations 6 and 7 in Section 3.
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5.1.3 Tensile Strength

Table 5.9 displays the failure load in kN from the tensile splitting tests performed
on the specimens that were mixed using the larger Eirich R09t mixer. These were
converted into tensile strength using Equation 8; the average value of the two specimens
is displayed in the last column.

Table 5.9: Tensile Strengths fct (MPa)

Batch Curing regime Specimen Failure load (kN) fct (MPa) fct (MPa)

01 28d. A (20◦C)
01A4A 1104.0 15.6

11.6
01A4B 529.7 7.5

02 28d. A (20◦C)
02A4A 632.0 8.9

8.9
02A4B 631.5 8.9

03 28d. A (20◦C)
03A4A 436.7 6.2

7.9
03A4B 676.5 9.6

06 28d. A (20◦C)
06A4A 450.0 6.4

8.0
06A4B 684.9 9.7

07 28d. A (20◦C)
07A4A 716.9 10.1

10.4
07A4B 758.1 10.7

10 28d. A (20◦C)
10A4A 964.5 13.6

11.6
10A4B 677.0 9.6

11 28d. A (20◦C)
11A4A 694.1 9.8

14.1
11A4B 1299.1 18.4

Observations

There are large variations in the tensile strength between the two specimens that
have been cast from the same batch. Specimen 11A4A (9.82 MPa) is almost half the
strength as 11A4B (18.38 MPa). All the values are between 6-20 MPa which, according
to the literature, is a common conception of where the tensile strength of a UHPC
should be.
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5.1.4 Modulus of elasticity

Table 5.10 shows the modulus of elasticity for the batches mixed in the larger mixer.
The lowest value of 35.1 GPa was measured for batch 9 with the SRA. The highest
average value of 49.3 GPa was obtained for batch 2.

Table 5.10: Modulus of elasticity Ec,s (MPa)

Batch Curing regime Specimen Ec,s (MPa) Ec,s (MPa)

01 28d. A (20◦C)
01A3A 43325

44275
01A3B 45224

02 28d. A (20◦C)
02A3A 47815

49322
02A3B 50828

03 28d. A (20◦C)
03A3A 46784

49045
03A3B 51305

06 28d. A (20◦C)
06A3A 42666

43644
06A3B 44621

07 28d. A (20◦C)
07A3A 42837

42617
07A3B 42396

08 28d. A (20◦C) 08A3A 41871 41871
09 28d. A (20◦C) 09A3A 35106 35106

10 28d. A (20◦C)
10A3A 46376

48838
10A3B 51299

11 28d. A (20◦C)
11A3A 50157

49254
11A3B 48351
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5.2 Extraneous program (Batches 23-26)

The following results are from the extraneous test program described in Section 4.2,
where the four best mix designs were re-batched in a larger volume in order to perform
a greater range of tests.

5.2.1 Workability

The batches that had a measured or estimated 28-day compressive strength of over 150
MPa and produced good workability over time are 20, 19, 2, 10, 22, 3, and 13. As some
of these mix designs contained materials that were in short supply at the university
(Danish quartz sand and Variodur 40), batches 19,20, and 3 were disregarded for the
last extraneous test program where 4x85L mixtures were produced. The mix designs
2,10,22, and 13 were re-batched in a larger volume, and renamed as 23,24,25, and 26,
respectively.

Table 5.11: Mix design - Series 4 - Batches 23-26 (kg/m3)

Batch number 23 (2) 24 (10) 25 (22) 26 (13)

CEM II/A-V 42,5N (Anl-FA) 740 740 740 740

CEM III/A 52,5R (Variodur 40) - - - -

CEM I 52,5R (Industri) - - - -

Merit 5000 (Slag) - - - -

Elkem Microsilica 940 U 146 146 146 146

Millisil W12 198 198 198 198

Betofill VK50 - - - -

Danish quartz sand 0-1mm - - - -

German quartz H33 938 938 938 938

Gneiss-granite 0-4mm - - - -

Quartz-diorite 5-8mm - - - -

Weidacon 0.15/9mm 146 146 146 146

SAPs BASF - - - -

Sika UHPC-2 12.69 12.69 15 15

Free water 210 195 195 180

Total 2394 2376 2378 2363

w/b 0.210 0.198 0.199 0.185

EIRICH R09t 3 3 3 3

EIRICH R02/Vac - - - -

58



Table 5.12 shows the results from the miniature slump flow tests for batches 23-26
during the first hour after mixing.

Table 5.12: Slump flow values for batches 23-26

Batch
Miniature slump flow (mm)

0 min 5 min 10 min 15 min 20 min 30 min 40 min 50 min 60 min
23 270 260 260 258 240 225 210 208 200
24 225 218 210 193 185 170 140 135 130
25 253 235 220 218 210 200 185 180 168
26 228 208 190 180 180 168 155 140 130

The results were visualized against those of the previous batches with the same mix
design to determine if large variations had occurred. Figure 5.9 shows the results in
millimeters, and Figure 5.10 displays them as a percentage reduction of the initial value.
The batches with the same mix design had the same color and were seen to follow the
same pattern as a whole; however, some singular measurements at specific times were
seen to vary more than others. For instance, at 30 minutes batch 10 leveled off while
batch 24 experienced a continuous drop. The exact cause of this variation is hard to
pin point; one theory may be the presence of residual concrete on the A3 laminated
sheet causing a larger friction and thus restricting its flow.

Observations

All the slump flows performed for batches 23-26 had almost identical mix designs
with the exception of water and SP volumes. All the slump flows had what looked
like an even distribution of fibers at the edges and good stability. The mobility was
seen to decline for every measurement in time, and batches 24 and 26 took a long time
to release from the cylinder mold. The formation of elephant skin occurred on all 4
batches and faster for batches 24 and 26.
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Figure 5.9: Slump flow (mm) for batches 23,24,25, and 26 compared to batches 2,10,22,
and 13.
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Figure 5.10: Slump reduction as a percentage of the initial slump value for batches
23,24,25, and 26 compared those of batches 2,10,22 and 13.

5.2.2 Compressive strengths and hardened densities

Table 5.13 presents the compressive strengths and hardened densities for batches 23-26.
Specimen 24A2A shows a substantially lower strength than 24A2B/C. This specimen
had an uneven side due to overfilling the mold and cannot be considered a reliable
result.
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Table 5.13: Compressive strengths and densities for batches 23-26

Batch Curing regime Specimen ρ(kg/m3) σ (MPa) σ (MPa)

23

7d. A (20◦C)
23A2A 2459 109.6

106.323A2B 2425 104.8
23A2C 2423 104.4

28d. A (20◦C)
23A1A 2423 159.2

155.423A1B 2426 151.1
23A1C 2434 156.0

07d. B (90◦C)
23B2A 2385 185.7

186.523B2B 2379 187.6
23B2C 2416 186.3

24

7d. A (20◦C)
24A2A 2394 87.6

99.424A2B 2396 104.2
24A2C 2394 106.4

28d. A (20◦C)
24A1A 2392 142.9

141.624A1B 2397 145.6
24A1C 2400 136.2

7d. B (90◦C)
24B2A 2367 179.4

182.324B2B 2379 184.4
24B2C 2270 183.1

25

7d. A (20◦C)
25A2A 2412 110.5

109.225A2B 2401 107.7
25A2C 2434 109.4

28d. A (20◦C)
25A1A 2416 142.7

145.925A1B 2424 152.6
25A1C 2435 142.5

7d. B (90◦C)
25B2A 2399 192.0

188.525B2B 2366 190.0
25B2C 2371 183.4

26

7d. A (20◦C)
26A2A 2427 113.5

111.026A2B 2410 108.4
26A2C 2423 111.0

28d. A (20◦C)
26A1A 2403 146.1

153.226A1B 2409 155.0
26A1C 2402 158.5

7d. B (90◦C)
26B2A 2361 183.6

182.726B2B 2374 183.9
26B2C 2372 180.6
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5.2.3 Tensile strengths

Table 5.14 shows the failure load and tensile strength for batches 23-26.

Table 5.14: Tensile Strengths fct (MPa).

Batch Curing regime Specimen Failure load (kN) fct (MPa) fct (MPa)

23 28d. A (20◦C)
23A4A 641.4 9.1

8.7
23A4B 582.6 8.2

24 28d. A (20◦C)
24A4A 610.4 8.6

8.4
24A4B 576.6 8.2

25 28d. A (20◦C)
25A4A 512.3 7.3

8.4
25A4B 669.1 9.5

26 28d. A (20◦C)
26A4A 887.9 12.4

10.9
26A4B 656.7 9.3

5.2.4 Modulus of elasticity

Table 5.15 presents the modulus of elasticity for batches 23-26.

Table 5.15: Modulus of elasticity Ec,s (MPa).

Batch Curing regime Specimen Ec,s (MPa) Ec,s (MPa)

23 28d. A (20◦C)
23A3A 48265

47737
23A3B 47208

24 28d. A (20◦C)
24A3A 44610

45398
24A3B 46186

25 28d. A (20◦C)
25A4A 46729

46796
25A4B 46862

26 28d. A (20◦C)
26A4A 46156

46626
26A4B 47096
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5.2.5 Flexural strength

Table 5.16 displays the failure load and flexural strength for batches 23-26. The tests
were performed as described in the methods of measurement in Section 3.7. The load
rate was set to 0,05 MPa/s and the length between the supports set to 460mm. The
flexural strength for the batches varied from 14 to 20 MPa. Only two specimens were
casted and tested for batch 26, the reason being a shortage of molds as all four batches
had been mixed on the same day. Figure 5.11 shows specimen 24A5C after failure.

Table 5.16: Flexural strength fct (MPa)

Batch Curing regime Specimen
Failure load
Ff (kN)

Ff

(kN)
Flexural strength
fct (MPa)

23 28d. A (20◦C)
23A5A 33.0

31.3 14.423A5B 31.8
23A5C 29.1

24 28d. A (20◦C)
24A5A 36.7

38.2 17.624A5B 42.8
24A5C 35.0

25 28d. A (20◦C)
25A5A 31.1

30.7 14.125A5B 33.4
25A5C 27.6

26 28d. A (20◦C)
26A5A 45.8

42.3 19.5
26A5B 38.7

Figure 5.11: Photograph of specimen 24A5C that underwent flexural testing.
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5.2.6 Permeability - Porosity

The weights measured at the different stages of the PF method, in addition to the
calculated capillary absorption, can be found in appendices E and F. The densities,
porosities, and pore protection factor are derived by equations 13-19 and shown in Table
5.18. The unidirectional capillary suction was carried out on dried specimens, and the
amount of water absorbed (kg/m2) over time (

√
s) for each specimen is presented in

Figure 5.15. The procedure for this is described in Section 3.8. The capillary number
(slope of linear section) is shown in table 5.18.

Observations

The capillary porosity lies on an average between 3-4 vol-% and a macro porosity
of under 1 vol-% for batches 23-26. Batch 23 had the highest total porosity followed by
batches 24,25, and 26 respectively. Figure 5.12 shows the cross section of a specimen
from batch 26. The large macro pores are clearly visible, as well as the distribution of
their steel fibers and the randomness of their orientation.

Figure 5.12: Cross sectional view of the specimen from batch 26.

During the 96 hours with unidirectional capillary suction, the water front did not
reach the top of the specimens due to its low capillary porosity, i.e, a dry top surface.
The graphs in figures 5.13 and 5.15, therefore, only display the first near linear section
of the curve, meaning the resistance number (m) could not be determined. Figure
5.13 shows the average capillary suction over time and that batch 23 has the highest
water absorption capacity followed by batches 25,24, and 26, respectively. It should be
noted that the differences between them were found to be minimal. Figure 5.15 shows
the capillary absorption for every specimen; there are minimal variations in absorption
for specimens from the same batch. The results from the capillary suction are also
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presented in tabular form in Appendix F. Table 5.18 shows the capillary number (k)
derived in Equation 20, the water absorbed at 96 hours was used as Qcap, causing some
source of error. In comparison, a B45 MF40 NSC exhibited a capillary capacity of
approximately 2 kg/m2 after a period of 24 hours, giving a capillary number of 8E-2
[25].

Figure 5.13: Average capillary suction in kg/m2 over
√
time for batches 23-26.

Table 5.17: Capillary number

Batch Qcap
√
tcap Capillary number (k)

23 0.4725 588 8.037E-4
24 0.425 588 7.23E-4
25 0.4575 588 7.78E-4
26 0.3975 588 6.76E-4

Figure 5.14 shows a picture of the pressure tank setup used to saturate the largest
macro pores to determine the total porosity. The container only had a capacity for 8
specimens; therefore, only A and B for each batch were tested. Some of the entries in
Table 5.18 are, therefore, missing.
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Figure 5.14: Pressure tank used to determine the pressure saturated porosity.

Table 5.18: Densities and porosities for batches 23-26

Set of
samples

Density (g/cm3) Porosity (volume percent)
PF %

Bulk Dry
Density
(ρBD)

Saturated
Surface Dry

Density
(ρSSD)

Solid Density
(ρS)

Pressure saturated
(εtot)

Saturated
by suction

only
(εsuc)

Air
(εair)

23B6A 2.355 2.396 2.478 4.98 4.17 0.81 16.3

23B6B 2.350 2.389 2.465 4.67 3.99 0.67 14.3

23B6C 2.347 2.387 - - 4.00 - -

23B6D 2.349 2.387 - - 3.78 - -

Average 2.350 2.390 2.472 4.83 3.99 0.74 15.3

24B6A 2.336 2.369 2.430 3.88 3.30 0.57 14.7

24B6B 2.345 2.379 2.432 3.61 3.41 0.19 5.3

24B6C 2.346 2.379 - - 3.33 - -

24B6D 2.348 2.380 - - 3.25 - -

Average 2.344 2.377 2.431 3.75 3.32 0.38 10.0

25B6A 2.344 2.378 2.433 3.65 3.36 0.28 8.3

25B6B 2.381 2.417 2.470 3.61 3.46 0.14 3.9

25B6C 2.353 2.384 - - 3.13 - -

25B6D 2.341 2.374 - - 3.32 - -

Average 2.355 2.388 2.452 3.63 3.31 0.21 6.1

26B6A 2.383 2.415 2.478 3.84 3.01 0.83 21.6

26B6B 2.375 2.404 2.453 3.17 2.89 0.28 8.8

26B6C 2.362 2.393 - - 3.10 - -

26B6D 2.353 2.384 - - 3.04 - -

Average 2.368 2.399 2.466 3.51 3.01 0.56 15.2
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Figure 5.15: Capillary suction in kg/m2 over
√
time for all specimens in batches 23-26
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6 Analysis

Each mix design was proportioned by replacing or modifying one component at a time,
isolating the effect it had on the concrete´s properties. In the following subsections,
relevant batches have been discussed for each material category.

6.1 Superplasticizer - quality and quantity

Figure 6.1 shows the slump flow values for batches 1 and 2. Batch 1 was dosed with
30 kg/m3 Mapei Dynamon SX-N while batch 2 with 12.69 kg/m3 Sika Visco-Crete
UHPC-2. Every other component in the mix designs were identical, with the same
mixing and casting procedure. The mobility of batch 1 was reduced to 64 % within the
first 30 minutes after mixing, where the largest drop was seen to have occurred during
the first 15 minutes, while batch 2 only experienced a total drop to 85 % with a more
gradual decline. The slump flow measurements for batch 2 were almost twice as large
than those for batch 1, even with a dosage of approximately 1/3 volume of SP. This
shows the effectiveness of Sika Visco-Crete UHPC-2. A disadvantage of this is achieving
the desired workability may prove harder when a small error in dosage has such a large
effect. The Sika Visco-Crete UHPC-2 produced compressive strengths that were 10-20
% larger than the Dynamon SX-N depending on the curing regime. This is illustrated
in Figure 6.2. Batch 2 also exhibited on average 50 kg/m3 higher density than batch
1; a more densely packed matrix normally results in a higher compressive strength, as
is the case here.

A more effective SP or higher dosage may result in a more effective dispersion of
flocculated cement particles, promoting a larger percentage of hydration to take place,
thus increasing its compressive strength. Batch 16 had a compressive strength of 153
MPa and batch 17 with an increase of 2.5 kg/m3 was measured at 161 MPa. The
densities for both the batches were found to be very similar, between 2330 and 2340
kg/m3. The same was seen between batches 24 (182 MPa) and 25 (188 MPa) with
2.31 kg/m3 more SP. There was an instance where this was not the case; batch 13
had a slightly lower compressive strength (188 MPa) compared to batch 12 (195 MPa),
despite a slightly higher SP dose (increase of 2.31 kg/m3). The differences in densities
were negligible in this case. For all the three cases where UHPC-2 was used, (12 vs 13,
16 vs 17, and 24 vs 25) a higher SP dosage resulted in higher slump flow readings and
a lower reduction in mobility over the first 30 minutes after mixing.
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Figure 6.1: Workability for batches 1 and 2.

Figure 6.2: Compressive strengths for batches 1 and 2.
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6.2 Modifications to water-binder ratio

The slump flow results from batches 2, 10, and 11 are displayed in figure 6.3, where the
only variation between the mix designs is water quantity. Batch 2 contains 210 kg/m3

(w/b = 0.224), batch 10 has 195 kg/m3 (w/b = 0.198), and batch 11 has 180 kg/m3

(w/b = 0.183). Reducing the water content by 15 kg/m3 gives a slump flow reduction
of an average of 50mm. The major difference can be seen in the first 5 minutes where
batch 2 loses none of its workability, while batch 11 experiences a large drop. After
30 minutes, the mobility of batches 2, 10, and 11 are reduced to 85.0, 84.5, and 71.8
respectively. Batch 13 (180 kg/m3, w/b = 0.185) and 15 (170kg/m3, w/b = 0.175) are
also comparable as they only vary in water quantity. These are displayed in figure 6.4.
Both these batches experience the same large drop in workability during the first five
minutes as batch 11 did. Their total loss of workability after 30 min were 78.3 and 77.1,
respectively.

Figure 6.3: Batches 2, 10, and 11 Figure 6.4: Batches 13 and 14
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Figure 6.5: Compressive strengths for batches 2, 10, and 11.

Figure 6.6: Compressive strengths for batches 13 and 14

Figure 6.7: Compressive strengths for batches 25 and 26
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Figure 2.4 illustrated that a lower w/b ratio should cause a higher compressive
strength. Figure 6.5, 6.6, and 6.7 compares the compressive strengths for batches with
different w/b ratios, and the results for these batches are in agreement with this theory,
with the exception of the specimens from batch 25 (7-day air tempering regime) and
batch 10 (28-day water immersion), which had an opposite effect. There was a case
where a lower w/b ratio decreased the average compressive strength for all specimens;
this is shown in Figure 6.8 below, where batch 23 (210L water, w/b = 0.210) is compared
with batch 24 (195L water, w/b = 0.198).

Figure 6.8: Compressive strengths for batches 23 and 24

These results indicate that a higher w/b ratio minimizes the loss of workability over
time and that a drastic drop occurs within the first five minutes when the w/b ratio
descends below 0.2. In other words, the workability over time and compressive strength
most often have an inverse relationship when only the w/b ratio is considered, causing a
balancing act between the fresh phase properties and the hardened state performance.
A lower w/b ratio also caused a smaller volume percent of capillary pores in the concrete;
this was the case for batches 23-26 as shown in Table 5.17. A smaller capillary porosity
slows down the rate of mass transport through the material (lower capillary number k)
providing more protection against chemical attack such as chlorides. The total porosity
also declines when the w/b ratio is lowered, this indicates that a degrease in porosity
causes an increase in compressive strength, and is supported by the results found in
this thesis. There seems to be a correlation between the size of the initial slump flow
and the loss of mobility over time. A cement with a high initial slump flow seems to
have the ability to retain its workability over longer periods. This is the case for all the
batches 23-26 in the extraneous program as can be seen by comparing figures 5.9 and
5.10.

In the extraneous test program, the flexural strength was increased when the w/b
ratio decreased. Reducing the w/b ratio from 0.210 to 0.198 (batch 23 and 24) caused
an increase in flexural strength of 3 MPa, and the same was observed for batches 25
and 26, with an increased strength of 5 MPa.
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6.3 Fillers - Millisil W12 vs Betofill VK50

Millisil W12 is a silica-based filler (batch 4 and 7) while Betofill VK 50 is a limestone
filler (batch 5 and 6), and both of these are chemically inert materials. A comparison of
the mobility of batch 4 versus 5 and batch 6 versus 7 indicate that the two batches with
Millisil W12 had, on average, a larger slump flow value; however, the Betofill VK50
preserves its mobility slightly better over time when compared to Millisil W12 with
5-10 % larger drop after 30 minutes. The slump flow results for these four batches are
shown in Figure 5.6. The mix designs were proportioned on a volumetric basis when
substituting a material component, compensating for the higher density of Betofill
VK50 (2720 kg/m3) when compared to Millisil W12 (2650 kg/m3). Pin pointing an
exact reason as to why Betofill VK50 retains a higher mobility over time is difficult with
only these results and would need to be studied further. According to the product data
sheets in Appendix I, the particle size distribution for both fillers were nominally alike.
The specific surface area (m2/kg) could have an influence on the initial slump flow with
regards to the amount of water required to produce the same flow-ability. This may
explain why Millisil W12 produced an on-average higher slump flow. This value was not
present in the PDSs and neither was it determined as a part of this thesis. A study on
the effects of limestone and silica powder on early age performance determined that the
calcite in limestone contains Ca+2 and CO3−2, which contributes to a neutral particle
surface, and function as an inter-particle electrostatic repulse towards hydroxyl groups
in an aqueous solution [26]. This may be a contributing factor in how Betofill VK50
sustains its mobility over longer periods, as this electrostatic repulse on a molecular level
acts similarly as the polycarboxylate-based superplasticizers. These are theories that
may support the results obtained here; however, they have not been proven as a part
of this thesis. While considering only the workability of concrete, the question arises
whether it is more advantageous during casting to increase the slump flow, providing
better compactability in the first minutes or to preserve a slightly lower slump flow over
a longer time period. On the subject of mechanical strength, Millisil W12 provides a
5-8 percent increase in compressive strength when compared to Betofill VK50. This
can be observed in figures 6.8 and 6.9. The question arises whether or not the increase
in performance is worth the higher material costs that come with using Millisil W12
as a filler. From an economical point of view, limestone fillers are very advantageous
because of their low production costs. A higher specific surface area (blaine value),
would require more water to achieve the same slump flow, the blaine value was not
available in the PDSs; however, if Betofill VK50 has a higher specific surface area to
that of Millisil W12, this could cause a reduction in initial slump flow; meaning less
water is available for the hydration of cement, causing a reduction in reduction in
compressive strength. This would support the results presented in figures 6.9 and 6.10.
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Figure 6.9: Batches 4,5,6, and 7

Figure 6.10: Compressive strengths for batches 6 and 7
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Figure 6.11: Compressive strengths for batches 4 and 5

6.4 Effect of changing the aggregate

The differences between batches 2,3,4, and 7 is the granular component; batch 2 consists
of the German quartz sand H33 (d<0.5mm), batch 3 has the Danish quartz sand
(0mm < d < 1mm), batch 4 has gneiss-granite (0mm < d < 4mm), batch 7 has
both gneiss-granite and quartz-diorite (5mm < d < 8mm) with a volume fraction of
70/30 respectively. It should be noted that batch 4 was mixed in a different mixer
than the other 3 batches. The slump flows for these four batches are displayed in
Figure 5.7. Batches 2 and 3 with the smallest particle size produce the larges slump
flow in addition to a more gradual slope, indicating a better mobility over the first 30
minutes after mixing. The particle phase with a diameter over 0.125mm is, according
to the literary study, the largest influencer on fresh phase properties. The particle-size
distribution curves for these four batches are presented in Appendix H. The German
quartz H33 and Danish quartz are more spherically shaped, creating a ”ball bearing”
effect when compared to the larger gneiss-granite and quartz-diorite with more angular
dimensions. More work is required to overcome the internal friction between angular
shaped particles, which will reduce the mobility. The aggregates porosity also has an
effect; a higher porosity means a larger absorption of free water, leaving less to provide
workability. Porosity tests of the aggregates were not performed during this thesis, and
neither is it displayed in the PDSs. Figure 6.11 compares the compressive strengths of
these four batches. The smaller particle size also produces higher values. There can be
several reasons for this; some theories are that the smaller aggregates lead to a more
homogeneous material with less local defects and that the weaker ITZ is more often
greater due to the presence of larger aggregates, reducing its strength. Batch 4 and
7 showed a small tendency of paste separation, and as mentioned in the literature, a
lower stability increases the thickness of the ITZ, resulting in a diminished strength, as
is the case when comparing batches 4 and 7 with 2 and 3.
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Figure 6.12: Batches 2, 3, 4, and 7

Figure 6.13: Compressive strengths for batches 2, 3, 4, and 7
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6.5 Effect of changing the mixer

Batches 11 and 12 have identical mix designs; however, batch 11 was mixed using the
larger Eirich R09t mixer while batch 12 was mixed in the smaller, more intensive Eirich
R02/Vac mixer. The results for these two batches have been isolated in Figure 5.8
below. In this case, the R02/Vac produces a larger slump flow for all 5 time intervals
(0-30min) which could be attributed to higher mixing energy (KJ/kg) in the smaller
mixer. The slope of the two curves look very similar. The smaller mixer produced a
4 % drop in mobility over the first 30 minutes and compared to the larger mixer, this
drop was very small and may not be significant enough to draw any conclusions. Only
one test was performed with the intent of determining the effect of different mixers.
Batch 11 had a compressive strength of 193.3 MPa while batch 12 was measured at
194.8 MPa, meaning the strength was not affected greatly by changing the mixer.

Figure 6.14: Batches 11 and 12
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6.6 Effect or changing the binders

Batches 13, 15, 16, and 19 consist of different binders,and the rest of the mix design
is identical apart from batch 16, which contains an additional 50 kg/m3 water to com-
pensate for the higher blaine value of the CEM I 52,5R. Figure 5.9 below shows the
slump flow results of these four batches.

Figure 6.15: Batches 13,15,16, and 19

Batch 19 containing CEM III/A 52,5 R (Variodur 40) and has a much larger slump
flow than the others, with only a 10 % drop in mobility over the first 30 minutes,
while the three other binders showed a reduction of 25%. The compressive strengths
are compared in Figure 6.14, and shows large variations between them. Variodur 40
provides the best compressive strength and workability; however, this product is not
as commercially accessible in Norway when compared to the other binders tested from
the manufacturer Norcem. Batch 15 replaced 30 vol-% of the CEM II with Slag, which
increased the slump flow slightly; however, there was minimal effect on the mobility
over time. The slag caused the average compressive strength to drop 10 MPa when
considering the specimens that had undergone 48-hour air tempering at 90 degrees
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Celsius. A cement with a higher specific surface area (blaine value) will usually require
a larger amount of water to preserve the same level of workability. The CEM I 52,5 R
(Norcem Industrisement) had a blaine value of 550 kg/m3, which was much higher when
compared to CEM II/A-V 42,5 N (Norcem Anleggsement FA) with 390 kg/m3. During
the proportioning process, an attempt was made to compensate for this by increasing
the water content to 230 kg/m3; this was not sufficient to produce the same initial
slump flow, as can be seen in Figure 6.13. The Variodur 40 is an especially developed
cement from Dycherhoff marketed for use in UHPC. The blaine value for this cement
was not present in the researched literature, so a comparison could not be made from
the aspect of cement fineness.

Figure 6.16: Compressive strengths for batches 13,15,16, and 19

All of the specimens that were tensile tested contained the same quantity of Norcem
Anleggsement FA, so no analysis is carried out in this thesis on tensile strength with
respect to alterations in the quality and quantity of cement.
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6.7 UHPCs modulus of elasticity

As stated earlier in the literary study, Graybeal established empirical linear equations
connecting the modulus of elasticity and 28-day compressive strength for UHPCs. The
results determined by material testing in the laboratory are compared to the results
calculated by these linear equations, and its deviation in percent are presented in Table
6.1. It can be seen that the linear equations have increasing discrepancies when used on
concretes with compressive strengths under the UHPC limit of 150 MPa. For batches
2,3,10,11, and 23, which had strengths of 150-160 MPa, there was only a deviation of
±5%. The output value of the two equations did not vary much between them, and
according to the results attained in this thesis, one equation is not more accurate than
the other. Batches 8 and 9 were not reinforced with steel fibers, which is a contributing
factor to the low modulus of elasticity. These experienced a very brittle failure during
the compression testing of the cubic specimens, which could be described as an explosive
failure.

Table 6.1: Theoretical vs actual modulus of elasticity for UHPC

Batch
Avg. comp. strength (MPa)
(28 d 20◦C water immersion)

Measured
modulus of elasticity

(GPa)

E = 3320
√
fc + 6900 E = 19000 3

√
fc
10

E-modulus
(GPa)

Deviation
(%)

E-modulus
(GPa)

Deviation
(%)

1 132.2 44.3 45.1 +1.8 44.9 +1.4
2 154.6 49.3 48.2 -2.2 47.3 -4.1
3 151.2 49.0 47.8 -2.5 46.9 -4.3
6 139.5 43.6 46.1 +5.7 45.7 +4.8
7 147.7 42.6 47.3 +11.0 46.6 +9.4
8 138.3 41.9 45.9 +9.5 45.6 +8.8
9 124.4 35.1 43.9 +25.1 44.0 +25.4
10 151.4 48.8 47.8 -2.0 47.0 -3.7
11 155.5 49.3 48.3 -2.0 47.4 -3.9
23 155.4 47.7 48.3 +1.2 47.4 -0.6
24 141.6 45.4 46.4 +2.2 46.0 +1.3
25 145.9 46.8 47.0 +0.4 46.4 -0.9
26 153.2 46.6 48.0 +3.0 47.2 +1.3

The modulus of elasticity is an essential factor for estimating the deformation of
the material, and is most often expressed in terms of compressive strength; however,
determining an accurate empirical linear relationship between the two is difficult, as
concrete is a heterogeneous material in nature. The results show in general that an
increase in 28-day compressive strength, leads to an increase in the concretes modulus
of elasticity. Some observations made from the Table 6.1 shows that batches 2, 3, 10, 11,
23 with similar compressive strengths, also produced similar high modulus of elasticities
around 48-49 GPa. These batches had the smaller granular fractions, the same binder.
When introducing the larger granular fraction in batches 6 and 7, the E-modulus drops
to 42-43 GPa. Batch 9 with the SRA and without fiber reinforcement produced the
lowest E-modulus. The specimens that underwent modulus of elasticity testing were
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only curing submerged in 20 degrees Celsius water for 28 days. With heat treatment,
this number should be increased above 50; however, this was not tested in this thesis.

6.8 Sources of error

During the laboratory portion of this thesis, some sources of error did arise. There were
some instances in the miniature slump flow test where the surface of the laminated base
board was not cleaned thoroughly enough after removing the excess concrete after filling
the cylindrical mold. This caused a higher friction between the base board and concrete,
decreasing the flow velocity in some places, resulting in a lower slump flow. This was
the case for some of the first batches. Only one specimen from batch 9 underwent an
air tempering curing regime. This was due to not enough material left over, while the
other batches had three specimens to calculate the average value. This was also the case
for batch 8 and 9 when determining the modulus of elasticity where only one cylinder
was tested for each of these batches.

The PF-method was performed on UHPCs where the capillary suction was very
retarded when compared to a NSC with higher porosity. This test should have been
extended to longer time intervals to identify the moment of capillary capacity when the
water front reaches the topside of the specimen, indicating that all the capillary pores
are saturated. This may have caused some discrepancies when calculating the capillary
number (k).
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7 Conclusion

This thesis attempted to understand how the workability over time, mechanical proper-
ties, and durability are affected by making alterations to the mix design. By changing
one material component at a time, either in quality or quantity, and performing a range
of tests made it possible to achieve this. The results attained in this thesis show that
the densities for the UHPCs that were tested were in the range of 2350-2450 kg/m3

with low variations between specimens with the same mix design and curing regime, in-
dicating good homogeneity and high stability. Normal strength concretes usually have
a density of around 2400 kg/m3, so these UHPCs did not vary much from NSCs with
respect to density. When using the larger aggregate fraction, there was a tendency
for paste separation. There was little variations in the stability over time for the mix
designs that were evaluated, but the mobility was reduced depending on the material
composition. The factors that had the highest influence on mobility over time was
the type and quantity of SP, w/b ratio, initial slump flow, aggregate size, and type of
binder. To preserve the fresh-phase properties over a longer period, the concrete should
be proportioned with a high SP dose, high w/b ratio, both causing a large initial slump,
small aggregate fraction, and a binder like Variodur 40. However, some of these factors
will have a negative effect on the mechanical properties. Increasing the w/b value will,
in most cases, reduce the compressive and flexural strength with some exceptions; this
will increase the permeability due to a higher vol-% of capillary pores, reducing its
durability. Increasing the SP usually increases the compressive strength; however, this
is not always the case, as was seen in one of four instances in the laboratory program.
The reduction of aggregate grain size causes a positive effect on both the workability
and mechanical properties.

When disregarding the affects on workability, to produce a UHPC with high com-
pressive strength, the w/b ratio should be reduced, utilizing a binder such as Variodur
40 and a filler based on silica powder, in addition to keeping the largest particle size
under 1mm.

The tensile strength of all the mix designs evaluated were in the range of 6-20MPa
and was in accordance with the literary study on UHPC; however, there were unex-
pected large variations in strength between specimens that had the same mix design and
curing condition. This is most likely a result of different fiber orientations in relation-
ship to the stress direction. These results were determined by performing the splitting
tensile test and converted into tensile strength, which could show some deviations when
compared to a uniaxial test.

The elastic modulus for the batches that qualified as a UHPC with regards to the
compressive strength were in the range of 45-50 GPa. UHPCs have a high density
matrix with a low capillary porosity. This reduces the rate of water intrusion into the
material from the surface, improving its resistance to chemical attack. This was verified
by performing the PF-method on batches 23-26.
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8 Suggestions for further work

In this thesis, the amount of silica and fibers have remained constant throughout all
mix designs. How the volume percent and aspect ratio of fiber reinforcement will affect
the mobility over time was not determined in this thesis and merits more research.

The autogenous shrinkage was not determined for these mix designs and it would
be interesting to see how the large binder content could cause cracking, i.e, reduce the
overall material performance and if autogenous shrinkage has an inverse relationship
with workability over time or not. Testing the tensile strength of UHPCs by utilizing
a uniaxial tensile test is also an interesting next step, although this test is more time
consuming and difficult to implement than a conversion though the splitting tensile
test. This could be done by 3D printing dog-bone shaped molds with slops to place
8mm re-bars on either end so that they are axially aligned when testing. Initially, the
plan was to attempt this test as a part of this thesis to examine the differences between
splitting tensile tests and uni-axial tensile tests. However, this was not done but rather
considered as a suggestion for further work. Figure 8.1 below shows a drawing done in
Autocad for mold designs.

Figure 8.1: Molds for specimens for uni-axial tensile test drawn in Autocad, with the
intension of 3D printing or laser-cutting plexiglas for assembly

The binder CEM III/A 52,5 R (Variodur 40) showed the most promising results,
both when it came to workability over time and compressive strength. However, due
to the short supply of this binder at the university during the time the laboratory
part of this thesis was undertaken, this mix design could not be investigated with
respect to prolonged mobility tests up to 60 minutes after mixing, flexural strength,
and permeability. The tensile strength was not determined in batches where variations
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were made to the binders and was therefore not investigated in this thesis.
How does different placing techniques affect the fiber orientation and can this help

reduce the large variations in tensile strength between two specimens with the same mix
design and curing regime? UHPCs large binder content may produce a lot of heat due
to the exo-thermal process of hydration. How does this material perform when used
in larger constructions with thicker cross sections? The accuracy of the PF methods
for use on UHPCs would also be examined further, How often do these specimens need
to undergo capillary suction before the capacity is reached? These questions have not
been examined in this thesis, but are presented here as suggestions for further work on
the subject of UHPC.
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A: Mix designs in kg/batch with corrections due to

moisture content in aggregates

Table A1: Mix design in kg/batch and moisture calculations (batches 1-9).

Batch number 1 2 3 4 5 6 7 8 9
Batch volume 55L 55L 55L 3.3L 3.3L 55L 55L 40L 50L
Batch date 28.08.19 28.08.19 28.08.19 18.09.19 18.09.19 10.09.19 10.09.19 29.08.19 29.08.19
CEM II/A-V 42,5 N (Anl-FA) 40.70 40.70 40.70 2.442 2.442 40.70 40.70 - -
CEM III/A 52.5 R (Variodur 40) - - - - - - - 31.12 38.95
CEM I 52,5 R (Industri) - - - - - - - - -
Merit 5000 (slag) - - - - - - - - -
Elkem microsilica 940U 8.03 8.03 8.03 0.482 0.482 8.03 8.03 6.15 7.69
Millisil W12 10.89 10.89 10.89 0.653 - - 10.89 - -
Betofill VK50 - - - - 0.710 11.83 - 7.42 9.28
Danish quartz sand 0-1mm - - 51.22 - - - - - -
German quartz H33 51.59 51.59 - - - - - - -
Gneiss-granite 0-4mm - - - 3.109 3.109 36.25 36.25 16.08 20.05
Quartz-diorite 5-8mm - - - - - 16.12 16.12 29.98 32.46
Weidacon 0.15/9mm 8.03 8.03 8.03 0.482 0.482 8.03 8.03 - -
SAPs BASF - - - - - - - - 0.117
Mapei Dynamon SX-N 1.650 - - - - - - - -
Sika Visco-Crete UHPC-2 - 0.55 0.55 0.033 0.033 0.55 0.55 0.34 0.467
Free water 11.55 11.55 11.55 0.693 0.693 11.55 11.55 7.46 12.47
Moisture (dry) in aggregate 0.50% 0.50% 1.63% 2.99% 2.99% 2.56%* 2.56%* 1.50%* 1.50%*
Moisture in kg 0.06 0.06 0.84 0.093 0.093 0.93 0.93 0.24 0.30
Corrected free water 11.49 11.49 10.71 0.600 0.600 10.62 10.62 7.22 12.17
Total weight 132.38 131.28 130.13 7.801 7.858 132.13 131.19 98.31 121.18

*Moisture content for quartz-diorite (5-8mm) was 0% for batches 6,7,8, and 9. The
moisture percentage displayed in Table A.1 originates from the gneiss-granite (0-4mm).
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Table A2: Mix design in kg/batch and moisture calculations (batches 10-18).

Batch number 10 11 12 13 14 15 16 17 18
Batch volume 55L 55L 3.3L 3.3L 3.3L 3.3L 3.3L 3.3L 3.3L
Batch date 10.09.19 10.09.19 18.09.19 18.09.19 30.09.19 30.09.19 30.09.19 06.10.19 06.10.19
CEM II/A-V 42,5 N (Anl-FA) 40.70 40.70 2.442 2.442 2.442 1.709 - - 2.442
CEM III/A 52.5 R (Variodur 40) - - - - - - - - -
CEM I 52,5 R (Industri) - - - - - - 2.528 2.528 -
Merit 5000 (slag) - - - - - 0.710 - - -
Elkem microsilica 940U 8.03 8.03 0.482 0.482 0.482 0.482 0.482 0.482 0.482
Millisil W12 10.89 10.89 0.653 0.653 0.653 0.653 0.653 0.653 0.653
Betofill VK50 - - - - - - - - -
Danish quartz sand 0-1mm - - - - - - - - -
German quartz H33 51.59 51.59 3.095 3.095 3.095 3.095 3.095 3.095 3.095
Gneiss-granite 0-4mm - - - - - - - - -
Quartz-diorite 5-8mm - - - - - - - - -
Weidacon 0.15/9mm 8.03 8.03 0.482 0.482 0.482 0.482 0.482 0.482 0.482
SAPs BASF - - - - - - - - -
Mapei Dynamon SX-N - - - - - - - - -
Sika Visco-Crete UHPC-2 0.698 0.698 0.0419 0.0495 0.0495 0.0495 0.0495 0.0578 0.0578
Free water 10.73 9.90 0.594 0.594 0.561 0.594 0.759 0.759 0.561
moisture (dry) in aggregate 0.50% 0.50% 0.50% 0.50% 0.40% 0.40% 0.40% 0.40% 0.40%
Moisture in kg 0.260 0.260 0.014 0.014 0.012 0.012 0.012 0.012 0.012
Corrected free water 10.47 9.64 0.580 0.580 0.549 0.582 0.747 0.747 0.549
Total weight 130.41 129.58 7.776 7.784 7.753 7.763 8.036 8.045 7.761
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Table A3: Mix design in kg/batch and moisture calculations (batches 19-26).

Batch number 19 20 21 22 23 24 25 26
Batch volume 3.3L 3.3L 3.3L 3.3L 85L 85L 85L 85L
Batch date 06.10.19 21.10.19 21.10.19 21.10.19 05.11.19 05.11.19 05.11.19 05.11.19
CEM II/A-V 42,5 N (Anl-FA) - - 2.442 2.442 62.90 62.90 62.90 62.90
CEM III/A 52.5 R (Variodur 40) 2.442 2.442 - - - - - -
CEM I 52,5 R (Industri) - - - - - - - -
Merit 5000 (slag) - - - - - - - -
Elkem microsilica 940U 0.482 0.482 0.482 0.482 12.41 12.41 12.41 12.41
Millisil W12 0.653 0.653 0.653 0.653 16.83 16.83 16.83 16.83
Betofill VK50 - - - - - - - -
Danish quartz sand 0-1mm - - - - - - - -
German quartz H33 3.095 3.095 3.095 3.095 79.73 79.73 79.73 79.73
Gneiss-granite 0-4mm - - - - - - - -
Quartz-diorite 5-8mm - - - - - - - -
Weidacon 0.15/9mm 0.482 0.482 0.482 0.482 12.41 12.41 12.41 12.41
SAPs BASF - - - - - - - -
Mapei Dynamon SX-N - - - - - - - -
Sika Visco-Crete UHPC-2 0.0495 0.0419 0.033 0.0495 1.079 1.079 1.275 1.275
Free water 0.594 0.594 0.693 0.644 17.85 16.58 16.58 15.30
moisture (dry) in aggregate 0.40% 0.50% 0.50% 0.50% 0.50% 0.50% 0.50% 0.50%
Moisture in kg 0.012 0.014 0.014 0.014 0.399 0.399 0.399 0.399
Corrected free water 0.582 0.580 0.679 0.630 17.45 16.18 16.18 14.90
Total weight 7.790 7.776 7.866 7.834 202.8 201.5 201.7 200.5
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B: Calculations of tensile strength

01A4A =
2 · 1104.0 · 103N

π · 150mm · 300mm
= 15.6N/mm2

01A4B =
2 · 529.7 · 103N

π · 150mm · 300mm
= 7.5N/mm2

02A4A =
2 · 632.0 · 103N

π · 150mm · 300mm
= 8.9N/mm2

02A4B =
2 · 631.5 · 103N

π · 150mm · 300mm
= 8.9N/mm2

03A4A =
2 · 436.7 · 103N

π · 150mm · 300mm
= 6.2N/mm2

03A4B =
2 · 676.5 · 103N

π · 150mm · 300mm
= 9.6N/mm2

06A4A =
2 · 450.0 · 103N

π · 150mm · 300mm
= 6.4N/mm2

06A4B =
2 · 684.9 · 103N

π · 150mm · 300mm
= 9.7N/mm2

07A4A =
2 · 716.9 · 103N

π · 150mm · 300mm
= 10.1N/mm2

07A4B =
2 · 758.1 · 103N

π · 150mm · 300mm
= 10.7N/mm2

10A4A =
2 · 964.5 · 103N

π · 150mm · 300mm
= 13.6N/mm2

10A4B =
2 · 677.0 · 103N

π · 150mm · 300mm
= 9.6N/mm2

11A4A =
2 · 1299.1 · 103N

π · 150mm · 300mm
= 18.4N/mm2

23A4A =
2 · 641.4 · 103N

π · 150mm · 300mm
= 9.1N/mm2

23A4B =
2 · 582.6 · 103N

π · 150mm · 300mm
= 8.2N/mm2
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24A4A =
2 · 610.4 · 103N

π · 150mm · 300mm
= 8.6N/mm2

24A4B =
2 · 576.6 · 103N

π · 150mm · 300mm
= 8.2N/mm2

25A4A =
2 · 512.3 · 103N

π · 150mm · 300mm
= 7.3N/mm2

25A4B =
2 · 669.1 · 103N

π · 150mm · 300mm
= 9.5N/mm2

26A4A =
2 · 877.9 · 103N

π · 150mm · 300mm
= 12.4N/mm2

26A4B =
2 · 656.7 · 103N

π · 150mm · 300mm
= 9.3N/mm2

C: Calculations related to the modulus of elasticity

Table C1: Input values for testing modulus of elasticity (Method A).

Batch fck.cube
fck

(0.86 · fck.cube)
Upper stress

( fck
3 )

Lower stress
(0.125 ∗ fck)

Preload stress
σp

Average Stabilized
modulus of elasticity

1 132.2 113.7 37.9 14.2 2 44275
2 154.6 133.0 44.3 16.6 2 49322
3 151.2 130.0 43.3 16.3 2 49045
6 139.5 120.0 40.0 15.0 2 43644
7 147.7 127.0 42.4 15.9 2 42617
8 138.3 119.0 39.7 14.9 2 41871
9 124.4 107.0 35.7 13.4 2 35106
10 151.4 130.2 43.4 16.3 2 48838
11 155.5 133.7 44.6 16.7 2 49254
23 155.4 133.6 44.5 16.7 2 47737
24 141.6 121.8 40.6 15.2 2 45398
25 145.9 125.5 41.8 15.7 2 46796
26 153.2 131.8 43.9 16.5 2 46626
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D: Calculations of flexural strength

23A5A =
33.0 · 103N · 460mm

100mm · (100mm)2
= 15.2N/mm2

23A5B =
31.8 · 103N · 460mm

100mm · (100mm)2
= 14.6N/mm2

23A5C =
29.1 · 103N · 460mm

100mm · (100mm)2
= 13.4N/mm2

24A5A =
36.7 · 103N · 460mm

100mm · (100mm)2
= 16.9N/mm2

24A5B =
42.8 · 103N · 460mm

100mm · (100mm)2
= 19.7N/mm2

24A5C =
35.0 · 103N · 460mm

100mm · (100mm)2
= 16.1N/mm2

25A5A =
31.1 · 103N · 460mm

100mm · (100mm)2
= 14.3N/mm2

25A5B =
33.4 · 103N · 460mm

100mm · (100mm)2
= 15.4N/mm2

25A5C =
27.6 · 103N · 460mm

100mm · (100mm)2
= 12.7N/mm2

26A5A =
45.8 · 103N · 460mm

100mm · (100mm)2
= 21.1N/mm2

26A5B =
38.7 · 103N · 460mm

100mm · (100mm)2
= 17.8N/mm2
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E: Weights from PF-method

Table E1: PF-Method weights.

Spcm.
Dried
weight
(m1)

Capillary suction Submerged 72h
Pressure
(50atm)
(24h)

10m 30m 1h 2h 3h 4h 6h 24h 48h 72h
96h
(m4)

Weight
air (m2)

Volume
(cm2)

air weight
(m3)

23B6A 468.6 469.3 469.6 469.9 470.2 470.5 470.7 471.0 471.9 472.5 472.9 473.2 476.9 199 478.5
23B6B 488.7 489.4 489.8 490.1 490.5 490.7 490.9 491.2 492.2 492.7 493.1 493.3 497.0 208 498.4
23B6C 492.8 493.6 493.9 494.2 494.7 494.9 495.2 495.6 496.6 497.1 497.5 497.8 501.2 210 -
23B6D 491.0 491.8 492.2 492.5 492.9 493.1 493.4 493.7 494.7 495.2 495.5 495.7 498.9 209 -
24B6A 488.2 489.0 489.2 489.6 489.9 490.1 490.3 490.6 491.5 491.9 492.2 492.5 495.1 209 496.3
24B6B 487.7 488.5 488.8 489.2 489.5 489.7 490.0 490.3 491.1 491.7 491.9 492.2 494.8 208 495.2
24B6C 464.5 465.2 465.5 465.7 465.9 466.1 466.4 466.6 467.4 467.8 468.1 468.5 471.1 198 -
24B6D 490.7 491.4 491.7 491.9 492.3 492.4 492.6 493.0 493.9 494.4 494.6 494.9 497.5 209 -
25B6A 501.7 502.5 502.9 503.2 503.6 503.8 504.0 504.3 505.4 505.8 506.2 506.5 508.9 214 509.5
25B6B 488.3 489.1 489.4 489.7 490.0 490.2 490.4 490.7 491.6 492.1 492.5 492.8 495.4 205 495.7
25B6C 472.9 473.7 473.9 474.3 474.7 474.8 475.0 475.2 476.1 476.6 476.9 477.2 479.2 201 -
25B6D 472.8 473.6 473.9 474.2 474.6 474.8 475.1 475.4 476.3 476.8 477.2 477.5 479.5 202 -
26B6A 491.2 492.0 492.2 492.4 492.7 492.9 493.0 493.2 494.1 494.6 495.0 495.3 497.4 206 499.1
26B6B 517.8 518.6 518.8 519.0 519.2 519.4 519.5 519.8 520.6 521.1 521.4 521.7 524.1 218 524.7
26B6C 503.2 503.9 504.2 504.5 504.9 505.0 505.2 505.4 506.3 506.8 507.1 507.4 509.8 213 -
26B6D 480.1 480.9 481.0 481.3 481.5 481.7 481.8 482.0 482.9 483.2 483.5 483.8 486.3 204 -
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F: Capillary absorptions in tabular form for batch

23-26

Table F1: Capillary absorption (kg/m2) for batch 23.

√
time(s)

23B6A 23B6B 23B6C 23B6D Average
absorption
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

0 468.6 0 488.7 0 492.8 0 491.0 0 0
25 469.3 0.07 489.4 0.07 493.6 0.08 491.8 0.08 0.08
42 469.6 0.10 489.8 0.11 493.9 0.11 492.2 0.12 0.11
60 469.9 0.13 490.1 0.14 494.2 0.14 492.5 0.15 0.14
85 470.2 0.16 490.5 0.18 494.7 0.19 492.9 0.19 0.18
104 470.5 0.19 490.7 0.20 494.9 0.21 493.1 0.21 0.20
120 470.7 0.21 490.9 0.22 495.2 0.24 493.4 0.24 0.23
147 471.0 0.24 491.2 0.25 495.6 0.28 493.7 0.27 0.26
294 471.9 0.33 492.2 0.35 496.6 0.38 494.7 0.37 0.36
416 472.5 0.39 492.7 0.40 497.1 0.43 495.2 0.42 0.41
509 472.9 0.43 493.1 0.44 497.5 0.47 495.5 0.45 0.45
588 473.2 0.46 493.3 0.46 497.8 0.50 495.7 0.47 0.47

Table F2: Capillary absorption (kg/m2) for batch 24.

√
time(s)

24B6A 24B6B 24B6C 24B6D Average
absorption
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

0 488.2 0 487.7 0 464.5 0 490.7 0 0
25 489.0 0.08 488.5 0.08 465.2 0.07 491.4 0.07 0.08
42 489.2 0.10 488.8 0.11 465.5 0.10 491.7 0.10 0.10
60 489.6 0.14 489.2 0.15 465.7 0.12 491.9 0.12 0.13
85 489.9 0.17 489.5 0.18 465.9 0.14 492.3 0.16 0.16
104 490.1 0.19 489.7 0.20 466.1 0.16 492.4 0.17 0.18
120 490.3 0.21 490.0 0.23 466.4 0.19 492.6 0.19 0.21
147 490.6 0.24 490.3 0.26 466.6 0.21 493.0 0.23 0.24
294 491.5 0.33 491.1 0.34 467.4 0.29 493.9 0.32 0.32
416 491.9 0.37 491.7 0.40 467.8 0.33 494.4 0.37 0.37
509 492.2 0.40 491.9 0.42 468.1 0.36 494.6 0.39 0.39
588 492.5 0.43 492.2 0.45 468.5 0.40 494.9 0.42 0.43
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Table F3: Capillary absorption (kg/m2) for batch 25.

√
time(s)

25B6A 25B6B 25B6C 25B6D Average
absorption
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

0 501.7 0 488.3 0 472.9 0 472.8 0 0
25 502.5 0.08 489.1 0.08 473.7 0.08 473.6 0.08 0.08
42 502.9 0.12 489.4 0.11 473.9 0.10 473.9 0.11 0.11
60 503.2 0.15 489.7 0.14 474.3 0.14 474.2 0.14 0.14
85 503.6 0.19 490.0 0.17 474.7 0.18 474.6 0.18 0.18
104 503.8 0.21 490.2 0.19 474.8 0.19 474.8 0.20 0.20
120 504.0 0.23 490.4 0.21 475.0 0.21 475.1 0.23 0.22
147 504.3 0.26 490.7 0.24 475.2 0.23 475.4 0.26 0.25
294 505.4 0.37 491.6 0.33 476.1 0.32 476.3 0.35 0.34
416 505.8 0.41 492.1 0.38 476.6 0.37 476.8 0.40 0.39
509 506.2 0.45 492.5 0.42 476.9 0.40 477.2 0.44 0.43
588 506.5 0.48 492.8 0.45 477.2 0.43 477.5 0.47 0.46

Table F4: Capillary absorption (kg/m2) for batch 26.

√
time(s)

26B6A 26B6B 26B6C 26B6D Average
absorption
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

Weight
(g)

Absorbed
(kg/m2)

0 491.2 0 517.8 0 503.2 0 480.1 0 0
25 492.0 0.08 518.6 0.08 503.9 0.07 480.9 0.08 0.08
42 492.2 0.10 518.8 0.10 504.2 0.10 481.0 0.09 0.10
60 492.4 0.12 519.0 0.12 504.5 0.13 481.3 0.12 0.12
85 492.7 0.15 519.2 0.14 504.9 0.17 481.5 0.14 0.15
104 492.9 0.17 519.4 0.16 505.0 0.18 481.7 0.16 0.17
120 493.0 0.18 519.5 0.17 505.2 0.20 481.8 0.17 0.18
147 493.2 0.20 519.8 0.20 505.4 0.22 482.0 0.19 0.20
294 494.1 0.29 520.6 0.28 506.3 0.31 482.9 0.28 0.29
416 494.6 0.34 521.1 0.33 506.8 0.36 483.2 0.31 0.34
509 495.0 0.38 521.4 0.36 507.1 0.39 483.5 0.34 0.37
588 495.3 0.41 521.7 0.39 507.4 0.42 483.8 0.37 0.40
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G: Miniature slump flow images

Figure G1: Miniature slump flow for batch 1 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G2: Miniature slump flow for batch 2 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G3: Miniature slump flow for batch 3 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G4: Miniature slump flow for batch 4 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G5: Miniature slump flow for batch 5 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G6: Miniature slump flow for batch 6 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G7: Miniature slump flow for batch 7 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G8: Miniature slump flow for batch 8 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G9: Miniature slump flow for batch 9 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G10: Miniature slump flow for batch 10 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G11: Miniature slump flow for batch 11 (0, 5, 10, 15, and 30 minutes from top
left)

108



Figure G12: Miniature slump flow for batch 12 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G13: Miniature slump flow for batch 13 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G14: Miniature slump flow for batch 14 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G15: Miniature slump flow for batch 15 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G16: Miniature slump flow for batch 16 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G17: Miniature slump flow for batch 17 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G18: Miniature slump flow for batch 18 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G19: Miniature slump flow for batch 19 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G20: Miniature slump flow for batch 20 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G21: Miniature slump flow for batch 21 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G22: Miniature slump flow for batch 22 (0, 5, 10, 15, and 30 minutes from top
left)
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Figure G23: Miniature slump flow for batch 23 (0, 5, 10, 15, 20, 30, 40, 50, and 60 min
from top left)
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Figure G24: Miniature slump flow for batch 24 (0, 5, 10, 15, 20, 30, 40, 50, and 60 min
from top left)
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Figure G25: Miniature slump flow for batch 25 (0, 5, 10, 15, 20, 30, 40, 50, and 60 min
from top left)
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Figure G26: Miniature slump flow for batch 26 (0, 5, 10, 15, 20, 30, 40, 50, and 60 min
from top left)
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H: Particle size distribution curves

Figure H1: Particle-size distribution curve for batch 2 (German quartz H33)

Figure H2: Particle-size distribution curve for batch 3 (Danish quartz sand)
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Figure H3: Particle-size distribution curve for batch 4 (gneiss-granite)

Figure H4: Particle-size distribution curve for batch 7 (70 vol-% gneiss-granite and 30
vol-% quartz-diorite)
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I: Product data sheets
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Figure I1: Product data sheet - Binder - CEM II/A-V 42.5 N - Norcem Anleggse-
ment FA - Page 1/1
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Figure I2: Product data sheet - Binder - CEM I 52,5 R - Norcem Industrisement -
Page 1/1
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Figure I3: Product data sheet - Binder - CEM III/A 52,5 R - Dyckerhoff Variodur
40 - Page 1/5
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Figure I4: Product data sheet - Binder - CEM III/A 52,5 R - Dyckerhoff Variodur
40 - Page 2/5
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Figure I5: Product data sheet - Binder - CEM III/A 52,5 R - Dyckerhoff Variodur
40 - Page 3/5
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Figure I6: Product data sheet - Binder - CEM III/A 52,5 R - Dyckerhoff Variodur
40 - Page 4/5
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Figure I7: Product data sheet - Binder - CEM III/A 52,5 R - Dyckerhoff Variodur
40 - Page 5/5
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Figure I8: Product data sheet - Binder - Merox Merit 5000 Slagg - Page 1/1
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Figure I9: Product data sheet - Binder - Elkem Microsilika 940U - Page 1/2
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Figure I10: Product data sheet - Binder - Elkem Microsilika 940U - Page 2/2
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Figure I11: Product data sheet - Filler - Millisil W12 - Page 1/2
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Figure I12: Product data sheet - Filler - Millisil W12 - Page 2/2
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Figure I13: Product data sheet - Filler - Betofill VK 50 - Page 1/2
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Figure I14: Product data sheet - Filler - Betofill VK 50 - Page 2/2
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Figure I15: Product data sheet - Aggregate - German Quartz H33 - Page 1/2
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Figure I16: Product data sheet - Aggregate - German Quartz H33 - Page 2/2
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Figure I17: Product data sheet - Aggregate - Danish Quartz sand - Page 1/1
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Figure I18: Product data sheet - Aggregate - Gneiss-Granite - Page 1/3
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Figure I19: Product data sheet - Aggregate - Gneiss-Granite - Page 2/3
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Figure I20: Product data sheet - Aggregate - Gneiss-Granite - Page 3/3
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Figure I21: Product data sheet - Aggregate - Quartz diorite 1 - Page 1/3
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Figure I22: Product data sheet - Aggregate - Quartz diorite 1 - Page 2/3
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Figure I23: Product data sheet - Aggregate - Quartz diorite 1 - Page 3/3
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Figure I24: Product data sheet - Steel fiber - Weidacon - Page 1/1
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Figure I25: Product data sheet - Superplasticizer - Mapei Dynamon SX-N - Page
1/2

151



Figure I26: Product data sheet - Superplasticizer - Mapei Dynamon SX-N - Page
2/2
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J: Output file from compression testing

153
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K: Output file from modulus of elasticity testing
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L: Output file from splitting tensile testing
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M: Output file from flexural testing
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