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Editorial

The Concrete Yearbook is a very important source of information for engineers involved
in the planning, design, analysis and construction of concrete structures. It is published
on a yearly basis and offers chapters devoted to various, highly topical subjects. Every
chapter provides extensive, up-to-date information written by renowned experts in the
areas concerned. The subjects change every year and may return in later years for an
updated treatment. This publication strategy guarantees that not only is the latest
knowledge presented, but that the choice of topics itself meets readers’ demands for up-
to-date news.

For decades, the themes chosen have been treated in such a way that, on the one hand,
the reader gets background information and, on the other, becomes familiar with the
practical experience, methods and rules needed to put this knowledge into practice. For
practising engineers, this is an optimum combination. In order to find adequate solutions
for the wide scope of everyday or special problems, engineering practice requires
knowledge of the rules and recommendations as well as an understanding of the theories
or assumptions behind them.

During the history of the Concrete Yearbook, an interesting development has taken
place. In the early editions, themes of interest were chosen on an ad hoc basis.
Meanwhile, however, the building industry has gone through a remarkable evolution.
Whereas in the past attention focused predominantly on matters concerning structural
safety and serviceability, nowadays there is an increasing awareness of our responsi-
bility with regard to society in a broader sense. This is reflected, for example, in the wish
to avoid problems related to the limited durability of structures. Expensive repairs to
structures have been, and unfortunately still are, necessary because in the past our
awareness of the deterioration processes affecting concrete and reinforcing steel was
inadequate. Therefore, structural design should now focus on building structures with
sufficient reliability and serviceability for a specified period of time, without substantial
maintenance costs. Moreover, we are confronted by a legacy of older structures that
must be assessed with regard to their suitability to carry safely the increased loads often
applied to them today. In this respect, several aspects of structural engineering have to be
considered in an interrelated way, such as risk, functionality, serviceability, deteriora-
tion processes, strengthening techniques, monitoring, dismantlement, adaptability and
recycling of structures and structural materials plus the introduction of modern high-
performance materials. The significance of sustainability has also been recognized. This
must be added to the awareness that design should focus not just on individual structures
and their service lives, but on their function in a wider context as well, i.e. harmony with
their environment, acceptance by society, responsible use of resources, low energy
consumption and economy. Construction processes must also become cleaner, cause
less environmental impact and pollution.

The editors of the Concrete Yearbook have clearly recognized these and other trends and
now offer a selection of coherent subjects that reside under the common “umbrella” of
a broader societal development of great relevance. In order to be able to cope with the
corresponding challenges, the reader can find information on progress in technology,



X Editorial

theoretical methods, new research findings, new ideas on design and construction,
developments in production and assessment and conservation strategies. The current
selection of topics and the way they are treated makes the Concrete Yearbook a splendid
opportunity for engineers to find out about and stay abreast of developments in
engineering knowledge, practical experience and concepts in the field of the design
of concrete structures on an international level.

Prof. Dr. Ir. Dr.-Ing. h. c. Joost Walraven, TU Delft
Honorary president of the international concrete federation fib



1 Introduction

When Orto Graf managed to produce a concrete with a strength of 70 N/mm? in the
early 1950s, the construction industry showed very little interest in this new product.
And this lack of interest didn’t change even as in 1966 Kurt Walz proved that, using
special production methods, it was possible to achieve a strength of 140 N/mm?. Only
after it was realized that adding a limited amount of silica fume plus suitable
superplasticizers was a simple way of producing a concrete with high strength and
at the same time good workability did the first ideas regarding potential applications
begin to materialise.

Not until the late 1980s was it possible to produce concrete in strength classes up to
C100/115. The discovery of the effect of silica fume, a fine, reactive material, and the
development of efficient superplasticizers proved very important in this development.
At the start, high-strength concrete was ascribed only a limited role, primarily because of
the much higher production costs compared with conventional concretes. It turned out,
however, that it is more realistic to make comparisons on the basis of an entire project.
One example was Stichtse Bridge, built near the Dutch city of Amsterdam in 1997. The
use of C80/90 concrete enabled the cross-sectional area of this bridge, which spans
160 m, to be reduced by 30%. The smaller cross-sectional area of the box girder resulted
in a 26% saving in prestressing steel. Owing to the 60% thinner webs and bottom flange,
the length of the individual segments could be increased from 3.50 to 5.00 m, which in
turn led to the construction time being shortened by three months. In addition, there were
the advantages of the good workability of the concrete, the low creep and shrinkage
losses, the high wearing resistance and the excellent durability of the concrete. It became
clear that the solution using C80/90 concrete was, on the whole, no more expensive than
the alternative with conventional concrete, and at the same time resulted in a structure
with a very high quality.

Increasing the strength of the concrete to values beyond about 120 N/mm? was regarded
as unrealistic because the strength of the aggregate, as the weakest component in the mix
and accounting for about 75% of the volume of the concrete, would prevent this.

Another innovation thought of as promising at that time was the development of
SIFCON (Slurry Infiltrated Fibre CONcrete). The production of this material involves
first introducing steel fibres into the formwork and packing these tightly. The spaces
between the fibres are then filled with a cement matrix. This method results in a fibre
content of 12-13%, which roughly corresponds to a 10-fold increase over the
maximum fibre content of conventional fibre-reinforced concrete. The material is
characterized by its very high strain at failure [1]. One disadvantage, however, is that
the packing results in an inhomogeneous distribution of the fibres (predominantly
2D). When it comes to the effectiveness and hence the associated costs, this limits
the potential applications. A variation on SIFCON is SIMCON (Slurry Infiltrated Mat
CONcrete). This material is produced by introducing a mat of discontinuous steel
fibres into the formwork and subsequently covering this with an easy-flowing cement
mortar [2].

Ultra-High Performance Concrete UHPC: Fundamentals, Design, Examples. First Edition.
Ekkehard Fehling, Michael Schmidt, Joost Walraven, Torsten Leutbecher and Susanne Frohlich.
© 2014 Emnst & Sohn GmbH & Co. KG. Published 2014 by Ernst & Sohn GmbH & Co. KG.



2 1 Introduction

A new breakthrough came with the development of a new concept for the composition
of ultra-high-strength concretes. Based on this concept, it was possible to produce
concretes with compressive strengths up to 200 N/mm~ and fibre contents up to 2.5%
by vol. (175 kg/m?). In order to produce ultra-high-strength concrete with a compres-
sive strength in the region of 150-200 N/mm?, it is important to observe the following
basic rules:

— The maximum grain size should be less than that of traditional concrete mixes
because large grains cause stress concentrations that lead to a decrease in strength.
These days, the maximum grain size for ultra high performance concrete is usually no
larger than 2 mm. However, ultra high performance concretes with a maximum grain
size of 8 mm have also been developed.

— An optimum packing density for the aggregate is important. A high packing density
can be achieved with the help of fine materials, which reduce the stresses on the
contact surfaces and ensure that microcracks do not begin to form until a higher level
of stress is reached. The microstructure is, principally, very dense, which expresses
itself not only in a high strength, but also in a much higher resistance to all forms of
attack that damage concrete or reinforcement (chloride, alkalis, carbonation, de-icing
salts).

— The amount of cement used should be such that the water is fully bound. The
remaining non-hydrated cement particles then act as fillers.

— Fine steel fibres should be added to the concrete in order to guarantee a ductile
behaviour.

The Danish researcher Hans Hendrik Bache was the first to recognize and apply these
principles. He developed a material with a high fibre content which was also reinforced
with a high amount of reinforcing steel. The material was called CRC (Compact
Reinforced Concrete) and the first information on this was published in 1981 [3]. This
special form of construction is still used frequently today, especially for stairs and
balconies and primarily in Denmark.

Bache’s ideas were taken up in 1994 by the French contractor Bouygues (Richard and
Cheyrezy) and developed further. Cooperating with Lafarge, a new mix was devised:
‘Reactive Powder Concrete’, which continues to exist in the form of ‘Ductal®’. One
early application involved replacing steel beams by ultra high performance concrete
ones in the cooling towers of a power station at Cattenom in France. The steel beams
had to be replaced because they were corroding in the extremely aggressive environ-
ment inside the cooling towers. One important point to note here is that it was not
the high strength of the ultra high performance concrete that was decisive in this case,
but rather the durability of the material in connection with the anticipated very long
service life without maintenance or repairs.

It was the realization that the material can be specified for its other outstanding
properties and not just for its high strength that led to the term ‘ultra-high-strength
concrete’ being replaced by ‘ultra high performance concrete’. The abbreviation UHPC
will be used throughout this book.



1 Introduction 3

As soon as the potential of this new high-performance construction material received
more publicity, e.g. through the building of the first footbridge made from this material
in Sherbrooke, Canada, in 1997 [4], so architects and engineers began to come forward
with a wide range of ideas for new, innovative forms of construction. Current French
projects such as MuCEM in Marseille, with tree-like columns and delicate facade
elements, or the Jean Bouin Stadium in Paris, which is clad in 3500 prefabricated UHPC
elements, show quite aptly the direction in which developments are going. One
remarkable structure is the UHPC platform in the open sea which was built for the
extension to Haneda Airport in Japan. The slab with an area of 200 000 m? is the largest
application of UHPC to date. These projects and many others are described in more
detail in Chapter 7.

One first pilot project in Germany was Girtnerplatz Bridge in Kassel [5], which was
opened to the public in 2007 and enabled important experience to be gained with UHPC.
A national research programme with a budget of €12 million was launched in Germany
in 2005.

The first design rules for UHPC were published in France in 2002. As design methods
are lacking elsewhere, this pre-standard has often been used since then outside France as
well. Japan’s first guideline appeared in 2004. Currently, fib Task Group TG 8.6 is
working on an international standard for UHPC [6].

Until recently, concrete with a very high strength still met with opposition. Compar-
ing the per m® cost of producing such a concrete with that of a conventional concrete
results in a negative verdict at first sight: up to now, the cost of UHPC per m> has been
four to five times that of a conventional concrete. However, comparisons should take
place on the basis of entire projects. An example of this is Sakata Mirai, a Japanese
footbridge (Section 7.1.3). The self-weight of this bridge is only 20% of that of a
conventional bridge [7]. Therefore, the costs of the foundations were also much lower.
According to information supplied by the initiators, the final cost of the project was
10% lower than that of a comparable bridge in conventional concrete.

In the future, design will be based primarily on the design life, see also [8]. Moreover,
sustainability considerations will play an ever greater role. For example, in [9] the
Girtnerplatz Bridge in Kassel, a hybrid design with a steel frame, was compared with
a conventional prestressed concrete bridge and a wholly UHPC bridge with the same
span and load-carrying capacity within the scope of a life cycle assessment [10]. The
result was that the production and upkeep of the wholly UHPC solution causes only
40% of the CO, emissions of a normal concrete bridge. What this means is that the
new construction material UHPC has a good chance of achieving a breakthrough.






2 Principles for the production of UHPC

2.1 Development

Concrete technology has made remarkable advances in recent decades. Whereas the
compressive strength classes for concrete in the 1988 edition of DIN 1045 ended at
B55, the current edition of DIN EN 206/DIN 1045-2 includes the strength classes
C55/C67 to C100/115, the ‘high-strength concretes’. Over the past 15 years, many
working in this field have developed ultra-high performance concretes (UHPC) up to a
level where they are ready for application — and with compressive strengths from
about 150 to 200 N/mm?, which are almost the same as those of steel. Reinforced with
fine steel fibres with a high tensile strength, such concretes become ductile and reach
tensile strengths exceeding 15N/mm?” (really exceptional for concrete) and flexural
tensile strengths of up to 50 N/mm? [11]. So this type of concrete can for the first time
be designed to accommodate tension, and by using new design principles suited to this
material, with or without traditional reinforcement, the result is forms of concrete
construction that save materials and are thus especially sustainable. It is not only the
strength of UHPC that is high. Compared with conventional normal- and high-
strength concretes with their capillary porosity, UHPC exhibits a much denser micro-
structure. It has virtually no capillary pores and is therefore so impervious to liquids
and gases that its corrosion is practically zero; it can serve as the wearing course of
a bridge deck without any additional protection against chlorides, alkalis or de-icing
salts [12]. Owing to UHPCs good durability, its materials-saving composition and the
low maintenance requirement, structures made from UHPC, when properly designed,
are also considerably more cost-effective than comparable structures made from
normal-strength concrete when the, predictably, longer design life is considered,
despite the fact that the concrete itself is more expensive [13, 14].

The basic idea of producing a concrete with a very high strength and especially dense
microstructure had already been put forward in the 1980s [3]. But the practical
breakthrough came with the development of an especially efficient superplasticizer
that enabled the production of concrete with a high proportion of optimally tightly
packed ultrafine particles and at the same time an extremely low water/binder ratio of
only about 0.20 in an easy-flowing consistency. The optimum combination of these
two principles is what gives UHPC its special properties. Originally produced in the
majority of cases as a fine-grained concrete with a maximum particle size of 1 mm and
an easy-flowing consistency, in the meantime mixes have been developed with up to
60% by vol. 8 or 16 mm coarse aggregate in a mouldable and no-slump consistency
with the same hardened concrete properties. Therefore, a wide range of applications
can now be covered very economically [16-20].

Key new findings about the special material properties of UHPC and the proper design
and construction of components and structures made from this new material were
supplied by a programme of research into sustainable building with UHPC (priority
programme SPP 1182) funded by the DFG (German Research Foundation) [21], which
was concluded in 2012. This book takes into account the results of about 30 research
projects in that programme. Besides representing the most extensive practical
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experience with a diverse range of UHPC structures in Germany and abroad, the results
of the research programme also form the basis for a first set of technical rules currently
being drawn up by the German Committee for Reinforced Concrete (DAfStB) which
follows on from the state of the art report dating from 2008 [22].

The research programme covered virtually all the issues relevant to the raw materials,
production, processing, design, construction details and durability of UHPC and
structures made with UHPC.

2.2 Basic material concepts
2.21 Microstructure properties

The excellent performance of UHPC — when compared with normal-strength or even
high-strength concretes — is predominantly due to its much denser hardened cement
matrix with virtually no capillaries. Furthermore, ‘classic’ easy-flowing UHPC is a
fine-grained mix, with a maximum particle size of 1 mm. Therefore, its internal
microstructure is much more homogeneous than customary, coarse-grained concretes
and it is essentially more uniformly stressed by external actions. Together, these two
aspects result in the compressive strengths of about 150-200 N/mm? so typical of
UHPC. Even in the case of the coarse-grained UHPC that has been developed in the
meantime for various applications, the differences in the strengths and deformation
behaviours of the matrix and the aggregate are so small that any cracks that do form
propagate in a straight line through the matrix and the aggregate. That in turn means
that UHPC has a distinctly brittle failure behaviour. Whereas normal-strength
concrete exhibits an increasingly (quasi-)ductile behaviour as compressive stresses
rise due to changes to the internal microstructure and still retains a loadbearing
capacity even after its strength is reached, unreinforced UHPC fails abruptly.
Nevertheless, UHPC can still be used to build safe structures provided it is reinforced
with fine high-strength steel fibres (and conventional or prestressed reinforcement if
required). With a sufficiently high fibre content, the tensile strength of UHPC can be
improved and ensured to such an extent that structural components in tension are
possible without any further reinforcement [23].

The very dense microstructure and high strength so typical of UHPC are due to its very
low water/binder ratio (cement, silica fume and further reactive substances if required)
of only about 0.20. The matrix therefore has practically no capillaries and is thus
diffusion-resistant. Another factor contributing to the high strength is the fact that the
ultrafine particles (grain size <125 pm) consist of various components (cement, quartz
powder, silica fume plus further inert or reactive fine fillers if required) that are com-
bined in such a specific way that the ultrafine particles are packed very tightly together.
Figure 2.1 compares the composition (by volume) of normal-strength concrete, high-
strength concrete, self-compacting concrete (SCC) and fine- and coarse-grained UHPC
for various applications.

The use of grading-optimized admixtures made up of several different components leads
to a wider concrete technology approach that goes beyond conventional thinking in
mass-based water/binder ratios as the key variable determining the strength. The
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Fig. 2.1 Comparison of mix compositions for normal-strength, high-strength and various UHPCs

(see also [24])

volume-based water/ultrafine particles ratio (w/F,) was therefore introduced in [25]
because — as shown schematically in Figure 2.2 — it enables the strength-increasing
physical effect of grading-optimized ultrafine particle combinations to be taken into
account when predicting the concrete strength and hence when designing UHPC mixes

(extended k™ value).

w w

F, - > (¢ + ultrafine particles)

Compressive strength

Walz-curve

wic

vol

k+' optimised Walz-curve
', by using ultrafine particles

Q2.1

Fig. 2.2 Granulometric coefficient k™ for assessing how packing-optimized ultrafine particle
combinations with various densities influence the compressive strength (optimized Walz curve)
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Fig. 2.3 How the volumetric water/solids ratio, as a measure of the packing density, influences
the compressive strength of UHPC

Being based on volume, the w/F, value is also a measure of the quality of the grading of
the various ultrafine particles (<125 pm grain size) and the residual pores between the
particles, which must be filled by water, and hence the packing density of the ultrafine
particles. It forms the actual basis for optimizing UHPC [26].

As an example, Figure 2.3 shows that the 28-day compressive strengths of the fine- and
coarse-grained UHPCs investigated in [11] increased by up to about 30% — for
practically the same w/c ratio — when the packing density (and hence the water/ultrafine
particles ratio of the mixture of cement, various fine quartz powders and silica fume) was
improved by about 3% by vol [27]. Incidentally, optimizing the proportion of ultrafine
particles even improves the strength of normal-strength concrete significantly — albeit on
a much lower basic level of strength, as is reported in [26, 27].

2.2.2 Grading optimization

One way of achieving optimum packing of the fine particles is through experimentation.
Another way is to use numerical modelling to optimize the packing density on the basis
of the characteristics of the raw materials measured beforehand.

In experiments it is possible to approach the optimum packing of the grains iteratively,
e.g. using the Puntke method [28]. However, without exact knowledge of the grading,
and possibly the forms of all the particles, and without a numerical model in advance,
this method is usually costly and often tedious.

The numerical grading optimization of fine particle combinations for UHPC and their
principles have been described in detail in [29] and [30-32]. Most models are based
on circular discs, some on spheres. A spheres-based model was used in [33], for
example, in order to find a grading curve that enables optimum utilization of the space
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with grains of aggregate (Figure 2.4). The grading curve shows — as an important
prerequisite for use in real UHPC mixes — that several individual grain size ranges are
missing. It is this that allows the “filler particles’ to reach the spaces allocated to them
within the ‘scaffold’ of larger particles.

Where large quantities of fine particles are involved, the form of the particles becomes
more important. Reschke used empirical factors to take this into account [35]. The
determination of the particle form with an optical instrument is described in [29].
Taking the particle form into account means that it is possible to make far better
predictions of, for instance, the water requirement of a mixture of fine particles and
hence how this influences the workability of a UHPC (in which the water content
should hardly be varied if the density of the microstructure is not to be impaired).

Studies of the optimum composition of UHPC undertaken at the University of Kassel
resulted in a calculation program. Based on the particle size distribution measured in
a laser granulometer and, if applicable, taking into account the form of the fine
particles determined in an optical photometer, the program determines the optimum
volume proportions of the various ultrafine particles necessary for a high packing
density [24, 29, 34].

The grading curve is divided into 120 fractions in this method of calculation. Each of
these fractions is set against the other fractions and their influence on the packing
density; in each case one fraction is taken as the scaffold, the other as the filling material.
This results in more than 14 400 calculation steps. The fine division of the grading curve
enables even smaller fluctuations (e.g. in gap grading) to be taken into account which
could not be described with the standard values position parameter and slope. Figure 2.6
shows the result of such a calculation for the three fine-grained UHPC ultrafine
components cement, W12 quartz powder and silica fume shown in Figure 2.5. More
detailed information can be found in [24, 29].

By varying the volume proportions of the individual grains, the packing density rose
from an initially low figure of 65% to more than 83%, i.e. the volume of pores could
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Fig. 2.5 Grading of raw materials for the calculated packing density optimization shown in
Figure 2.6

be reduced from 35 to just 17% by vol. This not only increased the strength

accordingly (see Figure 2.3), but also significantly reduced the amounts of water
and superplasticizer required.

As in the past, the results of the calculations must be validated by experiments.
Generally, the values do not agree fully with the pore volumes and packing densities
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Fig. 2.6 Example of packing density optimization for a three-part system using an optimization
program developed by the University of Kassel
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determined experimentally using the Puntke method [28], for example. One of the
reasons for this is the bonding of the water by the first products of hydration. Therefore,
the calculated values must be adjusted using a correction factor for the chemical water
bonding which is validated experimentally. This factor is in the order of magnitude of
10% of the calculated pore volume.

Workability, however, places limits on optimizing the packing density. On the one hand,
with ever better packing density, the pores between the particles, which otherwise must
be initially filled with rheologically inactive water, become smaller before water can
function as a lubricant between the grains. On the other, the surface area of the filler
materials to be wetted increases progressively with the fineness, and that in turn means
more water is needed for wetting. In addition, the interparticle forces between the finest
particles increase. They agglomerate to form larger ‘particles’ and therefore can no
longer act as optimum filler materials as intended. Furthermore, the viscosity of the fresh
concrete increases. Figure 2.7 shows the relationship between the principles of filling
pores and viscosity using the simple example of two quartz powders with different
degrees of fineness.

The conflict between maximum packing density on the one hand and the decrease
in workability on the other can be resolved by adding a high-performance super-
plasticizer based on PCE (polycarboxylate ether). In order to guarantee a sufficient
effect, the plasticiser must be selected within the scope of suitability testing; it must
deagglomerate and liquefy adequately — not only the particular cement, but also all
the other fine particles and especially the silica fume. Practical advice can be found
in [36]. In the meantime, specially formulated multi-component superplasticizers with
different active polymer components are available for UHPC (see also Section 2.3.4).
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Fig. 2.7 Relationship between the packing density and workability of an inert paste made from two
different fine quartz powders (Q1, Q2) when using superplasticizers (w/F,=0.26) [29]
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2.3 Raw materials
2.3.1 Cement

The cements generally used for UHPC are CEM I low-alkali Portland cements of
strength classes 42.5 R and 52.5 R according to DIN EN 196, preferably with a high
sulphate resistance and low heat of hydration (HS/NA). These cements are advanta-
geous because despite their high strength potential and despite the high cement
content of fine-grained UHPC (700-850kg/m’), the water requirement and the
chemical shrinkage are limited and the possibility of an alkali-silica reaction is
practically excluded. Nevertheless, when selecting the cement, the individual water
requirement should still be considered because the flow behaviour and the amount of
superplasticizer required in the UHPC also depend on this.

Blastfurnace slag cement CEM III/A is advantageous for UHPC components cured
without heat and particularly at risk of temperature and shrinkage cracking, e.g. thin
concrete pavements for roads, or for components exposed to chemicals, e.g. wastewater
pipes [16, 17].

Even after intensive heat treatment at 80-90°C, about 30% of the cement remains
unhydrated as a result of the low water content. This is one reason for replacing some of
the cement by rheologically similar quartz powder. On the other hand, the high potential
for cracks to close themselves is based on this (see Chapter 4).

2.3.2 Reactive admixtures

2.3.2.1 Silica fume

Silica fume acc. to DIN EN 13263-1 [37] essentially functions physically as a micro-
filler. According to [38], during UHPC heat treatment at approx. 80-90°C it con-
tributes partially to the formation of additional strength-forming hydrate phases. As
shown in Figure 2.8 the microstructure is free of pores and practically impermeable.
However, without heat treatment, the physical filler effect dominates. Figure 2.9

Fig. 2.8 Dense UHPC microstructure with angular aggregate particles
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Fig. 2.9 Silica fume particles in a UHPC matrix

shows essentially unhydrated silica fume particles in a dense UHPC matrix. This might
be one reason why UHPC stored in water generally exhibits a significantly lower
compressive strength (10-20% lower). So far, the proportion of silica fume has been
treated like cement with regard to its contribution to strength (k = 1), even though the
amount used, with respect to the cement, often exceeds 20% by mass. Whether this is
actually always justified requires further observation.

Owing to its large specific surface of 100 000 cm?/g and the high interparticle forces,
silica fume is the main factor in the determination of water and superplasticizer
requirements as well as the rheological properties of the fresh concrete [39]. It should
consist of at least 96% by mass of amorphous SiO, and contain only little carbon since
carbon increases the amount of water and superplasticizer needed. In addition, the
quantity should certainly be limited to the minimum quantity required for filling the
pores within the scope of the packing density optimization according to Section 2.2
because otherwise the concrete can become sticky and viscous. The superplasticizers
used must be able to deagglomerate the usually agglomerated silica fume particles
during the mixing process because otherwise all the considerations regarding packing
density are meaningless.

2.3.2.2 Ground granulated blast furnace slag

The investigations of Gerlicher and Heinz [40] revealed that the water and super-
plasticizer requirements of a UHPC can be reduced further, while retaining the
consistency, without having a negative effect on the strength if some of the CEM I is
replaced by ground granulated blast furnace slag and the w/c ratio is reduced by the
water saved. However, heat treatment caused the reaction of the granulated slag to
stop prematurely. Pulverized fly ash (PFA) with particularly favourable rheological
properties and a high proportion of spherical, amorphous particles can also be used to
a limited extent as a reactive filler and hence as a cement replacement.
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2.3.3 Inert admixtures

As arule, various fine quartz powders are used to achieve the optimum packing of the
combination of particles. The important factor is that they should undergo highly
selective fractionation. As an example, a powder ground to a fineness of approx.
12000 cm2/g and a powder with approx. 3600 cmz/g (i.e. somewhat coarser than the
cement used) were used the investigations carried out within the scope of the German
research programme and in other studies [27]. This enabled the ‘filler effect’ of the
cement to be partially replaced and the ‘granular gap’ to the fine sand to be bridged
over. Quartz powder exhibits a high grain strength on the one hand and, on the other,
is readily available in a wide range of well-defined gradings with different degrees of
fineness. By contrast, limestone is less suitable because of its lower strength and
because the UHPC produced with it is generally even stickier, even more viscous.

2.3.4 Superplasticizers

Effective superplasticizers for UHPC are based on polycarboxylate ethers (PCE) [36].
Many different PCE superplasticizers are now available. However, most have to be
optimized for their interaction with the different cements. Experience shows that for
UHPC with a high quantity of silica fume, the superplasticizers that are particularly
suitable are those that properly deagglomerate both the cement and the other fine
particles [41]. Those superplasticizers include types consisting of two components
with differently structured polymers. The quantity required to reach a certain
consistency in an individual case also depends on the quantity of active substances
in the superplasticizer, which, according to experience, lies between about 30 and
45% by mass. Recommendations on the exact amount of superplasticizer can be found
in Section 2.4.

2.3.5 Steel fibres

Steel fibres are especially tightly integrated into the very dense, solid and homogeneous
microstructure of the fine-grained UHPC matrix. High bond stresses can therefore be
transferred. On the other hand, the effect that the fibres have on increasing the ductility is
based on the fact that when the matrix ruptures, the static friction between matrix and
fibres is overcome without the fibres breaking themselves. Short, slender fibres to DIN
EN 14889-1 [42] with a diameter of max. 0.20 mm and length of 9-17 mm made from
high-strength steel with a tensile strength >2000 N/mm? have proved the best option,
also for reasons of better workability. Particularly favourable is a length/diameter ratio
of at least 65.

In areas of components potentially at risk of corrosion, stainless steel fibres can be
advantageous when larger crack widths are expected (see Chapter 4). The same applies
to fair-face concrete where fibres near the surface could rust, which, incidentally, does
not affect the durability of the component.

Corrosion-resistant high-strength synthetic fibres, e.g. made from polyvinyl alcohol
(PVA) with a modulus of elasticity of approx. 30000 N/mm? and a tensile strength of
approx. 1000 N/mm?, used alone or in combination with steel fibres, can be employed to
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lend concrete the necessary ductility in less heavily stressed components [43]. See
Section 3.10 for details of the effects of such fibre combinations.

24 Mix composition

Designing a UHPC mix begins with selecting and defining the ultrafine materials
required to achieve an optimum packing density. The grading of the fine raw materials is
evaluated with a laser granulometer unless the supplier has provided sufficiently
accurate information. This is followed by the numerical optimization of the packing
density and its experimental validation based on the combination of fine particles, e.g.
using the Puntke method according to Section 2.2.2. The aim of this is to achieve a
maximum water/fines ratio and at the same time low water and superplasticizer
requirements [25]. In contrast to normal-strength concrete, the equivalent water/cement
ratio (cement + silica fume) in the mix design cannot be varied because even a small
increase beyond the value of about 0.20 (max. w/c ratio approx. 0.24) normal for UHPC
leads to the formation of capillary pores, which reduce the characteristic imperviousness
of the microstructure and introduce drying shrinkage in addition to autogenous
shrinkage [44] (see Section 3.3). On the other hand, even a minor increase in the
water content (but still within the aforementioned limits) can improve the effect of the
superplasticizer.

Figure 2.1 shows examples of the volumetric composition of different UHPC mixes.
The associated mass proportions per m® are given in Table 2.1.

25 Mixing

In practice, UHPC has been produced with twin-shaft batch mixers, pan mixers and
planetary mixers with extra paddles and also intensive mixers. The prerequisite is a
sufficiently high mixing energy in order to solubilize the high proportion of ultrafine
particles and wet the particles adequately with water and superplasticizer. Single-shaft
compulsory mixers are not usually capable of this. When using a pan mixer, it is
important to ensure that no ultrafine materials accumulate on the walls and bottom of
the mixer because this alters the formulation of the mix. Advantageous are mixers in
which the rotational speed can be varied while mixing. Intensive mixers have proved
to be particularly good at achieving homogeneous mixing of the combination of fine
particles, especially for fine-grained UHPC and in both laboratory and practical
applications.

As with normal-strength concrete, first of all the dry materials are put into the mixer —
preferably any coarse aggregate first, then the fine powdery constituents — and
premixed dry for between about 30s and 2 min. When using a skip in a precasting
plant, it is important to make sure that the free-flowing silica fume does not run out of
the skip as it is being tipped. Next, the water plus the superplasticizer (mixed
separately with the water beforehand) is added. The mixing time necessary to achieve
a stable, workable consistency must be established in each individual case. Experience
shows that it can lie between 3 and 15 min. and depends on the type of mixer and
mixing action, the size of the batch, the degree of filling of the mixer, the temperature
and, above all, the time the superplasticizer needs to produce the necessary fluidity.
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Table 2.1 Mass-based composition of selected UHPC mixes.

UHPC fine | UHPC fine | UHPC coarse | UHPC UHPC no-

0/0.5mm) | (0/0.5mm) | (0/8 mm) roadbuilding [16] slump [18]

M2Q [45] M3Q [46] B5Q [47]

fkg/m’]

Water 166 183 158 107 49
Cement 832 775 650 404 186
Ultrafine granulated blast furnace slag — — — 24 —
Silica fume 135 164 177 54 51
Superplasticizer dosage FMW/b [% by 1.1 1.1 12 0.6 12
mass]?
Quartz powder, fine 207 193 325 — 93
Quartz powder, coarse — — 131 32 38
Quartz sand 0.125/0.5 975 946 354 541 101
Quartz sand 0/2 — — — — 616
Quartz sand 0.6/2 — — — 283 —
Gravel 2/8 — — — — 821
Gravel 8/16 — — — — 616
Basalt 2/8 — — 597 1123 —
Micro-wire fibres 2.5% by 2.5% by 2.5% by vol. 1.0% by vol. —

vol. vol.

a) Superplasticizer with respect to binder
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Further, the mixing time depends on how long it takes to introduce the well-separated
fibres into the fluid concrete and mix them in. It must also be ensured that the
consistency desired for workability really is stable once mixing has ended and that
no further fluidization takes place. The fluidization of the concrete can be speeded up
by using a high mixing speed up to fluidization and then continuing to mix at a lower
speed as the fibres are added. Figure 2.10 shows the typical energy consumption up
to fluidization and until the stable target consistency is finally reached (stabilization
time). Detailed information on the mixing of UHPC and how the ultrafine components
and the concentration of solids affect the mixing time can be found in [48].

2.6 Curing and heat treatment

The curing of UHPC already begins during its production. As a consequence of its very
low water content, the immediate surface dries very quickly and a dense, tough ‘elephant
skin’ just a few tenths of a millimetre thick frequently already starts to form during the
longer compaction time needed for UHPC. This prevents deaeration of the concrete and
also prevents the surface from being levelled further. The skin can be avoided if open
concrete surfaces are covered with plastic sheeting immediately after concreting, an
effective curing agent is sprayed over the whole surface or water is applied as a fine mist
to form a film on the surface.

Components made from UHPC are currently mainly produced in precasting plants. As
a rule they are heat treated at about 80-90 °C, after which no more hydration takes
place. The high temperatures cause the silica fume to react with the calcium hydroxide
in the cement, and additional strength-formation phases ensue [38]. The compressive
and flexural tensile strengths are therefore higher and the microstructure denser than
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in the case of curing with water or sheeting. In addition, no further shrinkage takes
place after the heat treatment and the precast elements are dimensionally accurate and
free from shrinkage stresses. Generally, the components, or test specimens, are left in
the mould for 24 h and covered with sheeting before being heated for 48 h. Heating for
longer has no effect. During the heat treatment, the concrete should be covered airtight
and thus protected against drying out completely. It is important to ensure that the
components are allowed to cool slowly after the heat treatment, e.g. further storage
covered in sheeting (also thermal insulation in the event of low temperatures), in order
to prevent microcracks.

2.7 Testing
2.71 Fresh concrete

UHPC is produced and worked predominantly in an easy-flowing consistency. Owing to
the high content of fine particles and superplasticizer, in the fresh state it is more similar,
rheologically, to a self-compacting concrete (SCC) than a normal-strength concrete.
However, owing to its high proportion of packing-optimized fine grains, it is more
cohesive and more viscous. It flows much slower. Unlike SCC, it is not self-deaerating.
Adequate deaeration requires sufficient vibration energy, which must continue for
longer than with normal-strength concrete. This applies to both the production of test
specimens and for large-scale pours.

Besides a flow table test acc. to DIN EN 12350-5, a slump-flow test acc. to DIN EN
12350-8 is the best way of illustrating the rheological behaviour. The combination of
slump-flow measurement for flowability and tsgo-time as an indirect measure of the
viscosity describes the rheological properties of a particular mix more fully than the
other DIN EN 12350 consistency testing methods. Figure 2.11 shows the distinctly

40

B Fine-grained mixture M3Q

35 1 _ ® Coarse-grained mixture B5Q

30+

tgpg-time
h
=]
1

0 T T T T T
60 65 70 75 80 85 30 95

Slump-flow [mm)]

Fig. 2.11 Rheological properties of M3Q und B5Q mixes from Table 2.1 without and with 1.0 or
2.5% by vol. steel fibres, described by the slump-flow measurement SF and the t5qo time [49]
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different plots of both variables for the fine-grained (<0.5 mm) and the coarse-grained
(<8 mm) mixes with and without fine steel fibres (1.0 and 2.5% by vol.) given in
Table 2.1. Here, values measured decreased as the maximum grain size and fibre content
rose, and the tsgy-time increased. In coarse-grained mixes with fibres, this effect was
especially apparent owing to the mutual influence of fibres and aggregate. The
coefficient of variation (ratio of standard deviation to mean) was 0.02-0.07 when
testing the M3Q mix under repeatability conditions for the slump-flow measurement,
and 0.02-0.32 for the t5go-time [49].

The slump-flow classes of DIN EN 206-9 [50] can be used to assess the flow
behaviour. Easy-flowing UHPC without fibres normally corresponds to consistency
classes SF2 or SF3 depending on maximum grain size and composition, but often it is
only possible to reach class SF1 with high fibre contents. On the other hand, the DIN
EN 206-9 viscosity classes VS1 and VS2, with limits of <2 s and >2 s respectively for
the tsgo-time, are not suitable criteria for UHPC, although, as Figure 2.11 shows, the
tsoo-time for fine-grained mixes lies between about 3 and 15s depending on the
flowability, and between about 10s and as much as 30s (e.g. for 2.5% by vol. steel
fibres) for coarse-grained mixes. The final value of the slump-flow measurement is
frequently only reached after more than 1 min.

The flow table test acc. to DIN EN 12350-5 is suitable for UHPC mixes with a plastic to
very soft consistency (F2 to F4). The compaction test acc. to DIN EN 12350-4 is suitable
for measuring the consistency of stiff-plastic mixes such as those used in roadbuilding.
A slump test is not recommended because the concrete adheres to the slump cone.

The tendency of fibre-reinforced UHPC mixes to cause blockages in reinforced
components can be assessed with the J-ring test acc. to DIN EN 12350-12 provided
the content of short steel fibres does not exceed 2% by vol. To what extent the J-ring
classes specified in [50] enable a proper assessment remains to be seen because
experience with UHPC components with congested reinforcement is lacking.

One important criterion for the later compressive strength is the proportion of compac-
tion pores remaining in the concrete. Owing to its viscous behaviour, UHPC deaerates
more slowly than normal-strength or self-compacting concrete even with intensive
vibration. Comparative tests across 10 institutes have shown that when testing with the
8 1 capacity air entrainment metre according to the stipulations of DIN EN 12350-7, the
air content can show a scatter of 1-6% by vol. for the same UHPC mix when neither
the filling of the test equipment nor the vibration time/intensity are defined. This is one
explanation for the fact that various institutes obtained significantly different compres-
sive strengths for the same UHPC mix in some instances [47, 49].

As with normal-strength concrete, compaction ends when practically no more air
bubbles appear on the surface. In very viscous mixes with a high fibre content,
compaction times of up to 5min. are necessary on a standard laboratory vibrating
table. Owing to the much more distinct cohesive-elastic properties of fresh UHPC, lower
frequencies and amplitudes than those used for compacting normal-strength concrete
are generally more effective. The optimum setting of the compacting equipment must
be tried out in each individual case.
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During the pouring and compaction of the concrete it is important to make sure that no
dry skin forms on the surface of the concrete. Ideally, testing equipment should be filled
in a continuous flow with the vibrating table running and already covered during
compaction. Incidentally, the same applies to the production of specimens for com-
pressive and flexural tensile strength tests.

2.7.2 Compressive and flexural tensile strengths

UHPC’s principal characteristic is its high strength (>150 N/mm?). However, so far
there has been no unique definition of a compressive strength class for UHPC. In a
similar way to DIN 1045-2, the 28-day compressive strength according to DIN EN
12390-3 could be used, tested on 150 mm dia. X 300 mm high cylinders or 150 mm
cubes stored in water. But the fact is that almost all UHPC structural elements are
currently heat treated at 80-90 °C. The compressive strength of heat-treated UHPC is
generally about 20-30 N/mm?> higher than otherwise identical components stored in
water (see also Section 2.3.2.1). In addition, it must be remembered that the setting of
UHPC specimens stored in water is almost complete after 7-10 days because the dense
microstructure does not allow any more external moisture to infiltrate the concrete in
order to compensate for the internal drying-out due to hydration. These aspects should
be taken into account when specifying the performance classes for the compressive
strength of UHPC, e.g. in the form of different classes for UHPC with and without heat
treatment. Until that happens, it will be necessary to define the desired ‘compressive
strength’ sufficiently accurately in each individual case by including the test specimen
dimensions, type of storage and age at testing in the specification.

The same information given for testing the air content in Section 2.7.1 applies to the
production of the test specimens. If a larger number of test specimens is to be produced,
then making several smaller batches is the better method so that fresh concrete can be
used each time. Internal concrete vibrators are unsuitable for compacting test specimens
with fibres because they upset the uniform distribution of the fibres in the concrete and
can cause an irregular orientation (spaces for vibrator).

Two round robin tests within the scope of the German research programme [49]
established that the flatness of loaded surfaces had a significant influence on the
measured compressive strength. Even the very smallest unevenness, in the pm range,
can lead to load being concentrated at a point; the measured compressive strength for the
same UHPC can drop by up to 20-30 N/mm? as a result. Round robin tests involving
several institutes also revealed that highly precise grinding and polishing of the loaded
surfaces can reduce the standard deviation, e.g. for the coarse-grained UHPC B5Q mix
to Table 2.1, from 7.4 N/mm? (grinding on various machines with different precision) to
just 1.0 N/mm? when all test specimens were processed on the same precision grinding
machine.

UHPC testing machines must comply with the requirements of DIN EN 12390-4 class 1.
In addition, it must be ensured that the permissible pressure of the platens per unit area is
not exceeded. Testing is generally carried out with load control to DIN EN 12390-3.
Low- or zero-fibre UHPC:s fail abruptly without cracking upon reaching their maximum
load. Protective measures must therefore be provided, e.g. an unbreakable protective
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collar around the test specimen. Testing with displacement control is required when
determining the post-peak stress—strain curve of a UHPC with fibres. A strain rate as low
as possible (in the order of <0.05 mm/s) should be selected up to reaching the maximum
load in order to limit the unavoidable drop in stress that occurs in most machines, even
with specimens including fibres, when the matrix ruptures.

The flexural tensile strength of fibre-reinforced UHPC can be determined in either a
four-point bending test on unnotched beams (700 x 150 X 150 mm) based on the
DAIfStb guideline for steel fibre-reinforced concrete [51] or a three-point bending test
on notched beams (550 X 150 X 150 mm) according to DIN EN 14651 [52] or RILEM
TC 162-TDF [53]. In all cases the underside during casting should also be the
underside during testing (see also Section 3.3.2). In the four-point bending test, the
post-cracking flexural tensile strength at deflections of 0.5 and 3.5 mm should be taken
as a measure of the effectiveness of the fibres. The three-point bending test to DIN EN
14651 is preferred when the load—cracking relationship is of interest. It is used to
calculate the residual flexural tensile strength. Disruptions to the edge zone, e.g.
following heat treatment of the test specimens, are ignored by notching the underside
for testing.

The results of tensile and flexural tensile tests on UHPC with fibres essentially depend
on the distribution and orientation of the fibres in the concrete. The production of the test
specimen has a considerable influence on this. For an easy-flowing consistency, the
recommendation is to allow the concrete to flow into the mould freely from one side with
the vibrating table switched on. This allows the fibres in the centre of the beam to be
aligned distinctly in the longitudinal direction and hence in the direction of the tensile
stresses. At the same time, this considerably reduces the scatter of the results for a series
of test specimens, as can be seen in Figure 2.12. In the case of coarse-grained UHPC, a

(a) (b)
M2Q with 2.5 % by vol. fibers 0.19 x 9mm M2Q with 2.5 % by vol. fibers 0.19 x 9mm
170 4 — Mean Value 170 — Mean Value
160 1 T Mean + Standard deviation 160 - " —— Mean + Standard deviation
150 4 ~ Mean - Standard deviation 1§’g : "= Mean - Standard deviation
' 1304 :
120 4
£, — 1101
2 Z 1004 /
B o 90 1/
g g 209
B £ 60/
50 9/
40 1|
30 4|
20 -
] 10 1
0 T T r T T T T 0 T T ¥ T T T T
00 05 10 15 20 25 30 35 40 00 05 1.0 15 20 25 30 35 440
Deformation [mm] Deformation [mm]

Fig. 2.12 Median and scatter of force—deformation curves for the same easy-flowing UHPC with
2.5% by vol. steel fibres, L/D =0.19/9 mm, measured on 700 x 150 x 150 mm beams in accordance
with [51]: a) unregulated filling of the mould, b) allowing the concrete to flow from one side of the
mould on the (operating) vibrating table
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much lower degree of alignment can be expected because the movement of the fibres is
restricted by the coarse particles.

The fibre orientation in the hardened concrete can be ascertained with photo-optical
[54, 55] or magnetic methods or by means of X-ray computed tomography [56]. In
addition, a distinct scale effect must be taken into account in the flexural tensile tests. It
can be seen from [11] that when testing fine-grained UHPC using 160 X 40 X 40 mm
prisms, a value approx. 1.5 times greater can be expected for the flexural tensile strength
than when testing 700 X 150 X 150 mm beam:s.

The sensitivity of the testing machine also has a considerable influence on the resulting
flexural tensile strength. The increase in deformation is generally controlled via sensors
attached to the middle of the beam. At the moment of the first crack in the matrix, a
sudden drop in stress can occur which, depending on the degree of deformation and the
sensitivity of the sensors, can lead to a severe scattering of the results within a series of
tests. This in turn has an effect on the performance classes determined in accordance
with the DAfStb guideline, which include the coefficient of variation. The evaluation of
a round robin test carried out within the scope of the German research programme [49]
resulted in a coefficient of variation between 0.15 and 0.4 for calculating the post-
cracking flexural tensile strength at a deflection of 3.5 mm on each of six tested beams
made from fine-grained UHPC with 2.5% by vol. 0.19 X 9 mm steel fibres. Accordingly,
the values for performance class 2 determined in the institutes taking part were very
different, ranging from O to 4.7.
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3 Mechanical properties of the hardened concrete

3.1 General

Owing to its dense microstructure, ultra high performance concrete (UHPC) has both
a high strength and also a greater stiffness (expressed by the modulus of elasticity)
when compared with normal- and high-strength concretes. It is well known that
the behaviour of concrete becomes more brittle as its strength increases. This effect
is particularly evident with UHPC. However, this disadvantage can be countered
effectively by adding fibres, e.g. high-strength steel fibres, which bring about a
considerable improvement in the post-peak behaviour in compression and tension,
and that in turn means a more favourable response generally and better warnings when
failure is pending. Further, the utilizable strength can be increased, especially for
tension actions. Compared with the brittle matrix, activating the fibres (basically a
form of reinforcement) can also help UHPC handle tension more reliably. Various
mechanical properties of the hardened concrete are discussed below in so far as they
are relevant, also with respect to the influence of adding fibres. However, the local
distribution of the fibres and their orientation must always be considered, see
Section 2.7.2. Some of the information below is drawn from the state of the art report
on UHPC [22].

3.2 Behaviour in compression
3.2.1 UHPC without fibres

UHPC, compared with normal- and high-strength concrete, is characterized by the
fact that, in a uniaxial compression test, it exhibits an essentially linear elastic behaviour
for a relatively long time — until shortly before reaching its compressive strength
and before the formation of microcracks signal the transition to failure. This effect has
been observed essentially irrespective of the maximum grain size. The modulus of
elasticity generally lies in the range 45-55 GPa. Adding bauxite can increase this figure
significantly, to approx. 70 GPa. Without fibres, brittle failure is the result (see Figure 3.1),
which in compression tests — as described in Section 2.7.2 — is very often in the form of
a sudden, explosive failure. A similar effect has been observed in UHPC from values as
low as about 90 N /mm?.

The addition of fibres has very little influence on the ascending portion of the stress—
strain diagram. The increase in strength with typical fibre contents of up to approx. 2.5%
by vol. is of minor importance, likewise the influence on the modulus of elasticity.
However, this and the strain upon reaching the strength clearly depend on the grading of
the aggregate. In the case of fine-grained concretes with max. 2 mm particle size, we can
typically expect 4.0—4.4%o [57, 58], whereas in coarse-grained concretes, figures in the
region of 3.5%o have been observed.

Generally, the value of the modulus of elasticity of UHPC is underestimated by the
equations given in DIN 1045-1 and CEB-FIP Model Code 90 [59]. Following tests
carried out at the University of Leipzig [58], the following relationships between the
modulus of elasticity E. and the cylinder compressive strength f. have been proposed for

Ultra-High Performance Concrete UHPC: Fundamentals, Design, Examples. First Edition.
Ekkehard Fehling, Michael Schmidt, Joost Walraven, Torsten Leutbecher and Susanne Frohlich.
© 2014 Emnst & Sohn GmbH & Co. KG. Published 2014 by Ernst & Sohn GmbH & Co. KG.



24 3 Mechanical properties of the hardened concrete

c
~0,70 -
0.80f,

c

1
|
5 L/D = 2-3
]
i

E™ 45-55 GPa
P ’( k
1 i i D
P

“cl
Longitudinal strain

Compressive stress

Fig. 3.1 Stress—strain diagram for UHPC without fibres in a uniaxial compression test

fine- and coarse-grained UHPC (see Figure 3.2):
Fine-grained UHPC: E. = 8800 f!/3 (3.1)

Coarse-grained UHPC with basalt chippings: E. = 10200 - fé/ 3 (3.2)
with E; and f, in N/mm?>.
As in EN 1992 [61, 62] and DIN 1045-1,

f. = fu + 8 [N/mm?] (3.3)
can be assumed.

Poisson’s ratio v was found to lie between 0.18 and 0.19 for fine-grained UHPC in the
elastic zone [60] and to be approx. 0.21 for coarse-grained UHPC (basalt chippings with
max. 5-8 mm particle size). It is therefore very similar to the figure of 0.2 typically
assumed for normal-strength concrete. As can be seen from the stress—strain diagram, a
departure from the linear elastic response takes place fairly late due to the formation of
microcracks, which is reflected in the late rise in Poisson’s ratio (see Figure 3.3). At failure,
v=0.3 can be assumed unless more accurate data is available for the respective mix.

3.2.2 UHPC with steel fibres

The addition of high-strength steel fibres can bring about a distinct improvement in the
post-peak structural behaviour. However, this has hardly any effect on the ascending
portion of the stress—strain curve. By contrast, the descending portion of the curve is
influenced to a great extent by the following parameters:

— Fibre content

— Fibre geometry (length, diameter), also when compared with the maximum particle
size

— Fibre orientation

— Bond between fibre and matrix (surface properties, any profiling, etc.)

— Stiffness of the fibres, specifically in combinations of different fibres.
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Fig. 3.4 Compression stress—strain relationships for UHPC with fibres [22, 63]

It is, however, hardly possible to predict the course of the descending portion of the
stress—strain curve by means of simple relationships. Therefore, appropriate laboratory
studies are generally necessary for a certain UHPC. It should also be remembered that
the fibre content and fibre orientation in a component can vary locally and be influenced
by concreting activities. During concreting, the large majority of the fibres is aligned
with the direction of flow, primarily parallel with any nearby formwork surface. As an
example, Figure 3.4 shows a number of measured stress—strain curves for Ductal® [63]
(measured on 200X 100X 100 mm prisms) and according to [11] (measured on
300 % 150 x 150 mm cylinders). The figure clearly shows how the post-peak behaviour
can be considerably improved and controlled by adding fibres. However, the measured
stress—strain curves for the post-peak range (descending portion of curve) exhibit much
more scatter than the ascending portion. This is illustrated schematically in Figure 3.5.

Scatter in descending
portion depends on fibre
content, fibre orientation,
fibre geometry, etc.

Compressive stress

E =~ 45-55 GPa

Concrete strain

Fig. 3.5 Compression stress—strain diagram (schematic) for UHPC with variation in the behaviour
in the descending portion depending on fibre content, fibre type and fibre orientation [22]
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Up to about 2% by vol. fibres, no significant influence on the compressive strength was
observed. According to [11], a rise in the compressive strength amounting to approx.
15%, compared with an otherwise identical mix without fibres, was noted at a content of
2.5% by vol.

3.2.3  Further factors affecting the compressive strength

3.2.3.1 Geometry of test specimen and test setup

The results available regarding the influences of the test specimen geometry are
inconsistent. From the mechanics of materials viewpoint, it is the way the loading
platens restrict the lateral strain that is responsible for this. Normally, cylindrical
specimens with a slenderness ratio (height/diameter) of 2 should be used to determine
the compressive strength. The diameter should be at least 100 mm. The French guide-
line [64] recommends cylinders with dimensions of 70 mm dia. X 140 mm high or
110 mm dia. X 220 mm high.

Quite often, the high strength of UHPC means that the test specimen dimensions have to
be chosen to suit the capacity of the testing machine. In the case of UHPC without fibres
in particular, it is especially important that the surfaces of the specimen are exactly
parallel and that stress concentrations due to misalignment or deformation of the loading
platens are avoided.

3.2.3.2 Heat treatment

Curing with the help of heat can increase the strength of UHPC and accelerate the
strength development. Temperatures of approx. 80-90 °C are typical, which are applied
for 1-2 days. According to [11, 25, 65], heating at only 90 °C for just 48 h leads to higher
strengths than storing in water for 28 days at 20 °C. Heat treatment at 250 °C influences
not only the reaction rate of the setting process, but also leads to the formation of other
mineral phases and hence to a change to the microstructure that results in much higher
strengths being reached.

3.3 Behaviour in tension
3.3.1  Axial (concentric) tension loads

Axial tension tests represent a direct way of shedding light on how UHPC behaves in
tension. Tests on unnotched specimens are suitable for determining the tensile
strength, whereas tests on notched specimens are more appropriate for determining
the stress—crack width relationship of fibre-reinforced UHPC. The latter is regarded
as characteristic for the response of brittle materials or materials with a softening
post-peak behaviour. Typical tensile strength values for UHPC lie in the range
7-11N/ mm?Z. Fehling et al. [11] and Tue/Dehn [60] did not observe any significant
differences between fine- and coarse-grained concretes without fibres. However, the
tensile strength is mainly influenced by the addition of silica fume to the mix.

Without fibres, very brittle failure can be expected in tension. It is therefore very
difficult to measure any stable descending portion in the force—deformation diagram,
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Fig. 3.6 Stress—strain diagram for axial tension for UHPC containing fibres with an initially strain
hardening behaviour (Ductal®, fibre content 2% by vol., after [63]); (a) dimensions, (b) Stress-strain
diagram, (c) crack pattern. (Note: e = 1%. corresponds to approx. 0.2 mm elongation)

or stress—crack width diagram. Owing to the high strength of the matrix, cracks
typically run through the grains of aggregate as well, and the edges to cracks are very
smooth, which means that the interlocking effects typical of normal-strength concrete
are virtually absent in UHPC. Therefore, up until complete separation of the crack
edges, the specific fracture energy per unit area Gg required is only in the order of
magnitude of 50 N/m (fine-grained UHPC) to 100 N/m (coarse-grained UHPC) [66].

However, the addition of fibres results in a higher tensile strength on the one hand and
the ability to transfer forces across much wider cracks on the other. The fibres bridge
over the cracks in this situation and are able to transfer some of the tensile strength of
the matrix, or even higher stresses in favourable conditions. This situation occurs
when sufficient numbers of high-strength fibres with a favourable orientation are
available. An increase in strength is then possible with respect to the first crack in the
matrix, i.e. a strain hardening behaviour is observed (see Figure 3.6). Figure 3.7
shows the development of the stress as the crack widens for cases with a softening
behaviour. The dependence of the post-cracking behaviour on the addition of fibres is
illustrated in Figure 3.8. In principle, it involves the same parameters as those that
determine the post-peak response for compression actions (see above).

Leutbecher [68] has described and carried out further studies of the load-carrying
mechanism in cracked fibre-reinforced UHPC. Figure 3.9 shows the results of tests in
which the crack widths in notched prisms were measured very accurately. It can be seen
that after the matrix cracks, there is initially a drop in the force (concrete stress at crack,
for cracks <50 pm wide) followed by a rise as the steel fibres are activated. Following
full activation of the load-carrying effect of the fibres, pull-out of the fibres begins
beyond a certain crack width wg (from approx. 0.15 mm in this case), with a decrease in
the force carried by the fibres.
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Fig. 3.8 Typical stress—crack width behaviour of UHPC in a tensile test

As long as the force, or stress, possible at full fibre activation exceeds the tensile strength
of the matrix (outside the region where the fibres transfer the load), so further cracks can
form and strain hardening behaviour is possible. As the crack width increases, so the
fibres are pulled out more and more and their embedment length is reduced, which leads
to a drop in the force that can be carried by the fibres. What typically happens in an axial
tensile test is that one crack opens wide and the stress that can be accommodated drops
so that other points along the bar are relieved. Localized deformations are the result. This
can limit the ductility considerably in the case of long components.

The crack opening behaviour observed experimentally is explained further in Fig-
ure 3.10 and by means of the model described in the following. As the concrete matrix
softens (in the figure assumed, for simplicity, to be linear with the concrete stress
decreasing as the crack widens), so the load-carrying effect of the fibres is mobilized
more and more. If we assume that the bond between the fibre and the matrix has already
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Fig. 3.9 Phases of the load-carrying behaviour: following matrix softening, fibre activation followed
by fibre pull-out, illustrated for two different fibre efficiency values [68]

been overcome, then slip starts to occur over a successively longer length of the fibre and
frictional bond stresses are mobilized. This results in a rise in the force carried by the
fibres in accordance with a root function up until the maximum possible embedment
length is activated:

Cet = Oeto (2« [ X) (3.4)
Wwo  Wo

where

o, fibre efficiency
w current crack width
wo crack width upon reaching fibre efficiency.
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Fig. 3.10 Example of the superposition of matrix softening and fibre activation [68] (1) Fibre-

reinforced UHPC with hardening behaviour following formation of first crack (oo > c‘cfrcr) (2) Fibre-

reinforced UHPC with softening behaviour following formation of first crack. (cer0 < ogm)
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A constant frictional bond stress is presumed here (rigid-plastic bond). The gross
concrete stress currently transferred by the fibres is o.¢, and o.g is the fibre efficiency,
i.e. the maximum gross concrete compressive stress made possible by the fibres. This
expression is based on the work of Pfyl [69] on the modelling of fibre-reinforced
concrete. The term ‘post-cracking strength’ is also common, which originally comes
from fibre-reinforced normal-strength concrete, where the effect of fibres added in
typical amounts is generally insufficient to keep the stress at the level of the tensile
strength of the matrix. Figure 3.10 also shows that by superposing matrix softening and
fibre activation, which results in a severe increase in stresses for small crack widths, a
maximum stress Gicf’cr can exist. Similar behaviour was observed by Holmberg [70, 71],
who was able to establish a more severe rise in the cracking force in heavily reinforced
concrete tension members than can be explained by the ratio between the ideal and the
net cross-sectional areas.

For a fibre that crosses the crack at a right-angle at half its length, the maximum available
embedment length is equal to half the length of the fibre l;. This is called the model fibre
in the following. As a crack opens further, so the model fibre begins to be pulled out of
the matrix. The consequence of this is a linear decrease in the fibre stress over the
remaining pull-out distance (slip), with the bond stress on the fibre surface presumed to
be constant. If we assume that the embedment length on one side is minimally smaller
than that on the other, so the fibre will pull out from the shorter side, while remaining
anchored in the matrix on the somewhat longer side. So the limit case, the point at which
the fibre no longer has any effect, is for a crack width equal to half the length of a fibre,
ie. o (Ww=1/2)=0.

However, in the case of fibre-reinforced concrete it is not just the behaviour of the
model fibre that is decisive, but rather the behaviour of all the fibres that cross
the crack at various angles and with various embedment lengths on both sides of
the crack. Therefore, as the fibres begin to be pulled out, there is a considerable
drop in force as the crack widens, whereas at large crack widths, many fibres have
already been fully pulled out from one side of the crack. So at large crack widths, no
great changes to o are to be expected. This can be expressed by a quadratic decrease
in the gross concrete stress o as the crack widens, which is attributed to the fibre
efficiency:

2w 2
Gcf = Ocro| 1 —— (3.5)

Equations 3.4 and 3.5 are found in the studies of Li [72], Pfyl [69], Behloul [73, 74],
Jungwirth [75)] and Leutbecher [68], and are valid for fibre-reinforced concrete in
general but fibre-reinforced UHPC in particular. It has been shown that the stress—crack
width relationship originally derived for fibres exclusively aligned in the tension
direction, and hence the form of the curve shown in Figure 3.10, also applies, in
principle, to the effect of all the fibres crossing the crack at any angle. However, the
value of the fibre efficiency o4 must be adjusted accordingly, which is best carried out
on the basis of test results.
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Fig. 3.11 Fibre efficiency plotted against fibre content measured using optical analysis (fibres
l¢/d¢=20/0.25 mm) [67]

Test results from Delft [76] and Kassel [68, 77] prove that the fibre efficiency changes
little in the range of a 0-60° deviation from a normal to the crack. This can be
explained by the fact that the fibres in the crack become aligned in the deformation
direction as the crack widens and are bent at the edges of the crack. The additional
friction as a result of the contact pressure between the surface of the fibre and the
matrix in the region of the bend can even result in a higher stress being possible
provided the matrix has not been damaged by local spalling. The latter also seems to
play a role with respect to the disproportionate increase in the fibre efficiency as fibre
content increases (see Figure 3.11).

3.3.2 Flexural tensile strength

Flexural tensile tests are often preferred for determining the tensile strength properties
because they are also easily carried out with a compression testing machine and do not
require any elaborate arrangements to introduce the load. Section 2.7.2 contains advice
on the production of test specimens and testing.

Tests carried out in Kassel [25] with unnotched specimens made from UHPC without
fibres established that the flexural tensile strength for prisms measuring 160 X 40 X
40mm can reach 13-17N/mm?, whereas the same mix only reached values of
7-10 N/mm? for beams in bending measuring 700 X 150 X 150 mm [11, 78]. A significant
scale effect can therefore be observed, which in the first place can be attributed to
fracture mechanics effects.

When fibres are added, the behaviour after crack formation is on the whole less brittle,
almost plastic, which leads to a more favourable distribution of flexural stresses. A
higher measured flexural tensile strength f. g =M,/W is the result. Depending on the
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Fig. 3.12 Relationship between flexural tensile strength and component thickness for UHPC with
2% by vol. fibre content, fy =160-180 N/mm? (after [79])

mix, values in the range 15-40 N/mm? have been measured. Here, the influence of the
fibre orientation due to the proximity of formwork surfaces, which can have a noticeable
effect on test specimens with small dimensions, is superposed on the scale effect due to
fracture mechanics.

For prisms with a square cross-section, Equation 3.6 expresses this relationship for the
results on which Figure 3.12 is based:

200\ ¥
fop =15 (T) for h < 200 mm (3.6)

where

h  thickness of test specimen (square cross-section) [mm]
f..q flexural tensile strength [N/mm?].

Also conceivable in principle is transferring this relationship to other fibre-reinforced
UHPCs provided the tensile strength is scaled to suit the particular component
thickness.

Determining the flexural tensile strength is best carried out with unnotched test
specimens; notched specimens are suitable for determining the stress—crack width
relationship. The French guideline [64] recommends the following when determining
the tensile strength properties of UHPC:

— Four-point bending tests on unnotched specimens for determining the flexural tensile
strength. The axial (concentric) tensile strength can be determined with the help of
a correction factor to take account of the scale effect.

— Three-point bending tests on notched specimens for determining the contribution of
the fibres in a cracked cross-section. The French guideline also specifies a method
for backward identification in order to back-calculate to a stress—crack width
relationship.

Prisms with a square cross-section are recommended in the French guideline, with a
length equal to four times the cross-section thickness a (L = 4a). The span should be 3a.
The thickness of the zone with the fibre orientation preferably parallel with the edge
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Fig. 3.13 Standard test according to DAfStb guideline for steel fibre-reinforced concrete [51]

increases with the fibre length I, so the choice of specimen thickness depends on this,
and the recommendations are:

—  280x%70x 70 mm prisms for [y < 15 mm
— 400 % 100 x 100 mm prisms for 15 <1;<20 mm
— 560 x 140 x 140 mm prisms for 20 <1;<25 mm

—  Prisms with width and height a>51; for 1> 25 mm

The DAfStb guideline for steel fibre-reinforced concrete [51] uses a four-point bending
test with beam dimensions of 700 X 150 x 150 mm (L X W X D) (see Figure 3.13).

When it comes to the residual tensile strength, the evaluation of the tests according to the
DAIfStb guideline is based on conversion factors that permit the concentric post-
cracking tensile strength to be estimated from the post-cracking flexural tensile strength.
As cross-section thicknesses much smaller than 15 cm are very common for UHPC, the
use of correspondingly thinner test specimens is sensible in these cases. The influence of
the fibre orientation parallel with the formwork in the perimeter zones is very important
for the flexural tensile strength in particular.

The interaction of fibres with different geometries or made from different materials (e.g.
PVA instead of steel) in ‘fibre cocktails’ can have advantages when it comes to the
flexural tensile strength and the fracture energy. Fibres that are activated in different
deformation ranges can usefully complement each other [43, 76, 78, 80]. For example,
PV A fibres with their lower strain stiffness are effective at greater crack widths, whereas
steel fibres are already active at small crack widths (Figure 3.14), see also Section 3.10.

3.3.3  Derivation of axial tensile strength from compressive strength

EN 1992 specifies more cautious relationships for concretes with a higher strength (C50/
60 and higher) than for normal-strength concretes. However, the results obtained for
UHPC so far justify the use of the following relationships:

fom = 0.3 - £/ 3.7)
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Fig. 3.14 How steel and PVA fibres interact and influence the post-cracking behaviour [78]

and
fclk,O.OS = 0.7 ferm (3.8)

as for normal-strength concrete. The tensile strength determined in this way is related
to the tensile strength of the matrix. In fibre-reinforced concrete with a sufficiently
large fibre content, however, the fibre efficiency can lie well above the tensile strength
of the matrix.

3.3.4 Derivation of axial tensile strength from bending tests

The French guideline [64] uses a slightly modified relationship taken from Model Code
90 to derive the axial tensile strength from the flexural tensile strength:

N
> (%)
hy
where

n\ 7
1+2-—
<h0>
hg= 100mm

hy  height of prism [mm]
feene extreme fibre stress upon formation of flexural crack (elastic limit) [N/ mm?].

(3.9)

fct = fctﬂ,el :

Equation 3.9 uses the extreme fibre stress upon formation of the first crack, or rather the
elastic limit. It is therefore based on the capacity of the concrete matrix, but was
originally derived for the flexural tensile strength, i.e. the nominal bending stress upon
reaching the maximum bending moment.

In UHPC with sufficiently strong fibre reinforcement, the effect of the fibres can
determine the flexural tensile strength. However, the same fracture mechanics scale
effect is not to be expected; other conversion factors should be applied. The DAfStb
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guideline for fibre-reinforced concrete can be used here. A conversion factor of 0.37 is
specified in that guideline, and the post-cracking flexural tensile strength should be
multiplied by that figure.

3.3.5  Splitting tensile strength

Cylinders with a slenderness A = d/h =2 and min. 100 mm diameter should be used for
determining the tensile strength from tensile splitting tests.

In the light of the results obtained hitherto, it can be said that the splitting tensile strength
of UHPC without fibres roughly corresponds to the axial tensile strength. Only a few
results are available so far for UHPC with fibres [81].

3.3.6 How fibre geometry and orientation influence the behaviour of UHPC
in tension

As already discussed, the post-cracking behaviour of UHPC depends on fibre content,
fibre geometry and fibre orientation. The fibre content and orientation can vary locally
within a component, which in the first place is connected with the concreting
procedure (concreting direction and progress, the flow of the concrete within the
formwork). The proper choice of formwork and concreting procedures also provides a
chance to influence the fibre distribution and orientation in the component in such a
way that the fibres make an optimum contribution to carrying the loads, see also
Section 2.7.2.

Flexural tensile tests carried out at the Institute of Construction Materials, Concrete
Construction & Fire Protection in Braunschweig [82] included studies comparing the
behaviour of UHPC with long fibres (30 mm) and short fibres (approx. 13 mm). A
coarse-grained concrete with max. 8 mm particle size and fibre contents between 80 and
120kg/m® was used in the tests (see Figure 3.15). Whereas in the range of small
deformations, similar, good values for both types of fibre were obtained, the tensile
capacity of short fibres decreased faster as the deformations (and hence the crack widths)
increased.
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Fig. 3.15 Stress—deflection diagram for UHPC beam in bending with short and long fibres
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Fig. 3.16 How fibre orientation influences flexural tensile strength and ductility (after [83])

Bernier and Behloul [83] investigated the influence of fibre orientation on the flexural
tensile strength and post-cracking behaviour of UHPC by forcing the concrete to flow
through screens during casting and thus achieving the preferred fibre orientation. It is
clear from the results shown in Figure 3.16 that the maximum flexural tensile strength
is reached when 6 =90° (practically all the fibres aligned in the tension direction),
whereas in the most unfavourable case of 6=0° (fibres perpendicular to tension
direction), the fibres even had a separating effect. In the latter case, the flexural tensile
strength was even below that of a plain concrete matrix.

The effect of fibre orientation after passing the fibre-reinforced concrete through screens
can explain the preferred orientation parallel with the formwork in the proximity of the
formwork. Another consequence is that, on the whole, a preferred orientation parallel
with the formwork can ensue with small test specimen thicknesses/widths.

Table 3.1 shows the results of tests [11] on UHPC with almost self-compacting properties.
The fibres align themselves mostly horizontally in such concretes. The orientation of the
test specimens during concreting was varied in this series of tests. Considerable differ-
ences for the different positions during concreting can be seen in Table 3.1 because in
the specimens concreted vertically, the fibres were primarily aligned perpendicular to the
forces during loading. As shown above, alower (flexural) tensile strength is to be expected
when loads are applied perpendicular to the prevailing fibre orientation than when the
fibres are mainly aligned in the loading direction. Besides the tensile strength, the specific
fracture energy Gg 1 oq, Was also ascertained. For this parameter, the area beneath the stress—
crack width curve was evaluated up to a residual strength of 10%.
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Table 3.1 Tensile strength and fracture energy depending on specimen orientation during concreting [11].

Age of specimen

Uniaxial tension

Flexural tension

Test specimen

:
Ti]
Bid

Prism
160 x40 x40 mm

'
—

Beam
700 % 150 x 150 mm

a0y
e
Curing 90° 90° 90°
Concreting direction horizontal vertical horizontal vertical horizontal vertical
Fracture energy Gr,10% [N/m]® 7d 16757 9993 20100 15097 20355 14543
28d 14555 18052 19892
28d” 17014 19820
Tensile strength 7d 14.2 7.86 34.0 2251 22.1 17.6
for [N/mm?] 28d 133 357 222
56d 17.7 36.3 22.1

¥ Specimens with 25 days of heat treatment at 90 °C

Y Fracture energy for integration up to reaching a residual load-carrying capacity equal to 10% of the maximum capacity
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So apart from the geometry of the test specimen, or component, the orientation of the
component during concreting and the complete production process are always impor-
tant, especially with respect to the direction of flow during concreting. This information
should therefore always be specified because otherwise there is no chance of reproduc-
ing results and making comparisons.

3.3.7 Converting the stress—crack width relationship into a stress—strain
diagram

With softening behaviour, the stress—strain line for axial tension is no longer obvious
owing to the localization of the deformations taking place at a severely widening
crack. For example, for the same fibre-reinforced concrete, or generally the same
material, the line would depend on the reference length. The longer the component,
the less a local deformation (elongation) can determine the overall behaviour.
Consequently, it is not possible to specify a clear stress—strain line for fibre-reinforced
concretes with a softening behaviour. For materials with a strain hardening behaviour,
a clear stress—strain line only exists up to the onset of softening.

Nevertheless, in order to be able to define UHPC, and especially fibre-reinforced
UHPC, it is possible to specify a stress—crack width relationship. By providing a
reference to the length I relevant to the particular case, however, this relationship can
be converted to a stress—strain line. Apart from the crack width, the strains that exist
within the length I, but outside the crack, are also included. The strains at the edge of
the crack can be determined from the stress as a result of the fibre effect o.; in the crack
and at the end of distance 1y, and a mean strain can be estimated:

ecm(ccf(w)) = lz + €cst (3.10)

st
where

€.m Mean equivalent strain in fibre-reinforced concrete within length 1
€.« Mmean equivalent strain in fibre-reinforced concrete within length I but outside the
crack
1
Ec,sec

By 0ce + (1 = By) - oer(w))] 3.11)

Ecst =

o.r (W) nominal (concrete) stress as a result of the force transfer by the fibre effect in the
crack o, (w) depending on crack width w

Iy relevant structural length

E s secant modulus (from relief after tension loading)

Bt solidity coefficient of stress distribution over the length, which may normally be
taken to be By =0.6 (see Figure 3.17)

Cce stress at end of relevant length I or at a distance of L/2 from the crack.

In the case of a beam in bending, the change in stress between the value at the crack o.¢
and that at the end of the discontinuity region follows from the in-plane stress state



40 3 Mechanical properties of the hardened concrete

=|l=
h

h-x

Oc,edge

Fig. 3.17 Schematic view of the progress of concrete stresses at the extreme fibres in the vicinity of
a crack in fibre-reinforced concrete, based on the example of a beam in bending

adjacent to the crack. When using a combination of steel bars and fibres as the
reinforcement, the rebars also transfer stresses, although this requires a certain short
transfer length in the millimetre range for UHPC.

Different lengths should be assumed for I, depending on the situation. For compo-
nents without reinforcing bars, the total length of the discontinuity regions on both
sides of the crack can be based on the principle of Saint-Venant:

Iy <2-h (3.12)
where
h thickness of cross-section.

For components with a combination of reinforcing bars and fibres, the mean crack
spacing governs:

Iy = Sm (3.13)
where
S;m mean crack spacing.

When it is necessary to consider localization of deformations at a crack after the onset
of yielding of the reinforcement, the structural length 1 can be chosen depending on
the modelling used (discrete or smeared cracks).
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Where there is a constant distribution of the stresses in the longitudinal direction, then it
follows that 6.. =6 (W), i.c.

Ocf (W)

3.14
Ec,sec ( )

Ecst =

3.3.8 Interaction of fibres and bar reinforcement

Provided the thickness of the component permits it, combining reinforcing bars and
fibre reinforcement is interesting from the economic and ecological viewpoints
because the energy and drawing plant needed to produce thin fibres are considerable.
Leutbecher [68] has shown that this approach with a limited fibre content (<1% by
vol.) and moderate use of steel reinforcing bars can achieve favourable behaviour in
tension members and limit crack widths to <0.1 mm.

A mechanical model [68] based on compatibility and equilibrium at the cracked cross-
section permits a reliable determination of the crack widths and the forces that can
be accommodated with combined reinforcement in UHPC cross-sections. The load—
deformation behaviour exhibits a practically constant contribution of the fibre-
reinforced concrete over large ranges and this contribution is more distinct than
that of the known contribution of the concrete between the cracks in reinforced
concrete without fibres (see Figure 3.18).

Components with combined bar/fibre reinforcement therefore exhibit ‘plastic’ behav-
iour to a certain extent although the steel reinforcing bars have not yet begun to yield.
Owing to the smaller crack widths, a pronounced localization of deformations at a
crack is not normally to be expected. Up to the yield point, which in the case of high-
strength steels can be way over 5%o, this type of behaviour is observed virtually every
time. The unavoidable scatter with respect to fibre distribution and orientation are
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Fig. 3.18 Load—deformation behaviour of UHPC tension members reinforced with high-strength
steel bars (grade St 1470/1620, ds=12mm) and 17 mm long fibres (fibre contents: 0.9, 1.45 and
2.0% by vol.): a) steel stress—strain relationship, b) contribution of fibre-reinforced concrete
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therefore far less noticeable in long components in particular than in fibre-reinforced
concrete without steel reinforcing bars, where a local weakness could very quickly
limit the extensibility of a long component.

After the onset of yield in the steel rebars, localization of deformation at a single crack
can take place more easily if the negative tangent stiffness of the fibre-reinforced
concrete as the fibres are pulled out (descending portion of stress—crack width diagram)
can no longer be compensated for by a sufficiently large stiffness of the — now plastic —
steel reinforcement.

3.4 Shrinkage

The shrinkage of the reference concretes M2Q (fine-grained) and BSQ (coarse-grained)
from the German research programme (see Table 2.1) was compared with that of
conserved specimens and specimens that were able to dry out naturally in a climate
chamber at 20 °C and 65% RH The results are shown Figure 3.19. Measuring started one
day after production.

For the fine-grained UHPC with a w/c ratio of 0.20 and a w/b ratio (equivalent w/c
ratio) of 0.17, the shrinkage progression and the total shrinkage strain for the two
differently stored series were identical (about 0.35 mm/m). This means that the
measured deformation for this w/b ratio was due exclusively to the hydration-related
autogenous shrinkage.

The shrinkage progression and the shrinkage strain of the conserved coarse-grained
UHPC were similar to those of the fine-grained M2Q mix up to an age of 200 days. If
the specimens were able to dry out, so a significant proportion of drying shrinkage was
added to the autogenous shrinkage. This may well be due to the higher w/c ratio of this
mix (0.24). This also confirms that the silica fume primarily acts only physically as a
filler in the case of storage in water. In addition, the results indicate that the first
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Fig. 3.19 Shrinkage of the a) coarse-grained UHPC B5Q mix [84], and b) fine-grained UHPC
M2Q mix [85], measured on conserved specimens and specimens able to dry out naturally at
20°C/65% r.h
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Fig. 3.20 Shrinkage progression and shrinkage stresses over the first 24 h established in a
shrinkage ring test carried out on a fine-grained UHPC (after [84])

capillary pores already start to form at this w/c ratio and hence reduce a key feature of
UHPC - its very high diffusion resistance.

The foregoing measurements began one day after producing the test specimens. This is
usual with normal-strength concrete because the hydration proceeds much more slowly.
But with UHPC a compressive strength of 50—60 N/mm? has already been reached after
this time, i.e. the reaction and hence the correlating autogenous shrinkage proceed much
faster. The shrinkage from the start of hydration was followed in [84] in a ‘shrinkage
ring test’. As an example, Figure 3.20 shows the shrinkage progression and shrinkage
stresses measured over the first 24 h. A shrinkage contraction of approx. 0.7 mm/m was
measured on mix M2Q (mix 1A in Figure 3.20) after just one day.

Depending on cement content and mix design, a total shrinkage strain of about 0.6—
0.9 mm/m can be assumed for the design of components made from non-heat-treated,
low-capillaries UHPC (w/c ratio < 0.25).

3.5 Creep

In a similar way to shrinkage, creep can be significantly reduced through prior heat
treatment. As a first rough approximation, the following orders of magnitude can be
specified:

—  Final creep coefficient for UHPC without heat treatment: ¢ =0.6 ... 1.4
—  Final creep coefficient for UHPC with heat treatment ¢=02...04
(approx. 70-90 °C):

Studies carried out in Leipzig [86] and Karlsruhe [85] demonstrated that UHPC without
heat treatment had much higher creep values than those that might be expected
according to acknowledged creep theories. On the other hand, the creep of UHPC is
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Fig. 3.21 Creep figures for UHPC depending on concrete age at start of loading compared with
predictions according to DIN 1045-1

much lower than that of high-strength concrete. Figure 3.21 compares the results
obtained with unsealed 100 mm dia. test cylinders (standard climate, loading level equal
to 30% of the short-term strength, onset of loading at various concrete ages) with the
predictions according to DIN 1045-1.

According to [86], the drying creep proportion is low when compared with concrete with
a lower strength, which is probably due to the fact that the dense microstructure
represents a considerable obstruction to the transport of capillary water. Another reason
could be the pronounced self-drying-out effect of UHPC.

Linear creep up to approx. 60% of the short-term strength (concrete 28 days old at onset
of loading) was observed in [85], whereas distinct non-linearity has already been noted
at this stress utilization when the onset of loading was earlier. Apparently, however, this
can be attributed to the fact that the concrete strength is not yet fully developed in these
early phases.

3.6 Multi-axial stresses

Interesting tests were carried out in a multi-axial test rig to determine the biaxial and
triaxial strengths (Figure 3.22). The loading was applied via brushes in order to
minimize the obstruction to lateral strain. The test results show that the increase in
strength for biaxial compression is less pronounced than with normal-strength concrete.
Consequently, the approaches customarily used for normal-strength concrete, which are
based on an increase in strength for multi-axial loading, may not be used automatically
for UHPC (see Figure 3.23a). In the case of triaxial loading, as compression increases in
the third direction (from about 6-9%), so there is a transition from brittle to ductile
behaviour, as Figure 3.23b shows [87].

3.7 Fatigue behaviour

Extensive results from various sources regarding fatigue behaviour are now available.
The studies carried out on fibre-reinforced UHPC by Bunje [11, 57] are shown in
Figure 3.24 and compared with the results of Klausen [88] for normal-strength concrete.
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Fig. 3.24 S-N curve for coarse-grained UHPC with fibres [11, 57]

The outcome was no significant difference between UHPC and normal-strength
concrete when it came to the admissible, standardized stress ranges (related to the
short-term strength). Although further tests on UHPC without fibres did reveal a similar
behaviour, there was greater scatter.

More recent investigations by Wefer [89] in Hannover involving approx. 200 single-
stage S-N tests resulted in similar yet slightly more favourable results. No significant
difference between UHPC with fibres (2.5% by vol., 9 mm long, 1/d = 60) and without
fibres could be established. Some 88 tests were evaluated for a lower stress level
S, =0.05, as Figure 3.25 shows. Instead of a direct regression of the means of the tests,
Wefer suggests using a linear approximation passing through the relative upper stress

ooffei [

Son

0.6~ o 88 tests, S, = 0.05 OT™©
| sasna: Regression of test data for S, = 0.05 TEE
—]| = Regression through S, = 1.0 RN
4| = Straight line through S, = 1.0 and mean for S, = 0.6
04 =T 1 -~ I = F ¢ & *~ [+ [ 7 |
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Logarithmic value of No. of cycles to failure N [-]

Fig. 3.25 Approximation of test results for the range log N < 8 and log N; < 9 using the example of
the regression line for a relative lower stress level S, =0.05 (after [89])
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Fig. 3.26 Typical example of development of strains at upper stress level o, plotted against number
of load cycles

level S, =1.0 at log Ny=0 and through the value of the regression line for S,(N¢ > 107)
for a reasonable value of number of cycles to failure N; exceeding 10”. The reason for
this is that, on the one hand, no indications for a deviation from the linear progression
could be observed up to Ny = 10%, On the other, such an approach lies on the safe side for
smaller numbers of cycles to failure. With respect to the question as to whether there is a
limit to the fatigue strength, Wefer argues that taking the logarithm of the increase in
damage log €" does not show any deviation from linear behaviour up to 10°, and has a
very good coefficient of determination for the regression (see Figures 3.26 and 3.27).

Logarithmic value of increase in damage log
4
(52]
1

-9.0+
4 *  Single values, normal-strength conc.
—95—| + Singlevalues, UHPC
| —— Regression, normal-strength conc. =
-10.0 = Regression, UHPC
05T T T T T 1
1.0 20 30 40 50 60 70 >
Logarithmic value of No. Logarithmic value of No. of cycles to failure log N
of cycles to failure log N
(@) (b)

Fig. 3.27 a) Interpretation of relationship between increase in damage log ¢, and taking the
logarithm of the number of load cycles to failure log N, and b) in relation to the course of the S-N
curve (after Wefer [89])
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Fig. 3.28 Summary of tests from Munich (squares) and Hannover (triangles) for 107 load cyclesin a
modified Goodman diagram [90, 175]

The log &" value describes the gradient of the line of the strains for the upper stress
level in the secondary range of the development of the axial strain up to the number of
cycles to failure (see Figure 3.26) and could possibly serve as a good forecast for the
range N> 108. Accordingly, it could be suspected that there is no distinct fatigue
strength. The linear progression then lies on the safe side for high numbers of cycles to
failure as well. These deliberations can be used as a starting point for a design approach,
which is discussed in Chapter 5.

For reversed and compressive fluctuating loads, fatigue tests were carried out on dog-
bone specimens and test cylinders in Munich and Hannover. A summary of the
results is given in Figure 3.28 in the form of a modified Goodman diagram.

For multi-axial loading, the results must be modified according to the failure envelopes
in the principal stress space: see Figure 3.29 for compressive fluctuating loads with
rotationally symmetric transverse compression, and Figure 3.30 for transverse tension.
The latter were obtained using cone-shaped specimens. Detailed information on this
can be found in [90-92].

Figure 3.31 shows an overview of the results obtained at various universities for general
triaxial loading.

A research project to investigate the fatigue behaviour of UHPC was also carried
out at Delft University of Technology [93]. Three different concrete mixes were
compared (Figure 3.32). The concrete with the highest strength was a BSI/Ceracem.
This concrete had a relatively large maximum grain size (7 mm) and contained 2.5%
by vol. steel fibres (200kg/m>, 20/0.3 mm). The mean compressive strength was
220 N/mm”.



3.7 Fatigue behaviour 49

1.20

gression line UHPC
o individual result (unkaxial)

1.15 4
1.10 4
1.05 4

fem

& average value (uniaxial)
regression line UHPC (triaxial -20 MPa)

B individual result (triaxial -200Pa)
1.00 <

0.95 4

& average value (triaxial -20 MPa)

0.90 +
0.85

0.80 4
0.75 4

to

Upper stress level So

{s]

0.70 4
0.65 4

d with

0.60 <

0.55

0.50 T T T T Y T T
0 1 2 3 4 S 6 1 a
Numbers of cycles to failure log N [-]
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Fig. 3.32 Flow table measurements for three UHPC mixes tested for fatigue: a) BSl/Ceracem,
compressive strength =220 N/mm?, V;=2.5% by vol. b) HSFRC, compressive strength= 145N/
mm?, V¢=1.6% by vol. ¢) Hybrid HSFRC, compressive strength =130 N/mm?

Another mix, denoted ‘HSFRC’, had been developed previously at the university by
Griinewald [94]. This mix contained 1.6% by vol. 13/0.16 mm steel fibres; the mean
compressive strength was 145 N/mm?. The third mix was a hybrid UHPC (denoted
‘hybrid HSFRC’) and contained 0.5% by vol. short fibres (1=13 mm, d;=0.2 mm)
and 1% by vol. long fibres with hooked ends (1=60mm, d¢=0.75mm) after
Markovic [76]; the compressive strength was about 120 N/mm?. Beams measuring
1000 % 125 X 125 mm were cast from all three mixes and then tested in four-point
bending tests. Both static and fatigue tests were carried out. Figure 3.33 shows the
relationship between the calculated flexural tensile stress and the deflection under static
loading. The strain hardening part, an indicator of a good mix, is readily apparent.

Figure 3.34 shows the results of the fatigue tests. The HSFRC mix exhibited the best
behaviour. It turned out that, on the one hand, the scatter of the results decreased when
the workability improved and that, on the other, the S-N relationships for UHPC agree
well with the relationships for concrete without fibres.
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Fig. 3.34 Results of fatigue tests on beams in bending made from various UHPC mixes (after
Lappa [93])

3.8 Dynamic actions

At high strain rates, i.e. with a very fast increase in strain over time, an increase in the
tensile and compressive strengths has been observed for concrete in general. Millon
and Noldgen [95] investigated UHPC under an extremely fast tension loading rate
within the scope of tests on the split Hopkinson bar. With values 5-6 at strain rate of
100 [1/s], the dynamic increase factors (DIF) observed for UHPC (see Figure 3.35) are
slightly below those that are observed for normal-strength concrete.

According to the test results obtained so far, this increase in strength should be
assigned to the matrix, whereas after crack formation, the effectiveness of the fibres
upon pull-out exhibits no comparable increase in stress (see Figure 3.36). Never-
theless, fibre reinforcement has proved to be very effective in slab impact tests [96].
Moreover, the very high compressive strength of UHPC is particularly important
when it comes to impact loads. A good overview of the behaviour of UHPC under
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highly dynamic loads, its modelling and the application to building design to resist
impact loads can be found in [96].

3.9 Fire resistance

As already known from high-strength concrete, spalling can begin even during the
early stages of a fire because the dense microstructure prevents the dissipation of vapour
pressure caused by the elevated temperature. It was this that motivated investigations
of the behaviour of UHPC under high thermal loads, i.e. in fire (see Table 3.2). The
positive effect of adding polypropylene (PP) fibres is very clear. Likewise, the use of
basalt sand instead of quartz sand prevented the damage due to the volume increase as
a result of the quartz inversion above 573 °C, which had a positive effect.

More recent investigations by Hosser et al. [98] confirm the results and add the
fundamental material characteristics to our knowledge of UHPC’s behaviour in fire.
Such characteristics are needed for modelling and assessing behaviour in fire. Fig-
ure 3.37 shows the state of test specimens after 90 min exposure to fire (standard time—
temperature curve).

The tests also established that the test specimens made from UHPC heat up faster than
would be expected when performing calculations with the thermal conductivity and
specific heat capacity values for normal-strength concrete. Figure 3.38 compares the
thermal conductivity values for UHPC with those for high-strength concrete and the
Eurocode 2 figures.

Also interesting is the strength reduction for UHPC, which is much lower at high
temperatures although initially a temporary drop is observed below 200°C (see
Figure 3.39).

Further parameters can be found in [98], others are still being determined. This
represents a good starting point for developing material models for use in finite element
modelling to simulate the behaviour in fire. According to appropriate calculations, fire
tests should be carried out in order to validate the models or gain further knowledge.

3.10 UHPC with combinations of fibres (‘fibre cocktails’)

Generally, there exist different opinions regarding the role of fibres in fibre-reinforced
concrete. In conventional fibre-reinforced concrete, the fibres are relatively large
compared with the grains of aggregate. When a macrocrack forms in the concrete,
the fibres are activated, i.e. they bridge over the crack and resist the further opening and
propagation of the crack. Seen in this way, they function similarly to classic steel
reinforcing bars. But the fibres used in UHPC are much finer, which is why they are
activated as early as the microcrack formation phase. So the question is whether
they should be considered as reinforcement or as part of the composite material.
Markovic [76] combined short and long fibres (Figure 3.40). The short fibres react as
soon as microcracks start to form in the concrete, with the development of the cracks
being halted immediately by the fibres. The concrete therefore behaves quasi elastically.
If as a result of a further increase in load macrocracks eventually form, then the long
fibres are activated.
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Table 3.2 Overview of the results of fire tests [97].

Mix Unit MIQ M3Q BIQ B4B
Basalt sand

Steel fibres % by 4.0 2.5 25 25 2.5 4.0 25

vol.
PP fibres % by without without 0.30 0.60 0.60 without | 0.30

vol.
Storage 28d W 28d W 28d W 28d 90°C 28d W 90°C

w
Load STT STT STT STT STT STT STT
90 min 90 min 90 min 90min | 45min 90 min 45 min

Degree of damage -— -— + ++ + =+ ++
Compressive strength N/ could not be could not be could not be 126 102/144 59 147/149
after loading mm? tested tested tested (108) (148)
Proportion of starting ~96% | ~60% ~30% ~77%

value

— — very severe damage; — severe damage; + light damage; + + no damage; W stored in water; HT heat treatment; STT standard time—

temperature curve.
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Fig. 3.37 Tests to establish the spalling behaviour of 60 x 20 x 20 cm prisms with different PP fibre
contents for the UHPC mixes M3Q (top) and B5Q (bottom), after [98]

Figure 3.41 shows the results of bending tests on beams made from UHPC with
combinations of fibres. The tests were carried out as three-point bending tests
on notched beams according to the RILEM method [53]. The beams measured
600 % 150 % 150 mm and spanned 500 mm; they had a 25 mm deep sawcut in the
middle of the tension side. Various combinations of long fibres with hooked ends
(1=40 mm with d¢y=0.5 mm, or | =60 mm with d;=0.7 mm) and short straight steel
fibres (1=13mm, d;=0.20mm) were used. The flexural tensile strength reached
values of up to 45 N/mm?”. The compressive strength of the concrete was approx.
120 N/mm?. It turned out that there are considerable differences between concretes
reinforced with just one type of fibre and concretes reinforced with a combination of
short and long fibres. Figure 3.41 shows the flexural tensile strength calculated from
the test results as a function of the fibre volume for different fibre combinations.
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Fig. 3.39 Temperature-dependent compressive strength of UHPC (after [98])

A

Fig. 3.40 Combination of short and long steel fibres, where a) the short fibres already react to the
formation of microcracks, and b) the long fibres do not react until macrocracks start to form [76]
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Fig. 3.41 Flexural tensile strength as a function of fibre content and fibre type for concrete with
combinations of fibres (‘fibre cocktails’) [76]

The diagram shows that a mix with 2% by vol. fibres (155 kg/m?) of length 1= 13 mm
has a flexural tensile strength of 25 N/mm?, whereas a mix with 1% by vol. fibres of
length I =13 mm plus 1% by vol. fibres of length 1 =40 mm reaches a flexural tensile
strength of 40 N/mm?. The diagram also shows that 1% by vol. short fibres (13 mm)
combined with 0.5% by vol. long fibres (40 mm) leads to the same flexural tensile
strength as 2% by vol. short fibres. In other words, the mechanical properties can be
optimized by combining different types and quantities of fibres.
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41 Microstructure

Owing to its ceramic-like, dense microstructure, ultra high performance concrete
(UHPC) exhibits a much higher resistance to substances that attack and damage
concrete or reinforcement than is the case with normal- or high-strength concrete. The
effect of the high packing density in conjunction with the very low w/b ratio of only
approx. 0.20 (see also Chapter 2 and Figure 4.1) is that such a UHPC has practically
no capillary pores. Figure 4.1 shows the pore radius distribution, measured using
high-pressure mercury porosimetry, of a high-quality class C45/55 normal-strength
concrete, a class C90/105 high-strength concrete and two UHPC mixes (90 °C heat
treatment, coarse- and fine-grained mixes) [11]. After storage in a standard climate for
one year, carbonation of the UHPC extended only approx. 1 mm into the concrete
because practically no CO, could infiltrate the material.

However, the shrinkage test results presented in Section 3.4 and Figure 3.19 [84] lead
us to suspect that UHPC without heat treatment is only totally free from capillary
pores, and hence impermeable to gases and liquids, when the w/c ratio is no higher
than 0.22. Despite a low w/b ratio (equivalent w/c ratio) of 0.19, drying shrinkage was
already measured at a w/c ratio of 0.24 and higher, and such shrinkage is generally
associated with the formation of capillary pores. This finding is confirmed by the pore
radius distribution of the same coarse-grained UHPC in Figure 4.1. Here, too, an —
albeit small — number of pores with a capillary effect is evident. To what extent this
has a practical effect on the durability aspects discussed below has not yet been fully
clarified, however.

4.2 Resistance to aggressive media

As a result of UHPCs very dense microstructure, its resistance to the diffusion of
chloride ions originating from de-icing salts or occurring in marine environments is
significantly higher than that of normal-strength concrete. Hence, a concrete cover of
UHPC provides the reinforcement with much better protection against corrosion.
Figure 4.2 shows the charge and the infiltration depth of the chloride ions established
in a rapid chloride migration (RCM) test [99]. Measurements were carried out on
3.5 cm thick disc-shaped specimens made from class C45/55 normal-strength con-
crete (C1 without and C2 with hydrophobic agent) and a coarse-grained UHPC mix
(B3Q from [11]), whose capillary porosity is shown in Figure 4.1.

Figure 4.2 shows the relationship between the charge transmitted and the infiltration
depth of the chloride ions. Clearly evident in the figure is the fact that the highest
chloride ion infiltration was measured on the normal-strength concrete specimen without
hydrophobic agent (C1), a lower infiltration of 0.9 mm on the specimen with hydro-
phobic agent (C2) and virtually no infiltration on the UHPC specimen. The measure-
ments collected over 6 h were carried out with a 3% NaCl solution and an applied DC
voltage of 40 V.

Ultra-High Performance Concrete UHPC: Fundamentals, Design, Examples. First Edition.
Ekkehard Fehling, Michael Schmidt, Joost Walraven, Torsten Leutbecher and Susanne Frohlich.
© 2014 Emnst & Sohn GmbH & Co. KG. Published 2014 by Ernst & Sohn GmbH & Co. KG.
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Fig. 4.1 Distribution of pore radius in C45/55 normal-strength concrete, C90/105 high-strength
concrete, and fine- (M1Q) and coarse-grained (B3Q) UHPC mixes, after [11]

These findings, in the meantime backed up by the results of further studies [100], allow
us to conclude that when using UHPC it is generally possible to reduce the cover depths
of DIN 1045-1, which are based on the diffusion resistance of normal-strength concrete.
Furthermore, the results imply that components directly exposed to chloride ions from
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Fig. 4.2 Chloride ion diffusion depths (right) and transmitted charge (left) of normal-strength
concrete (with — C2 - and without hydrophobic agent) and coarse-grained, heat-treated UHPC
(RCM test) [11]
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de-icing salts, i.e. exposure class XD3, can be designed without any additional
protective measures; e.g. parking decks or bridge decks can manage without an
insolation layer or without a separate water and chloride tight wearing courses
respectively [12]. The prerequisite is a sufficiently well-defined limit to the calculated
crack width on the surface of the component. According to extensive investigations
in [101], depending on the environmental conditions near-surface cracks with a mean
width of 0.05 to app. 0.1 mm close themselves completely owing to the high proportion
of unhydrated cement. In UHPC with fibres, the beneficial contribution of the fibres
can be taken into account when specifying the reinforcement required due to the
practical experience that only fibres at the very surface corrode.

Resistance to acids is also better. UHPC is therefore particularly suitable for the
production of lightweight pipes with a reduced wall thickness or linings with an
improved resistance to industrial wastewater. Prototypes of such pipes made from low-
matrix, aggregate-rich, no-slump UHPC (see Table 2.1) have already been produced
within the scope of a research project and been approved in a production plant [18].
Figure 2.1 shows the volumetric composition. Further improvements to the chemical
resistance can be expected in the future once acid-resistant mineral binders — currently
undergoing development [19] — become available.

In [102], the fine- and coarse-grained Portland cement UHPCs of the German research
programme plus a further mix with about 220 kg Portland cement, about 600 kg ground
granulated blast furnace slag and 145 kg silica fume as a binder were investigated for
their corrosion resistance after storage for 4000 h in sulphuric acid (pH 3 and 4) and
lactic acid (pH 4). Their resistance to ammonium nitrate and sodium sulphate based on
static and cyclic storage was also studied. The w/b ratio of the mix with ground
granulated blast furnace slag was 0.24. The UHPC mixes with their w/c ratios of up to
0.24 and w/b ratios of 0.19 and 0.20 were also compared with a reference mortar
(512kg/m® CEM 142.5 R, w/c ratio 0.45), which apart from the lack of coarse aggregate
complied with the requirements of DIN 1045-2 exposure class XA3. Owing to the low
w/c ratio and the packing optimization for the ultrafine constituents, the proportion of
transport-relevant capillary pores in the UHPC tested was max. 0.7% by vol. and thus
about one power of 10 lower than that of the reference mortar (approx. 10% by vol.).
This also corresponds to the capillary pore proportions of normal-strength concrete,
high-strength concrete and UHPC shown in Figure 4.1.

The lack of capillary pores is reflected in the much lower water absorption, especially for
the UHPC with heat treatment and ground granulated blast furnace slag used in the
German research programme (M2Q, B4Q), which is shown in Figure 4.3.

Accordingly, distinctly different corrosion rates were also found for storage tests
involving 160x40Xx40mm prisms. Figure 4.4 shows this using the example of
exposure to ammonia solution. The corrosion rate of the reference mortar was in
each case more than twice as high. Similar differences were found in the other storage
tests as well, as with equally long storage in sulphuric acid (pH 3). There was practically
no corrosion on the UHPC mix with ground granulated blast furnace slag when stored in
sulphuric acid and lactic acid, likewise the heat-treated fine-grained mix made from
CEM I (M2Q) in sulphuric acid, in all cases with pH 4.
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Fig. 4.3 Water absorption of UHPC over time made with Portland cement (M2Q with and without
heat treatment and B4Q from the German research programme), a heat-treated UHPC made with
ground granulated blast furnace slag (H75) and a reference mortar for exposure class XA3 [102]

As aresult of their studies, the authors recommend classifying UHPC with verified low
capillary porosity in exposure class XA3 without having to provide the additional
protective measures normally required.

For components directly exposed to de-icing salts, including, for example, bridge decks
without a water and chloride-tight wearing course, UHPC is not only particularly
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Fig. 4.4 Depth of corrosion X, for static and cyclic storage in ammonium nitrate solution (NH,NO3)
[102]
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Fig. 4.5 Freeze-thaw and freezing/de-icing salt resistance of UHPC measured using the fine-
grained mix M2Q with variations in the methods of curing [103]

suitable because of its especially high resistance to diffusion of chloride ions, but also
because of its high freezing/de-icing salt resistance without the addition of an air
entrainer. Figure 4.5 shows the erosion that was found for mix M2Q from the German
research programme (Table 2.1) with and without heat treatment in the CIF test (freeze-
thaw cycle in water) and in the CDF test (freeze-thaw cycle in 3% de-icing salt solution).
Practically no erosion occurred in water. The erosion in the CDF test was likewise
minimal when comparing the measurements after 28 cycles with the acceptance criteria
for high freezing/de-icing salt resistance valid for normal-weight concrete when using
this method.

43 Classification in exposure classes

In the light of the knowledge gained so far, UHPC produced properly according to
Chapter 2 always satisfies the highest exposure class of DIN EN 206/DIN 1045-2.
Assuming that no further detrimental capillary pores can be verified and that the
concrete is therefore practically impervious to the gases and liquids specified in the
standards as damaging to concrete or reinforcement, then the application rules can be
revised to take into account UHPCs special capabilities. To begin with conservatively,
these rules apply for UHPC not being heat treated when its w/c ratio does not exceed
0.22. For heat treated UHPC due to its higher degree of hydration the same may be
true from an effective w/c ratio of 0.22 meaning that the min. w/c ratio may rise to
0.25. If one or both values are higher for a specific mix, then the distribution of the
pores, and specifically the proportion of pores with capillary action, must be
determined or the respective durability criterion checked directly using a recognized
performance test method.

Heat-treated UHPC in particular absorbs no appreciable amounts of water and suffers
practically no carbonation over the long term. This means that exposure classes XC4 and
XF4 are automatically satisfied, the latter without the addition of an air entrainer.
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According to the findings so far, UHPC is also suitable for reinforced components
directly exposed to de-icing salt solutions. According to [101], this also applies when the
solution is lying around for a longer period of time, e.g. on bridge decks without a
wearing course or on open parking decks, which would otherwise have to be provided
with some form of protective system or for which a maintenance schedule would have to
be drawn up. There is an opportunity here to formulate an additional exposure class,
XD4, within the scope of future technical rules for UHPC taking into account the
aforementioned boundary conditions (w/c ratio, with/without heat treatment).

The same applies to the chemical resistance. It has already been proposed in [102] that
where components require additional protective measures to comply with DIN EN 206/
DIN 1045-2 exposure class XA3 because of the anticipated exposure, such protective
measures can be omitted. This would be possible in many cases, e.g. components for
wastewater systems without elaborate and expensive inner pipes or linings made from
synthetic materials. The studies of an ongoing research project sponsored by Germany’s
Federal Ministry of Education & Research [18] have — in accordance with the results in
[102] —identified that UHPC can also withstand longer-term exposure to acid with a pH
value of 3.0. This would justify a new, additional exposure class for UHPC — XA4,
although the chemical substances for which the class would apply, and their concen-
tration limits, would still have to be defined.

Further, the concrete cover to the reinforcement can be reduced significantly in most
cases, which also facilitates the construction of especially delicate but nevertheless
durable structures in UHPC. In such designs, as explained above, the widths of cracks
near the surface must be restricted adequately. Construction design rules have yet to be
drawn up for this.
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5.1 Influence of fibre distribution and fibre orientation

The loadbearing behaviour of fibre-reinforced UHPC, like that of fibre-reinforced
concrete in general, is essentially influenced by the orientation and distribution of
the fibres. This particularly applies to its response to tension actions.

The causes of the scatters observed are primarily the changing mixing and concreting
methods. There are systematic influences as well, e.g. in close proximity to formwork
surfaces. The latter also aggravates the derivation of universally applicable material
parameters because, strictly speaking, the — normally small-format — specimens (prisms,
short beams) used in tests on materials can only determine the ‘component properties’
valid for the respective specimen geometry.

Irrespective of the statistical evaluation of the results of the tests on such building
materials, it is also necessary to carry out a conversion in order to take account of the
different responses of the specimens produced in the laboratory and the fibre-reinforced
UHPC in the real components cast at a later date.

In the end, an ‘exact’ determination of the corresponding conversion factors is only
possible on the basis of a representative (full-scale) model produced in exactly the
same manner as the later loadbearing structure, and from which comparative samples
can be taken from various areas and for various directions (e.g. for shear force
perpendicular to a shear crack). Using the comparative samples, it is possible to
‘calibrate’ the results of the other specimens produced in the traditional way. It might
be that different local conversion factors are needed for different parts of one member.
As an alternative, empirical values can be used for similar geometries and production
methods [64].

The draft of the fib Bulletin ‘Ultra High Performance Fibre Reinforced Concrete’ [6]
specifies the fibre efficiency, in the form of a characteristic or mean value, as the basis for
the further calculations. Fibre efficiency is calculated as follows:

Oeiok = O/ K (5.1a)
Ocfom = Oerom/K (5.1b)
where

G0 Ouiom Characteristic or mean value of fibre efficiency determined in tests on the

material

K conversion factor to allow for the different fibre orientation and distribution
in the moulded standard test specimen and in the real component/
structure [64].

Alternatively, for smaller components, the theoretical assumptions can also be validated
by way of full-scale loading tests.

Ultra-High Performance Concrete UHPC: Fundamentals, Design, Examples. First Edition.
Ekkehard Fehling, Michael Schmidt, Joost Walraven, Torsten Leutbecher and Susanne Frohlich.
© 2014 Emnst & Sohn GmbH & Co. KG. Published 2014 by Ernst & Sohn GmbH & Co. KG.
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5.2 Analyses for the ultimate limit state
5.2.1 Safety concept

When designing loadbearing structures made from UHPC, it is important to take
account of a number of characteristics of this material when applying the methods of
analysis with partial safety factors common in structural engineering. Consequently,
adjustments are chiefly necessary on the resistance side, whereas the usual partial safety
and combination factors for actions apply to UHPC as well.

These special characteristics of UHPC concern the following in particular:

1. The material’s high sensitivity with respect to changes to the composition of the mix,
the mixing and concreting methods and the climatic boundary conditions.

2. Its greater brittleness compared with normal-strength concretes.

3. The use of fibres as structural reinforcement.

Point 1 leads to high demands being placed on the quality of the mixing and concreting
processes. With its higher quality standards with respect to production and monitoring
(and also the exclusion of the effects of the weather to a large extent), precast concrete
construction would seem to promise advantages over using UHPC as in situ concrete.
However, the drawbacks of in sifu concreting can be largely compensated for by
employing comprehensive quality assurance measures and by selecting suitably quali-
fied contractors.

Studies of the level of safety for high-strength concrete show that by adhering to
appropriate quality standards, the coefficient of variation of the compressive strength
decreases as the compressive strength rises [104]. In other words, taking into account the
much higher compressive strength of UHPC, the scatter is even smaller. And that in turn
would justify reducing the partial safety factor. However, when using UHPC, and
depending on the quality standards that are feasible, designers are recommended to use
the y. values for compression which apply to normal- and high-strength concretes (see
Table 5.1). This means that y.=1.35 can be used for precast concrete components
produced in fully controlled mixing and concreting processes, but otherwise y.=1.5.

The greater brittleness of the material (point 2) is generally transformed into some
degree of ductile behaviour by adding fibres or including confining reinforcement. A
ductility criterion is needed to differentiate ‘brittle’ and ‘sufficiently ductile’ post-peak
behaviour. For example, it is possible to use the fibre efficiency (post-cracking axial
tensile strength) of the fibre-reinforced UHPC related to the compressive strength. Also
conceivable is a minimum reinforcement criterion (see Section 5.3.2).

If the required ductility, i.e. a ductility adequate for normal-strength concrete, is not
reached, the recommendation (in line with the former concept for high-strength
concretes) is to include an additional partial safety factor y, when calculating the
design value of the concrete compressive strength. By specifying y, = 1.2, the level of
safety achieved is the same as that for unreinforced normal-strength concrete.

If fibres are considered to act as structural reinforcement (point 3), this presumes a very
uniform distribution of those fibres. The formation of ‘hedgehogs’, i.e. lumps of fibres,



5.2 Analyses for the ultimate limit state 67

Table 5.1 Partial safety factors yy for determining the ultimate resistance at the ultimate limit
state.

Design situation
Persistent and Accidental
transient
UHPC in compression
High quality standard Ye=135 Ye=1.15
Normal quality standard Ye=15 Ye=13
If ductility criterion not satisfied, then also Ye=12
UHPC in tension
Fibre efficiency, o.¢ (use with high quality
standard only)
Generally Yer=1.5 Yer=1.3
For local analyses only Yer=2.1 Yer=1.5
Reinforcing or prestressing steel vs=1.15 vs=1.0

must be avoided at all costs. How the concrete is placed in the formwork must be
specified exactly and monitored in order to achieve a uniform distribution and the
desired fibre orientation. Therefore, counting the fibres as part of the reinforcement in
analyses for the ultimate and serviceability limit states is only permitted when the
mixing and concreting methods are monitored intensively.

Furthermore, in the light of the desirable level of safety, it is necessary to distinguish
between those members, or types of action, for which the presence of local weaknesses
can result in immediate failure (e.g. anchorage zone of an anchor) and those that open up
alternative load paths (e.g. bending in slabs). Even when taking great care, scatter in the
distribution of the fibres is inevitable and therefore an appropriate, higher partial safety
factor should be used for local analyses.

Table 5.1 lists the partial safety factors recommended by the authors for the design of
UHPC components.

5.2.2 Simplified stress-strain curve for design

5.2.2.1 Compression actions

For simplicity, the stress—strain curve for UHPC in compression — neglecting a low non-
linearity observed in tests above a level of stress of about 85-90% of the concrete
compressive strength — can be assumed to be linear elastic up to reaching the design
value of the concrete compressive strength (Figure 5.1).
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Fig. 5.1 Stress—strain diagram for UHPC for compression design [6]

The following applies:

fed = e - fck/(Yc : Y.’;) (5.2)
where
fox characteristic value of cylinder compressive strength
Ye safety factor for UHPC subjected to compression action (see Table 5.1)
Ye additional safety factor for UHPC that does not satisfy the ductility criterion
(see Table 5.1)
Olee factor to allow for long-term effects on the concrete compressive strength

and to convert between cylinder and component compressive strengths
.. =0.85 for long-term or repeated loading (similar to normal- and high-strength
concrete)
o =0.95 for short-term loading to convert between cylinder and component com-
pressive strengths.

In a similar way to the rules applicable for normal- and high-strength concrete, the
ascending portion of the stress—strain curve for design is chosen to be shallower than
the curve determined with the mean or characteristic values of the material properties.
The reason for this is to take into account creep effects (long-term loading) and also to
reflect the correlation between the compressive strength and modulus of elasticity of the
concrete. The value according to Equation 5.3 is proposed as the design value of the
modulus of elasticity [6]:

Eo = Eem/1.3 (5.3)
where
E., mean value of modulus of elasticity.

It is not necessary to distinguish between the secant and tangent modulus of elasticity
when it comes to UHPC.

The compressive strain at maximum load €., can be directly derived from the design
values of the compressive strength and the modulus of elasticity:
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€n = fcd/Ecd (54)

Owing to UHPC’s very brittle behaviour, especially without fibres, but also mixes with a
low fibre content, failure upon reaching the design value of the concrete compressive
strength should be assumed for these cases. Softening behaviour with consideration of
the stresses at strains in the post-peak region beyond €., may be taken into account in the
design of the section only when the UHPC exhibits a sufficiently ductile post-peak
behaviour (see ‘ductility criterion’ in Section 5.2.1). The approach illustrated in
Figure 5.1 adds a plastic portion to the stress—strain curve, the end of which is reached
at a compressive strain €,, according to Equation 5.5:

E€cou = fck/Ec (5.5

The plastic portion of the stress—strain curve does not reflect the actual behaviour of
the material when it comes to UHPC. This is not a disadvantage, however, because the
parameters needed for designing the cross-section are determined by integrating the
stress—strain curve (cf. parabolic-rectangular diagram for normal- and high-strength
concrete). Generally limiting the compressive strain to a value €.,, =¢.; validated in
tests on the material seems rather conservative.

As an alternative to the numerical model of Figure 5.1, which is easy to deal with
mathematically, it is also possible to use stress—strain curves that take into account the
post-peak behaviour more realistically, e.g. by way of a linear softening portion [6]. In
this case the ultimate compressive strain €., can be specified individually depending on
the fracture energy.

The linear elastic—linear softening stress—strain curve according to Figure 5.2 can in turn
be transformed into a linear elastic—ideal plastic curve (Figure 5.3a), which is equivalent
in terms of determining the internal forces. In Figure 5.3a, €.3 corresponds to the
compressive strain at maximum load €., from Figure 5.2 and e, to the ultimate
compressive strain €.,,, likewise according to Figure 5.2. Figure 5.3b can be used to

fcd _______

Ecd

o
-

£c2 €cau £

Fig. 5.2 Stress—strain diagram for UHPC with a linear softening portion for compression design [6]
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Fig. 5.3 Stress—strain diagram for UHPC with a linear softening portion for compression design [6]:
a) stress—strain curve, b) determining the compressive strain at failure eca,

determine the ultimate compressive strain €., equivalent to &., depending on the
€cu/€c3 ratio.

5.2.2.2 Tension actions

Looking at the contribution of the (fibre-reinforced) UHPC in tension, in line with the
philosophy of reinforced concrete, it is necessary to distinguish between the uncracked
and cracked states. The cracked state is generally assumed for analyses for the ultimate
limit state (e.g. bending and axial force analyses), with the tensile strength of the
concrete matrix being ignored. This principle is applied to UHPC as well. However, here
‘tensile strength’ applies to the strength of the matrix and the fibres added to the concrete
mix are understood to correspond to reinforcing bars.

Accordingly, UHPC without fibres can be designed like reinforced concrete. Based on
Section 3.3, a stress—crack width relationship according to Figure 5.4 can be formulated
for the fibre-reinforced UHPC subjected to tension actions. Here, the non-linear,
ascending portion describes the fibre activation phase and can be calculated with
Equation 5.6 (see Section 3.3.1):

w w
Gcf = Ocf0 (2\ [— — _> (5.6)
Wo  Wo
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Fig. 5.4 Stress—crack width relationship for cracked UHPC under tension actions [105]

where

o effective stress in fibre-reinforced concrete in a crack

o.fo fibre efficiency, calculated as design value 6.¢q with Equation 5.7 for analyses for
the ultimate limit state

wo crack width upon reaching fibre efficiency.

The design value of the fibre efficiency can be calculated from the characteristic value
of the fibre efficiency as follows [6]:

Gcfok
Gcfod = Olet * 6.7
cf

where

ook Characteristic value of fibre efficiency determined from a statistical evaluation of
test results

Yo partial safety factor for UHPC under tension actions (see Section 5.2.1)

o factor to allow for long-term effects on the concrete tensile strength.

No verified findings have yet been published regarding how long-term or repeated
loading might affect the fibre efficiency.

For ultimate limit state calculations, the fibre pull-out phase (w > w) can generally be
approximated sufficiently accurately by a bilinear line at least. It is advisable to specify
intermediate points between (wq; O.rp) and (w,; 0) on the basis of test results. The same
applies to the crack width w,. However, no value > 1/2 may be used, which, theoreti-
cally, is the value obtained for a fibre intersected by the crack at half of its length.

The crack width wy can either be determined experimentally or, if measurements are
unavailable, estimated roughly with the help of Equation 5.8 [68, 69]:

2
_ T I

= 5.8
E ds (5.8)

Wo

where

T, mean fibre bond strength assuming a rigid—plastic bond relationship
l¢ fibre length

d; fibre diameter

E; modulus of elasticity of fibre material.



72 5 Design principles

Based on the results of experiments [74, 104], g, can be taken as 1.3 f., for plain,
straight steel fibres.

Strictly speaking, Equation 5.8 only applies to fibres aligned in the tension direction. In
fibre-reinforced concretes with random fibre orientations, the fibres at the crack which
are at an angle to the tension direction will initially be pulled straight. Therefore,
Equation 5.8 generally underestimates the crack width w, observed in tests.

5.2.3 Design for bending and normal force

Traditionally, designing for bending and normal force in reinforced and prestressed
concrete is carried out under the assumption that plane sections remain plane and that
there is a rigid bond between the concrete and the reinforcement. The tensile strength of
the concrete (matrix) is ignored. The corresponding stress—strain curves are used in the
design of the cross-section for concrete in compression and for the reinforcement.

Including fibres as additional reinforcement means that these design principles must be
extended. The first difficulties are that a stress—crack width relationship (instead of a
stress—strain curve) based on tests is available for the fibre reinforcement as a
constitutive model (see Sections 3.2.2 and 3.3) and that the apportionment of the
forces between the fibre reinforcement and the (bar-type) conventional or prestressed
reinforcement that is frequently also present is derived from a compatibility condition
(see Section 3.2.3). However, the following parametric study presents a simple,
generally sufficiently accurate solution of this problem.

Figure 5.5 is a schematic view of the stress distributions and ensuing internal forces
acting on the cross-section. The concrete compressive stresses are shown simplified
without taking into account any horizontal portion of the stress—strain relationship
which may be permissible. The stress resultant F_4 for a cross-section with a rectangular
concrete compression zone therefore lies at the one-third point from top. The resultant
tensile force in the steel Fyq acts at the level of the centroid of the reinforcement. Acting
in addition to this couple is the resultant of the stress in the fibre-reinforced concrete Fy.

The distribution of the tensile stresses transferred across the crack by the fibres can be
read off directly from the stress—crack width diagram depending on the actual local crack
width. Assuming a crack width that varies linearly over the depth of the crack (analogy:
plane sections remain plane), a segment of the stress—crack width relationship of
Figure 5.4 represents the stresses in concrete tension zone.

Fig. 5.5 Stress distribution and resultant internal forces for the cracked cross-section [105]
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Fig. 5.6 Assumed stress distribution and resultant tensile force carried by the fibres upon reaching
the ultimate limit state [105]: a) realistic stress distribution, b) stress block equivalent to a)

Once the yield point of the reinforcement at a crack is reached, there is a rapid increase
in the crack width for an approximately constant level of load. Provided the crack
width wy has not been reached within the elastic range of the steel, the transition from
the fibre activation to the fibre pull-out phase takes place, at the latest, at the onset of
yield. Consequently, as an approximation and without considering compatibility
accurately, a minimum value w = w, can be assumed for the crack width at the onset
of yield.

Integrating the stress distribution according to Equation 5.6 for w = w, on the tension
side of the cross-section for a rectangular concrete tension zone results in a stress
factor of 0.83 for solidity and a centroid factor 0.56 for the position of the stress
resultant (Figure 5.6a).

As the softening portion of the stress—crack width diagram is significantly shallower for
the fibre pull-out phase (w > wy) than the ascending portion for the fibre activation phase
(w < wyg), the stress block parameters for the stress distribution change only marginally,
and also in the opposite directions at first, as the crack widens on the tension side of the
cross-section. So as the solidity approaches the rectangle, the stress resultant migrates in
the direction of the centroid of the cross-sectional area in tension. As comparative
calculations show, with w=w on the tension side of the cross-section, the moment
capacity is generally represented very well [106].

From the point of view of simplifying the mathematics, for cross-sections with a non-
rectangular concrete compression zone as well, the ‘more exact’ stress distribution of
Figure 5.6a can be converted to an equivalent stress block (Figure 5.6b) with regard to
the moment capacity.

In order that the stress block does not overestimate the effect of the fibres, 0.85 o.pq
(instead of 0.9 o.¢q) is recommended as the stress factor of the fibre-reinforced concrete
in the tension zone for the case where the width of the cross-section decreases towards
the tension side.
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Legend:
k=0.9
% =0.9 Generally

» = 0.85 If width of cross-section reduces towards tension side

Fig. 5.7 Simple model for design for bending and axial force [105]

For simplicity, the design value of the concrete compressive strength f.4 can be used as
the concrete stress on the compression side of the cross-section (cf. stress block for the
design of normal- and high-strength concrete).

As reaching the elastic limit for steel reinforcement with a distinctive yield point
generally initially leads to a localization of further deformations at the crack
governing the load-carrying capacity, the stress in the reinforcing steel when applying
the proposed design model should be limited to the design value of the yield point fyq.
Alternatively, when exploiting the strain hardening of the reinforcing steel up to its
tensile strength, owing to the already very wide cracks, the contribution of the fibres
can be ignored, which is on the safe side.

Figure 5.7 summarizes the proposed simple model for designing for bending and normal
force.

We get the following internal forces for the rectangular cross-section:

Fg=05-b-x-fq (5.9a)
Fsa = A~ fyd (5.9b)
Ffd =0.81-b- (h - X) * Ocfod (590)

The equilibrium conditions known from reinforced concrete design are as follows when
taking the contribution of the fibres into account:

Equilibrium of forces:

2H =0 = Ngq — Fyq + Feq — Fra (5.10a)

Equilibrium of moments:

M =0 = Mggs — Feq - (d — x/3) + Frg - (d — 0.45 - x — 0.55 - h) (5.10b)
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5.24 Design for shear

According to EN 1992-1-1 [61], a distinction must be made between planar components
(slabs) and linear components (beams) when analysing the shear capacity. Owing to
their large size, slabs present redistribution options for local overstressing and therefore
may be built without shear reinforcement provided they do not exceed defined limits.
Such options are not available in linear components, where minimum shear
reinforcement should always be provided. These principles known from normal-
strength concrete also apply to UHPC members.

5.2.4.1 Tests at the University of Kassel
Four-point bending tests were carried out on beams at the University of Kassel in order
to determine the shear capacity of UHPC members.

In a first series of tests (beams S1 to S4), Fehling/Bunje investigated beams without
shear reinforcement and without fibre reinforcement [107]. The beams involved were
rectangular sections and contained various amounts of longitudinal reinforcement
(Figure 5.8). Shear failure occurred in all the specimens (Figure 5.9). The values
obtained from the tests are very easy to understand when applying the model according
to Zink [108]. This model is essentially based on the shear capacity of the flexural
compression zone, as Figure 5.10 shows.

In order to determine the shear capacity V, ., Equation 5.11 also includes the fracture
mechanics influence of the transfer of tensile stresses in the region of the tip of the crack
and a term that allows for the shear slenderness a/d:

2 4-d\'* /50,\
Vu,ct =§ by ki d - (T) : (TCh) (5.11)

where

b,, web thickness
k, relative depth of compression zone x/d
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Fig. 5.8 Sketch of reinforcement in test beams [109]
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Fig. 5.9 Photographs of failures of first series of test beams without shear reinforcement and
without fibre reinforcement [109]
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Fig. 5.10 Shear force model after Zink [108]

d effective depth
f.; tensile strength of concrete matrix
a distance of applied point load from support

Ec 'Gf

leh = —— characteristic length after Hillerborg [110] (5.12)

ct

As an estimate when re-analysing the tests, Gy=143 N/m was assumed for UHPC
without fibres — a figure based on the values according to Remmel [111] and
Grimm [112] for high-strength concrete. Figure 5.11 shows good agreement with
the test results. As the depth of the compression zone is essentially determined by the
longitudinal reinforcement ratio p,, this is used as the abscissa in Figure 5.11.

Results similar to those obtained using the Zink model are obtained for the design value
of the shear capacity for members reinforced for bending but without shear
reinforcement in accordance with EN 1992-1-1 [61], considering DIN EN 1992-1-1/
NA [62]:
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Fig. 5.11 Shear capacity depending on amount of longitudinal reinforcement [109]

Viae = |01k (100-p - £) " +0.12- 0| - by - (5.13)

where

f.x characteristic concrete compressive strength
k scale factor

/200
k=1+ T <20 (5.14)

p1 longitudinal reinforcement ratio in tension zone
G.p concrete stress due to axial force, 6., =Nga/Ac (Ngg > 0 for compression).

In a second series of tests, Fehling/Bunje investigated beams made from fibre-reinforced
UHPC without shear reinforcement (beams S1F to S4 F). Their dimensions were the
same as those of the first series [107].

The beams in these tests turned out to have a much higher load-carrying capacity than
those of the comparable test specimens in the first series. The full bending capacity was
reached in all tests and a pronounced ductile behaviour was observed. Only in the case of
beam S1F, with a very high longitudinal reinforcement ratio p; =7.2%, did a combined
bending/shear failure take place (Figure 5.12).

As part of the German programme of research into sustainable building with UHPC
(priority programme SPP 1182), Fehling/Thiemicke [113] investigated the shear behav-
iour of fibre-reinforced, fine-grained UHPC beams with and without bar-type shear
reinforcement. In order to force a shear failure, the test beams had a very pronounced I-
shaped cross-section in the zone being investigated (Figure 5.13). The web of the [-section
was 30 mm thick, the total web zone measured about 1.16 X 0.20 m.

Identical flexural tension reinforcement made up of grade B 500 steel bars (f, =500 N/
mm?) was provided in all the test beams (Figure 5.14). The reinforcement in the beams
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Fig. 5.12 Photographs of failures of the second series (left) and close-ups of the shear failure (top
right) and the combined bending/shear failure (bottom right) [109]
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Fig. 5.13 Geometry of test beams [113]

Elevation : @10/12 i
1. 2012 .. @112 I, @10/12
YT 4025 i i
| 80810 1] 24 §8/10.5 | (2 @8N0

Fig. 5.14 Basic reinforcement [113]
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Table 5.2 Variation in shear reinforcement [113].

Shear reinforcement Q Q-B1 Q-F1 Q-F1-B1
Shear links, @ 5 mm, 105 mm c/c spacing - + - +
1% by vol. steel fibres, @ 0.175 mm, 13 mm long - - + +

Fig. 5.15 Failure of fibre-reinforced UHPC beam without shear links [113]

differed only in the amount of the high-strength steel fibres (f, = 2500 N/mm?) added to
the mix and the provision of bar-type shear reinforcement (Table 5.2).

The accompanying materials tests established compressive strengths of 185-224 N/mm?
and flexural tensile strengths of 7.4 N/mm? for UHPC without fibres and 23.2 N/mm? for
UHPC with fibres. A modulus of elasticity 45 000—50 000 N/mm? was determined.

The beams were tested in three-point bending tests with displacement control. In every
test beam, the shear failure took place within the web. The shear cracks observed in the
tests on beams without fibre reinforcement were spaced further apart and were wider,
whereas those beams with fibre reinforcement developed a larger number of narrower
cracks at a closer spacing, and two much wider failure cracks were only seen shortly
before reaching the ultimate load (Figure 5.15). The beams containing shear links
cracked upon reaching the maximum load.

When fibres were added or shear links included, the ultimate load attained initially
increased beyond that of the test beams without shear reinforcement, and rose again for
beams with fibres and shear links (Figure 5.16).

5.2.4.2 Tests at RWTH Aachen University
Again within the scope of the German research programme, Hegger/Bertram investi-
gated the shear behaviour of prestressed UHPC beams [114, 115].

The concretes used were based on the mix recommendations of the German research
programme. The basic mix (MO) had a fibre content of 2.5% by vol. For reasons of
sustainability, lower fibre contents were also investigated. Reference tests without fibres
were also carried out. All the fibres used were plain, without hooks, and had tensile
strengths >2000 N/mm?.

Beams with solid webs and beams with web openings were tested. The key test
parameters were the fibre content, the prestress and the shear slenderness. The overhang
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Fig. 5.16 Load—deflection curves for beams with different types of reinforcement [113]

at the supports was the same in all tests, i.e. 15 cm. The key parameters for the beams
with web openings were the number of openings and the distances between support and
opening and between openings, and these parameters were varied. The cross-section
was the same in all tests (Figure 5.17). Two shear tests were carried out on each beam.

The prestress makes a major contribution to the shear capacity. The prestress component
introduced right at the support reinforces the arch action (Figure 5.18). If the transfer
length is longer than the support overhang, only a certain proportion of the prestress is
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b % 3 i
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Fig. 5.17 Test setup and beam cross-section [115]
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Fig. 5.19 Influence of fibre content and shear slenderness on shear capacity [115]

available. The course of the bond stresses and the resulting transfer length are therefore
fundamental for determining the arch action component. Studies of the bond behaviour
were therefore carried out prior to the shear tests [116].

Very stiff load—deformation behaviour was observed in all the shear tests. The shear
forces reached by the solid web beams are plotted against the deflection at the load
application point in Figure 5.19.

The curves in Figure 5.19a show very effectively how different fibre contents affect the
shear capacity for the same prestress. The angle of the failure cracks was between 20°
and 24°. Besides increasing the load-carrying capacity, ductile failure and advance
warnings of failure are the main advantages of adding steel fibres.

Compared with that, the rapid loss of stiffness in the beams without fibres is conspicuous
(Figure 5.20). Pronounced, abrupt changes in stiffness occur, which are caused by
localized cracking.

The influence of steel fibres is even more noticeable in the beams with web openings
than it is in the beams without openings. The loadbearing effect of the fibres declines as
the shear cracks widen. Only at the end of the plastic portion of the diagram does the
loadbearing effect of the fibres fail completely and the load drop significantly.

5.2.4.3 Tests at Delft University of Technology

In 2004 a series of tests was carried out on three beams within the scope of a research
programme at Delft University of Technology [117]. The dimensions of the beams are
shown in Figure 5.21. The mean concrete compressive strength was 140 N/mm? and the
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Fig. 5.21 UHPC beam used in shear tests at Delft University of Technology [117]

1

concrete contained 0, 0.8 and 1.6% by vol. straight steel fibres, 13 mm/0.16 mm. The
bending reinforcement consisted of two bars, ¢ =25 mm. Again, there was no shear
reinforcement. All the beams failed in shear. Figure 5.22 shows the crack patterns.

The different failure loads given in Figure 5.22 and their associated crack patterns
revealed that the fibres had a considerable influence on the shear behaviour. The
shear capacities were compared with the theoretical capacities calculated with
EN 1992-1-1 [61], which uses the variable strut inclination method to calculate the shear
capacity of beams with shear reinforcement. According to this method, any strut
inclination 0 in the range 1 < cot0 < 2.5 may be chosen. The shear reinforcement activated
at this angle contributes to the shear capacity. The shear capacity then follows from

ASW
fgy (5.15)

Vu=by-d-cotB- .

where

b,, web thickness

d effective depth

0  strut inclination

Ay, cross-sectional area of one shear link
t  spacing of shear links

fsy yield stress of shear link steel.
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Fig. 5.22 Crack patterns of UHPC beams with (from top to bottom) 0, 0.8 and 1.6% by vol. fibre
reinforcement [117]

The following approach may be used when employing fibres as shear reinforcement:
Vu=by-h-cotO- oy (5.16)
where

h maximum depth of cross-section
opr post-cracking tensile strength (fibre efficiency) (a constant stress level is assumed).

Equation 5.16 uses the depth of the cross-section h instead of the effective depth d
because it is to be expected that the fibres below the longitudinal reinforcement also
contribute to the shear capacity. It is no surprise that the fibres also have a positive
influence on the rotation capacity of the struts and therefore it is assumed that the limits
to the strut inclination, can be extended to 1 <cot0<3.

The post-cracking tensile strength was determined in axial tensile tests. The corre-
sponding values are 6,;=15.6 and 9.0 N/mm? for fibre contents of 0.8 and 1.6% by vol.
respectively. A further assumption, cot 8 = 3, results in adequate agreement between the
shear forces calculated in this way and the tests (see Table 5.3).

Of course, these results can only be regarded as provisional. The comparison shows,
however, that expanding the known relationships to UHPC represents an interesting
option.
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Table 5.3 Shear capacity determined in tests in comparison with values calculated using
Equation 5.16 and cot 6 =3 [117].

Vf (%) pr (N/mz) Vu,thcor (kN) Vu,test (kN)
Beam 2 0.8 5.6 311 340
Beam 3 1.6 9.0 500 531

5.2.5 Punching shear

The ultimate resistance to punching shear in thin fibre-reinforced UHPC slabs with and
without additional conventional steel reinforcement has been investigated at the
University of Applied Sciences, Fribourg, Switzerland [118] (Figure 5.23). The depth
of the slabs was 30-80 mm. Each test specimen was supported on eight steel rods, which
permitted rotation, arranged in a circle. The load was applied by a hydraulic cylinder via
an 80 mm diameter punch in the centre.

The slabs with fibre reinforcement only all failed in bending. The slabs with steel
reinforcing bars could be loaded until the flexural tension reinforcement yielded; they
subsequently failed in punching shear.

The following expressions can be used to calculate the punching shear resistance [118]:
Contribution of concrete [119]:

VR 3/4

= (5.17)
bo-d- Vi s ¥l
16 + dg
960

360 220 _80

220 _80

960
360

80 _ 220

Fig. 5.23 Test setup for punching shear tests on thin UHPC slabs [118]
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Fig. 5.24 Mechanics-based model for determining contribution of fibres [118]

where

by perimeter of critical section at distance d/2 from edge of loaded area
d effective depth

f. compressive strength of UHPC

y angle of rotation of slab around the supperted area (see Figure 5.24)
d, maximum aggregate size, assumed to be zero for UHPC.

Contribution of fibres:

1
VR = K /Gf(w) -dA, (5.18)
AP
K factor to allow for fibre orientation
o (w) stress—crack width relationship of fibre-reinforced UHPC
A, cracked surface area of punching shear cone.

An evaluation of Equation 5.17 calls for knowledge of the relationship between shear
force and rotation, which at first has to be calculated theoretically [119]. As the
contribution due to matrix softening (aggregate interlock) is already included in the
concrete matrix contribution, it is not considered in the stress—crack width relationship
of the fibre-reinforced concrete o; (w). The total ultimate resistance then results from
adding together the contributions of the concrete matrix and the fibres.

Figure 5.25 compares the test results of selected slabs with the failure criterion according
to Equations 5.17 and 5.18. The solid black line represents the ultimate resistance of the
concrete without fibres and the dashed lines represent the fibre contributions. Adding
these together results in the solid grey lines. Bending failure governs for those test
specimens that do not reach the failure envelope.

5.2.6 Strut-and-tie models

Strut-and-tie (or truss) models consist of concrete struts, ties and the intervening nodes.
In pure reinforced concrete construction, the reinforcing bars represent the ties.

Equilibrium must be taken into account when determining the forces in the struts of
the strut-and-tie model. Further, in order to guarantee the compatibility of the defor-
mations for the member, the linear elastic determination of the distribution of the
tensile and compressive stresses should be represented as accurately as possible by the
arrangement of the ties and struts.
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Fig. 5.25 Comparison of failure criterion and test results [118]

In principle, the approach to designing a strut-and-tie model can also be retained when
planning a combination of reinforcing bars and fibres. In the design, the fibres may count
towards the load-carrying capacity of the ties.

Designing on the basis of a linear elastic or non-linear finite element calculation appears
to be better suited to UHPC with fibre reinforcement only.

5.2.6.1 Load-carrying capacity of struts

Tests to establish the compression-tension strength of cracked UHPC with rebars but
without fibres were carried out on panel-type specimens [120]. The case of cracks
parallel with the compression direction resulted in a reduction in the load-carrying
capacity of up to 50% compared with the uniaxial compressive strength for large lateral
strains, or rather crack widths. The addition of 1.0% by vol. fibres resulted in a
maximum reduction of only 30%.

Based on this, the proposal is to limit the design value of the strength of the strut as
follows:

ORd,max = V- feq (5.19)
where

f.q design value of uniaxial compressive strength of UHPC
v reduction factor to allow for the influence of transverse tension action and cracking
on the design value of the strength of the strut.

The following v factors are recommended for ‘sufficiently ductile’ (see Section 5.2.1)
fibre-reinforced UHPC:
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v=1.0 for uncracked struts subjected to transverse tension
v=0.70 for struts parallel with cracks
v=0.50 for struts that intersect cracks

Conservative v factors should be assumed for UHPC without sufficient ductility:

v=0.85 for uncracked struts subjected to transverse tension
v=0.50 for struts parallel with cracks
v=0.40 for struts that intersect cracks

5.2.6.2 Load-carrying capacity of ties

With combined reinforcement (rebars + fibres), the contribution of the fibres in a
reasonable area around the steel reinforcement may be counted towards the load-
carrying capacity of the ties. The design value of the tie capacity is then calculated as
follows:

Frq = Ag - fyg + Acef - Ocfod (5.20)
where

A cross-sectional area of steel rebar, represented by the tie

fyq  design value of yield point of steel rebar

A o effective cross-sectional area of concrete that can be assigned to the tie (area
around steel rebar), which must be specified realistically in each case

G.f0q4 design value of fibre efficiency.

5.2.6.3 Load-carrying capacity of nodes

Work has been carried out by Curbach/Speck [121] to establish the multi-axial strength
of UHPC. They discovered that the load-carrying capacity under biaxial compression-
compression loading in the coplanar stress state climbs to a much lesser extent —
compared with the uniaxial compressive strength — than is the case with normal-strength
concrete. Whereas 6| = o, is valid for the principal stresses, only the uniaxial strength is
reached in UHPC without fibres. Only by adding 2.5% by vol. fibres was it possible to
achieve an increase in strength amounting to about 7%.

So, even for fibre-reinforced UHPC, the design value of the node load-carrying capacity
should be estimated very cautiously. Based on Equation 5.19, the following values are
recommended for the factor v:

v=1.0 for compression-compression nodes (without tie anchorage)

v=0.70 for compression-tension nodes (with tie anchorage) in fibre-reinforced UHPC
with ‘sufficient ductility’

v=0.50 for compression-tension nodes (with tie anchorage) in fibre-reinforced UHPC
without ‘sufficient ductility’
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5.2.7 Partially loaded areas

Tests on partially loaded areas to determine the load-carrying capacity of fine- and
coarse-grained UHPC were carried out by Klotz/Holschemacher [122]. Test specimens
measuring 20 cm X 20 cm X 40 cm and 20 cm X 20 cm X 20 cm, some unreinforced and
some with helical and longitudinal reinforcing bars, were loaded via circular punches
with diameters of 30 and 50 mm. The unreinforced specimens carried compressive
stresses in the order of 2.0-3.7 times the uniaxial compressive strength; failure varied
from brittle to splitting. The confining effect of the helical reinforcement resulted in a
rise in the load-carrying capacity of up to 5.5 times the uniaxial compressive strength.

Klotz/Holschemacher propose in [122] that for unreinforced coarse-grained UHPC, the
admissible partial loading force Frq should be limited to 75% of the value given in EN
1992-1-1 [61]. A factor of 2/3 can be derived for fine-grained UHPC.

Itis frequently the case that a concentrated force transfer leads to the formation of a bottle-
shaped compression field in the concrete and the transverse tensile stresses associated with
this cannot be accommodated by reinforcement, or rather confinement. Splitting of the
concrete can then take place at stresses well below the uniaxial compressive stress, which
limits the load that can be carried by the partially loaded areas [80].

Owing to the less favourable tensile/compressive strength ratio in UHPC when compared
with normal-strength concrete, experimental investigations of the bottle-shaped compres-
sion field [123] resulted in a much lower bearing pressure at the partially loaded area with
respect to the uniaxial compressive strength. Figure 5.26 shows the results for different
types of concrete. The way of presenting this is that specified by Schlaich and Schdifer [80]
for the theoretical cracking load of two-dimensional bottle-shaped compression fields.
Whereas normal-strength concrete can be assigned roughly to the line ® = 0.09, a relative
admissible partial-load bearing pressure < 1 (o = 0.04 or ® = 0.03) was determined for the
high-strength concrete and the UHPC without fibres — almost without exception.

Adding fibres to UHPC raised the load-carrying capacity of the bottle-shaped compres-
sion fields significantly. The admissible partial-load bearing pressure was more than
doubled with a fibre content of just 1.0% by vol. However, splitting remained the critical
failure mode because a compression failure under the load application area was
practically ruled out owing to the fact that lateral strain is prevented here.

5.2.8 Fatigue

Based on the research results given in [89], a proposal is made in [124] to determine the
design value of the fatigue strength by modifying the method given in CEB-FIP Model
Code 90 [59]:

fedfar = 0.85 - Pec(t) - fox - (1 — fex /40f o) /Y. 5.21)
where

f.r0= 10 MN/m>
Bee (t) factor to allow for the increase in strength as hydration progresses
Y. partial safety factor for UHPC under compression actions.
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Fig. 5.26 Comparison of theoretical cracking stresses after Schlaich/Schéfer [80] with the
admissible partial-load bearing pressure (related to the uniaxial compressive strength) found in
tests [123]

Compared with Model Code 90, the prefactor of f. has been raised from 25 to 40. This
modification was necessary because applying the Model Code 90 approach would
otherwise have led to a reduction in the fatigue strength design value for strengths of
fu4=125N/mm* and higher.

Ref. [89] derives a partial safety factor y.=1.5 for UHPC.

5.3 Analyses for the serviceability limit state
5.3.1 Limiting crack widths

When checking crack widths, it is important to distinguish between exclusively fibre-
reinforced components and components with a combination of fibres and conventional
reinforcing or prestressing steel.

In the former case, the crack width can be determined directly with the help of the stress—
crack width relationship depending on the actual stress level due to external actions.
However, owing to the uncertainties with regard to the distribution and orientation of the
fibres, the effect of the fibres should be gauged very cautiously.

No verified findings are currently available regarding the effects of long-term or
repeated actions on the loadbearing behaviour of cracked fibre-reinforced UHPC.
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Therefore, when it comes to durability, the aim is to prevent cracking under service loads
(rare combination of actions) if at all possible. This situation frequently arises
automatically because designing for the ultimate limit state requires certain reserves
since a correspondingly higher level of safety is to be attained.

Notwithstanding, cracking can also be permitted under service loads if the fibre-reinforced
UHPC still exhibits a strain hardening post-cracking behaviour in axial tension tests even
when taking into account the characteristic value of the fibre efficiency. This is because the
crack widths tobeexpected in this case are notdetrimental to the durability. This alsoapplies, of
course, to the case where such concretes are reinforced with continuous reinforcing elements.

Mostly, however, only moderate fibre contents are used in combination with reinforcing
or prestressing steel, which means that fibre-reinforced UHPC itself does not exhibit
strain hardening behaviour. In this case, the development of the crack widths in the
serviceability limit state should be investigated more closely.

Our starting point here is the general equation for determining the characteristic value of
the crack width wy well known from reinforced concrete:

Wk = Srmax ° (Ssm - 8Cm) (522)

where

Sr.max Maximum crack spacing in stabilized cracking state (maximum length over which
slip between steel and concrete occurs); for single cracks, s, max 1S equal to twice
the load transfer length l.s of the bar reinforcement

€sm steel strain averaged over S; ax

€.m concrete strain averaged over S max-

Figure 5.27 shows the qualitative strain distribution diagrams for the bar reinforcement
and the concrete (matrix) for the (substitute) tension bar in the region of a single crack
(a) and for the stabilized cracking state (b). The influence of UHPCs comparatively high
shrinkage strain on the distributions has been allowed for.

The force in the steel F has to be calculated taking into account the contribution of the fibres.
This will be described later. The force is therefore smaller than with normal reinforced
concrete. The fibres relieve the load on the bar reinforcement and this has a positive effect on
the load transfer length, or rather the crack spacing. Now, in order to create a new crack, only
the cracking stress of the fibre-reinforced UHPC f,,, reduced by the fibre-reinforced
concrete stress o, has to be transferred by the contribution of the steel reinforcing bar.

Based on Figure 5.27, the mean strain difference between bar reinforcement and
concrete matrix can be expressed as follows [125, 173, 174]:

fettm - (1 + O pef) -

e %> (=) (£ —el)  (5.23)
eff S

s~

£ *
E€m —€m = & — Ecs — Up -

where

81; steel strain at crack taking into account the fibres (cross-section in equilibrium)
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Fig. 5.27 Qualitative distribution of strains in bar reinforcement and concrete matrix taking into
account concrete shrinkage [125, 173, 174]: a) single crack, b) stabilized cracking

o, shape coefficient for strain distribution diagrams oy, =0.6 for short-term loads
o, = 0.4 for long-term and repeated loads

feesm mean value of cracking stress in fibre-reinforced UHPC (concrete matrix + fibre
effect)

per effective reinforcement ratio of bar reinforcement, perr=AJ/A; of

A, cross-sectional area of bar reinforcement

A, o effective tension area for taking into account the non-linear stress distribution in the
concrete tension zone at the end of the load transfer length of the bar reinforcement

o.¢ tensile stress transferred by fibres at crack (see below)
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ges post-cracking shrinkage strain in concrete at edge of crack; when shrinkage and creep
develop similarly to each other, this value can be calculated as follows:
. €cs (1 +0‘e’peff)
Sl e per (149 0)

(5.24)

(To be on the safe side, e<s can be assumed to be equal to the free shrinkage strain of the
concrete €g.)

o, modular ratio, o, = E(/E.
¢ creep of UHPC
p relaxation factor, which can be estimated with p=0.8.

The first term on the right-hand side of Equation 5.23 represents the stabilized crack
pattern, the second one the single crack.

The effective stress in the fibre-reinforced concrete at the crack can be determined with
the help of the stress—crack width relationship. During the fibre activation phase, the
equation in Section 5.2.2.2 can be used, with the characteristic value of the fibre
efficiency being taken as the maximum value instead of the design value:

Gcf = Ocfok * <2' 1/& - B) (5.25)
Wo  Wo

where
o.rox characteristic value of fibre efficiency.

As the stress in the fibre-reinforced concrete during the pull-out phase initially drops
only marginally, the following may be assumed for simplicity when checking the crack
width for wy > wy:

Ocf = OcfOk (5.26)

Twice the load transfer length, or rather the maximum crack spacing s; max, is obtained as
follows [125, 173, 174]:

_ (fctfm - Gcf) : ds (81; - st) - Es - 65
Sr,max = <
2'Tsm'pef 2 Tem

(5.27)

where

O, diameter of reinforcing bar
Tym average bond stress of reinforcing bar within s, jax.

Reference values for the mean bond stress Ty, can be found in Table 5.4 and Figure 5.28.
These figures were derived by analysis (although based on the results of pull-out tests)
for use in checking crack widths [68, 125, 173, 174].

The steel strain 8£ at the crack required to evaluate Equations 5.23 and 5.27 is to be
determined taking into account the force transfer of the fibres at the crack cross-section.
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Table 5.4 Reference values for mean bond stress tgp,.

Characteristic value of crack width wy Average bond stress T, for a
projected rib area of
fr =0.024 fr=0.072
0.05 mm 1.2 foum 2.0 foum
0.10 mm 1.7 foim 3.3 fim

Tsm/ fclm -l

0 .
0.00 0.05 0.10 0.15 0.20

w, [mm]

—— Reinforcing steel with f; = 0.072 (stabilised cracking)
- - - Reinforcing steel with f; = 0.072 {single crack)
—— Reinforcing steel with f; = 0.024 (stabilised cracking)
----- Reinforcing steel with f; = 0.024 (single crack}

Fig. 5.28 Relative mean bond stress t¢w/foim @s a function of crack width wy [68]

For reasons of equilibrium, the following applies for test specimens subjected to axial

tension (Figure 5.29):

F,=N-—F; =N —o¢- A (5.28)

Fig. 5.29 Equilibrium of internal and external forces at crack for axial tension [105]
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The tensile stress 6 transferred by the fibres at the crack is to be determined depending
on the crack width using Equations 5.25 and 5.26.

Calculating the force in the steel Fg turns out to be more difficult for cross-sections
subjected to bending and axial force because besides stresses in the fibre-reinforced
concrete in the tension zone, stresses are also activated in the flexural compression
zone. In a similar way to designing for bending and axial force, checking crack
widths by considering limit cases can also lead to an approximate solution for
rectangular cross-sections without having to consider the compatibility condition
exactly.

The starting point for deliberations is again the potential distribution of the stresses in the
fibre-reinforced concrete and the internal forces at the cracked cross-section. For the
serviceability limit state it can be assumed that the fibre-reinforced concrete is very
likely still in the fibre activation phase, or even if fibre efficiency has been reached, the
crack width wqy on the tension side of the cross-section has been exceeded by an
insignificant amount only. For the limit case of complete fibre activation, the stress block
parameters (hereinafter denoted ag and k,) for the ensuing stress distribution have
already been given in Section 5.2.3. Figure 5.30 shows the development of these two
variables for crack widths w < wy. It can be seen that the stress block parameters vary
between 0.67 and 0.83 for solidity and between 0.60 and 0.56 for the position of the
resultant, although the values in the vicinity of w/wy=0 are irrelevant for practical
construction.

From equilibrium of forces it follows that:

F. = —Ngq + F + F; (5.29)

From equilibrium of moments it follows that:

ZM=0=MEds—ch'(d—X/3)+Ffd'[d—X—ka'(h—X)] (5.30)
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Fig. 5.30 Equilibrium of internal and external forces at crack for bending and axial force [105]
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Substituting Equations 5.29 in 5.30 and solving for Fy gives us

2 X+k (h—x>
M 374 Ud
Fo=— % +Ng ~Fr- 3
-5
2 Xk (h_x> (5.31a)
[ — a. . a
M
= EdS+NEd—Gcfo'b'h' OR (1—§> 3 d X d
z h 1 ——
3.d
MEgs
= fd + NEd4 — 0 * Ocfo - Ac
where
2 h -
X 3'z+ka'< dx>
a = o (1-7) 2 (5.31b)
| ——

The term (Mgqy/Z + Ngq) corresponds to the known solution for equilibrium conditions
for reinforced concrete. The expression o - O.g - A, describes the proportion of the force
by which the fibres relieve the reinforcing steel.

The depth of the crack, or rather the depth of the compression zone, must be known in
order to calculate the o parameter. That means the stress—strain curve of the UHPC valid
for the compression zone and the stress—crack width relationship of the fibre-reinforced
concrete in the tension zone must be combined while taking into account the compati-
bility of the deformations. This matter is discussed in [106]. Alternatively, an approxi-
mate solution can be found by considering a limit case, as mentioned earlier.

To do this, the case of a very large relative compression zone depth with x/d =0.5 and
the limit case x =0 will be investigated; in addition, d/h =5/6 will be assumed. The
evaluation of Equation 5.31b supplies values between about oy =0.35 and 0.56 for this
(Figure 5.31). As an approximation, oz=0.4 seems to be appropriate. Using the same
approach, it is possible to estimate o for other d/h ratios.

In the end, the steel strain 81; at the crack is calculated with Equation 5.32:

9£ = Fs/(As -Ey) (5.32)

The disadvantage of calculating the crack width with Equation 5.22 or by evaluating
Equations 5.23 and 5.27 seems to be that the stress in the fibre-reinforced concrete o is
itself dependent on the crack width wy, and therefore wy can only be found iteratively.

For the design case, where the cross-sectional area of reinforcing steel required to limit
crack widths to a certain theoretical value is to be determined, Equations 5.23 and 5.27
can be substituted in Equation 5.22 and solved for the reinforcement required A [68].
Neglecting the concrete strain due to external actions, we get the following:
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Fig. 5.31 Rough evaluation of the equilibrium conditions by way of considering limit cases [105]:
a) large relative compression zone depth with x/d=0.5, b) small (point-like) compression zone

with x=0

a) Single crack:
Fs

Ay =

/2(‘Es-rsm-wk+

e’ -E,

1_(xb)'ds .

b) Stabilized cracking:

*® *
A, =0 —eCS+\/ec

where

Qf — (Ff,cr,ef - Ff,ef) . ds

4 - Wy - Tgm

24+2-

Fs — Op - (Ff,cr,ef - Ff,ef)
Qf - E,

(5.33)

(5.34)

(5.35)

F ¢ tensile force transferred by the fibres at the crack within the area of influence of the

reinforcement:

Ff,ef = Ac,ef * Ocf

Fforer cracking force of area of influence of reinforcement:

Ff,cr,ef = Ac,ef . f(:tfm

If reinforcing and prestressing steel are both being used, then it is known that the
different bond behaviours of the two types of reinforcement must be taken into account.
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In this situation the steel strain €f in Equations 5.23 and 5.27 must be calculated on the
basis of the modified stress in the reinforcing steel:

a) Single crack:

F
f s+p
= 5.36
o= Ay 5 A (5.36)

b) Stabilized cracking:

F 1 1

f s+p

Oy = + o - (fc fk — Gcf) |l — = (537)
? As+ AP t Per ps+p

where

F,,, sum of tensile force at crack carried by reinforcing and prestressing steel, calculated
taking into account the contribution of the fibres

E; ratio of mean bond stresses for reinforcing and prestressing steel taking into
account the different diameters:

Tpm * dy

8=\ d, (5.38)
per effective reinforcement ratio of reinforcing plus prestressing steel:

Per = (As +E7 - Ap) /Acer (5.39)
Ps+p geometric reinforcement ratio of reinforcing plus prestressing steel:

Poip = (As +Ap) /Acer (5.40)

5.3.2 Minimum reinforcement

The purpose of minimum reinforcement is to prevent brittle failure of a member without
prior warning. In UHPC such reinforcement can consist of fibres, reinforcing steel,
prestressing steel or a combination of these types of reinforcement.

When dealing with members loaded primarily in bending, taking the simplified
equilibrium approach of the preceding section as our basis allows us to apply the
following approximation to determine the minimum reinforcement [105]:

A,
Ccf + A_% ' 622 > kc : fctfm (541)

ct
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where

o.r tensile stress transferred by the fibres at the crack — the characteristic value of the
fibre efficiency o, can be assumed here for o, but a lower value may be
necessary to limit crack widths (see Section 5.3.1)

A, cross-sectional area of reinforcing steel in tension zone

A.; cross-sectional area of tension zone in uncracked state immediately prior to cracking

ol, steel stress directly after cracking taking into account the contribution of the fibres —
the characteristic value of the yield point f,; can be assumed here for c',, but a
lower value may be necessary to limit crack widths (see Section 5.3.1)

k. factor to allow for the distribution of the tensile stresses and the change to the
internal lever arm at the transition from the uncracked to the cracked state, with the
following approximation applying for combined bending and tension actions:

<1.0 (5.42)

ke =0.4- {1

TR
2/3 : fctfm

6. concrete stress at the level of the centroid axis of the cross-section in the uncracked
state immediately prior to cracking
fosm mean value of cracking stress of UHPC.

Equation 5.41 can be expressed as follows for the limit case of axial tension:
Gcfok * Ac + As : fyk > fctfm ' Ac (543)
where

P . _ . _
GOcf = Ocfok; Ogp = fykaAct =Ask. =10

The first term in the equilibrium condition describes the contribution of the fibres upon
reaching fibre efficiency, the second term the contribution of the bar reinforcement
upon reaching the yield point. Adding the two terms together assumes that fibre
efficiency and yielding of the steel reinforcement are reached simultaneously. And as
the stress in the fibre-reinforced concrete only decreases gradually at the start of the
fibre pull-out phase, this assumption is justified as an approximation. The term on the
right-hand side of the inequality corresponds to the cracking force for the cross-section
subjected to axial tension.

For the limit case of pure bending, Equation 5.41 gives us

0.5 ocfox - Ac + A - fyk > 0.2 fom - Ac 5.44)
where

Get = Ocfok; Ony = fyi; Ac = 0.5 Acs ke = 0.4
The expression Ag-fy,>0.2 - fcpy, - Ac corresponds to the minimum reinforcement

criterion for reinforced concrete. This formula, which originates from considering
equilibrium, is extended by the contribution of the fibres: 0.5 - 0.5 - A.. Here, the value
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0.5 corresponds to the factor oy, which was derived in Section 5.3.1 for the case of very
small compression zones (Figure 5.31b). This assumption seems to be justified for cross-
sections with small amounts of reinforcement.

Interpolation between the two limit cases of axial tension and pure bending, with the
help of Equation 5.42, is necessary for combined tension and bending.

5.3.3 Calculating deformations

Compared with normal-strength concrete, it is possible to build very slender loadbearing
structures from UHPC owing to the high compressive stresses that UHPC can carry.
However, we should not lose sight of the deformations.

For prestressed concrete structures, the modulus of elasticity is the material parameter
that governs the deformation calculations. The modulus of elasticity does not increase in
proportion to the compressive strength, but instead in the case of UHPC is only about
50% higher than that of normal-strength concrete. What this means for a rectangular
cross-section subjected to bending is that with UHPC, the depth of the cross-section,
compared with normal-strength concrete, may only be reduced by about 15% at first if
we wish to preserve the same elastic deformations.

Heat-treated UHPC results in further advantages in terms of the long-term development
of deformations due to the — compared with normal-strength concrete — much lower
creep coefficient (see Section 3.4).

For non-prestressed concrete structures, calculating deformations is more difficult
because we have to assume a cracked state for some areas at least. The contribution
of the fibres at the cracks results in additional strain hardening compared with reinforced
concrete. The influence of the comparatively high shrinkage strain of UHPC needs to be
given special attention when dealing with members in tension and also in bending.

In test specimens, the contribution of the concrete between the cracks leads to the known
strain hardening compared with the curve of steel alone (cracked state). The combina-
tion with fibres also leads to the strain in the steel reinforcement decreasing at the crack
due to the force carried by the fibres, Equations 5.28 and 5.31a.

Figure 5.32 is a qualitative representation of the mean stress—strain curve for a (fibre-
reinforced) UHPC tension member. The effects of shrinkage on the mean steel stress or
strain are also shown [68].

As shrinkage is impeded by the reinforcement, an internal restraint ensues which
causes a negative ‘prestrain’ in the steel and compressive stresses (‘A’ in Figure 5.32).
The concrete is already in tension even without the effects of external actions, which
reduces the cracking load level (‘B’ in Figure 5.32). The conclusion of the single crack
formation phase (‘C’ in Figure 5.32) is then just reached when the force necessary to
generate a new crack can just be transferred again between two cracks, i.e. some parts
of the member are still in the uncracked state. At this point the internal restraint still
has an effect on the cracking force. The scatter of the cracking stress for UHPC over
the length of the element is taken into account in Figure 5.32 by a steel stress that is
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o, =F/A

e — without shrinkage

Tension Stiffening — with shrinkage

_}-" L]

*-':__ A 4 identical crack
Cracked state widths in each case

Influence of shrinkage:

A: Negative “prestrain” (internal restraint due to shrinkage)

B: Reduced cracking load level due to residual stress state

C: Stabilised crack pattern reached at lower level of load due to residual stress state

D: Shrinkage has no appreciable influence on tension stiffening with a stabilised
crack pattern, but does affect crack widths

Fig. 5.32 Mean stress—strain curve for (fibre-reinforced) UHPC [68]

30% higher at the end of the single crack formation phase compared with the
formation of the first crack.

During the stabilized cracking phase, shrinkage has practically no influence on tension
stiffening, shown here as constant as an approximation (‘D’ in Figure 5.32), because in
this case a difference in strains between steel reinforcement and concrete exists
everywhere. At this stage the internal restraint caused by shrinkage is thus no longer
effective. However, shrinkage has an effect on the crack widths.

We get the following expression for the mean steel strain in the stabilized cracking
phase [105]:

' fc m — Ocfm cfm
ng —e — <Bt (feifm — Oc )+5_f> /Es (5.45)
Pet Ps

where

fthm — O¢fm 2 0

€s strain in reinforcing steel at crack but neglecting the contribution of the fibres

By  shape factor to allow for the course of the steel strains due to the contribution of the
matrix between the cracks: B, = 0.4 for short-term loading p, = 0.25 for long-term or
repeated loading

f.sm mean value of cracking stress of (fibre-reinforced) UHPC

ps geometric reinforcement ratio, ps = Ay/A
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Fig. 5.33 Considering the contribution of (fibre-reinforced) UHPC to tension at and between the
cracks for the curve for concrete [105]

per effective reinforcement ratio, per=Ay/Acer

O.rm Stress in fibre-reinforced concrete according to Equations 5.25 and 5.26 for a crack
width w,, averaged over all cracks and, if applicable, taking into account the
influence of long-term and repeated loading — fibre efficiency here may be taken
into account with its mean value G gyp,.

The expression f; - (fegm — Octm)/ Per @llows for the reduction in the steel stress compared
with the pure cracked state, which results from the contribution of the concrete matrix
between the cracks. As is known from reinforced concrete, this contribution depends on
the size of the effective area of concrete in tension and therefore must be calculated using
the effective reinforcement ratio p.r. As the crack spacing decreases, so the value of this
expression approaches zero.

The term 6.4,,/ps takes into account the reduction in the steel stress at the crack (and,
consequently, between the cracks as well) compared with the pure cracked state, which
results from the fibre’s contribution to carrying the force. This proportion follows
directly from considering the equilibrium at the cracked cross-section and should
therefore be determined using the geometric reinforcement ratio p.

As an alternative to considering tension stiffening in the stress—strain diagram for the
reinforcing steel, it is also possible to modify the curve for the concrete. Taking Equation
5.45 as our basis, we get the following mean concrete stress for the stabilized cracking
phase:

Ocm = Bt : (fctfm - 6cfm) : Ac,ef/Ac + Ocfm (5.46)

Figure 5.33 shows the corresponding constitutive model without the effect of shrinkage
and compares this with the known approach for reinforced concrete. Again, tension
stiffening has been approximated as constant.

Figure 5.34a shows the stress—strain curves determined in axial tension tests on
specimens with combined reinforcement and different fibre contents. Figure 5.34b
compares the respective contribution of the concrete (difference between stress—strain
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Fig. 5.34 Comparison of test results and deformation calculations: a) stress—strain curves for test
specimens with combined reinforcement and different fibre contents [105], b) contribution of fibre-
reinforced concrete shown separately as the difference between the stress—strain curve of the
respective test specimen and the pure cracked state and a comparison with the results according to
Equation 5.46, c) as for b) but a comparison with the approximation according to Equation 5.47
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Fig.5.35 Qualitative course of the moment—curvature relationship taking into account the influence
of shrinkage [105]

curve of test specimen and pure cracked state) and the results according to Equation 5.46.
Figure 5.34c shows that a similar, good agreement is achieved when the actual increase
in tension stiffening with the mean crack width is ignored and, instead, is calculated
using a constant stress in the fibre-reinforced concrete o, on the level of 80% of the
mean fibre efficiency, i.e.

Getm = 0.8 Gcfom = const (5.47)

Based on considering the equilibrium at the flexural crack in Section 5.3.1 and the
thoughts regarding the load—deformation behaviour of the test specimen, it is possible to
apply the proposed model to members in bending as well. However, in order to obtain
realistic deflections, the compatibility of the deformations between tension and com-
pression zones must be taken account of exactly when calculating the curvature, and the
influence of shrinkage must be considered for both the cracked and uncracked states. As
with prestressed concrete, this can be done, for example, by applying a ‘negative
prestrain’ to the bar reinforcement as a result of the residual stress state.

Figure 5.35 is a qualitative representation of how shrinkage affects the course of the
moment—curvature relationship. With unequal reinforcement cross-sections at the two
surfaces of the member, shrinkage already causes a curvature in the uncracked state
irrespective of the load. In the cracked state, this is the case even with a symmetrical
arrangement of reinforcement. Owing to the residual stress state, the cracking moment
continues to decrease compared with the zero-shrinkage case.
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6 Connections

6.1 General

UHPC components are often precast. The advantage of this is that the elements can be
produced under readily controlled conditions. On the building site, the individual parts
are then joined together to form a complete loadbearing structure. There are different
ways of connecting the parts: dry joints, wet joints and glued joints. In many structures,
UHPC is part of a hybrid system. What this means is that shear forces, possibly in
combination with normal forces, have to be transferred via large surface areas in direct
contact. Examples of this are UHPC bridge decks supported on conventional concrete
beams or a loadbearing steel deck. In structures made up of segments, structural shear
joints ensure that, on the one hand, the shear capacity is guaranteed and, on the other,
dimensional tolerances can be compensated for. In offshore structures, forces are
transferred to the foundations via tubular steel segments; UHPC presents interesting
options here. This chapter deals with joints and connections.

6.2 Dry joints

Dry joints can be employed to transfer shear forces. However, such a joint is only able to
transfer significant shear forces when the surfaces in contact are compressed over their
full area. In a series of tests carried out by Tue et al. [126], slab elements measuring
300 % 200 x 80 mm were pressed against each other using different normal compression
forces. The elements made from a coarse-grained concrete with 1.0% by vol. steel fibres
had a compressive strength of 150 N/mm?. The surfaces in contact were either left
untreated or ground. It turned out that the untreated surfaces had friction coefficients of
0.75-0.85 for a shear displacement of up to 0.2 mm, the ground surfaces a coefficient of
about 0.6. The friction coefficient increased with the shear displacement in all tests, even
up to a displacement of 20 mm.

6.3 Glued joints

In structural engineering, joining components with adhesive is a technique that up until
now has always met with some reticence. This was due to the performance of glued
joints over time, which was regarded as uncertain. On the one hand, the joint is subjected
to stresses due to the regular loads of the structure. On the other, there are also the effects
of restraint stresses due to temperature and moisture gradients and the loads caused by
freezing and de-icing salts. In addition, there is also the low near-surface tensile strength
of normal- and high-strength concrete.

Therefore, extensive testing was carried out prior to the first application of adhesives for
a UHPC structure in Germany — the Girtnerplatz Bridge in Kassel. On this bridge (see
also Section 7.1.5.2) the loadbearing UHPC elements, the bridge deck and the top
flanges of the bridge girder are glued together without the help of any further mechanical
connectors. The structural analysis revealed shear stresses of max. 2 N/mm? under
permanent loading. Flexural tensile tests, axial tensile tests and shear tests were carried
out on various specimens (see Table 6.1). A customary epoxy resin mortar was used as

Ultra-High Performance Concrete UHPC: Fundamentals, Design, Examples. First Edition.
Ekkehard Fehling, Michael Schmidt, Joost Walraven, Torsten Leutbecher and Susanne Frohlich.
© 2014 Emnst & Sohn GmbH & Co. KG. Published 2014 by Ernst & Sohn GmbH & Co. KG.
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Table 6.1 Results of tests on UHPC specimens (scatter of mean values, n=5) [128].
Flexural tensile Axial tensile Shear strength
strength strength
N/mm? N/mm? N/mm?

Method of Variable

testing ﬁ _ "*
+——+ \.r..nemn-‘[ 2 I

Specimen Prisms Prisms Middle part

dimensions 160 X 40 x 40 mm 160 x40x40mm | 150% 150 mm
Beams Outer parts
700 % 150 x 80 mm 150vXx 150 X 75 mm

Prism series 1% 10.0-11.7 5.9-7.1 13.5

Influence of

—curing

— surface

roughness

— gluing

temperature

— adhesive

thickness

— test

temperature

After 14 frost- 13.1

thaw cycles in

salt solution

Prism series 2" 22.0

20°C

Beams: 11.3;11.0; 12.1

Static loading

10°C; 20°C;

30°C

) Glue applied to concreted surface
b) Glue applied to sawn surface
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the adhesive. The bending tests were carried out for both static and dynamic loads.
Several test specimens were also subjected to freezing and de-icing salts, which
involved storing them in 3% NaCl solution and subjecting them to 14 freeze-thaw
cycles before testing them. The bridge elements were subjected to static and dynamic
loads at three different temperatures 10 days after completing the glued joints. The
dynamic loading had a frequency of 5 Hz and upper and lower flexural tensile stresses of
5 and 1.6 N/mm? respectively. Detailed information on the tests, their results and the
experience gained during construction can be found in [127].

Failure in the flexural tensile tests occurred in the concrete directly adjacent to the joint.
The flexural tensile strength was about 40% lower than that of a monolithic beam with
the same dimensions, an effect that is attributed to the orientation of the fibres next to the
surfaces in contact (wall effect). In a dynamic loading test, no damage to either specimen
or adhesive joint was observed after 1 million cycles.

A detailed research project investigating glued joints between UHPC components was
carried out at the applied science and technology university in Munich within the scope
of the German programme of research into sustainable building with UHPC (priority
programme SPP 1182) [129, 130]. A conventional cold-curing epoxy resin (EP)
adhesive was chosen for the laboratory tests; this adhesive is used in the building
industry for structural adhesive joints. As the range of applications for cold-curing EP
adhesive is regarded as limited when it comes to unfavourable hygrothermal ambient
conditions, an ultra-high-strength mineral adhesive (reactive powder concrete, RPC)
was also developed. This latter adhesive was investigated as an alternative to the cold-
curing EP adhesive. To establish the suitability of the adhesives for joining UHPC
components, fundamental experimental testing was carried out on shear-compression
specimens in a standard climate (Figure 6.1).
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|/ joint
160 / 60° 80 \
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20|
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]
L . 3
40 i 40
i A-A

Fig. 6.1 Shear-compression specimen (dims. in mm) as used in [128, 129]
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It was found that blast-cleaning the surfaces to be glued with a hard material was the
optimum pretreatment for both types of adhesive. It was also found that the EP adhesive
cures much faster than the RPC adhesive. However, the shear-compression load applied
resulted in the joint with the RPC adhesive achieving a much higher (final) strength then
the one with the EP adhesive. A cohesion failure in the adhesive was observed in all
joints with the EP adhesive under the given shear-compression load, whereas the joints
with the RPC adhesive always resulted in an adhesion failure between the concrete
surface and the adhesive. The type of UHPC had no influence on the bond strength of the
adhesives under shear-compression loading.

The long-term strength of glued joints between UHPC components under service
conditions was also investigated with the help of the shear-compression test specimens
for both types of adhesive. To do this, extensive testing was carried out to discover the
long-term admissible loading level of the glued joint at various service temperatures and
the influence of a long-term load on the strength of the joint. Reduction factors for loads
plus temperature and moisture stresses were determined for each adhesive based on the
results of the tests. Therefore, the long-term strength of the adhesive joint under service
conditions can be calculated by multiplying the individual reduction factors together. It
turned out that joints with the RPC adhesive exhibit a much higher long-term strength,
compared with their short-term strength, than is the case with the EP adhesive.

Glued connections are an accepted jointing method for structures made up of prefab-
ricated segments. An EP adhesive is applied to the interlocking contact surfaces
produced by the match-casting method and the segments are joined together by
prestressing. When employing UHPC, this approach is complicated by the autogenous
shrinkage of the UHPC, which at 400-900 pm/m is much greater than the shrinkage
strain of conventional concrete. In match-casting, each subsequent segment is cast
against the mating surface of the previous segment, which thus serves as formwork for
the mating surface of the next segment. Autogenous shrinkage starts within the first few
days after concreting (sometimes even after just a few hours). This means that part of the
autogenous shrinkage has already taken place in the element cast first, whose mating
surface serves as formwork for the next one, while that of the new segment is just
beginning. This would lead to a poor fit between the surfaces. In order to prevent this
problem, a new method was developed in Japan [131]. This involves setting up a steel
end plate on the segment already cast in order to keep the dimensions of the section
constant.

6.4 Wet joints

The GSE Bridge in Tokyo [132] (see also Section 7.1.3.2) consists of a series of box
beams with bottom flange and webs of UHPC (Figure 6.2) and a deck of C30/37
concrete which was cast later. So-called perfobond shear connectors were used here for
the structural connections between the two parts. This method is advantageous due to its
compactness, stiffness, load-carrying capacity and fatigue resistance. Owing to the long
cantilevers of the deck, the perfobond shear connectors also had to be designed for
tension in the vertical direction. The perfobond shear connectors were arranged in two
rows. The design equations derived for this material are valid for embedding the
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Fig. 6.2 Perfobond shear connectors between UHPC webs and conventional concrete deck [132]

perfobond shear connectors in the concrete of the deck (C30/37). Equation 6.1 was used
for the shear capacity on the UHPC side:

Vg = {(3.38-d2(t/d)0‘5 foq — 121)]/3 ©6.1)

where

d hole diameter
t slab thickness (mm)
f.q compressive strength of concrete.

The transverse bars passing through the holes were not included in the calculation.
Differences in the creep and shrinkage behaviours as well as temperature differences
between deck on top and UHPC component below were taken into account.

The advantage of wet joints in construction with prefabricated segments is that the
concrete in the joints compensates for any dimensional inaccuracies associated with
the match-casting. Figure 6.3 shows the geometry of the wet joints used for the GSE
Bridge in Tokyo [132].

For practical reasons, a joint width of 150 mm was maintained for the joints in which
the ducts for the prestressing tendons have to be coupled between the segments. The
following equation was assumed for determining the shear capacity of the joint:

Wet joint

Concrete deck slab
eoncrete geck 5180

Wet joint

UFC precast segment / —7

\

Y
\\Shear connector

0

Fig. 6.3 Wet joints between UHPC segments of GSE Bridge in Tokyo [132]



110 6 Connections

VRd = Vewd + Vped (6.2)
where

Vewd = (te " Ace + Vi) /o (6.3)

te=p-feg-flP (6.4)
where

f,a design value of mean concrete compressive stress perpendicular to stress plane
A.. area of shear force transfer on compression side

b  a factor (0.4) dependent on the form of the surfaces in contact

p  mean friction coefficient (0.45)

Vi shear capacity of one shear key (= 0.1. Ay. f.q)

Ay cross-sectional area of shear key in compression zone

f.q design value of compressive strength of concrete

Vyea vertical component of prestressing force.

As an alternative to the perfobond shear connector, other geometrical forms have been
investigated in the meantime, e.g. the puzzle strip shear connector [133, 134],
Figure 6.4. The most important advantages of the puzzle strip shear connector are
its high initial stiffness and high load-carrying capacity. Furthermore, it is also
possible to produce two puzzle strip shear connectors with one cut and without
wasting any material. Figure 6.5 shows the results of shear tests, comparing the
behaviour of the puzzle strip shear connector for different concrete mixes. All the test
specimens in series A were reinforced in the transverse direction with two bars,
d; =12 mm, in each opening and with six bars, d; =10 mm, above the shear connec-
tion. The higher compressive strength of mix Al (cube strength 180N/mm?)
compared with mix A2 (90 N/mm?) leads to a much higher shear capacity and at
the same time a much better ductility.

Further tests involving cyclic loading were also carried out. The puzzle strip shear
connectors were subjected to a fatigue load with two different stress amplitudes
(R=0.54 and 0.42). None of the test specimens had failed by 2 million cycles.

Transverse
reinforcement

Puzzle-strip

Fig. 6.4 Puzzle strip shear connector [134]
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Fig. 6.5 Force—slip relationships for the puzzle strip shear connector in concretes with different
strengths [134]

Fig. 6.6 Steel share strip for a shear-resistant connection [135, 136]

Another innovative solution is presented in [135, 136], Figure 6.6. This makes use of
rectangular steel teeth that are turned through 90°. Such so-called steel share strips can
transfer both shear and tensile forces and can be produced in very small dimensions.

Figure 6.7 shows the load—slip curves, which reveal an excellent load-carrying capacity
in conjunction with ductile behaviour. The shares of the strip measured 15 mm
long X 20 mm high and their spacing was 15 mm for curves B-1-1 and B-1-2, 5 mm
for B-2 and 10 mm for B-3. Curves B5 and B7 represent steel share strips with a different
geometry and curve B-8 represents a different steel strength.

6.5 Grouted joints

Grouted joints have been used in the offshore industry for many years. In this type of
joint, steel tubes with different diameters are connected using a grout material. To
transfer shear forces, shear keys are provided on the inside faces of the tubes
(Figure 6.8) [137]. This arrangement results in a system of struts in the concrete,
which in combination with the confining effect of the outer tube and the support
provided by the inner tube enable substantial shear forces to be transferred. One
important advantage of this type of connection is that the shear capacity is the same in



112 6 Connections

Load-slip-diagram push-out-tests
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Fig. 6.7 Load-slip relationships for the steel share strip of Figure 6.6 with different geometries [137]

tension and compression. The transfer length can be shortened by using UHPC for the
grout [176]. However, this increases the force acting on the shear keys and the force in
the confining, outer steel tube.

In a grouted joint with shear keys, we can distinguish between three structural
responses: adhesion and friction at the interface between concrete and steel, and the
development of struts in the concrete. The main reason for the failure of such a joint is

Recess =7

(a) without shear keys (b) with shear keys

———Crack/failure surface

€  Concrete compression failure

Fig. 6.8 The principle of the forces acting in a grouted joint [137]
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Fig. 6.9 A test to prove the formation of struts in the concrete [137]

either shearing-off along the shear keys when the spacing of the keys is too small, or a
compression failure in the concrete above the supporting keys when the key spacing is
sufficiently large. In this latter case, diagonal cracks appear in the grout (Figure 6.9). It
is assumed that the maximum stress in the concrete at the junction between a strut and
a shear key corresponds to 2.5 times the uniaxial concrete compressive strength.

The high strength of UHPC enables the length of the lap between the inner and outer
tubes to be shortened if necessary.

6.6 Adding UHPC layers to existing components to upgrade
structures

The basic idea of upgrading conventional reinforced concrete components involves
adding a 25-80mm thick UHPC layer to the surface of the existing reinforced
concrete. The surface to which the UHPC is to be applied is roughened using high-
pressure water jets, sandblasting, etc. in order to achieve a high-quality bond. When
reinforcing bars in the primary loadbearing direction are included in the UHPC, we
speak of a compact reinforced composite (CRC) or a steel-UHPC composite [138],
Figure 6.10.

CRC: loadbearing and protective function CRC:

TUSUUUEgRRgE | t (UHPC): 25 - 80 mm
1 $8-20 mm @ 30 ... 100 mm
Reinforced /

concrete

Fig. 6.10 Basic configuration of composite components made from reinforced concrete with a layer
of CRC [138]
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The addition of a heavily reinforced UHPC layer results in components with a much
higher ultimate resistance. At the serviceability limit state, the UHPC layer can
accommodate significant tensile forces and thus improve the stiffness without cracks
forming, which are detrimental to the durability as well as the appearance. Therefore,
layers of UHPC with loadbearing and waterproofing qualities can be applied to those
areas of reinforced concrete components that suffer severe exposure to environmental
influences (e.g. bridge decks). If the UHPC layer has to fulfil a protective function only,
embedded reinforcing bars are unnecessary and the thickness of the layer can be reduced
to as little as 25 mm.

Whereas roughening the surface of conventional concrete as preparation to receive a
layer of UHPC is relatively straightforward, adding a layer of UHPC to a steel plate is
quite a different matter. This issue is particularly interesting for upgrading steel
bridges. The effect of cracking due to autogenous shrinkage and temperature gradients

Fig. 6.12 UHPC deck during casting, with the layer of epoxy resin plus aggregate worked into the
surface, the steel meshes and the UHPC mix all clearly visible
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must also be given special attention. A UHPC with a lower autogenous shrinkage
strain and relatively high tensile strength has been developed in the Netherlands for
such applications. These improvements allow the tensile stresses to remain below the
tensile strength of the concrete. The following procedure was adopted in a pilot
project (Calland Bridge):

Remove old layer of asphalt

Attach shear studs, d;= 16 mm, 150 mm spacing, to the steel plate along the edges of
the area in contact with the concrete to prevent uplift of the new deck (dishing)
Apply a layer of epoxy resin (Figure 6.11) and work an angular aggregate into the
surface (Figure 6.12)

Provide 8 mm dia. spacer bars for supporting three steel meshes (ds =8 mm, 50 mm
spacing)

Apply the UHPC

Float the surface of the concrete

Cover with a damp material for 24 h

Blast-clean the new surface to improve the resistance to braking forces.

The entire procedure takes only 120h. Tests to determine the near-surface tensile
strength of the surfaces in contact supplied values of 4—5 N/mm?.
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71 Bridges
711 Canada

7.1.1.1 Bridge for pedestrians/cyclists, Sherbrooke (1997)

The world’s first UHPC bridge was built at Sherbrooke in Canada in 1997 (Figure 7.1)
[4, 139]. It is 60 m long overall and consists of six precast segments each 10 m long. The
precast segments are in the form of trusses and a ribbed concrete deck forms the top
chord. UHPC-filled stainless steel tubes serve as diagonals and the bottom chord is made
up of two continuous prestressed beams (each with two internal prestressing tendons).
The precast segments are connected together by means of external prestressing (3 X 2
prestressing tendons). The concrete compressive strength for the top and bottom chords
is 200 N/mm”.

7.1.1.2 Glenmore/Legsby footbridge, Calgary (2007)

Figure 7.2 shows Glenmore/Legsby footbridge, which stands in Calgary [23, 140]. A
33.6 m long prestressed T-beam was used as a drop-in element for this 53 m span. The
bridge crosses an eight-lane motorway without any intervening piers. The T-beam was
erected with two cranes (one at each end) in just eight hours (from Saturday late to
Sunday 7 a.m.). Traffic disruption was therefore minimal, which was rated as a major
benefit of this form of construction, especially as this motorway is a main traffic artery in
Calgary. Robustness is enhanced through the omission of a central pier (no risk of
impact), which is another big advantage. At mid-span the precast beam is 1.10 m deep
and 3.60 m wide. It weighs about 100 t. Reinforcement in the UHPC beam is in the form
of 2% by vol. steel fibres (13 mm long) and 42 prestressing strands (15 mm dia.). Some
40 m® of UHPC was required for the construction of the beam, which was cast in one
pour. Formwork elements that might have hindered expansion in the early phase of
hardening were removed once the concrete had reached a compressive strength of 35 N/
mm?. This measure enabled autogenous shrinkage to take place without restraint and
thus prevented cracking during the curing phase. Detailed investigations were under-
taken in advance to understand the shrinkage behaviour of the beam. After reaching the
minimum compressive strength of 100 N/mm” necessary to transfer the prestressing
forces to the concrete, the rest of the formwork was struck and the beam prestressed.
Heat treatment at 90 °C over 48 h ensured that the necessary compressive strength and
durability was actually achieved.

The client (Calgary City Authority) called for a number of tests to be carried out before
erecting the beam. First of all, tests were carried out on 3.3 m long elements. These
elements were representative of the large beam and were subjected to a point load in the
middle. Firstly, the elements were loaded until the appearance of the first crack.
Afterwards, the elements were subjected to 1 million load cycles between 20 and
80% of the maximum service load, then a further 1 million load cycles between 20 and
80% of the load causing the first crack. As the elements did not fail under these loads,
and, indeed, there was no decrease in stiffness, another 1 million load cycles between 20
and 80% of the calculated failure load were applied. At the start of this final cycle, a

Ultra-High Performance Concrete UHPC: Fundamentals, Design, Examples. First Edition.
Ekkehard Fehling, Michael Schmidt, Joost Walraven, Torsten Leutbecher and Susanne Frohlich.
© 2014 Emnst & Sohn GmbH & Co. KG. Published 2014 by Ernst & Sohn GmbH & Co. KG.
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Fig. 7.1 Footbridge in Sherbrooke — the first ever bridge made from UHPC (1997)

Fig. 7.2 Glenmore/Legsby footbridge, Calgary (2007)

minor reduction in stiffness was detected, although the stiffness stabilised at around two-
thirds the stiffness of the uncracked state. Following this fatigue loading, the elements
were loaded to failure, and the ultimate load reached was higher than expected. A
loading test was carried out on the beam itself prior to erection. First of all, the beam was
subjected to a uniformly distributed load over its whole length equal to 1.5 times the
maximum service load. After that, the load was positioned asymmetrically on one half of
the beam. Measurements revealed no deflections greater than those expected. After
relieving the load, the deflections returned to zero, which indicated that no plastic
behaviour had taken place. No irreversible damage had been discovered and so the beam
was able to be erected.

7.1.2 France

7.1.2.1 Road bridge, Bourg-lés-Valence
The first French UHPC bridge was built at Bourg-les-Valence [141] (Figure 7.3). This
bridge has two spans: 20.5 and 22 m. It is assembled from double-T beams with a depth



7.1 Bridges 119

Fig. 7.3 Road bridge at Bourg-les-Valence (left) assembled from prestressed double-T beams
(right)

of 900 mm, a top chord width of 2200 mm and a thickness of 150 mm. The use of 3% by
vol. steel fibres and prestressing tendons rendered conventional reinforcement virtually
unnecessary. Reinforcing bars are only used in the joints between the precast segments
and at the junction with each footway. Compared with a design using normal-strength
concrete, which would have required 39t of reinforcement, the UHPC solution needed
only 4 t of reinforcing bars and meshes together with 28 t of fibres; and it was possible to
reduce the weight of prestressing tendons from 17.4 to 6t. The weight of the
superstructure is only 328 t, instead of the 975 t for a bridge made from normal-strength
concrete [141].

7.1.2.2 Pont du Diable footbridge (2005)

The Pont du Diable footbridge over the I’Herault Canyon near Montpellier was built in
2005 [142, 177]. It was the design by the French architect Rudy Ricciotti which best met
the requirements of the authorities in the I’Herault Valley nature conservation area, who
were looking for a 70 m long footbridge without intervening piers whose visual impact
on the landscape would be minimal, i.e. arches or stay cables were out of the question.
The bridge cross-section is made up of two bone-shaped beams that are 1.8 m deep and
have a 120 mm thick web (Figure 7.4). The beams serve as loadbearing members and at
the same time function as parapets. There are 15 identical, 4.6 m long precast segments
making up the total length of 69 m. Each segment consists of two vertical beams, three
transverse ribs and a 30 mm deep deck. The transverse ribs help to provide the necessary
lateral stiffening (wind). Eight Freyssinet prestressing tendons are used in this design.
There are three type 13C15 and 19C15 tendons in the bottom ‘bulb’ of each beam and a
type 4C14 in the top one. The bridge is designed in such a way that its natural frequency
lies outside the critical range caused by pedestrians. In addition, tuned mass dampers
were installed at mid-span. Steel formwork with a dimensional accuracy of +0.5 mm
was used for producing the UHPC segments made from Ductal® (compressive strength
180-200 N/mm?). After concreting, each segment was left in the mould for 24 h as part
of the curing measures. After removal from the mould, each segment underwent heat
treatment at 90 °C for 24 h. According to the French BFUP directive, suitability tests
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{MlainTengera |
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Fig. 7.4 Pont de Diable footbridge, I'Herault Canyon near Montpellier

must be carried out prior to erection. Prisms were cut from a specimen segment and used
to establish the fibre orientation factor K for checking the assumptions of the calcula-
tions. Once all the individual segments had been cast, they were assembled in the
precasting works and braced for transport. On site, a small crane lifted the segments onto
a steel erection gantry for installation in their final positions with the help of three rollers
plus adjusting bolts. The prestressing tendons were then fed through and tensioned and
the tuned mass dampers installed.

7.1.2.3 Pont de la Chabotte road bridge

It was in 2004 that work began on an innovative concept for the new Pont de la
Chabotte [143]. The bridge was to have a span of 47.40 m and no intermediate piers.
Furthermore, a very long design life had to be guaranteed in the wintry conditions of this
region. BCV (Béton Composite Vicat) with a 28-day compressive strength of 130 N/
mm? without heat treatment and 150 N/mm? with heat treatment were the concretes
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(a)

Fig. 7.5 Pont de la Chabotte, 47.40 m span, made up of 22 UHPC segments

chosen. The beam is made up of 22 precast segments (Figure 7.5) which are held
together with adhesive and external prestressing.

The 22 segments comprise:

— 18 standard segments each 2.44m long

— 2 segments 0.59 m long, equipped with saddles in order to render external prestress-
ing possible

— segments 2.04 m long with a special geometry for anchoring the external prestressing
tendons.

The UHPC segments are 1.60 m deep and have a web thickness of 120 mm (Figure 7.5).
Match-casting was employed to guarantee a good fit between the segments, with the
segments being cast in order against each other. Concreting of all 22 segments took a
total of eight weeks. When joining the segments together on site, an epoxy resin was
spread over the mating surfaces prior to provisional tensioning. Only at the end the 22
segments were post-tensioned with the six permanent tendons. The final erection phase
took only 20 min with a jack and two stay cables. The most significant advantages of this
form of construction are:

— No intermediate supports are necessary, which leads to a robust design that also
blends in very well with the rural landscape.

— The structure is much lighter than the conventional concrete alternative: compared
with a bridge in traditional C35/45 concrete, this bridge needs only 40% of the
volume of concrete.

— The low weight of the bridge enabled erection work to be completed in a very short
time, which overcame the disadvantages of traditional systems.

— Time on site was cut by one-third.

7.1.2.4 Pont Pinel road bridge (2007)
It was necessary to widen the existing Pont Pinel near Rouen from two to five lanes. The
concept devised for the new 27 m long and 14 m wide Pont Pinel involved combining a
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Fig. 7.6 Pont Pinel under construction
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Fig. 7.7 Section through Pont Pinel main beam
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C35/45 concrete deck with 17 prestressed UHPC beams (Figures 7.6 and 7.7). The
characteristic features of the beams are as follows [144]:

Depth of cross-section: 620 mm

Bottom chord: 795 x 150 mm

Web thickness: varies from 70 mm in span to 120 mm at end of beam

Top chord: 250 X 50 mm

Prestressing: 28 No. T15.7/1.860 N/mm?> strands, all in the bottom chord, with

staggered anchorages in order to avoid excessive stresses in the

anchorage zone (adhesive tape was wrapped around the ends of

some strands in order to shift the effective anchorage length)
Beam/deck connection:  links projecting from top chord

At the ends of the beams, two transverse beams were cast monolithically with the deck to
join the longitudinal beams together. Eight projecting strands from each beam were
anchored in the transverse beam to create a good connection (Fig. 7.8). The road deck,
the depth of which varies between 210 and 320 mm, was constructed using precast slab
segments and in situ concrete (strength class C35/45). This design was preferred to the
alternatives for economic reasons. The compressive strength of the UHPC was 165 N/
mm?, achieved with the following mix:

— 2360 kg CERACEM BFM-Millau Premix (dry mix of cement plus aggregate)
— 45 kg high-performance superplasticizer

— 195kg water

— 195kg steel fibres.

Coupe Courante

Fig. 7.8 Web thickening with UHPC on the Pont sur 'Huisne [145]
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The different shrinkage behaviours of the two types of concrete were given special
attention during the design work.

Here again, a suitability test was carried out prior to erecting the beams, as is prescribed
in the French directive for UHPC. The test was carried out on a 5 m long beam segment
that was concreted in exactly the same way as the real beams. Eighteen prisms were cut
from this segment: six vertical, six horizontal and six at an angle. A sawcut was made in
the underside of each prism, which was then tested in bending. This approach enabled
the fibre orientation factor to be determined in order to check the assumptions in the
calculations. The advantages of this form of construction are its durability and
the chance to design relatively lightweight bridge superstructures. During construction,
the immediate stability and the fast erection of the beams are further benefits. Once in
place, the beams form a safe working platform for further operations and traffic can pass
underneath without being disrupted.

7.1.2.5 Strengthening the Pont sur I’Huisne, Mans

UHPC was used on the Pont sur I’Huisne in Mans in order to increase the load-carrying
capacity with the help of external prestressing [145]. The strengthening was necessary to
carry a new tram line over the bridge. The 65 m long bridge was made up of two parallel
decks, 15m wide, supported on precast I-section prestressed concrete beams 31.6 m
long. However, the intended solution using external prestressing could not be imple-
mented because the existing bridge cross-section was already utilised to such an extent
that it could not carry any additional axial compression. Therefore, the beam webs were
thickened with UHPC (BSI/CERACEM, compressive strength 150 N/mm?). Another
key advantage of using UHPC was that the concrete mix developed by Eiffage had a
modulus of elasticity of 64 000 N/mm?” — twice that of the existing concrete. The higher
stiffness of the UHPC cross-section therefore attracts normal forces and spares the
existing cross-section. Concreting and compacting below an existing bridge deck is
difficult with a conventional concrete and so a self-compacting UHPC mix was
developed. Furthermore, the addition of steel fibres to the mix (2.5% by vol., or
200 kg/m?) rendered traditional reinforcing bars unnecessary. So in this case the UHPC
was primarily chosen not because of its high strength, but because of its high modulus of
elasticity, its self-compacting properties and the fact that no conventional reinforcement
was required.

The mean strength of the concrete was 182 N/mm?”. The BS/CERACEM premix was
delivered to site and mixed there. The concrete was placed through six openings in the
deck on each side of each beam (Figure 7.9). The high strength of the concrete was
achieved without heat treatment and despite the low ambient temperatures at the time of
the work.

7.1.3 Japan

7.1.3.1 Sakata-Mirai footbridge (2003)

The Sakata-Mirai footbridge was designed to blend in with its tranquil surround-
ings [146]. The design exploits the advantages of UHPC: it needs no conventional steel
reinforcing bars to supplement the steel fibres and its load-carrying capacity is achieved
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Fig. 7.9 Placing the UHPC through an opening in the road deck

through external prestressing. The bridge is extremely light, weighing just 56 t, which
corresponds to about 20% of the self-weight of a conventional reinforced concrete
structure. Another advantage of this was cost-savings of about 10% [146].

Figure 7.10 shows the finished bridge, a single span of 50.2m, and a section through
the bridge at mid-span; the two external prestressing tendons, consisting of 31 strands
(15.2 mm dia.), can be seen.

The depth of the cross-section varies from 550 mm at the abutments to 1650 mm at mid-
span in order to ensure that the maximum deflection does not exceed span/600. Detailed
analyses were carried out with the help of non-linear 3D calculations taking into account
the circular openings in the two webs. Six precast segments were needed for this bridge,
which were initially supported on temporary trestles (Figure 7.11). Appropriately
designed joints enabled the segments to be connected prior to post-tensioning.

b 2400 4

Fig. 7.10 View of bridge and section [Ductal®], [147]
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Fig. 7.11 The segments being erected on temporary supports [Ductal®]

7.1.3.2 GSE Bridge, Tokyo Airport (2010)

This bridge (Fig. 7.12) enables airport operations traffic to cross a road between the
northern and southern airfields of Tokyo Airport (GSE stands for ‘ground support
equipment’) [148]. The designers had to comply with a demanding specification: approach
ramps with minimum volume and weight plus achieving the necessary clearance between
the bridge beams and the road below. This resulted in the need to lower the bridge
superstructure as far as possible and keep the depth of the bridge beams as shallow as
possible. Fibre-reinforced UHPC was therefore chosen for the superstructure.

The UHPC used in this project has the following properties: a very high characteristic
compressive strength of 180 N/mm?, good durability, a densely packed microstructure
with a w/c ratio lowered to near the hydration limit (<0.24) and a very low proportion of
voids. The water permeability and the diffusion coefficient for chloride ions are between
about 1/100 and 1/300 of the values for normal-strength concrete. Steel fibres (2% by
vol.,, 0.2mm dia., 15mm long) were added to the UHPC mix. Conventional steel
reinforcing bars were unnecessary. The UHPC used had good flowing properties and
was self-compacting.

The bridge structure consists of three box sections (Figure 7.13). Each box has a top
flange of conventional reinforced concrete and webs and bottom flange of steel fibre-
reinforced UHPC. The span is 47.6m (Fig. 7.14) and the prestressing tendons are
positioned inside the box sections.

The precast fibre-reinforced UHPC beams were cast in segments to comply with a
weight limit of 10t.

Two rows of perfobond shear connectors are used between each web of the fibre-
reinforced UHPC beam and the road deck of normal-strength concrete; these connectors
are also subjected to tension due to the long cantilevers of the deck.
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Fig. 7.14 Longitudinal section through GSE Bridge showing the individual segments of the
beams [148]

7.1.3.3 Tokyo Monorail, Haneda Airport line

Construction of Tokyo’s monorail line began in the 1960s [149]. Normally, the beams
are made of prestressed normal-strength concrete, the self-weight of which limits spans
to 20 m. Employing fibre-reinforced UHPC reduces the self-weight and thus enables
spans to be increased to 40 m. Steel fibres (2% by vol., 0.2 mm dia., 15 mm long, tensile
strength 2800 N/mmz) were added to the UHPC mix, which enables the fibre-reinforced
UHPC to reach a mean tensile strength f.,=11.3 N/mm? and a characteristic tensile
strength f., = 8.8 N/mm?>.

Transport restrictions forced the 40 m long beams to be divided into three U-shaped
segments plus slab segments (Figure 7.16) which were joined together on site with wet
and dry joints and then post-tensioned. The horizontal joints between the top flange and
the webs were provided with perfobond shear connectors (Fig. 7.15). The vertical joints
were provided with epoxy and were prestressed subsequently (Figs. 7.16 and 7.17). This
was the first use of fibre-reinforced UHPC for a rail project.

Slab PBL Moment
Ll

Slab

!PBL /

UFC girder

Transverse direction Longitudinal direction
- -

Fig. 7.15 Arrangement of and actions on the perfobond shear connectors [148]
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Fig. 7.17 Longitudinal section through monorail beam [149]

7.1.4  South Korea

7.1.4.1 Seonyu ‘Bridge of Peace’, Seoul

This is an arch bridge that spans 120 m. It consists of six precast, prestressed segments
with a double-T cross-section and a deck with transverse ribs (Figure 7.18). The bridge
deck is 4.3 m wide, the webs 1.3 m deep (Fig. 7.18). The 30 mm deep slab is supported
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Fig. 7.18 Double-T cross-section and formwork [150]

Fig. 7.19 Erecting the arch and view of segment [150]

by transverse ribs every 1.225m and one longitudinal rib along each outer edge
(Fig. 7.19). The webs below the deck are 160 mm thick [150].

Single, 12.7mm dia. strands and small, specially fabricated anchors are used for
prestressing the transverse ribs. In the longitudinal direction there are three prestressing
tendons in each web. To resist the horizontal forces, the arch is supported on two 9m
deep reinforced concrete foundations (Fig. 7.20).

Fig. 7.20 Seonyu ‘Bridge of Peace’ in Seoul [147]
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Fig. 7.21 View of cable-stayed footbridge between two office buildings and plan on bridge [151]

7.1.4.2 KICT cable-stayed footbridge (2009) [151]

A cable-stayed footbridge was built in 2009 within the scope of the Super Bridge 200
project of the Korean Institute of Construction Technology (KICT) (Fig. 7.21); the bridge
links two office buildings belonging to the institute [151]. Two segments of each bridge
deck are constructed from prestressed, precast, steel fibre-reinforced UHPC. The compact
dimensions of the edge beams demonstrate the high compressive strength of UHPC.

This bridge represents a full-scale test in preparation for an application on a larger scale
based on the results of a KICT research project that looked at the potential use of steel
fibre-reinforced UHPC in the decks of long-span cable-stayed bridges.
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Fig. 7.22 New bridge deck design [151, 152]
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Fig. 7.23 Section through bridge deck showing parabolic cross-beams [151]

7.1.4.3 Design for Jobal Bridge (KICT)

To reduce the self-weight of the decks of long-span cable-stayed bridges, a 60 mm deep
slab with prestressed ribs of fibre-reinforced UHPC has been developed at the Korean
Institute of Construction Technology (KICT). The centre-to-centre spacing of the ribs is
600 mm (Fig. 7.22). This bridge deck cross-section is 50% lighter than a deck made
from conventional concrete [151, 152].

To transfer this method to a full-scale project, a cable-stayed bridge with three 90 m high
pylons and a main span of 200 m was designed in 2011 to link the town of Jobal with
Dunbyung Island on Korea’s south coast (Fig. 7.24). It is planned to use steel fibre-
reinforced UHPC for the bridge deck with transverse ribs and edge beams (Fig. 7.23).
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Fig. 7.24 The design for Jobal Bridge [151]
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715 Germany

7.1.5.1 Bridges over River Nieste near Kassel

The first practical use of UHPC in construction in Germany was for a project in 2004 to
build a footbridge spanning 12 m over the River Nieste near Kassel [20]. It is a precast,
post-tensioned design with two prestressing tendons. Figure 7.25a shows a section
through the bridge.

The deck is 10 cm deep, spans 3 m between the edge beams and is reinforced exclusively
with fibres. Steel reinforcing bars are only used in the transfer zones for the prestressing
forces. The edge beam depth varies to match the internal forces. Owing to its low weight
of just 12t, the superstructure could be transported on a low-loader from the precasting
works to the site, where it was lifted into position with a mobile crane and fixed within
about two hours. It was opened to the public immediately afterwards (Figure 7.25b).

Owing to the good economics and very short construction time, two more precast UHPC
bridges were erected not far from this first one. These span 7 and 9 m and both are 2.9 m
wide (Figure 7.26). They are in the form of double-T beams with an 8 cm deep deck and
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Fig. 7.25 First UHPC bridge in Germany: a) section, b) view of bridge after completion
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Fig. 7.26 Two further UHPC precast bridges over the River Nieste: a) section, b) view of one of
the bridges

18 cm wide webs that are 30 cm deep at mid-span. The underside of each web traces a
circular arc whereas the top surface remains straight. In the longitudinal direction the
webs are pretensioned. No steel reinforcing bars were necessary. In the transverse
direction, all the loads are carried exclusively by the fibre-reinforced concrete.

Similar precast concrete bridges, but with spans of about 18 m, have been erected over
the River Weschnitz in Weinheim and over the River Usa in Friedberg (Hesse).

7.1.5.2 Gaértnerplatz Bridge over River Fulda, Kassel (2007)

After some practical experience with this new building material had been gained in the
foregoing projects, the City of Kassel decided to build a bridge over the River Fulda for
pedestrians and cyclists. A hybrid steel-UHPC structure was chosen. Figure 7.27 shows
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Fig. 7.27 Longitudinal section through Gértnerplatz Bridge
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a longitudinal section through the Girtnerplatz Bridge designed by Kassel-based
consulting engineers IBB Fehling + Jungmann GmbH [20].

The new bridge was intended to replace an existing multi-span timber bridge that was in a
poor state. A new structure with six spans and a total length of 134 m was designed, with the
longest span being 36 m. The longitudinal beam is a three-chord truss with varying depth
(Figure 7.28a). The top chords of the truss are made from UHPC, and the bottom chord and
the diagonals are steel tubes connected to the top chords via high-strength friction-grip
bolts. Precast UHPC slabs, 5 m wide and pretensioned in the transverse direction, make up
the bridge deck. To ensure proper drainage, the slabs are 11 cm deep at the edges, 8 cm deep
in the middle. After the truss had been erected, adhesive was used to connect the deck
segments together and to the top chords. No mechanical connectors were used.

The glued joints were extensively tested in the laboratory beforehand. Information on
the results of the tests and the practical experience gained can be found in [127]
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Fig. 7.28 a) Section through Gartnerplatz Bridge and b) bending the UHPC segments, which were
originally cast straight (sketch of principle)
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Fig. 7.29 Gértnerplatz Bridge after completion

and [153] as well as Section 6.3. In order to ensure an adequate level of structural safety
for the connections, under both long-term actions and temperature loads, sandblasting
the surfaces to be glued beforehand proved to be especially effective.

Exploiting the high deformation capacity of UHPC, the top chords of the truss were first
cast straight and afterwards bent to match the gradient as the structural steelwork was
attached. The self-weight of the top chord, raised at each end, was sufficient for this. The
principle is explained in Figure 7.28b.

The single-span trusses prefabricated in this way were erected span by span and
connected via end plates to form a continuous system (Fig. 7.29). In order to avoid
permanent tensile stresses in the bridge deck in the longitudinal direction in the final
condition, the entire superstructure was post-tensioned with two additional, unbonded,
external tendons routed in ducts through the two UHPC top chords.

A monitoring system was installed to track the long-term behaviour of the bridge. This
system comprises various sensors, e.g. for temperature, moisture content, deflection,
rotations and the relative displacements between the glued components. Accelerometers
register any changes to the stiffness of the structure [154].

7.1.5.3 HSLYV pilot project

A pilot project carried out by the Hesse State Authority for Roads & Transportation
(HSLV) based in Wiesbaden involved applying a layer of UHPC in sifu to a bridge deck
of normal-strength concrete [155]. The layer of UHPC was intended to replace the
normal waterproofing to the superstructure and at the same time contribute to the
structural strength of the bridge.

An approximately right-angled (i.e. non-skew) two-span bridge with spans of 21.50
and 22.50 m was chosen for this pilot project. The cross-section selected was a multi-
web T-beam made from prestressed precast segments with in situ concrete joints
(Figure 7.30). The layer of UHPC was to be 3 cm deep and reinforced exclusively with
fibres (6% by vol.)
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Fig. 7.30 HLSV pilot project: section through bridge superstructure (multi-web T-beam)
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Fig. 7.31 HLSV pilot project: a) longitudinal joint between two precast segments, b) lap joint and
monolithic hinge at central support

The joints between each pair of precast segments were designed in such a way that the
grout could be placed at the same time as placing the layer of UHPC on the deck.
Figure 7.31a shows a detail of the joint with overlapping U-bars.

In order to achieve continuity in the longitudinal direction, the top reinforcement in
the precast segments is lapped over the intermediate support. The layer of UHPC at this
point would therefore be 8cm deep. A monolithic hinge was designed for the
central support.

The lap in the longitudinal joint was investigated with the help of three-point bending
tests carried out on approximately full-size test beams with UHPC grout in the joints.
The load was increased monotonically and, with a view to checking fatigue, also applied
in cycles. In the static tests, failure always occurred due to yielding of the reinforcement
in the joint between the normal-strength concrete and the UHPC (Figure 7.32). Failure in
the joint or due to fatigue was not observed.

Similar experiments were also carried out on the lap joint over the central support. With
a lap length of 15 ¢, failure occurred at the end of the lap due to yielding of the steel
reinforcement.

Precast UHPC bridge footways/parapets were planned, to be connected to the bridge
deck with an epoxy resin adhesive.

Unfortunately, the work was not carried out because there were too few bidders.

More recent studies in this field have been looking at a UHPC addition with a
combination of low fibre content and steel reinforcement, which would be more
economical and is likely to satisfy at least equivalent serviceability and durability
specifications.
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Fig. 7.32 HLSV pilot project: failure of longitudinal joint due to yielding of steel

7.1.5.4 Bridge for pedestrians/cyclists over River PleiBe, Markkleeberg (2012)

A timber bridge in a poor condition carrying a cycle track over the River Pleifle
in Markkleeberg near Leipzig is to be replaced by a new structure (Figure 7.33). The
client is the Government of Saxony, represented by Leipzig Roadbuilding Authority.

Fig. 7.33 Bridge for pedestrians/cyclists over River PleiBe, Markkleeberg (computer images)
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Leipzig-based consulting engineers KHP-Zerna have been appointed to carry out the
preliminary and detailed design work.

The new bridge is designed as a single-span arch spanning 31.70m between the
abutments. The clear width between the parapets is 3.50 m.

The two arches are 324 mm dia. hollow steel sections, the bridge deck uses precast fibre-
reinforced UHPC segments joined together by post-tensioning in the longitudinal
direction. Dry joints will be used between the segments. In the deck there will be
conventional reinforcement in the transverse direction.

The UHPC slabs are 8 cm deep in the span. Below the hangers, which are in the form of
inclined, non-crossing cables, there is a stiffening beam with a total depth of 30 cm.
Ducts are included in these longitudinal beams for routing the post-tensioning cables
after erecting the precast segments. The prestressing tendons also function as a tie to
resist the horizontal thrust of the arch.

7.1.6 Austria

7.1.6.1 Wild Bridge near Vélkermarkt

This bridge carries an access road to the Wild company works over a romantic valley
and is the world’s first precast UHPC arch bridge [156]. In this case, UHPC enabled the
construction of an especially delicate and lightweight structure, as Figure 7.34 shows.
The hollow segments of the arch have a wall thickness of just 6 cm and are externally
prestressed.

Lowering the arch into position was therefore particularly suited to the erection of this
arch because the expensive hinge details then only had to be designed for the forces from
the relatively low weight of this innovative structure [156]. The construction principle
shown in Figure 7.35 was therefore possible.

Rational connections between the precast segments were achieved by milling the end
surfaces to a high accuracy and then using dry joints [157]. The CNC milling technology
of the Max Bogl company from Neumarkt in der Oberpfalz, Germany, already proved
on the slab tracks for new high-speed railway lines, was used here after the precast
segments had been heat-treated. Afterwards, the segments hardly deform or distort any

Fig. 7.34 View of Wild Bridge near Volkermarkt [156]
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Fig. 7.35 Wild Bridge: section and design principle (modified after [156])

more as a result of shrinkage, which means contact over practically the whole area
between the parts to be joined can be guaranteed.

The individual segments of the arch and the columns supporting the deck were
connected together with external tendons (Figure 7.36), which lends the knee node
elements a special significance (see Figure 7.37).
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Fig. 7.37 Knee node element [156]

Mixing and concreting of the fibre-reinforced concrete for the precast concrete
segments, likewise the structural analysis, had to be accompanied by a comprehensive
scientific study in order to demonstrate adequate safety and the feasibility, and also to
obtain the necessary acceptance from the client and the authorities responsible. The
study included testing full-size arch segments to establish their load-carrying capacity.
Erecting the arch by means of lowering it into position is illustrated in Figure 7.38.

7.1.6.2 Bridge for pedestrians/cyclists, Lienz

A new bridge was necessary to improve the network of cycle tracks around the town of
Lienz. However, at the site of the new bridge, the depth available for the superstructure
was limited and the design brief called for minimum disruption to traffic beneath the
bridge during construction [158]. The solution was a three-span bridge made from two
precast segments joined together by high-strength bolts. Existing formwork had to be
reused, thus defining the geometry of the precast components. The final structure
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Fig. 7.39 Bridge for pedestrians/cyclists, Lienz

weighed 22t and was able to be erected in just three hours (Figure 7.39). The precast
segments are prestressed in the longitudinal direction and do not have any steel
reinforcing bars to carry the load in the transverse direction. Instead, the structural
response in this direction is achieved through the effect of the fibre-reinforced concrete.

7.1.6.3 Modular temporary bridge for high-speed rail lines
Temporary bridges are frequently required within the scope of railway construction
work so that rail services are not interrupted. Building such bridges from UHPC
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complies with the high demands that high-speed trains place on such bridges regarding
stiffness and vibration behaviour. It is also possible to include a continuous bed of
ballast. A design in the form of a U-shaped section has proved to be advantageous for
complying with overhead clearance requirements and also for reducing noise pollution.
Figure 7.40 shows sections through the segments, a longitudinal section and the concept

behind these temporary bridges [158].
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Fig. 7.40 Sections, longitudinal section and concept for a modular temporary bridge made from

UHPC for high-speed railway lines
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Fig. 7.41 Precast UHPC segments

A length of 2m was selected for the bridge segments. They are made from fibre-
reinforced UHPC. The bottom part of the section has been resolved into a truss, which
saves weight and also provides openings for routing most of the unbonded prestressing
tendons needed to connect the segments together. CNC-milled dry joints are used
between the segments. Each end segment is different because it has to anchor the
prestressing forces and accommodate the supports (see Figure 7.41).

71.7 Switzerland

One important area of application for UHPC lies in the upgrading of bridge super-
structures [138]. In the upgrading projects carried out to date, the concrete surface of the
component to be repaired was treated first with high-pressure water jets (and sand-
blasting in one case) in order to achieve an adequate bond (without mechanical fixings)
and thus be able to assume a monolithic loadbearing behaviour for the UHPC-reinforced
concrete composite component [178]. All the applications were preceded by tests so that
the UHPC mixing and concreting operations could be carried out properly with the
personnel and equipment available and to suit the circumstances of the respective
project. Prior testing was important in all situations because it allowed minor corrections
to be carried out which then guaranteed that the work could be executed as planned at a
later date and with the necessary quality. In all applications, the UHPC was mixed in
conventional concrete mixers on the site or at the precasting works without any
appreciable difficulties (at extreme temperatures of 4 and 33 °C).

In several cases the surfaces of bridge decks and bridge edge details were waterproofed
according to the concept shown in Figure 7.42. UHPC was applied — according to the
fundamental idea behind UHPC — in those areas of the structures which are permanently
subjected to the severe conditions of exposure classes XD2, XD3. Gradients of up to
10.6% were produced with self-compacting UHPC (Figure 7.43). This required a
modified mix that lent the fresh UHPC a thixotropic behaviour, i.e. slow-moving during
concreting but firm once in place. Surfaces in fair-face UHPC were cast against rough-
sawn formwork or, in one case, a profiled plastic sheet in order to reduce the formation
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Fig. 7.42 Section through a bridge repaired and widened with UHPC (dims. in cm) [159]

Fig. 7.43 Adding a layer of UHPC to a bridge deck (2004)

of rust spots on the surface of the UHPC in contact with chlorinated water and to prevent
protruding fibres.

In Switzerland the optimum combination of different concretes in one structure (hybrid
construction) is seen as one interesting potential application for using UHPC wisely.
This means using UHPC for the severely exposed areas of a structure only, i.e. as the top
surface of a bridge deck and in the bridge footways/parapets. Conventional reinforced
concrete is used for all the other parts of the bridge structure because they are only
subjected to moderate exposure. In this context, the reader is referred to a corresponding
pilot project of the Hesse State Authority for Roads & Transportation, which is
described in Section 7.1.5.3 [155].

7.1.8 The Netherlands

So far, UHPC has been used by the Dutch for a few new bridge projects only.
Figure 7.44 shows, however, that UHPC represents a reasonable alternative for small
bridges as well because the reduced slenderness results in elegant designs. This bridge is
14m long and only 300 mm deep at mid-span (I/d =48).



148 7 Projects completed

Fig. 7.44 Bridge made from UHPC for cyclists/pedestrians, Purmerend, The Netherlands (2008)

Whereas UHPC has only been used for a few new structures up to now, it has been used
for upgrading several bridges. The first use of UHPC in The Netherlands was in 2002
and involved replacing a bridge deck made from a tropical timber (115 mm deep beams)
with a UHPC deck only 45 mm thick in total [160]. UHPC panels measuring 2.95 m
wide X 7.25 m long now make up the new deck. These 45 mm thick elements have a
9 mm concrete cover on top, three layers of reinforcing bars (8 mm dia., 40 mm spacing)
and a concrete cover of 10 mm underneath; the reinforcement ratio is therefore 5.6%.
Deeper edges were necessary in order to accommodate the moments at the edge. The
thickness here is 65 mm, with five 12 mm dia. bars on top and five 16 mm dia. bars below
(Figure 7.45). The concrete was very fluid and reached a compressive strength
exceeding 180 N/mm?®. The panels are designed for a maximum wheel load of
200kN applied to an area measuring 350 X 600 mm. Two panels underwent fatigue
testing with more than 10 million load cycles at Delft University of Technology. The
tests confirmed the expectations. The panels were laid on the longitudinal steel bridge
beams (Fig. 7.46) and levelled with four adjusting bolts. It was not necessary to add a
wearing coating to the UHPC deck. The loadbearing behaviour has been monitored
since 2002 and so far no problems have been detected.
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Fig. 7.45 Reinforcement in UHPC bridge deck panel (reinforcement ratio 5.6% in panel, 10% in
stiffened edge)
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Fig. 7.46 Erecting a UHPC panel (45 mm thick) for the Kaag Bridge in The Netherlands (2003)

Three more bridges with orthotropic steel decks have since been given new high-
performance concrete decks (Caland Bridge, Moerdijk Bridge and Hagenstein Bridge).
As fatigue cracks had appeared in the structural steelwork, UHPC was not used for the
very thin deck because that would not have solved the fatigue problems. Instead, it was
decided to opt for an optimum combination of concrete strength on the one hand and
weight on the other. The associated concrete mix consisted of 475 kg binder (Portland
cement, silica fume, additives), 750kg sand 0-2 mm, 1170kg granite 2-5 mm, 75 kg
steel fibres (1=12mm, d =0.4 mm) and 1501 water. The mean 28-day cube compres-
sive strength was about 120 N/mm?”. The deck is 60 mm thick and reinforced with
12 mm dia. steel bars at 75 mm centres.

7.2 Applications in buildings
7.21 Columns

Many architects are keen to reduce the dimensions of columns in buildings. In the lower
storeys in particular (e.g. entrance foyers), columns often seem very massive, which
mars the aesthetics and the flexibility of the interior spaces. Initial experience with the
in situ concreting of a heavily reinforced column measuring 1.2 X 1.3 m was gained
during the construction of the 59-storey Park City Musashi-Kosugi skyscraper in
Japan [161]. The demands placed on the mix concerned its flowing properties (in
conjunction with the considerable amount of reinforcement), its fire resistance and its
response to seismic loads. The mix that was developed consisted of 155 kg water, 103 kg
cement, 436 kg ultra-fine sand, 840 kg gravel, 2 kg polypropylene fibres and 40 kg steel
fibres per m® concrete. The compressive strength exceeded 170 N/mm?. Figure 7.47
shows a sawcut through a test column that was cast in advance to gain experience with
this form of construction. A visual inspection revealed a homogeneous concrete surface
with ideal compaction. Experience gained during the construction of a number of high-
strength columns on the ground floor was positive.

Korea, too, has experience of UHPC columns in high-rise buildings [162]. A UHPC mix
with low-heat Portland cement was developed for these columns. The 28-day compres-
sive strength was 180 N/mm? for a w/b ratio of 0.15. A total of 9 m* UHPC was pumped
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Fig. 7.47 Sawcut through UHPC test column for Park City Musashi-Kosugi high-rise building,
Tokyo [161]

into the column formwork in the basement of the 66-storey Metapolis building in
Dongtan.

However, the potential of UHPC as a construction material for buildings lies primarily in
the development of innovative architectural forms and new configurations. An example
of this can be seen in the tree-like columns to the Musée des Civilisations de 1'Europe
et de la Méditerranée (MuCEM) in Marseille, recently opened [179]. The loadbearing
structure of this building consists to a large extent of UHPC components such as the tree-
like columns (Figure 7.48), the edge beams to the suspended floors, the fagade elements
and the footbridge to the neighbouring Fort Saint Jean. The tree-like columns are a
characteristic feature of this new building. All the columns are different and carry the
vertical loads. Positioned in front of the edge beams to the floors, they had to be designed
to carry an eccentric loading.

Prestressed elements are used to fix the columns to the floor edge beams at the top and
the foundation at the bottom, which at the same time increases the bending capacity of
the whole column. Finite element calculations, with non-linear constitutive equations,
were carried out for the static design of the columns. Tests were performed beforehand

Fig. 7.48 Tree-like UHPC columns in the MuCEM, Marseille (2012)
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on three straight and three Y-shaped columns. An eccentricity of loading from the edge
beams amounting to 225 mm was assumed in the tests, and the results confirmed the
assumptions made in the calculations. A seismic analysis was also carried out assuming
an elastic response of the columns.

7.22 Facades

The MuCEM building described in the preceding section is also distinguished by its
special facade. Figure 4.49 shows the facade in context and close-up.

The 6 X3 m facade elements with their open texture are used on the south-east and
south-west elevations of the museum. These self-supporting elements are joined
together with polyurethane connections. The idea behind that is to compensate for
inaccuracies in the surfaces and to prevent undesirable stress concentrations.
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Fig. 7.49 Facade to MuCEM building, Marseille: a) Building shortly after opening (photo: Nicolas
Janberg), b) close-up of facade element (photo: Ricciotti)
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Fig. 7.50 Facade to a building in Sedan, France: a) daylight passing through the perforated UHPC
facade panels, b) concreting the panels

Such ‘transparent’ facade elements are also used on a building in Sedan, France
(Figure 7.50a). In order to give the building an individual character, it is clad with
330m? of UHPC facade panels with circular perforations. The panels measure 2 m
long X4 m high and are 45 mm thick. They are positioned 60 cm in front of a glass
facade and therefore function as sunshading.

The circular openings have different diameters and the proportion of openings in the
area of the facade is 30%. Silicone moulds were used for precasting the panels
(Figure 7.50b). The use of silicone as a mould material prevented stress concentrations
and cracking around the openings as a result of restricting autogenous shrinkage;
silicone also eased the removal of the panels from the moulds. The pale blue colour of
the concrete was achieved by using a white premix product to which blue and red
pigments were added. Panels were removed from their moulds 16-20 h after concreting.

The police headquarters in Nantes, France, completed in 2010, is another building with an
interesting facade [163]. The seven-storey, 140m long building is divided into four
blocks. Sunshades in the form of UHPC strips (Ductal®) have been provided to achieve
coherence and uniformity (Fig. 7.51). These strips are 7.20m long, 40 cm wide, 40—
50 mm thick and are supported on posts made from white, polished concrete. Two stainless
steel cables passing through all the strips and anchored at the top of the structure support
the strips at mid-span. The strips were designed for wind and snow loads and have minimal
profiling to improve their response to wind. Using cables to support the strips enabled the
slenderness ratio to be increased to 144, which resulted in a very attractive appearance.

7.2.3  Stairs and balconies

Stairs and balconies are building components that practically cry out for a lightweight
design. UHPC presents especially useful options when fibres are combined with
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Fig. 7.51 Police headquarters in Nantes: sunshades after erection [163]

traditional reinforcement. The flow of the forces in stairs and balconies is well
understood, which means that one layer of reinforcing steel can carry the loads
efficiently. In addition, the effect of the steel fibres results in very thin components.
Atbar anchorages and laps, the effect of the steel fibres enables very thin concrete covers
without this leading to a reduction in the anchoring capacity. Combining fibres and
reinforcing steel can lead to very slender, elegant designs as Figures 7.52 and 7.53
prove [164].

In order to keep such components as thin as possible, the concrete often includes a
relatively high volume of fibres (150-300 kg/m?) combined with high (conventional)
reinforcement ratios of 5-20%. A w/b ratio of about 0.16 results in a strength of 140-
150 N/mm?. This form of construction is mainly popular in Denmark. These days, the

Fig. 7.52 Spiral stair made from fibre-reinforced UHPC (Hi-Con, Denmark [164])
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Fig. 7.53 White balconies made from fibre-reinforced UHPC (Hi-Con, Denmark [164])

precast concrete balcony elements are often designed in such a way that they can be
bolted to the suspended floor of the building via a projecting ‘flap’. Thermal insulation is
provided above and below this ‘flap’ to avoid thermal bridges. The system is very
simple: the balcony slab can be attached quickly and easily [164].

Figure 7.54 shows Hi-Con balcony slabs for a high-rise building project in Delft
(Poptahof) in 2011. The slabs are 65 mm thick and are connected to the floor of the
building via four projecting blocks. A loading test (Figure 7.55) revealed that the
balcony slab can carry five times the maximum service load.

Fig. 7.54 Balcony slab for a high-rise building project, Poptahof, Delft, The Netherlands [165]
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Fig. 7.55 Loading test on UHPC balcony (timber beams are for safety only)

7.2.4 Roofs

UHPC is ideal for designing roofs with appealing architectural forms. One of the first
applications of UHPC was the shell roofs to Shawnessy Light Rail Transit Station in
Calgary, Canada, in 2004 (Figure 7.56) [166].

The intention behind the design was to create a protective roof that would require little
maintenance and at the same time result in a lightweight, attractive structure. The
UHPC used had a compressive strength of 150 N/mm? and a flexural tensile strength
of 25N/mm?. The 18 mm thick shells are 6 m wide, 5.15m deep and 5.64 m high.
There are no steel reinforcing bars in these double-curvature elements. They were
concreted in formwork using an injection method, which essentially excluded any
pockets of air and resulted in a high-quality finish. The roofs were concreted lying on
their sides, the columns vertically. High dimensional accuracy was necessary for this
complex geometry. Tests were carried out on specimens. Stainless steel connectors
join the roofs to the columns below.

Figure 7.57 shows a small canopy made from UHPC which was built on the occasion of
refurbishing the ‘De Zonnestraal’ Hospital in Hilversum, The Netherlands [167]. The
canopy consists of four segments with a maximum span of 8 m. The canopy covering
itself is just 25 mm thick. The type BSI UHPC of the canopy was cast in special timber
formwork and no steel reinforcing bars were used. Bolts join the four canopy segments
together. A single stainless steel column transfers the loads from the four very thin
UHPC canopy elements to the foundation.

A special shell of UHPC with a helicoidal form was built in 2004 to roof over the toll
station for the Millau viaduct in France [168]. The 2800 m? shell consists of 53
unreinforced segments (Figure 7.58).

The method of construction used was similar to that familiar from balanced cantilever
erection for bridges, with the precast segments being built out in two directions as a
balance beam. Each segment consists of two 100 mm thick UHPC °‘skins’ enclosing
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Fig. 7.57 UHPC canopy at entrance to ‘De Zonnestraal’ Hospital, Hilversum, The Netherlands
(2005) [167]
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Fig. 7.58 UHPC roof shell at Millau viaduct, France [168]

polystyrene void formers. The skins are coupled together by vertical fibre-reinforced
UHPC ‘partitions’ every 2 m. The only ‘normal’ reinforcement in the structure consists
of concentric prestressing tendons that connect the 53 segments together over the 100 m
length of the canopy. This prestressing also accommodates the bending moments
between the supports. The shell behaves similarly to a slab supported at four points. The
flow of forces is complex, with bending and membrane action occurring simultaneously.
Despite the exceptional dimensions (area of formwork = 225 m?), it only took one day to
produce each segment because the effect of the fibres obviated the need for any further
reinforcement. In any case, reinforcement cages would have been impossible because of
the thinness of the membrane skins and the twist of the structure.

A UHPC roof to Villa Navarra, a building for art exhibitions, was built in Le Muy,
France, in 2007 [169]. This 9.2x40m roof consists of precast UHPC segments
(Ductal®) and is made up of 17 identical, ribbed elements that are 2.35m wide and
9.25 m long (Figure 7.59a). The cantilevering part is 7.8 m long (Figure 7.59b). The ribs
are max. 500 mm deep at the supports, 30 mm at the ends. A 30 mm thick slab spans
between the ribs.

7.3 Other applications
7.3.1 Runway, Haneda Airport, Tokyo, Japan

Planning work for extending Tokyo’s Haneda Airport began in 2007. However,
advanced experimental testing began two years before that. This project is an excellent
example of how demands regarding durability and saving weight favour an economic
solution employing fibre-reinforced UHPC [147].

Figure 7.60a,b shows the new runway, which was built on reclaimed land in Tokyo Bay
because of the lack of space onshore. It was not possible to build up the land for this
runway everywhere because part of the runway is located in the mouth of the River
Tamagawa, which would otherwise have been blocked. Near the mouth, the runway is
founded on a steel substructure (Fig. 7.61) that was driven 70 m below the sea water
level. The combination of seawater and the local climatic conditions presented a major
challenge for the corrosion protection of the steel piles. This situation was dealt with by
adding a stainless steel jacket to each pile over a length of about 15 m.
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(b)

Fig. 7.59 Roof of precast UHPC segments at Villa Navarra, Le Muy, France [169]. a) several of the
17 identical, ribbed elements; b) cantilevering part

The platform itself is made from UHPC elements supported on a steel frame
(Figures 7.62 and 7.63). There were two reasons for choosing UHPC: the platform
had to be as light as possible in order to minimise the cost of the substructure and the
specification called for a concrete slab with a design life of at least 100 years. A UHPC
mix was therefore developed for the slab.

The total area of the UHPC platform is 200000 m?. It was built by three Japanese
contractors, each one responsible for a certain part of the platform slab. The slab was
constructed from precast elements measuring 7.82 X 3.61 m. These elements are
ribbed in the direction of the shorter span and are prestressed with wires in both
directions. Different concreting procedures were tried out in order to achieve an
optimum fibre orientation with respect to the anticipated loading (aircraft wheel
load) [171]. The elements concreted in different ways were tested in the laboratory
and the element with the most favourable behaviour was then used as the prototype
for production. In situ UHPC was used to fill the joints between the elements.

The fibre-reinforced, ribbed UHPC slabs are prestressed with high-strength strands and
have a structural depth of just 135 mm. They are designed for wheel loads of max.
320 kN. The slab prototypes tested achieved an ultimate loadbearing capacity of 600 kIN.

Using UHPC enabled the weight of the slab to be reduced by about 50% compared with
a solution employing traditional concrete. So the UHPC design was the most attractive
from the economic point of view, too.
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Fig.7.60 New runway, Haneda Airport: a) computer image of design [170] for runway D, b) runway
during construction. (Ductal®)
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Fig. 7.61 Steel substructure with stainless steel jackets [Nippon Steel Corp.]
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Fig. 7.62 Steel substructure and platform support framework [147]
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Fig. 7.63 Details of UHPC elements [Taisai Corporation]

7.3.2 Jean Bouin Stadium, Paris

The modernisation project for the Jean Bouin rugby stadium in Paris included a
structural, curved shell made up of 20 000 m® of precast UHPC elements [172]. This
approach enabled a waterproof roof and facade to be created. The precast triangular
elements are 8.2 m long, max. 2.4 m wide and 25 mm thick. There are ribs on the side

Fig. 7.64 Triangular UHPC element for cladding to Jean Bouin Stadium, Paris [172]
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Fig. 7.66 Finite element model of cladding to Jean Bouin Stadium, Paris [172]

where the elements are joined together. Some 1900 elements are required for the roof,
1600 for the facade. They are supported by a steel structure. There are also glass
segments within the UHPC elements. Finite element methods were used to analyse the
combination of glass and UHPC for different loads, e.g. temperature shock and fatigue.
The shape of the ribs, which are designed as overlapping channels, renders the joints
between the elements waterproof (Figure 7.64). Figure 7.65 shows the shell and
Figure 7.66 the assembly of the triangular UHPC elements.
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