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Preface

Ultra High Performance Concrete (UHPC) with a high compressive strength of more than
200 MPa and an improved durability marks a quantum leap in concrete technology. This high
performance material offers a variety of interesting applications. It allows the construction of
sustainable and economic buildings with an extraordinary slim design. Its high strength and
ductility makes it the ultimate building material e.g. for bridge decks, storage halls, thin-wall
shell structures and highly loaded columns.

Beside its improved strength properties, its outstanding resistance against all kinds of
corrosion is an additional milestone on the way towards no-maintenance constructions.

UHPC has very special properties that are remarkably different to the properties of normal
and high performance concrete. For complete utilisation of UHPC'’s superior properties,
special knowledge is required for production, construction and design.

Worldwide this material is under detailed exploration. Several constructions or structural
elements were already built utilizing UHPC. However, one of the first hybrid bridges
consisting of precast UHPC elements and a steel construction will be built in Kassel in 2004.
The bridge is designed as a foot and bike bridge with a total length of 150 m.

More than 75 experts from all over the world presented their research results and practical
experiences with the new and outstanding material at the

International Symposium on Ultra High Performance Concrete

which took place in September 13 to 15, 2004. The symposium was organized by the
Departments of Structural Materials and of Structural Engineering of the University of Kassel,
Germany.

The experts gave a broad overview and a deep insight into all aspects of UHPC including
raw materials, micro- and macro-structures, mechanical behaviour, durability as well as of
construction and design specifications appropriate for this material.

The Conference Proceedings contain the conference papers and presentations. We hope
that the conference and the excellent papers will promote further develop and exploitation of
Ultra High Performance Concrete — the construction material of choice of the 21st century.

Kassel, September 2004

Prof. Dr.-Ing. habil. Michael Schmidt Prof. Dr.-Ing. Ekkehard Fehling
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High Performance Concrete — Past, Present and Future

Summary

History shows that there is an interrelationship between a new material and the form of
structures it is used for. Early arches were built with stones. Steel enabled trusses and long
span girders. High strength wires made long span suspension bridges possible, etc. Ultra
high performance concrete, with its extremely high strength and durability, is basically a new
material, even though it is called concrete. Its application should not follow the path of regular
concrete. It is anticipated that, with time, new structural concepts will be developed that can
better utilize the superb properties of the UHPC.

Keywords: concrete, high performance concrete, UHPC

1 Introduction

Since ancient time, mankind has been searching for construction materials with higher and
higher performance so they can build taller, longer and better structures. They probably
started with mud, straw and wood because they were handily available. Mud brick and adobe
structures are still being built by native people in many parts of the world. They can actually
last a long time, given that the weather is favorably dry in these areas.

Fig. 1 Greek Parthenon Fig. 2 Roman Pantheon

The Minoan started to use lime mortar around 2000 BC. The Greek used it too. But this
material can dissolve itself in water and is therefore not very weather resistant. The Romans
made a significant improvement on it by adding a volcanic ash from the town of Pozzuoli



(hence the name pozzolana). When tools became available, stone was widely used by the
Greeks, Egyptians and Romans, Fig. 1.

The Romans were great builders who had left their mark in a vast portion of the world,
spanning most of today’s Europe and Middle East. They invented the arch, the vault and
then the dome and they built many spectacular aqueducts to carry water from the mountain
to the cities. The concrete at that time, a mixture of lime, sand, stone and water, is pretty
much the same as that used in many areas of the ancient world, or even today in many
under-developed countries. The high compressive strength of the ancient cement, in
combination with brick and stone, allowed them to build large arches and great domes. A
stone girder can hardly span 5 meters. An arch, on the contrary, can span over 50 meters.
The Pantheon in Rome, built around 128 AD, has a dome that spans 43.3 meters, with
stones and Roman concrete, which was the largest dome in the world for almost 1900 years.

Portland Cement was officially introduced by Josepf Aspdin in 1824 and reinforced concrete
was first patented by W.B. Wilkinson in 1854. Accordingly, the history of reinforced concrete
is only about 150 years.

2 Interrelationship between a material and structural form

There is a close relationship between the construction material available and the type of
structures we build. Obviously, certain types of structures can only be built after we have
developed the appropriate material for construction. In some rare occasions, engineers may
have dreamed of specific structural concepts hoping that one day we can develop the
required material to realize the construction.
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Fia. 3 Space Elevator

This is the case, for instance, for the “Space Elevator”,
the idea of which was proposed by a Russian engineer
back in the mid 1950s to transport people and material
between the earth’s station and the satelites. The idea
is to tie a mass in the outer space to an earth station so
the centrifugal force of the mass will keep the tying
cable always in tension so that it can serve as a guide
for an elevator to climb up and down between the space
and the earth. The concept is feasible only if we have
the ultra high strength material for the 25,000 km long
cables, which we do not have, even today, not to
mention in the 1950s. But, with further development of
today’s nanotechnology, which can now theoretically
produce such high strength and long nanotubes, such a
structure may one day materialize and the interest in
such a concept has since increased.

This is an example where a concept is way ahead of its time. However, most engineers are

conservative and more practical. Unlike scientists, who can spend whatever time is needed
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to search for truth in nature, whether it is useful or not, engineers have to solve prevailing
problems and produce what is needed at the present time. They have to make use of
whatever is available, no matter how imperfect it is.

Stone, Roman concrete and brick are mainly compressive materials that are good for such
structures as arch, domes and barrels. Iron has a much higher strength but is still weak in
tension. With the introduction of iron we had arches with longer spans but the form was still
similar. High tensile capacity of steel changed the landscape of construction. It allowed us to
build long span girders and trusses, which led to rather long span bridges and tall buildings.
The very high tensile strength of cold drawn wires made long span suspension bridges
possible. High strength steel also serves as prestressing tendons for prestressed concrete.
Prestressing is similar to providing concrete with a tensile capacity so that we can build much
longer span concrete bridges.

/ "i .)

Fig. 4 Telford's Iron Bridge Fig. 5 The Forth Bridge

Today, we are basically utilizing wood, concrete and steel in practically all of our
construction. Composites and fiber-reinforced polymers are rather new introductions, they
have yet to establish their empire of applications.

Similarly, ultra high performance concrete with strength in the range of 200 MPa is a new
material. It is not really concrete anymore. It also has to establish its empire of applications.

3 Definition of High Performance Concrete

Construction materials have different designations in different countries. So is high
performance concrete. In reality, today’s world is rather small. We are using basically very
similar materials in various parts of the world even though they may have different names.

Literally, the German term “Ultrahochfester Beton” is not really the same as “Ultra High
Performance Concrete.” “Hochfest” describes the internal condition of the concrete while
“High Performance” refers to the external characteristics of the material. However, we are
using them interchangeably.

In the United States, the definition of High Performance Concrete by the Federal Highway
Administration includes eight performance characteristics: freeze-thaw durability, scaling



resistance, abrasion resistance, chloride penetration, compressive strength, modulus of
elasticity, shrinkage, and creep.

4 Performance criteria for structures

For today’s structures, we look for materials with four distinctive properties: strength,
workability, durability and affordability. The first three properties basically include all the eight
performance requirements listed above. Affordability is cost.

When we say high performance, we refer to the improvement in some or all of these
properties. Sometimes, we have to give up a little in one to gain a little in the other. But, in
general, with time, all these properties improve.

We will discuss these four properties one by one.

41 Strength

Higher strength offers savings in material. Weight, or the structural dead load, is a major
loading in the design of structures. Consequently, higher strength usually gives us two
advantages: less material and less weight. The reduction in weight in turn reduces the
demand on material because it reduces the load the structure has to carry.

With strength of 200 MPa, the UHPC is almost like steel except its tensile capacity is still
comparatively low so it can not be used like steel. But this is many folds higher than the
regular concrete, the strength of which is around 50 Mpa.

4.2 Workability

A structure is not only designed, but it also must be constructed. Workability affects the cost
and the time required to build the structure. Obviously time and cost are often the two
fundamental determinants on whether a bridge or a certain type of structure will be built.

Workability also implies that a material is reliable and consistent. We need better equipment
to achieve that in an industrial scale. A new material, such as UHPC, is inherently
disadvantaged because construction methods need time to be developed.

4.3 Durability

When we look at some of the ancient structures of Roman and Byzantine eras that are still
standing, we wonder how long our structures will last. Our ancient fellow engineers just built
major structures based on their best knowledge and usually expected the structures to last
forever. Today, we know that nothing will last forever and we become more humble and
design our buildings and bridges to a defined design life. With the design life of major bridges
usually being 100 to 150 years, we are in need of durable materials that will last a long time
and are easy to maintain. UHPC does offer us good potential in this respect. However, in an
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engineering world that values performance records, a certain amount of time will be needed
to assure people that the long term performance of the material is what the laboratory tests
have shown us.

44 Affordability

Cost is often a determining factor on whether a structure will be built. There are probably
other good construction materials that can be used for construction except that their high
cost may have prevented them from being used.

In this respect, it looks like a ‘chicken and egg’ question. A potentially good but expensive
material may become affordable when its application is more widespread due to mass
production, while its application can only get widespread if its cost is sufficiently low.
Stainless steel, for example, is good for many applications in construction. However, the
higher price of stainless steel is a hindrance to its widespread use.

5 UHPC Today

Obviously, “high” is a relative term. The term “ultra-high” is more so. The Laurentienne
Building in Montreal, built in 1984, used a 106 MPa high performance concrete and the Two
Union Square Building in Seattle, USA, built in 1988, utilized a 145 MPa high performance
concrete. Going to a UHPC with strength higher than 200 MPa certainly is another big step
forward.

Various tests have confirmed UHPC’s performance in the laboratories. They show high
strength and durability. Theoretically, we are able to use it for daily applications, wherever
high strength and durability are beneficial. The basic principle is to use stronger aggregates,
microsilica, and water reducing agents to raise its strength, steel fibers to prevent brittle
failure and polypropylene fibers to increase its fire resistance, and so forth. In general, with
steam curing, we are able to reach strength in the range of 200 Mpa or higher. The resulting
concrete basically meets all eight performance criteria of the FHWA for high performance
concrete. The material itself is therefore available. The problem is the ease of application and
the price.

As a matter of fact, it is possible to produce concrete with a strength as high as 700 MPa in
the laboratory many years ago. But to reproduce it in a jobsite will be difficult.

The Sherbrooke Pedestrain Bridge in Canada and the Seonyu Pedestrian Bridge in Korea
are certainly showcase structures for UHPC.



Fig. 6 Seonyu Pedestrian Bridge
Seoul, Korea

There have been a few test construction of UHPC concrete for highway bridges in the United
States. These are mainly precast beams based on the concept of existing AASHTO girders,
Fig. 7. Other countries are also testing UHPC applications.

Fig. 7 FHWA UHPC-Girders Fig. 8 Shear Failure
There are certainly applications where the higher strength of UHPC offers advantages, such
as in a long span cable-stayed bridge. The predominantly compression structure can be
made much lighter using UHPC. For cable-stayed bridges buckling is usually not a problem
and shear force is relatively small. UHPC will provide savings in cables and foundations as

result of a lighter superstructure. Prestressed UHPC may also be used for the deck of
suspension bridges. Prestressing will be preferable because the deck of a suspension bridge
is primarily a flexural member where tension and compression capacities are equally
important.

Despite the fiber content, UHPC is still primarily a compression material. To improve it's
tensile and shear capacity, UHPC may be combined with carbon fiber mats to form hybrid
structural members, where the carbon fiber can resist all the tension. Or, if we can use
carbon fiber as a mold to contain UHPC, we may be able to create very light weight and
strong girders.

Because of its durability, UHPC may be used as a shell for large diameter precast concrete
piles.

However, these ideas are still in the line of concrete. Generally speaking, due to the delicate
nature of the production and handling process, a mass production of today’s UHPC is still not
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economical. The cost is rather high because if we use UHPC to replace regular concrete,
such high strength may not offer sufficient advantage in most types of today’s structures.

6 Outlook for UHPC

Since cost and workability are the two major obstacles, the future of UHPC depends on
some breakthrough on these two fronts.

Apart from workability, the popularity of a material is affected by its cost. The less a material
costs, the more it will be used. The Bessemer and Open Hearth Steel processing in the
1850s made the steel available in large quantities and at affordable prices. Its applications
started to mushroom. That was also the time people started thinking of putting steel in
concrete to improve its properties. UHPC probably needs a similar breakthrough in
construction technology to push it into popular applications. At the present time, the high cost
of material is a major hindrance to its widespread use.

On the other hand, if we think of UHPC as concrete, it must be able to work like concrete.
This is another major constraint in actual applications. First, UHPC requires much more
attention and special equipment to ensure its quality. Second, for today’s construction, high
strength is usually not very important because all concrete structural elements must have a
certain minimum dimension to be workable.

Consequently, to fully utilize the capacity of UHPC, we must develop new applications. The
very high strength of UHPC will not be necessary if we keep using it on existing types of
structures. As indicated by the history, new forms of structures will be developed for a new
type of material. This will require us to think “outside the box” to find more appropriate
applications that are different from the prevailing forms, just like the application of high-
strength wires for long span suspension bridges and prestressed concrete structures.

Let us be more innovative! It appears to be a good idea to think of UHPC not as concrete as
we know it now. We should try to develop new structural concepts that can utilize the
strength and superb performance of this material. With time, this will happen!
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Summary

A new formulation approach by using ultra-fines materials supported by strong development
of new admixtures open the way over the last twenty years to amazing progresses in
concrete technology. The range of performances and characteristics that are today covered
by concrete have been expanded in various directions from ordinary concrete up to ultrahigh-
performance concrete or selfcompacting concrete, etc. High-strength concrete, however,
remains basically a brittle material requiring the use of passive reinforcement. A
technological breakthrough took place at the turn the 90’s with the development of the said
Reactive Powder Concrete (RPC) [1], offering compressive strength exceeding 200 MPa and
flexural strength over 40 MPa, showing some ductility. Based on the RPC initial research, the
Ductal® technology was then developed [2]. Comprehensive physical analysis and
experimental results have confirmed the ability to achieve and combine several properties,
usually considered as contradictory. As a result of the ductility and very high compressive
strength of such material, it is today possible to avoid passive reinforcements in structural
elements. A range of formulations can be adjusted to meet specific requirements,
contributing to the overall construction performances, reducing labor requirement, improving
construction safety and durability, lowering maintenance need and increasing total life cycle.
The Ductal® technology has been introduced as a first reference, in several countries, both in
structural and architectural segments of construction and currently developing through
innovative applications in large projects at various stages of development.

Keywords: ultrahigh performance concrete, ductility, selfplacing concrete, applications,
Ductal®.

1 Introduction

Ductal®, the outcome of the research over the last 10 years in the area of concrete, is a new
construction material technology belonging to UHPFRC family, with very high durability,
compressive strength, flexural resistance with ductility and aesthetics.

The Ductal® technology product range was developed by the combined efforts of three
companies, LAFARGE, the construction materials manufacturer, BOUYGUES, contractor in civil
and structural engineering and RHODIA, chemical materials manufacturer. With this joint effort
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through intensive research and development, the material was patented, industrialised and
commercialised.

There were more than 15 universities and 6 testing laboratories in different disciplines and
countries which participated to the important research effort over several years.

In France, new recommendations for the use of ultrahigh strength concretes reinforced with
fibres have been issued in May 2002 [3]. These recommendations were established by a
BFUP working group (Béton Fibré Ultra Performant) coordinated by SETRA (Road and traffic
governmental agency) and with representatives of construction industries (contractors,
control agencies, suppliers, certification authorities).

Through the development period, several prototypes have been manufactured, prior to make
an extensive use in civil works, structural and architectural various applications.

2 Ductal® technology: result of a decade of research

Ductal® refers to a simple concept, minimising number of defects such as micro-cracks and
pore spaces, that allow to achieve a greater percentage of the potential ultimate load
carrying capacity defined by its components and provide enhanced durability properties. To
apply that concept, a concrete was proportioned with particle sizes ranging from a maximum
of approximately 600 mm, down to less than 0.1 mm to obtain a very dense mixture which
minimized void spaces in the concrete.

A Ductal® research program was conducted based on the following principles:

* Enhancement of homogeneity by elimination of coarse aggregates,

* Enhancement of density by optimization of the granular mixture,

* Enhancement of the microstructure by post-set heat-treatment,

* Enhancement of ductility by incorporating adequate size fibres,

* Maintaining mixing and casting procedures as close as possible to existing practice.

By applying the first three principles, it was possible to define a concrete with very high
compressive strength, but with not enough ductility compared to a conventional mortar. The
inclusion of adequate fibres improves drastically tensile strength and provides a substantial
level of ductility.

The various Ductal® formulations are all based on an optimised composition combining
homogeneity and granular compacted density.

To enhance performances, especially mechanical ones, the option of heat treatment can be
chosen. For each application according to technical and economical challenges, the Ductal®
technology is adjusted to achieve the most adapted product to the customer requirements.
As described above, Ductal® is an Ultra High Performance Concrete reinforced with fibres.
These fibres can be made of steel (Ductal®-FM), made of organic material (Ductal®-FO) or
combination of both steel and organic material (Ductal® AF).
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The fresh mix of all these ranges of material have very useful properties in term of fluidity
and self placing. Most of the standard industrial batching facilities are able to mix Ductal®
requiring only minors adjustments.

The Ductal® matrix is very fine and dense and shows outstanding capacity to replicate any
kind of surface textures. By using adequate pigments a very wide range of colouring effects
can be achieved. Thanks to these properties, Ductal® is a favoured material for architectural
applications where most of the time high mechanical properties are not the major
requirement.

In that case steel fibres could be replaced by organic fibres and reduced or even no heat
treatment is applied. This range of material is named Ductal®-FO.

21 Mechanical behaviour

211 Mechanical properties and analysis

Ductal®-FM, the first developed mix, is designed for structural applications where high
bending and direct tensile strengths are required. These mechanical properties are achieved
by using short steel fibres. A content of 2 % by volume of 13-15 mm length fibres with
diameters around 0.2 mm emerged as the best optimum out of thousands of tests.

Figure 1 shows the compressive and bending behaviour of Ductal®. It can be observed that it
has an ultimate bending strength which is over twice its first crack stress and more than ten
times the ultimate stress of conventional mortar. Such very high strength and consequent
ductility allows to design structures without any secondary passive reinforcement and no
shear reinforcement.
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Figure 1: Ductal® behaviour in compression (left) and in bending (right).

The ductile behaviour observed in the bending test before the peak is characterised by a
multiple cracking, without any localisation of a major crack, as shown in figure 2:
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Figure 2: 3-D image (left), multiple cracking (right)

Figure 2 (left) shows an image obtained by X-ray scanning, where it can be observed the
high density of fibres (2 % volume) of a 40x40x40 mm cube sawed out off a Ductal® beam
(courtesy of TOMO-ADOUR). Figure 2 (right) shows multiple cracking (figure 2 right) in the
tensile zone as observed after bending failure; it is noticeable that the crack openings are so
small that they cannot be observed by naked eyes and the surface shall be wetted with
alcohol to reveal the cracks; the apparition of the unique visible crack coincides with the peak
load (“localisation® process).

Numerous full scale tests on beams, columns and shells have been performed [4, 5] (figure

3). These tests have accessible the validation of the calculation methodology which was then
chosen as reference by the BFUP working group [1].
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Figure 3: Full scale test on a prestressed beam, ENS Cachan [4]

21.2 Creep & shrinkage behaviour

Creep and shrinkage are probably the most outstanding characteristics of Ductal®. Creep
was tested by ECN [7]. For normal concrete the so-called creep coefficient can reach up to 3
to 4, for high-performance concrete the creep coefficient is reduced, but the delayed strain is
already higher than the elastic one. Creep coefficient of Ductal® is less than 0.8 and, when a
thermal treatment is applied, the creep coefficient is as low as 0.2 (Figure 4) [8]. When using
prestressing technology, the prestress losses are substantially reduced.

This very surprising result has been analysed [9], and this analysis will certainly impact our
view on the creep mechanisms and theory.

As the water to cement ratio is very low, Ductal® does not exhibit any drying (no weight loss
can be measured) nor drying shrinkage. A high autogenous shrinkage can be observed (300
to 400 microstrain) but when a heat treatment is applied, this shrinkage is completed at the
end of the treatment and, when this treatment is over, absolutely no residual shrinkage
occurs (Figure 5).
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Figure 4: Ductal® basic creep [3]
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Figure 5: Ductal® shrinkage: after thermal treatment, no shrinkage is observed [3]

213 Fire and high temperature

Fire resistance is one of the main issues for developments in the building industry. For
material developments like any concrete, Ultra High Performance Concretes are listed in MO
class of product (non-inflammable) that are slowing down the spread of fire. However, the
very low porosity of UHPCs induces greater internal stresses. In these materials, the porosity
is totally enclosed, which prevents water vapour (steam) to escape. By increasing the
pressure within the material the spalling phenomenon occurs. Spalling has been almost
suppressed by using adequate organic fibres. Above 150°C, such fibres begin to soften and
melt, thereby provide escape routes for trapped steam. This approach was applied to a new
Ductal®. As the matrix is completely closed when compared to HPC matrix a very important
work was performed in order to up-grade Ductal® and to find the correct mix, geometry of
fibres and the dosage when keeping the target of ultra high strength, very good workability
and no spalling when submitted to fire.

Different kind of structures, loaded or unloaded columns, loaded and unloaded beams were
tested, in France (CSTB) and Finland (VTT), under ISO fire with success. Also direct tensile
hot tests were performed by the Politecnico di Milano [10].

The mechanical properties of this new Ductal® refered as Ductal®-AF are similar to Ductal®-
FM.
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before test after fire test
Figure 6: Ductal®-AF ISO fire test during 2 hours

2.2 Durability

The microstructure of Ductal® is completely closed and prevents the intrusion of any
aggressive agent. Such characteristics provide to the material ultra high durability
performance.

2.21 Durability properties and chemical stability

Full characterisation of the durability properties of the material were performed in different
laboratories -INSA Toulouse, LCPC, EDF/CEMETE, ESPCI, Mines de Nancy, LERM- in
which the porosity distribution, gas permeability, carbonation test, chlorine diffusion test,
leaching test and the MNR microstructure characterisation tests were made. Also the
chemical stability of the material was checked [11].

Freeze-thaw tests were performed on Ductal® samples at CEA [12] and also at CEBTP. The
tests were performed until 300 cycles above the normative 100 cycles without any
degradation.

222 Chemical attacks and ageing

UHPFRCs materials stand up to chemical conditions under which ordinary reinforced
concretes are rapidly and severely damaged. Laboratory tests were performed out by CSIC
(Spain) in which Ductal® was submitted to different chemical aggressive compounds (calcium
sulphate, sodium sulphate, acetic acid, ammonium sulphide and nitrate and also sea water
and distilled water). The results exhibit a very good resistance to the chemical attacks (see in
(3]).

Other severe operating condition tests were performed at IFP in which Ductal® was
submitted to different gas (CO,, CH,, H,S), at high temperature (120°C) and high pressure
(7MPa) showing again unexpected high resistance.
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Ageing tests were also performed at CSTB in which the self sealing of Ductal® was
demonstrated, see figure 7 [13].

Self-sealed micro-crack in
a clinker grain

Figure 7: Self-sealing of micro-cracks by clinker hydration

3 Applications
The ultra high performance of Ductal® opens applications in different domains requiring at
least :

e Ultra high strength

e The durability

e The architectural aspects

3.1 Mechanical strength

A material with such high ultimate compressive, and flexural-tensile strength offers
interesting opportunities in the field of prestressed concrete. As might be expected, the high
flexural tension capacity also gives rise to extremely high shear capacity. This allows
Ductal® to carry the shear load in the structure, without providing auxiliary shear
reinforcement.

The elimination of passive reinforcement makes it possible to use thinner sections and a
wider variety of innovative and acceptable cross-sectional shapes. The current structural
precast shapes used for prestressed beams in bridges and buildings have been shaped for
concretes with much lower strength properties. Their dimensions and design would not allow
to take advantage of very high performances of Ductal®. In order to make the best use of the
higher mechanical properties, there is several opportunities to introduce new shapes in
prestressed beam design. Through such re-design approach of the elements the beam dead
load can be reduced by a factor of three.

Among these kind of applications we can list the Shepherds Traffic Bridge erected in
Australia [14], 5 footbridges: Sherbrooke footbridge in Canada (figure 8)— Seonyu footbridge
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in Korea, figure 9 [15] — Sermaises footbridge in France- Sakata Mirai (figure 9) and Akakura
footbridges in Japan and the canopies of LRT station of Shawnessy (figure10).

"""'//%4/;;///&"" 2,

,ﬁ‘??-‘l\!iﬂ_ "._q;. A

Figure 8 Sherbrooke footbridge, Canada,1997

Figure 9. Seonyu footbridge, Korea,2002 (left) and Sakata Mirai footbridge, Japan, 2002
(right)

Figure 10. Ductal®-FO canopies - LRT Train Station, Shawnessy, Canada, 2003
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An important work is performed in the US by the FHWA (Federal High-Way Administration) in
order to design short span bridges made of Ductal® [16]. The shape and design was
optimised by MIT using a new software they developed [17].

f 244 m

——

Figure 11 Traffic Bridge, Washington — n-shaed beams, 2004

3.2 Durability oriented applications

The durability of Ductal® is as important as the mechanical strength. Combining strength and
durability, Ductal® can be an ideal solution for structures in severe environment. Also the
durability of the material lowers the maintenance costs and makes the solution very
competitive.

Ductal® was used in several durability /fire resistance oriented applications like the beams
and girders (more than 2000) used for the Cattenom power plant cooling tower-France-
(figure 12), the retained earth anchorages (more than 6000) used in Reunion Island
(figure13) —France- and the Ductal®-AF used for the construction of composite columns in
the Reina Sofia Museum in Madrid (Spain).
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Figure 12. Cattenom cooling tower - Ductal® beams and girders (1997-1998)
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Figure 13. Ductal® retained earth anchors — La Réunion Island (199)

3.3 Architectural applications

The use of a concrete-like material but with almost unlimited possibilities of appearance,
texture and colour has excited the architects by giving them access to unexpected new world
of shapes and volumes. Ductal® was used in several architecturally oriented applications like
the bus shelters in Tucson (USA), street furniture in Rennes (France), shower booths, sun
shades, fagade panels in Monaco (figure 14) and Kyoto clock tower in Japan.

Facade panels for Monaco railway station, 1999

Shower booths, France, 2000 —
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Sun shades, La Doua university Lyon, 2003 Flower pots, Rennes, 2003
Figure 14: Architectural application examples

4

Conclusion

Ductal® is a new technology of ultra high strength concretes that constitutes a breakthrough

in concrete mix design. This family of products is characterised by a very dense
microstructure and very high compressive strength achieving and possibly exceeding 200

MPa. Steel and organic fibres or combination of both are one of the major components of the
material enhancing the bending strength, the ductility and fire resistance.

The three main categories of applications are :

(1]

(2]

(3]

(4]

22

Mechanical strength : The very high mechanical properties combined with prestressing
technology offer to engineers and architects lot of opportunities to design elegant
structures by avoiding heavy steel reinforcement. Ductal® technology gives access to
very thin slender and elegant structures like footbridges.

Durability : the very dense microstructure of the Ductal® matrix offers a material which
resist to very aggressive media and opens therefore a very wide range of applications.
Architectural : a very wide range of textures and colours effects are accessible to Ductal®.
Such properties provide architects with very high potential of innovative design in all
elements that build up new architecture.
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Heavy Reinforced Ultra High Performance Concrete

Summary

The use of a HPC and an UHPC in combination with large amounts of reinforcement (fibers,
rebars and/or wire) and known under the name Compact Reinforced Concrete (C.R.C.) as
original developed by Hans Henrik Bache in 1986, is extremely interesting in the case of the
re-strengthening of existing constructions or to use as stand alone constructions. By
adjusting the original concept and by developing a wide range of HPC and UPHC concretes
the C.R.C. concept can be used for a wide range of applications from prefab till in-situ
castings and pavements. The concept includes a philosophy and principles for structural
design, especially against accidental overloading.

Keywords: UHPC, CRC, Orthotropic bridge decks, Rehabilitation.

1 Introduction

After the development of the D.S.P. mortars in 1978 [1, 2, 3 and 4] and the development of
C.R.C. in 1986 [5, 6 and 7] the use of the HRUHPC was limited to applications in the security
industry (vaults, strong rooms and special protective defense constructions) and the prefab
industry (machinery parts, tooling, stairs, balconies, drain covers, etc.). More recent
developments like for instance in France [8] are focussed on self compacting fibre reinforced
UHPC with the objective to develop such a matrix with a blend of different fibers that
additional reinforcement will not longer be necessary. This seems very interesting for
particularly small sized constructions but is not yet to apply to medium and large sized
constructions, here fore it will still be necessary to use additional reinforcement and/ or pre-
or post stressing. Especially when we take fracture mechanics [9] in account, what is
absolutely necessary for designing with brittle materials like UHPC, than medium- en large
sized constructions will be much more brittle than small sized constructions and these
problems can until now not be solved with only fibre reinforcement. Not only practical it
seems to be very difficult to produce a self compacting UHPC with a large amount of fibers
(mixing and casting, segregation and orientation of the fibers in the hardened matrix) but the
addition of large amounts of special fibers is also from an economical point of view not
always an attractive solution. In large structures like for instance beams the disorientation of
the steel fibers will result in a large variation of the properties of the UHPC in the different
locations of the beam and this will make it much more difficult for engineers to calculate and
to design with the properties of the UHPC. It also seems that especially the large autogenous

25



- and chemical shrinkage, due to the high amount of cement and fine fillers combined with a
low water/binder ratio, of self compacting fibre reinforced UHPC is reducing the effect of pre-
tensioning. The C.R.C. principle makes it easier to design medium and large size
constructions since the main reinforcement (traditional rebars, high strength rebars, carbon
rebars, wire, etc.) can be exactly calculated and placed in the area where they are
necessary. Different fibers added, even in very high amounts (steelfibers 0,15 x 6 mm v/v
10%), in the UHPC are much better orientated in the matrix due to the special properties of
the UHPC, the main reinforcement will help to avoid segregation of the fibers and will also
orientate the fibers much more efficient. The C.R.C. principle makes it possible to predict the
behaviour of small, medium and large sized constructions under different loadings very
accurate especially when scaling up from small models are used for modelling the actual
construction. This makes it thus also possible to deal with high local stresses in
constructions, accidental overloading and impact resistancy on any level. The HRUHPC
seems to have extremely good fatigue resistance even under continuous high loads. Various
research projects and applications are executed during especially the last 5 years for
different applications of HRUHPC.

2 The Heavy Reinforced Ultra High Performance Concrete

The UHPC is consisting of a mixture designed for a certain application (workability, strength,
density, shrinkage compensation, etc.) however due to the large experience of 20 years
various standard mixes in different ranges and with different properties are available. For a
HPC and an UHPC strength is not the only or necessary parameter to measure, other
properties can be much more important than the compressive strength of a cube or cylinder.
Especially when durability is important than this can not be related anymore to the
compressive strength of the HPC/UHPC like in more traditional concrete. The durability
(chloride penetration, frost /thaw resistance) in a HPC with a compressive strength of for
instance 100 MPa can be equal to that of an UHPC with a compressive strength of for
instance 300 MPa. The explanation for this is that the compressive strength in HPC/UHPC is
depending mainly on the quality, size and composition of the aggregates and fibers used in
the concrete and not on the binder. Various researches are made to investigate the durability
of UHPC under different conditions during the last 25 years and of HRUHPC under different
conditions during the last 14 years [10, 11, 12, 13, 14 and 22]. Further properties can be
influenced by the type of binder, special fibers, and special additives to control shrinkage,
internal curing compounds, etc. Especially for a self levelling HPC system for thin toppings
(C110 -140, thickness 10 — 30 mm) on industrial floors shrinkage control and internal curing
compounds are used and this technology will possible also be applied to the UHPC. The
HRUHPC is a composite material which means that all the components (UHPC, fibers,
reinforcement and other additional materials) are a part of the hardened matrix and its
properties. Since thus the properties of the hardened matrix can be designed in a very wide
range and are depending on the components used it is necessary to select these
components very well for each application. Properties of the HRUHPC compared to HPC,
UHPC and structural steel are shown in table 1.
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Table 1: Properties of UHPC, HRUHPC and ductile high quality steel [7]

Properties HPC UHPC HRUHPC High
0-2% 4-12% quality
fibers fibers steel

Compressive strength MPa 80 120 — 160 - 400 160 - 400

270

Tensile strength MPa 5 6-15 10-30 100 - 300 500

Flexural strength MPa 100 - 400 600

Shear strength MPa 15-150

Density kg/m® 2.500 2.500 2.600 3.000 7.800
2.800 3.200 4.000

E-modules GPa 50 60-100 60-100 60-100 210

Fracture energy N/m 150 150 — 5.000 — 210°- 210°
1.500 4.000 410°

Strength/ weight ratio m*/sek® 310%*10° 7.710*

Stiffness/ weight ratio m*/sek? 2:10"- 2.710’

3107

Frost resistance Moderate/ Excellent Excellent Excellent

good

Corrosion resistance Moderate/ Excellent Excellent Excellent Poor

good even with even with even with
5-10mm 5-10mm 5-10mm
cover cover cover

3 Applications

One of the first large applications of the HRUHPC is as an overlay on damaged pavements
and industrial floors and in cargo ships [15 and 16]. The unique properties of the HRUHPC
makes it possible to place the overlay as an “independent” wearing course on a cracked and/
or polluted sub base or even an under dimensioned sub base made from different materials
like asphalt concrete, concrete, wood, ceramics or steel. Due to the properties of the special
composed HPC/UHPC is it possible to cast, compact and to finish the HRUHPC overlay like
traditional monolithic concrete floors during several hours under different circumstances.
HRUHPC is often used in Denmark, especially for slender and elegant prefab constructions
like balconies and stairs. The HRUHPC is further used in the security industry for the
production of prefab panels for large vaults and strong rooms (up to 10.000 m® volume!),
safes and ATM’s.

31 Rehabilitation and restrengthening of orthotropic bridge decks

In the Netherlands there are approximately 80 orthotropic steel bridges, most of them build in
the seventies and eighties of the last century, around 10 of these are mayor bridges in the
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infrastructure and are located in the main highway system. In the last 7 years fatigue cracks
have been found in different locations and especially the cracks in the steel deck plate are
very critical for the traffic security. During the last 6 years a very large research project,
initiated by the Civil Engineering Division of the Ministry of Transport, Public Works and
Water Management in the Netherlands, is carried out to investigate the reason for these
fatigue cracks and to develop practical solutions for cost effective rehabilitation and
renovation. The main reason for these fatigue failures are the high stress concentrations in
combination with the local wheel loading and high traffic volume [17, 18 and 19]. Various
methods were investigated to create a more rigid deck plate to reduce the stresses so much
that a large extension of the total service life could be reached. A large research project is
executed during the last 5 years to develop a new revolutionary HRUHPC wearing course
which will also extend the service life of the total construction. More details about the
HRUHPC and the application on orthotropic steel bridge decks can be found in several
papers presented in the last 2 years [17, 20 and 21] and a part of the tests made with the
HRUHPC are described in detail in several reports [22]. The research project is not finished
yet and much more data is available and will be available in the next years when the
research project is finished and larger orthotropic steel bridge decks (up to 32.000 m?) will be
resurfaced with an HRUHPC overlay. A short overview with the available research is given
in table 2.

Table 2: Description of the different tests made with the HRUHPC
Description test - research  Test made by Period of testing - research
parties involved
Adhesion tests on small Adhesion Institute Technical November 1999 — May 2000
Samples University Delft
Contec ApS
Fatigue tests on small Adhesion Institute Technical November 1999 — May 2000
Samples University Delft
Contec ApS
Placing 60 m* HRUHPC Civil Engineering Division October 2000

overlay on removed bascule  Contec ApS
B.Schipper Apeldoorn B.V.

Placing 20 m* HRUHPC Civil Engineering Division July 2001
overlay on removed bascule  Contec ApS
B.Schipper Apeldoorn B.V.

Removebility HRUHPC Civil Engineering Division August 2001
Overlay Contec ApS

B.Schipper Apeldoorn B.V.
Skid resistance HRUHPC DWW August 2001

overlay after shotblasting

Compressive strength and Stevin Lab. Technical April — May 2002
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modules of elasticity UHPC

University Delft

Flexural strength UHPC

Stevin Lab. Technical
University Delft

May — June 2002

Short term shrinkage and
creep UHPC and HRUHPC

Stevin Lab. Technical
University Delft

April — May 2002

Long term shrinkage and
creep UHPC and HRUHPC

Stevin Lab. Technical
University Delft

August — September 2002

Effect curing and power
floating HRUHPC

Stevin Lab. Technical
University Delft
B.Schipper Apeldoorn B.V.

August — September 2002

Adhession UHPC on steel

Stevin Lab. Technical
University Delft

August — September 2002

Frost/ thaw resistance UHPC
CDF method

Stevin Lab. Technical
University Delft

November — December 2002

Adhesion HRUHPC overlay
on steel (-20°C - +20°C)

Stevin Lab. Technical
University Delft

November — December 2002

Chloride penetration
Nordtest

Stevin Lab. Technical
University Delft

April 2002 — April 2004

Fatigue test HRUHPC
overlay on part orthotropic
bridge deck

TNO Building and
Construction Research

June — July 2002

FEM calculations HRUHPC
overlay on orthotropic bridge
deck

Civil Engineering Division

May — April 2002

Extension of service life
calculations on various

orthotropic bridge decks

Civil Engineering Division

May — April 2002

Pilot project Caland bridge
approx. 540 m?

Civil Engineering Division
Contec ApS
Bruil-Ede B.V.

30 April — 3 May 2003

Stress reduction on Caland
bridge after HRUHPC
overlay

Civil Engineering Division

22  April 2003 (before
placing) — 13 May 2003

Influence traffic on adhesion
HRUHPC overlay on 2
orthotropic steel bridge decks

Civil Engineering Division
Stevin Lab. Technical
University Delft
B.Schipper Apeldoorn B.V.

April — May 2004

Stress reduction after
HRUHPC overlay placed on

Civil Engineering Division
Technical University Delft

April — May 2004
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part orthotropic bridge deck B.Schipper Apeldoorn B.V.
with  un-repaired fatigue
cracks

FEM calculations HRUHPC Civil Engineering Division April — May 2004
overlay on different details

orthotropic bridge deck
Placing 300 m? HRUHPC Contec ApS May 2004
overlay with slipform paver Kirchhoff-Heine Strassenbau

GmbH & Co. KG

In the period from 29 April — until 4 May 2003 the Pilot project on a part (approx. 540 m?)
from the Caland bridge in the N15 (main route Rotterdam harbour) was executed to test the
logistic aspects on an actual small sized project before other more complex and much larger
projects will be executed. In the short available time the whole project had to be executed
including rerouting the traffic, removal of the asphalt concrete wearing course, inspection and
repair of the deck plate and the application, sufficient curing and shot blasting of the
HRUHPC overlay. Any delay in one of the disciplines would have resulted in a delay of the
other disciplines and, therefore, a team of skilled site manager and engineers was on site
during the whole job. After the removal of the asphalt concrete wearing course a tent was
placed over the whole area to exclude problems with the weather conditions and to have the
possibility to heat up the area. Despite earlier instructions and attention there was some
miscommunication about the way how to connect the reinforcement, the dense reinforcement
should be welded but was in the first place only bonded together. This resulted in a bending
in the upwards direction of the prefabricated welded mesh reinforcement mats at the
crossings after some passages with the small crane which was used to place the
reinforcement. This resulted in a delay and it was also necessary to accept a curve in the
reinforcement in mainly the middle of the two traffic lanes. Casting and placing with the use
of a double vibration screed over the whole width of 6,7 m went well. An accelerator was
added to speed up the reaction of the UHPC, thus making both the finishing- and the shot
blasting procedure earlier possible with the low temperature. The UHPC surface was floated
with single power floats almost directly after compacting the mortar, a few hours later power
trowels were used to obtain a smooth, dense and shiny surface. Hereafter the whole surface
was covered with burlap sheets and wetted with water. A compressive strength of minimum
30 MPa was reached in much less than 24 hours after casting, the burlap sheets were
removed and the surface was shot blasted to gain the required skid resistance of at least 52
SRT. Immediately after the shot blasting procedure details like the joints with the adjacent
lanes were made, special trucks were used to remove the tent and the barriers were placed
and connected. A special perforated water hose system was placed under the barrier to cure
the HPC overlay during a period of 7 days independently and without disturbing the traffic
streams. The whole execution of the pilot project from the first step until re-use of the new
wearing course took less than 120 hours!
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The problems with the reinforcement resulted in a thicker and unreinforced cover (3 — 4 cm)
on the reinforcement in the middle of the bridge deck. This resulted in an insufficient curing
because the water from the hose system couldn’t pass the slope. Very fine transversal
cracks (<0,02 mm), concentrated in the thicker applied middle part, are visible each 30 — 100
cm. Modelling and more investigation will be made but possible reasons are: thicker applied,
less reinforcement in the layer itself but also in the longitudinal direction (only 50% compared
to the transversal), insufficient curing in the first 7 days and movements in the orthotropic
steel deck plate. There is no shrinkage visible at the steel profiles at the edges.

Much is learned from the pilot project and this experience and know-how will be very useful
for larger projects which will be executed in the following years. Strain measurements on the
re-surfaced Caland bridge are showing a stress reduction in the trough wall of 60%
compared to the traditional asphalt concrete wearing course and a stress reduction in the
deck plate of 80% compared to the traditional asphalt concrete wearing course. This equals
the stress reduction factor of 4 — 5 measured on the small test samples in the Adhesion
Institute of the Delft University of Technology and the computer simulations. All the tests
proved that the intended application of a HRUHPC is a very promising solution to rehabilitate
orthotropic steel bridge decks to elongate the service life of the total structure. Durability,
strength and placebility are giving enough confidence for larger projects during the next
years.

3.2 Prefab bridge deck for the Kaag bridges

A very good example of the use and the potential possibilities of the C.R.C. principle are the
prefab panels placed on the bascule bridges in the motorway N 44 in the Netherlands [23].
To replace the existing wooden bridge decks different alternative solutions were investigated
by the Civil Engineering Division of the Ministry of Transport, Public Works and Water
Management in the Netherlands. A solution with HRUHPC prefab panels was chosen as the
best solution concerning costs, maintenance and durability within the maximum weight
tolerance of the operating machinery. Different tests were made with the producer of the
panels, Hurks Beton at Veldhoven, to control the workability of the UHPC in combination with
the densely placed reinforcement and the necessary angle of heel. Test samples [24] and a
test panel were made to be tested at TNO Building and Construction Research. The UHPC
was supplied in pre-weighted big bags as a premixed Binder, aggregates and steelfibers for
a batch of 900 litres. The chosen mix design was based on a UHPC as used for the last 10
years in the security industry with a good workability and a C180 (cube strength) with a low
amount (200 kg 0,4 x 12,5mm) of steel fibers. Large aggregates (calcinated bauxite 3 — 6
mm) were used to create, in combination with the fibers, very rigid bodies between the main
reinforcement. Mixing took place in a stationary planet pan paddle mixer with a total mixing
time of 5 minutes. The UHPC was transported in a large concrete batch from the mixer to the
location of pouring. After spreading the UHPC in the mould the mould was vibrated for less
than a minute to secure a good compaction around the dense reinforcement, thus even when
the UHPC can not be described as self compacting it flows extremely well due to the good
lubricating effect of the binder. After finishing the surface of the UHPC, necessary because of
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the high demands on the tolerance of the panels, a curing-compound was applied. After 24
hours curing the panels were shot blasted for the necessary skid resistance and cured under
plastic foil.

Testing of two small panels in the lab from TNO Building and Construction Research resulted
in amazement by the engineers present: “If you want to see concrete flutter look to this” and
“Amazing how flexible a plate with these dimensions can be, you see the plate clearly bulge
under the load”. This project demonstrates on a small scale what is possible to reach with
the HRUHPC: light, thin and ductile constructions with strength possible as that from
structural steel.

4 New applications

By combining the HRUHPC with other materials large ceramic/ metal-based hybride
structures can be made that exhibit unique combinations of great strength in all directions;
great hardness and extremely great fracture toughness. This make it not only possible to
design and build gigantic structures and extremely slender, elegant and daringly designed
structures but also to make non-brittle ceramics for medical (implants and bone
replacements) and industrial applications (tooling, pumps, engines). In nearly future the use
of HRHPC will not be focused only on applications in civil engineering because the
composite is also offering new solutions for other fields of application. Especially when the
HRHPC is used in combination with other materials to produce new composite materials
there are interesting solutions and applications possible. New applications are possible
based on the research and knowledge which is developed during the project rehabilitation
and restrengthening of orthotropic steel bridge decks. This experience can not only be used
for developing a new type of orthotropic bridge deck and bascule bridge but can also be used
to develop new applications like special floor slabs in high rise buildings, protective structures
and offshore constructions. For the offshore special HRHPC braces cast in-situ can be
developed to restrength fatigue critical areas like jackets and tubulars from offshore platforms
and offshore windmills. Practical tests are already made to restrength and to protect platform
jackets made from concrete as well as made from steel. Decks of offshore platforms and
supply vessels can be restrength and protected against corrosion and impact with an
HRUHPC overlay bonded to the original deck plate. Very large offshore windmills with a high
fatigue resistance and a large service life can be built in HRUHPC [25]. An other possible
and very interesting application of UHPC and HRUHPC is the replacement of the sliding
steel gates in the Eastern Scheldt Storm Surge Barrier in the Netherlands [26]. The 62 sliding
steel gates are composed of a vertical plate construction, a main girder system and a vertical
girder system and have a width of 41,0 m' and a height (depending on the location of the
piers) between 5,9 and 11,9 m'. The replacement of the sliding steel gates will maybe be
necessary in the nearly future because of the very high maintenance costs and the repeated
application under special conditions of a special coating to avoid corrosion. An internal
research project initiated by the Civil Engineering Division of the Ministry of Transport, Public
Works and Water Management in the Netherlands shows that it is possible to replace the
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existing sliding steel gates with HPC/HRUHPC gates within the maximum weight tolerance of
the existing gate-operating machinery. The present design for the HPC/HRUHPC sliding
gates consists of a HPC concrete for the girders and a HRUHPC for the plate construction
(75 mm thick and reinforced with 3 layers @8 - 50mm). Possible more weight reduction and
additional strength can be reached by the use of high strength steel and/ or the use of carbon
fibre- or other fibre reinforcement in the plate construction. Because the expected service life
of the HPC/HRUHPC sliding gates will exceed the 100 years without additional maintenance
it seems both practical and economical a very interesting solution. The HRUHPC can also be
used to restrength constructions like columns, bridge piles, piers and bridge decks in
earthquake sensitive area’s by replacing a part (concrete cover, wearing course) of the
existing construction thus without adding to much weight on the total construction. With the
use of woven fabrics made from high tech fibers very thin and ductile panels can be made for
different purposes like cladding, permanent formwork, prefab constructions and protective
shelter constructions.

5 New material developments

The strength and properties of an UHPC will go in an upwards direction in the nearly future.
With the much better available research equipment and computer modelling the
microstructure can be investigated much better than before what will result in new
developments including the incorporation of much more additives to control and to influence
the properties of the matrix. Heavy reinforcement in different materials and different forms
will be used on all material levels thus also to reinforce the microstructure of the matrix.
Future HRUHPC will thus incorporate a wide range of materials from different sources in
both the binder part and the reinforcement part.

33



6 Conclusion

During the last 10 years new applications are found for the use of heavy reinforced ultra high
performance concrete and it seems that the C.R.C. concept starts to find its way between
other composite materials and composite structures. HRUHPC offers new and sometimes
exiting possibilities: lighter structures, larger structures, hybride structures, new design and
new products with a potential for a better economy and resource consumption than with
more traditional concrete, steel and other building materials. When designers, architects,
engineers and structural engineers are more open for the “new concrete” and the “new
technology” and are more willing to investigate and to innovate with the existing knowledge
than much more can be achieved. To make use of the large potential for HRUHPC there
must be a change of direction and a break with conventional practice to be able to
understand the material properties and possibilities. For this it will be necessary that the
industry will cooperate in a much better way with Technical Universities, institutes,
governments and end-users and that knowledge and practical experience will be much more
exchanged between those parties.
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Design and Construction of the world first Ultra-High
Performance Concrete road bridges

Summary

The two bridges described in this paper have been realized within the context of an
“innovation charter" set up for engineering structures and represent a world first for road
bridges, and were completed in 2001. Their decks are 12 m wide; each is an assembly of
five n-shaped precast beams made of UHPFRC. The beams are longitudinally pretensioned
with bonded strands and are stitched longitudinally and transversally with the same concrete
(cast in place).

The concrete used has a compressive strength greater than 170 MPa and a characteristic
direct tensile strength of 8 MPa with a 3 % of volume fiber incorporation. Except in keying
areas, the steel fibers ensure non—fragility and replace the reinforcing steel, especially for
transverse bending behaviour where only the UHPC takes part.

This application required to settle special calculation methods and design rules which are not
currently covered by codes with the type of concrete employed. These rules where finalized
in close collaboration with recommendations of a working group on UHPCs.

Keywords: Fibre, Prestressed Concrete, Precast Beam, Direct Tensile Strength

1 Background to the operation

The bridges discussed in this article are overpasses on the Bourg-lés-Valence bypass in
France’s Dréme region (south-east). They are road bridges made from ultra-high-
performance fibre-reinforced concrete (UHPC), each with two spans of about twenty metres
and completed in 2001.

These bridges are a world first, given that UHPC has previously been used only for
footbridges and for beams in the cooling towers of two French nuclear power plants.

The Owner of the bridges is the French Government, represented by its Regional

Department of Public Works for the Dréme district which also oversaw design and
construction with the assistance of two more government agencies, the Service d’Etudes
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Techniques des Routes et Autoroutes (SETRA) and the Centre d’Etudes Techniques de
I'Equipement (CETE) of Lyon.

The bridges were built by contractor Eiffage Construction after a performance-based
invitation to bid drawn up under an “Innovation Charter’ signed by the National Roads
Department and the National Public Works Federation. This charter aims to promote
innovation in the field of bridges, cut-and-cover tunnels, and retaining walls.

2 Bridges description

21 Supports

Supports (pier and abutments) are of conventional design and are made from C30 reinforced
concrete. The foundations are shallow (Figure 1). Each line of bearings has 10 blocks
receiving tapered shims beneath the flanges of the beams in order to adjust the level of the
deck. Each bearing block has a jacking base on either side to enable the bearings to be
replaced by jacking against the crossbeams to raise the deck.

22.000

22.000 @

Figure 1: Longitudinal cross-section of OA4

2.2 UHPC Decks

The structure is based on a conventional overpass design using prestressed beams with a
continuity slab at central pier. Each deck supports a 9 m wide road pavement with 1 m and 2
m wide footways (Figure 2). Transversally both decks are identical; they are made from an
assembly of five n-shaped precast beams made from Béton Spécial Industriel (BSI)
concrete. The beams are cross-braced at the supports only.

12.700

1.100 1.000 3.500 ) 3.500 . 1.000

L2.5% 25%
Figure 2: Standard cross-section
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Beams dimensions are : - length : 20,50 m and 22,50 m
- height: 0,90 m
- width:2.40m
- web thickness : 11 cm
- weight : 37 tons

The n-shaped beams were also jointed together longitudinally with in situ UHPC. All the
beams are prestressed by pre-tension, using very low relaxation T15 Super strands of
strength class 1860 MPa. Each beam of the OA6 bridge has twenty-six strands, with thirty in
the beams of the OA4 bridge. There is no transverse prestress.

In addition, the BSI beams have no passive reinforcement, except where components are
jointed together transversally or longitudinally and where equipment (pavement joints and
safety barriers) is attached.

The equivalent thickness of the deck is 0.25 m, compared to 0.75 m for a conventional
prestressed slab bridge and 0.37 m for HPC decks. Use of UHPC therefore divides the
selfweight of the beams by about 3.

3 BSI concrete

BSI concrete is a UHPC whose mix design is principally characterized by a high cement
content, use of silica fume and small-diameter aggregate, and a low w/c ratio (Table 1).

Table 1: Mix design

cement kg/m?® 1114
silica fume kg/m?® 169
0 - 6 mm aggregate kg/m? 1072
fibres kg/m?3 234
superplasticizer kg/m3 40

water kg/m? 209
w/c ratio 0.19

Large quantities of steel fibres are used (3% by volume for the Bourg-lés-Valence bridges) in
order to give the concrete good ductility under tensile stress and, in most cases, to dispense
with the need for passive reinforcement.

The fibres used are straight (20 mm long, 0.3 mm diameter) and work by bonding with the
cement matrix. They are made from high yield steel (c. = 1200 MPa).

The rheological behaviour of fresh BSI is rather special: it is a viscous fluid and is self-
levelling, with slump flow of 64 cm with the DIN cone and no vibration of the table. This
means no vibration is necessary to work the concrete into the forms.

Its practical working life can be adapted to suit the requirements of the works. For example,

the BSI used for jointing the Bourg Iés Valence bridges had to have a working life of at least
one hour to cover the time for transport and placement.
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After 28 days, without heat treatment, the BSI for this project had the following
characteristics:

Table 2: Characteristics of BSI
28-day characteristic compressive strength 175 MPa
28-day characteristic direct tensile strength of the matrix 8 MPa
28-day characteristic post-cracking direct tensile strength 9.1 MPa
Modulus of elasticity 64 GPa
Density 2.8 tons/m®

This data was complemented by tests to characterize post-cracking tensile behaviour by
measuring crack widths (direct tensile-strength test on notched cylinders or centre-point
flexural tensile strength test with notched prisms) in order to determine a complete law for
structural design purposes (Figure 3).

C A G A (MPa)

\"
(mm) 1 016 005 E =64 GPa (ndéf)
4 T 1 1 >
w : 1 10]¢€ 0 €
Crack width I i E 8 Elastic strain
SWN__ A7
Figure 3: BSI constitutive law
4 Design verifications
41 Longitudinal bending

For Serviceability Limit States (SLS) the verifications under normal stresses are similar to the
french BPEL specifications [1], for conventional prestressed concrete.

For Ultimate Limit States (ULS) the ultimate resistant moment of cross-sections was
calculated in accordance with the BPEL rules, with a conventional program for design of
cross-sections, taking a perfect elastoplastic law for compression and overlooking the
concrete’s tensile strength.

4.2 Transverse bending

The verifications for transverse bending are somewhat different, given that in this case there
is no passive or active reinforcement other than the steel fibres.

Tension in the concrete is limited to 8 MPa for rare SLS combinations, and to 6,4 MPa for
frequent combinations. At Ultimate Limit States the resistance moment is calculated in
accordance with the AFREM recommendations [2], taking account of the constitutive law of
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the cracked concrete. This resistance moment of the cracked section is calculated with a
special program using a discretized approximation of the constitutive law for the actual
tensile behaviour of the material and reflecting the equilibrium of the cracked section.

4.3 Verifications for tangent loading

For the longitudinal behaviour of the prestressed beams, the verifications of SLS shear
stresses were carried out in accordance with the BPEL rules.

For the transverse and longitudinal behaviour of the bridges, the verifications of ULS shear
force were carried out with, in addition to the BPEL rules, the strength added by the fibres,
calculated as per the AFREM recommendations.

4.4 Verification of prestressing transfer length

In order to limit bursting and general stress distribution effects in the beam end blocks, and to
avoid any cracking in the prestress transfer length, the ends of some of the strands were
sheathed. Three sheath lengths (2.2 m, 3.5 m, and 5.5 m) were used to allow a progressive
transfer of prestressing forces.

5 Validation by testing

Before the bridges were built, a test campaign was undertaken to validate the assumptions
used for deck design and to verify the behaviour of the concrete at the scale of the actual
structure. This campaign comprised the following tests:

e Construction of a beam test component to check that there are no problems with
prestress distribution and for new concrete characterization testing (flexural tests on
sawn prisms taken from the actual structure, as recommended in [3]).

e Flexural tests on full-scale slabs in order to validate the transverse bending behaviour
of the deck:
- Flexural test on a monolithic slab,
- Flexural test on a slab with a construction joint, to represent the longitudinal
jointing between precast beams.

51 Test component

A 5 m long test component (Figure 4) was made in the same way as the beams made for the
bridges.

Two arrangements for spreading out prestressing tendon anchorage were tested. The test

was conclusive, in so far as no stress-distribution cracking was observed at the ends of the
element. To study the combined effect of the form and concrete placement on the distribution
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of fibres, test prisms were cut at different angles and at different locations in the web and
upper flange of the test component. The prisms were tested in centre-point bending, with a
notch downwards, with recording of mid-span crack width.

The mean curve for the tests carried out on prisms sawn from the flange of the beam was in
perfect accordance with that given by theoretical calculation based on the constitutive law for
the concrete, weighted by a coefficient reflecting the effect of sawing on the efficiency of
fibres near the edges.

5.2 Flexural tests on slabs

Two flexural tests were carried out on slabs (Figure 5). The dimensions of the slabs
matched those of the flange of the beams: 15 cm thick, 1.15 m long (distance between the
webs of the beams). They were made 40 cm long to limit edge effects on fibre distribution.

The third-point bending tests were displacement controlled (mid-span deflection) and taken
to rupture of the test specimen.

Comparing these test results with the action effects taken into account in verifying the design
of the bridges, it can be seen that there is a quite comfortable safety margin.

The bearing capacity of the monolithic slab and of the jointing zones were therefore more
than adequate, and their behaviour were perfectly satisfactory.

e ; o Ee e

Figure 4: Test component
6 Precasting beams

The beams were cast at the plant of Dutch precaster Hurks Beton whose workforce had
already built up sound experience with BSI concrete when making the beams for the
Cattenom and Civaux power plants. The 20 n-beams were precast in 2 months (2-day
manufacturing cycle for one beam).
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BSI is completely self-compacting, even with a fibre content of 3%, so concreting is a simple,
quiet operation (which is very appreciated by workforce in factory). The only condition of
success is the control of the behaviour in a fresh state. The important duration (15 minutes)
of mixing imposes a rigorous procedure of placement method.

Operations carried out after concrete placement were governed by maturity measurement:
Setting is controlled under 20° saturated atmosphere, therefore without heat treatment. Full
form removal and prestressing of the beam were made when the BSI was about 40 hours
old, with a compressive strength of 120 MPa.

With these procedures, the level of reproducibility for the different beams was good; this was
subsequently demonstrated by the fact that there was no significant deviation of mid-span
deflection (< 5 mm).

7 Beam erection and jointing

The 20 beams for the two bridges were transported to the site by rail and road.

741 Beam erection

A truck-mounted crane was used to hoist the beams into place on top of the conventional
concrete piers and abutments.

Placement of the 10 beams of the first bridge (OA4) took a little over 2 days whereas,
benefiting from experience, those of the second bridge (OA6) were placed in just half a day
(Figure 6).

The beams rest on concrete bearing blocks with neoprene bearing pads, on top of which are
placed tapered shims to obtain the required crossfall.

7.2 Jointing

BSI joint slabs were cast between the main beams to make each deck as monolithic as
possible. A ready-mix batching plant was chosen for making the “in situ” BSI.

The complete procedure for batching at the plant and transporting to the site by truck mixer
(about 15 minutes) was validated before the works started. A campaign of suitability tests
served to adjust the production parameters and check that the BSI produced met the
stipulated requirements.

The stages in site production of the BSI were identical to those for precasting (cf. chapter
6.2). Because of the parameters of the mixer at the ready-mix plant, each batch was only
750 litres and the cycle took about 20 minutes.
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The BSI was inspected (rheology, temperature, air content) and tracing samples taken
before each truck mixer left for the site.

After verification of the conformity criteria, the concrete was transported to the site with the
drum turning at a speed determined during the suitability tests. This was done to prevent
segregation of the mix that might have been caused by too great a centrifugal effect.

The longitudinal joint slabs between the main beams were shuttered by panels suspended
from the deck (Figure 7), which meant no scaffolding was necessary. Special attention was
paid to the leaktightness of the forms.

s

L

Figure 6: Erection of a precast beam Figure 7: Joint slab
8 Conclusion and new applications

The innovative structures at Bourg-lés-Valence, the first road bridges built of UHPC, are
already a reference allowing more general use of these new materials.

At the end of 2002, approximately two years after beams manufacture and one year after the
opening to traffic, a detailed inspection of the bridges was carried out. No water seepage or
cracks have been noticed on the beams.

The publication of the Interim Recommendations on UHPC [3] gives future Operating

Authorities a reference to use in establishing their specifications and engineering firms a
starting point for their design calculations.
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Figure 8: View of completed bridge

However, while these conventional bridges with small spans have served to validate the
performance of the material, they have not yet revealed all the freedom and daring in design
UHPCs make possible.

The toll-gate of the Millau Viaduct, currently under construction, which will have an elegant
roof based on a thin Ceracem® (ex-BSl) shell, is the next step in the development of this
new material.

This roof will look like an enormous twisted sheet of paper, 98 m long and 28 m wide, with a
maximum thickness of 85 cm at centre (Figure 9). Its alveolate structure will be like an
aircraft wing and will be made of match-cast prefabricated segments, 2 m wide, connected
together by an internal longitudinal prestressing. In all, 1,000 m* of Ceracem® will be used,
weighing a total of about 2,800 tons.

Figure 9: View of Millau Viaduct toll-gate
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A new bridge deck for the Kaag bridges
The first CRC (Compact Reinforced Composite) application in civil
infrastructure

Summary

An existing azobé wood bridge deck was replaced by ultra high strength concrete (cube
strength 180 MPa) panels. This concerns 2 bascule moving bridges in the number 44
motorway near Sassenheim, The Netherlands. The longitudinal steel girders are 685 mm
apart.

Each bridge deck consists of 4 panels 7,25 x 2,95 m. In order to keep the maximum weight
under 170 kg/ m? the CRC principle was used. This means very slender ultra high strength
concrete construction parts combined with a high percentage of reinforcement. In this case
the panels are 45 mm thin with 3 layers @8-40 mm reinforcement (5.6 %). The edges are 65
mm thin with 10% reinforcement.

Keywords: CRC, bridge deck, bascule bridge, prefabricated panels

1 Introduction

In november 2002 the new bridge decks for the Kaag bridges were brought into use. It
concerns the replacement of azobé wood bridge decks (115mm thick beams, 320 mm wide)
by concrete panels (45 mm thick, 7,25 m wide and 2,95 m long at the most) of equal weight
per square meter. The decks are mounted on the bascule moving bridges in the number 44
motorway over the Kaag near Sassenheim, The Netherlands.

Each bridge has 2 main longitudinal girders and 4 transverse girders. Longitudinal girders
(axle distance 685 mm) are mounted on the transverse girders. The bridge deck is mounted
on the longitudinal girders.

Since long wooden bridge decks are used for movable bridges.They are finished with an
epoxy/ gravel wearing course.

Suitable wood is hard to get nowadays. It has to dry longer than 6 months to reduce
unwanted shrinkage. A wooden bridge deck needs quite some maintenance; fastening bolts
have to be checked and secured every year and wearing courses are damaged after a short
period of time. The deck has to be replaced after not much longer than 15 years. This leads
to traffic jams which are more and more unacceptable.
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The Civil Engineering department investigated wether there are possible alternatives: an
improved wood concept, aluminium, fiber reinforced plastics and Ultra High Strength
Concrete C155/180 (prism/ cube strength). UHSC turned out to be the best solution
concerning costs, maintenance, durability and sustainability.

In most cases UHSC is used without reinforcement [1]. This is costs saving and allows for
the construction of very slender constructions. Large spans have to be pre or post tensioned.
Bache [2] already showed in the nineteen eighties that special advantages can be gained by
applying very dense reinforcements (up to 20%!) and high volume percentages of steel fibers
(up to 6%). This principle is named CRC — Compact Reinforced Composite.

The strong matrix — together with the steel fibers — make a good cooperation with the
reinforcement. This effect will even be stronger when using small bar diameters at small bars
distances.CRC construction parts are very ductile, durable and slender. They are very impact
and fatigue resistant.

High fiber and reinforcement percentages can deliver high equivalent bending strengths at
ultimate limit state : up to more than 200 MPa.

2 Concrete

Because in this case the concrete structure had to be as light as possible, and because high
demands were made on fatigue resistance, a CRC solution was the only possible one.

For the concrete Contec Secutec S9 was chosen, a mixture of CEM Il 52,5, silicafume,
bauxite 0-1 and 5-8 mm, steel fibers 0,4x12,5 mm, superplasticiser, air detraining agent and
a water/ binder ratio wbr=0,18.

The concrete cube strength was over B180. This was sufficient to achieve the desired
construction strength. B200 and higher can be gained by using more steel fibers and a lower
water binder ratio. Hardening takes place under atmosferic pressure and at 20°C. After 1 day
the compression strength is about 90 MPa.

3 Production of the panels

Hurks Beton at Veldhoven was chosen to produce test specimen and bridge deck panels.
This because of their provable experience with the production of UHSC prefabricated
elements (BSI1 B180).

The mortar can be placed very easily (a ‘thick yoghurt’ like consistency) and it flows easily
around the dense reinforcement (figure 1). The 45 mm thin panel is set up as follows (from
bottom to top): a 9 mm concrete cover, 3 reinforcement layers 8-40 and a 10 mm cover (3
layers @8-40 need about 26 mm space, figure 2). The panels need stiffening along the joints
in order to bear the edge moments. The thickness is 65 mm with a 5212-40 top
reinforcement and a 5316-50 bottom reinforcement.

In order to get a good compaction of the concrete and good adhesion from the matrix on the
reinforcement it was sufficient to vibrate the reinforcement for about 5 seconds and, after
completing the moulding, to vibrate the mould for half a minute.
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Figure 1: casting of the bridge deck panels
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Figure 2: reinforcement in the panel (5,6%) and in the edge stiffening (10%)

The top surface was leveled with a double pneumatic vibrating screed. It is often used to
level high quality industrial floors. The desired skid resistance was achieved by shot blasting
the top surface. No additional finishing will be applied (no wearing course).

It is clear that very high demands are made of the measurements of the concrete and the
placing of the reinforcement. Tolerances are 2 mm at most.

The volumic weight of the concrete is 2850 kg/m®. When including the reinforcement, the
weight is 3350 kg/m®. The panels weigh 170 kg/m?.

4 Material properties
No material properties were available because there was no experience using the panels

described. Because the possible mix compositions, the amount of steel fibers, the amount
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and configuration of the reinforcement, the thickness of the panel, etc can vary depending of
the application, it is difficult to determine a set of material properties before all these
parameters are known. Properties can vary, depending upon the design of the section.

A test program was set up with Delft University of Civil Engineering [3] to determine the
bending tensile strength of reinforced and unreinforced panels with different thicknesses (50,
100 and 150 mm). No thickness dependency was found. The RILEM test procedure was
used [4].

The tests executed correspond with the experiments done for the Contec Ferroplan
application described in [5]. The derived design strengths are reflected in figure 3.

The low tensile strength in the post cracked phase is a result of the large scatter in the test
results. For the application described, the tensile strength is of minor importance. The
reinforcement can easily carry all tensile forces. The steel fibers contribute only 7% towards
the ultimate limit moment capacity. For applications where the tensile strength is of more
importance, more steel fibers have to be used.

In this case the steel fibers contribute towards a good ductile behaviour of the compression
zone, a denser cover, a smaller crackwidth and good fatigue resistance properties.
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Figure 3; stress/ strain diagram for concrete (design strength)

CRC does not work differently from ordinary reinforced concrete. Tension is carried in the
reinforcement after cracking of the matrix. The crackwidths caused by the Eurocode model 3
loads are less than 0,03 mm in the 45 mm part and 0,05 mm in the edge stiffening. The crack
distance is only 40 mm, one crack at every bar location.

Neglecting the post crack concrete tension strength causes a minor underestimation of the
strength of the concrete part considered.

The mean equivalent tension strength is 112 MPa in ultimate limit state.

Shear tests were also performed. It was not possible to measure the ultimate limite state for

shear. All panels collapsed in bending; the minimum shear force slenderness possible was
1,89. The mean shear tension was 17 MPa, the effective height was 31 mm.
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The very small concrete cover is possible because of the extreme impermeability of the
concrete. The diffusioncoefficient for chlorides for instance is a factor 50 smaller than that
from a B55 blast furnace slag cement concrete, which in turn is a factor 50 smaller than that
from a B55 portland cement concrete. Exposition tests of similar concretes in wetting/ drying
cycles (3,5 % (volume) NaCl) during several years could not cause a chloride profile in the
concrete cover apart from the outer 1 — 2 mm, even in permanently cracked concrete.

5 Loads

The wheel loads from the ENV 1991-3 Traffic loads on bridges were applied. This applies a
200 kN wheel load (wheel print 350x600 mm) anywhere on the panel.

Fatigue was dominant. The panels had to be tested for 125x10° loadcycles in 50 years for
wheelloads up to 90 kN, ¢impact = 1,3 included. This loading was derived from the actual traffic
intensity (load model 5).

TNO BOUW did fatigue tests on two test panels. The second panel was supported similar to
the situation on the bridge(figure 4).The behaviour was as predicted, more than 10x10°
cycles (0 <-> 78 kN), maximum stress in the reinforcement 151 MPa.

Figure 4: fatigue testing at TNO BOUW
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Figure 5:
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Figure 6: fixing of the panels on the steel girders. Note the bolts on the right(left
photograph) for height adjustment of the panel edges. The right picture shows
the gap between upper flange and the panel filled with polyurethane.

6 Assembly

The panels (maximum weight 3,5 tons, figure 5) were placed on the steel girders with a
vacuum lifting boom. The exact height could be adjusted with 4 bolts in each (long) panel
edge (figure 6). The space between the panels and the braces was filled with steel plates.
The braces were then fixed with threaded bars screwed into the anchor sleeves that were
cast in the panels. The braces are clamped to the steel flange with railway sleeper clamps.
This ensures a more or less flexible connection.

Finally formwork was placed between the steel flanges and the panels. Polyurethane filled
with cork particles was pumped into the formwork. This formed a good stiff support for the
panels. The polyurethane filled up the spaces between bolt heads, iron connection plates,
etc.

7 Life cycle costs

Table 1 shows an indication of the life cycle costs (price level 2002; discontinuity index 4%)
over 50 years life. The wooden deck has to be replaced every 17 years. The wearing course
has to be replaced every 7,5 years.

Concrete, fiber reinforced composite and aluminium have a 50 years lifespan.

The concrete has to be sandblasted every 17 years. The composite and aluminium get a
new wearing course every 17 years.

Concrete proves to be the most economic alternative as for building costs as well as life
cycle costs.
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Table 1: life cycle costs indication in €

azobé wood concrete FRC aluminium
Buildingcosts 930 910 1310 1430
Replacing deck 700 - - -
Replacing wearing course 200 30 60 60
Total 1830 940 1370 1490

8 Evaluation

The replacement of the decks was completed within a week. This is much faster than the
time needed to replace a set of wooden decks (2-3 weeks).

The panels have been in use for 18 months (march 2004) and behave as expected.

The cost of the braces/ railway sleeper clamps and the pulyurethane filling was about 1/3 of
the total building costs. It is possible to make a considerable cost saving here.

The PU filling could be replaced by hakorite or polyethene strips glued to the bottom of the
panels. A good connection to the girder flange can be achieved by placing the strips on a
10 mm thick epoxy layer. This also speeds up the assembly of the panels.

The braces can be replaced by simple flat steel plates attached to PE blocks.

T ri‘f-r- oL TEra
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formwork epoxy 10 mm PE 1P

steel fillihg plate T
saddle
railway clamp
Figure 7: the applied panel support (detail left); polyurethane pumped between (labour
intensive) formwork. And the proposed alternative (right); polyethene strips
glued to the bottom of the panel

Further cost savings (and a small weight reduction) can be achieved by using a C110/130
concrete instead of the C150/180 concrete used here.

Calculations for a bridge deck project with steel girders 900 mm apart (flange width 300 mm)
showed that a panel thickness of 50 mm is possible for Eurocode loads (heavy traffic on a
busy motorway).
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Additional weight savings can be achieved by using fibre reinforced reinforcement; upto a
maximum of 30 kg/m? bridge deck. Additional research is necessary because of the current
lack of adequate experience. Better fatigue resistance can be expected because of the
improved fatigue properties of fibre reinforced reinforcement.

9 Literature

[11 Kaptijn, N., Future developments for ultra high strength concrete, Cement 2002/2 p 56 (in Dutch)

[2] Bache, H.H., Ny beton - ny teknologi, Aalborg Portland, Aalborg Denemarken, 1992 (in Danish,
English translation available)

[3] Braam, C.R., A. Bosman, E. Horeweg, R. Mulder, A. van Rhijn, F. Schilperoort Contec B250,
research reports Stevinlaboratory, Delft Technical University, summer 2002 (in Dutch)

[4] RILEM TC 162-TDF: Test and design methods for steel fiber reinforced concrete, Materials and
structures, end 2002.

[5] Braam, C.R., Kaptijn, N, Buitelaar, P., Reinforced high performance concrete overlay system for
steel bridges, Cement 2003/1 (in Dutch)

57



58



Ceracem, a new high performance concrete:
characterisations and applications

Dr. Urs Maeder Dr. Isabelle Lallemant-Gamboa
Product Technology Manager Research Engineer

Sika Technology AG Sika France

Zurich, Switzerland Gournay, France

Joel Chaighon Jean-Pierre Lombard
Technology Center Manager Lab Manager

Sika France Sika France

Gournay, France Gournay, France

Ceracem, a new high performance concrete:
characterisations and applications

Abstract

Several years ago, a new generation of concrete, the ultra high strength fibre-reinforced
concrete has been introduced. SIKA has developed a range of products based on such new
technology, called CERACEM, in the frame of a partnership with the EIFFAGE company in
Paris, France.

CERACEM has the advantage of being both self-compacting and ultra high-performance
material. As it is self-compacting and as it does not need any further heat treatment, it bears
several advantages on the job site, like faster setting and hardening, less noise and harmless
to the workers due to the use of vibrators. With this type of concrete, it is possible to reduce
or eliminate passive reinforcement and the thickness of the concrete elements can be
reduced, which results in material and cost savings.

CERACEM is the result of an optimisation of the nature and the composition of different raw
materials. It is composed of a premix, a new superplasticizer, fibres and water. The fibres
can be either metallic or synthetic

A new type of Polycarboxylate-ether (PCE) of superplasticizer was found to combine strong
water reduction with reduced set retardation and modifying the rheology of the paste in a
way, that the fresh concrete becomes self-compacting.

Numerous investigations have been carried out with CERACEM such as plasticity,
workability time, compressive strength, flexural strength, shrinkage, carbonation and
porosity.

The CERACEM described in this paper was used for the casting of the tollgate roof of the
viaduct at Millau, Southern France. This structure is part of the A71 motorway from Clermont-
Ferrand to Montpellier. This shell with both structural and aesthetic properties is composed of
about fifty precast elements of dimension equal to about 28 x 2 x 0.01 m, all made with
CERACEM concrete.
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1 Introduction

A new generation of concrete, the ultra high strength fibre-reinforced concretes have been
introduced several years ago. The company EIFFAGE began to develop this type of concrete
in 1996 under the name BSI. A French and an European patent was registered by EIFFAGE
respectively in 1998 and in 1999 [1], [2], [3]. Since the year 2000, SIKA has developed in the
frame of a partnership with EIFFAGE a range of products based on this new technology
based on similar raw materials and with very similar mechanical and durability
characteristics, called CERACEM. CERACEM is both ultra high performance fibre-reinforced
concrete and self-compacting concrete. It does not need any further heat treatment to get it's
design strenght. The CERACEM product range is the result of an optimisation of the nature
and the composition of different raw materials. It is prepared out of a premix to which during
the mixing the water, a specific Superplasticizer and fibres are added in well defined
proportions. The premix is composed of a selected cement, silica fume, aggregates (0 to 7
mm) and admixtures. It is produced and controlled by SIKA.

A new type of CERACEM, and therefore notably a new premix, was developed in order to
comply with the specifications for the tollgate roof of the viaduct at Millau, a project managed
by EIFFAGE. In this paper, we present the technical characteristics and properties of this
new material and its main application to date.

2 Materials

Premix
After carrying out feasibility and formulation studies to meet the contractor’s requirements,
extensive rheological, mechanical and shrinkage characterisations were carried out with this
new material.

=  Premix: 2355 kg/m®

= Superplasticizer: 44.6 kg/m®

= Water: 195 kg/m® (W/C = 0.22)

» Metallic fibres: 195 kg/m® IFT Unoloc 20/0.3

Superplasticizer

While concrete with normal requirements can be produced using traditional superplasticizers
like Naphthalenesulfonate, Vinylcopolymers or Melamine sulfonate, the high requirements of
special concretes and in particular SCC requires the use of special polymers.

Among these special polymers the polycarboxylate-type superplasticizers have become the
most widely used within the last few years.

The molecular structure of the new polymers differs completely from conventional ones. [4].
The traditional polymers consist of long main chains carrying negatively charged side groups.
These polymer adsorb strongly onto the surface of the cement grains and the ionic groups
exert an electrostatic repulsion that prevents particles coming too close together.
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The new polymers on the other hand typically feature short principal chains (backbone)
containing ionic functions and very long polyether type side chains, that can separate
particles by strong steric repulsion.

Considering the manifold properties of a polymer like molecular weight of the whole polymer,
backbone or side chains, ionic strength, chemical composition or production conditions an

extraordinary variety of special performing polymers is feasible. [5].

3 Properties

Plasticity

To characterise the behaviour of the fresh concrete CERACEM BFM-MILLAU, plasticity
measurements were carried out in accordance with the European standard EN 12350-5 but
without tapping (flow cone). The typical results are given below.
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Figure 1:  Typical plasticity versus time

For the CERACEM BFM-MILLAU, the workability time is up to two hours. The nature and the
content of the superplasticizers used allows to obtain an excellent workability time and to
reduce the water dosage to obtain good mechanical strengths at the same time. The
increase in workability with time is due to a specially designed polymer, which alters its
functionality during the storage of the concrete . The air content of the material is less than
3.5 % and its density is equal to 2814 kg/m°.

Compressive strength
Compressive strength measurements were carried out after 1, 2, 7 and 28 days respectively
on cubs of 10 by 10 by 10 cm (three cubes per age). The samples were demoulded after 24
hours and were kept in water at 20 °C until they were crushed. The typical values obtained
are illustrated in figure 2.
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The compressive strength values after 2 and 7 days represent respectively 60 and 80 % of
the

compressive strength value after 28 days. After 6 months, the compressive strength value is
equal to 227 MPa which represents an increase of 13.5 % in comparison with the value after
28 days.

[ ——————Y"—::
190 | -

70 f —— - B L
150 | e

130

-
-
o

9+ J

70 A

Compressive strength (MPa)

50 -

30

0 7 14 21 28
Time (days)

Figure 2: Typical compressive strength versus time

To date, 2200 tons of the premix were produced. The quality control data for compressive
strengths after 2 and 28 days were carried out regularly. The statistical QC data are given in
table 1.
All these results are in accordance with those measured during the development of the
product.

Compressive strength after 2 days 28 days
average (MPa) 122 199
standard deviation (MPa) 8 8
variation coefficient (%) 6 4
number of controlled batch 63 18

Table 1:  Statistical data

Flexural tensile strength

The four-point flexural strength and the centre-point flexural strength tests carried out do
meet the Setra-AFGC recommendations on the ultra high performance fibre-reinforced
concretes [4]. Consequently, the four-point flexural tests were carried out with deflection
control (two external extensometers per sample); the rate used was 0.1 mm/min. The centre-
point flexural tests were carried out on notched samples (notch depth: 0.5 x fibre length) with
crack opening control (one extensometer bridging the crack); the rate used was 0.025
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mm/min. At least twelve prismatic samples (10 by 10 by 40 cm) were tested for each type of
test. Results are shown in figure 3 and 4.
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Figure 3: Four-point flexural tests: stress versus deflection
From all the curves of the four-point flexural tests, the tensile strength of the cement matrix

was determined (table 2). The maximum stress for each type of test was also determined
(table 2). The metallic fibres allow to obtain a ductile concrete behaviour under tension which
makes the use of passive reinforcement unnecessary.
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Centre-point flexural tests: stress versus crack opening
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Maximum stress of the
CERACEM BFM-MILLAU

Tensile strength of the
cement matrix (MPa)

(MPa)
Four-point flexural tests 29 8.8
Centre-point flexural tests 30

Table 2:  Values of flexural tensile strength

Shrinkage

Cracks at the surface or in the concrete matrix have to be avoided because they can
facilitate the penetration of aggressive agents into the matrix and consequently reduce the
durability. Especially in binders with high cement content cracks formation can be a problem.
Consequently, several studies were carried out to determine the total shrinkage, the
autogeneous and the desiccation shrinkage. For the evaluation of the total shrinkage, the
samples were demoulded after 24 hrs and then kept in a climatic chamber (50 % RH and 20
°C). The samples demoulded after 24 hours for the determination of the autogeneous
shrinkage were wrapped in aluminium foil to avoid moisture transfer. The total shrinkage and
the autogeneous shrinkage were carried out by linear measurements on prismatic samples
(7 by 7 by 28 cm — 3 samples per type of shrinkage). The desiccation shrinkage has been

calculated as the difference between the total shrinkage and the autogeneous shrinkage.
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Figure 5. Total, autogeneous and desiccation shrinkages versus time
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Figure 6:  Proportion of the autogeneous or desiccation shrinkage in comparison with the
total shrinkage.

The proportion of the autogeneous shrinkage is higher than the one of the desiccation
shrinkage (figure 5 and figure 6). This result is in accordance with the scientific literature [8],
[9], [10]. Indeed, the autogeneous shrinkage increases when the water to cement ratio
decreases; the autogeneous shrinkage is negligible for the ordinary concretes, but it is
important for the high performance concretes and the ultra high performance concretes.

After 7 days, 50% of the the final shrinkage (1 year) is achieved, and about eighty percent is
achieved after 28 days.

4 Applications

Before the SIKA-EIFFAGE co-operation started, several applications were carried out by
EIFFAGE alone such as the renovation of cooling towers for several nuclear power stations
and the building of two bridges [1], [2], [3]. In 2003 and 2004, EIFFAGE carried out the
construction of the tollgate roof for the Millau’s viaduct with CERACEM BFM-MILLAU (figures
7 to 13), the design and the structure calculations having been done also by EIFFAGE [8].
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Figure 1: Picture of the tollgate roof — Architect: M. Herbert (source: Eiffage)

The length and the width of the roof are respectively 98 and 28 meters. This roof is
composed of fifty-three precast elements without passive reinforcement. The element shell
has a thickness equal to 10 centimetres. All these elements are supported by longitudinal
pre-stressing.

Figure 2: Fresh CERACEM BFM-MILLAU Figure 3: Element casting
(source: Eiffage) (source: Eiffage)

- T — - l-'_._ - e
Figure 4: Mould Figure 5: CERACEM BFM-Millau element
(source: Eiffage) (source: Eiffage)
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polystyrene

polystyrene

Figure 6: Picture of the element (source: Eiffage) Figure 7: Element (source: Eiffage)

For the production of the precast elements, a site factory was established by EIFFAGE. SIKA
was the supplier of the CERACEM BFM-MILLAU premix and the superplasticizer. No major
problems in preparing the concrete were reported from the batching plant, however, the
equipment and the mixing procedure had to be adapted (e.g. high energy mixer).

Additionally a concrete coating system for which the UV resistance was notably examined
and an adhesive resin especially formulated for this job site, for which the bond strength
properties with the CERACEM BFM-MILLAU concrete was studied.

5 Conclusion

The optimisation of the composition and the nature of the raw materials combined with the
latest generation of a superplasticizer lead to the unique rheological, mechanical and
durability properties of CERACEM. With its characteristics and properties, it can be used for
on site placed concrete jobs as well in the precast concrete industry. With steel fibres-
reinforced CERACEM, the thickness of the slabs can be reduced which leads to a decrease
in weight of the structure. As CERACEM including steel fibres shows a ductile behaviour, the
passive reinforcement is not longer necessary and therefore more freedom for the designer
results (e.g complex shapes). The combination of high tech materials with proper design and
workmanship allowed the construction of this futuristic toll gate with its elegant and unique
shape.
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Ultra High Performance Composite Bridge across the River

Fulda in Kassel
— Conceptual Design, Design Calculations and Invitation to Tender —

Summary

The following report shows the construction and the design of the first Ultra High
Performance Composite Bridge in Germany. The bridge structure has 6 spans with a total
length of 133.2 m and a maximum free span of 36 m. The bridge deck consists of precast
prestressed UHPC slab elements. The longitudinal structure consists of a continuous truss
girder system with triangular cross section. The truss girder consists of two upper chords of
precast prestressed UHPC and a lower chord and diagonals made of tubular steel sections.
Glued connections are used between the upper chords and the deck as well as between the
deck plates.

Keywords: pedestrian bridge, UHPC, Kassel, Conceptual Design, Design Calculations

1 Introduction

Ultra High Performance Concrete has a compressive strength comparable with building steel
as well as excellent load-capacity and toughness qualities, if it is produced with suitable steel
or plastic fibres. Beyond this it offers an enormous high resistance to penetration of liquids
and gases and therefore shows excellent durability qualities. This means quasi a quantum
leap in the development of concrete building-materials.

Because of its high strength at low weight, such a new building-material makes it facilitates to
build filigree and light bridge constructions. This was already shown by the construction of
pedestrian bridges in Canada, Korea and Japan as well as a street bridge in France.

The departments of Concrete Strcutures (Prof. Dr.-Ing. Ekkehard Fehling) and Building

Materials (Prof. Dr.-Ing. habil. Michael Schmidt) at the University of Kassel have worked for
some years on the investigation and further development of Ultra High Performance
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Concrete. On the one hand, questions of the mixture optimisation, the durability and the
mechanical qualities of the material were examined and on the other hand design models for
the ultimate limit state and the serviceability state were developed [1-3]. Therefore the time is
ready to build the first greater bridge construction made of the new material in Germany.

It is intended as the first project of a UHPC-bridge in Germany to set up a pedestrian and
cycle track bridge across the Fulda by the City of Kassel as client. The planed bridge is a
hybrid construction made of steel and Ultra High Performance Concrete. This bridge shall
replace an existing wood bridge which shows severe damage.

2 Conceptual design

The Gartnerplatzbriicke is a pedestrian and cycle track bridge across the Fulda river, and is
in addition to the neighbouring bridges (approx. 500 m in southerly direction the
Damaschkebriicke as well as approx. 900 m in northeastern direction the
Schwimmbadbriicke) connecting the area of the former National Garden Festival with the
Karlsaue area specially for recreational traffic. The location of the Gartnerplatzbriicke within
the city area is shown in Figures 1 and 2.

Figure 1:  City map Figure 2: Arial view

The new bridge construction which has to replace the existing wood bridge, completed in
1981 and having 7 spans and a total length of 147 m, shall use the available pillars as well
as their foundations.
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Figure 4: Damage in the beam

This is possible, because the support reactions of the filigree and light construction from the
newly designed bridge are almost equal to the old wooden construction. Figure 5 shows the
longitudinal section of the conceptual design of IBB Fehling + Jungmann consulting
engineers, Kassel.

! T @P
1 13.80 19.20 24.00 21.00 36.00

Figure 5: longitudinal section

Due to some changes in the terrain profile, the new bridge is designed for 6-spans with a
total length of 133.2 m in which the largest supporting distance in the river area is 36 meters.
After extensive variant examinations, the following load-bearing structure was selected. The
bridge girder is formed by a truss with three booms with variable building height, the top
booms consist of UHPC while the sub boom is formed by a tubular steel. The diagonals also
consist of tubular steel. The bridge deck consists of 5.00 m wide prestressed precast UHPC
plates with 8 - 10 cm of thickness. The UHPC plates will be interlinked and connected to the
top belts of the truss girder using epoxide resin glue. Figure 6 shows the new cross section.
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Figure 6: cross section

The continuous girder shall be composed of single span girders. The single span girders
consist of the UHPC top booms which are precast in a stressing bed and the steel parts of
the truss girder (bottom boom and diagonals). The connection of the diagonals is carried out
via end plate connections. The UHPC top booms also get steel end plates in order to
establish the wedge anchorage of the prestressing strands and to link the booms with a
bolted prestressed connection to obtain a continuous girder system.

In the end the prestressed precast UHPC deck plates will be mounted. A shear resistant
connection in the composite joint between the plates and the top booms will be established
by an epoxide resin glue. Simultaneously, the precast UHPC plates are also interconnected
by glued connections. To ensure that there are no tensile stresses under permanent action in
the bridge deck in longitudinal direction, the top booms will be equipped with tendons along
the full length of the construction. The tendons which prestress both, the precast plates and
the top booms will be anchored in the end cross beams.

For the continuous longitudinal prestressing, tendons suited for external prestressing shall be
used. In this case, however, they will be led in additional conduits to the top booms. This
allows to control the prestress forces over a period of time.

The old pillars are available for the intermediate support. With an expanse of 7 m they are
very wide and do not suit architecturally the light bridge construction. Therefore the upper
parts of the pillars will be removed and replaced by a more open looking reinforced concrete
frame architecture (see Figure 7).
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A

new pillar

existing foundation

. Figure 7: new river pillar of the bridge

Figure 8: 3D-animation of the bridge design

3 Design Calculations

Using a Finite Element program, a three dimensional model of the bridge structure for the
design calculations was set up. The calculations considered the process of construction on
site and the effects due to creep and shrinkage. Tests on heat treated construction elements
made of UHPC have shown, that the creep behaviour is very low and that there is almost no
shrinkage left. Therefore a heat treatment of the precast elements is intended [ 3 ].
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Figure 9:  3D-model of the bridge construction

Figure 10: 3D-model of the bridge construction

Figure 11: 3D-model of the bridge construction

Laboratory tests on gluing UHPC specimens to each other showed very positive results.
Beyond, one can rely on long-standing experience in bridge-building in Switzerland.
Nevertheless a failure of the glued connections is considered in design calculations for the
ultimate limit state. To this it is proved that the load bearing safety of the complete system is
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ensured also at failure of single slabs and that they can be exchanged if necessary. For
further information on the gluing tests see [5].

4 Invitation to tender

Due to the use of new high tech materials and to the very specific construction, the invitation
to tender will be limited. Interested contractors have to proof their experience with high
strength or ultra high performance concrete in a prequalification process before the
participation in the invitation of tender. Since precast elements, in-situ concrete and steel
components are needed for the bridge, the suppliers must demonstrate there experience on
all these subjects.

It is striven for to carry out the invitation to tender still in this year so that the erection of the
new superstructure can be done in spring 2005.

5 Conclusions

The conception of the new Gartnerplatzbriicke represents an ambitious design including
several technical innovations. In addition to the use of Ultra High Performance Concrete
(UHPC), a new application for unbonded external tendons as well as glued connections are
proposed. Due to the extremely high compressive strength of UHPC and the ductile behavior
also in tension, concentrated loads, such as e.g. anchoring forces of tendons, can be
introduced easily. UHPC offers ideal conditions for glueing due to the high adhesion strength
of this very dense concrete. These possibilities have been used to design a lightweight
hybrid UHPC-Steel bridge.
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Summary

This paper draws a short review of the use of UHPC, since the first research on
Reactive Powder Concrete carried out by Bouygues from 1990 to 1995, to the most
recent engineering structures completed in 2004.

Then this paper draws a brief sketch of the main features of French
recommendations for Ultra-High Performance Concretes (UHPC), drafted by an
AFGC-SETRA work group.

These recommendations were published in June 2002, in bilingual english — french
version ; they are intended to constitute a reference document serving as a basis for
use of UHPC in civil engineering applications. They deal with UHPC characterization
and material properties, design and calculations methods for UHPC, durability
aspects in comparison with Reinforced Concrete or HPC.

Keywords: ultra high performance concrete; Fibre; reactive powder concrete;

recommendations; durability; design methods...

1 Introduction

UHPC refers to materials with a cement matrix and a characteristic compressive strength in
excess of 150 MPa, possibly attaining 250 MPa. They are containing steel fibres in order to
achieve ductile behaviour and, if possible, to dispense with the need for passive

reinforcement.
The different UHPC currently marketed are :

e BSI "Béton Spécial Industriel" (special industrial concrete), which technology has
evolved to come to Ceracem® concrete, developed by Eiffage in association with

Sika.

 Different kinds of Ductal® concrete, including RPC (reactive powder concrete),
resulting from joint research by Bouygues, Lafarge and Rhodia, and marketed by

Lafarge and Bouygues,
e BCV®being developed by cement manufacturer Vicat and Vinci group.

Most cement manufacturers are developing products, and materials are being developed in

the laboratories of EDF, LCPC (with CemTec Multiscale technology).
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2 Short review of UHPC applications
21 Sherbrooke footbridge

First research carried out on UHPCs were led by Bouygues from 1990 to 1995 on Reactive
Powder Concretes [2] [3] [4]. The world's first engineering structure designed with this UHPC
was the Sherbrooke footbridge in Sherbrooke, Quebec, built in 1997 [5]. Spanning 60 m, this
precast, prestressed pedestrian bridge is a post-tensioned open-web space RPC truss
(Figure 1), with 4 access spans made of HPC. The main span is an assembly of six 10 m
prefabricated match-cast segments.

Ve - =

3 LA P b b ‘
Figure 1: General view of Sherbrooke footbridge

The cross section is made of a ribbed slab 30 mm thick, with a transverse prestressing made
of greased-sheathed monostrands. The truss webs are made of RPC confined in stainless
steel tubes.

The structure is longitudinally prestressed by an internal prestressing placed in each
longitudinal flange and an external prestressing anchored at the upper part of the end
diaphragms and deviated in blocks placed at the level of the lower flange.

2.2 First industrial applications : beams of Cattenom and Civaux power plants

During years 1997 and 1998, the utility EDF carried out two important precasting sites using
beams of UHPC, made of BSI and Ductal® [6] [7].These building sites consisted in replacing
cooling towers steel beams in Cattenom (with BSI and Ductal®) and Civaux power plants
(with BSI).

The extremely aggressive environment of the cooling towers induces important corrosion of
the steel structures. UHPC with its outstanding qualities in terms of durability allows to
replace steel beams with light elements with very long lifetimes without maintenance or
repair.

2.3 The World first road UHPC bridges : Bourg-lés-Valence bridges

During years 2000-2001, the French Government, represented by its Regional Department of
Public Works for the Dréme district with the assistance of the Service d’Etudes Techniques
des Routes et Autoroutes (SETRA) and the Centre d’Etudes Techniques de I'Equipement
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(CETE) of Lyon, realized the world first UHPC bridges, built by contractor Eiffage
Construction with BSI on Valence bypass [10] [11] [12].

Each bridge has two isostatic spans of about 20 m. The road deck was made continuous by
placing in situ UHPC between the two spans.

Each deck supports a 9 m wide road pavement with 1 m and 2 m sidewalks. Transversally
both decks are identical; they are made from an assembly of five pi-shaped precast beams
made from BSI, jointed together longitudinally with in situ UHPC (Figure 2).

All the beams are prestressed by pre-tension. There is no transverse prestress, and no
transverse passive reinforcement, except where n-shaped beams are transversally jointed
together.
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Figure 2: Bourg-lés-Valence bridges - Typical cross-section and view at central pier

The bridges were realized under an “Innovation Charter”’, and were designed and built in
close collaboration with recommendations of a AFGC-SETRA working group on UHPCs.
This application also required to settle special calculation methods and design rules which
are not currently covered by codes for the type of concrete employed. They were used to
finalize some material characterization procedures and design calculation methods given by
recommendations.

In 2001-2002, contractor Bouygues TP built a footbridge over the Han river running across
Seoul in South Korea [13]. This foot bridge is made of an arch spanning 120 m, with two
steel access spans (Figure 3).

Figure 3: General view of Seoul footbridge (left) and Sakata Mirai Footbridge (right)
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The arch has a n-shaped cross-section, 1.30 m deep. The upper flange is a ribbed slab 30
mm thick, with a transverse prestressing made of greased-sheathed monostrands. The arch
is an assembly of six 20 m prefabricated segments, connected on site by means of
temporary supports. The elements are jointed together by an internal longitudinal
prestressing placed in haunches in the lower and the upper parts of the webs.

We can also mention the Sakata Mirai footbridge which is the first Ductal® footbridge built in
Japan with a span of 50 m. The deck is a simple beam 2.4 m wide with circular web holes.
The structure is longitudinally prestressed by an external prestressing and has no passive
reinforcement. This footbridge was completed at the end of 2002 (Figure 3).

The toll-gate of the Millau Viaduct, currently under construction, which will have an elegant
roof based on a thin Ceracem shell, is the next step in the development of this new material.
This roof will look like an enormous twisted sheet of paper, 98 m long and 28 m wide, with a
maximum thickness of 85 cm at centre (Figure 4). Its alveolate structure will be like an
aircraft wing and will be made of match-cast prefabricated segments, 2 m wide, connected

together by an internal longitudinal prestressing. In all, 1000 m3 of Ceracem® will be used,
weighing a total of about 2800 tons.

We can also mention the Shawnessy tramway station in Calgary, Canada, which is
completely made of Ductal®. Its roof is composed of very thin precast shells realized by
injection (Figure 4).
At the end of 2003, began the construction of the Shepherds Gully Creek road Bridge in
Croudace Bay, NSW, Australia, which has a deck made of precast prestressed |-girders
beams connected to a traditional reinforced concrete slab.
Apart from these main civil engineering structures described above, some other applications
have been realized with UHPC. Among these applications, we can make mention of these
Ductal® ones:
e The construction of punched and thin accoustic sound panels for the underground
Mocano railway station 1500 m2 of panels,
e The construction of architectural wall panels for Rhodia head office in Aubervilliers,
e The construction of 6300 anchor plates with polymer fibres and 200 plates with steel
fibres for reinforced earth located on the sea-front on La Réunion island,

82



First recommendations for Ultra-High-Performance Concretes and examples of application

e A replica of the "Arbre Martel", a tree-shaped structure originally sculpted by brothers
Martel,
e At the beginning of 2003, 30 m3 poured in steel tubes for making the pillars of the
Keen Sofia Museum in Madrid (Span).
BCV concrete developed by cement manufacturer Vicat and contractor Vinci has been used
in some applications:
¢ Construction of stays for a treatment reservoir of rainwater in Les Houches, France,
e Injection of curved saddles for stay cables in the pylons of Sungai Muar bridge in
Malaisia,
e Construction of foundations blocks for the roof of the Cluses toll-gate on A40

motorway,

Figure 5: General view of Lauterbrunnen footbridge

3 The first recommendations on UHPC

The first French recommendations for Ultra-High Performance Fiber-Reinforced Concretes
(UHPC) were published in 2002, in bilingual English-french version.

These recommendations integrates feedback from experience with the first industrial
applications and experimental structures described below, as well as more than 10 years of
laboratory research.

They are intended to constitute a reference document serving as a basis for use of this new
material in civil engineering applications.

These recommendations are divided in three parts:

o A first part devoted to characterization of UHPC, giving specifications on the
mechanical performance to be obtained and recommendations for characterizing
UHPC. This part also deals with checks of finished products and of the concrete as it
is produced.

e A second part deals with the design and analysis of UHPC structures, the particularity
of which is to integrate the participation of fibres and the existence of non-prestressed
and/or non-reinforced elements.

¢ A third part deals with the durability of UHPC.
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31 Behaviour and mechanical characteristics of UHPC

After reminding the real compressive behaviour [3], the recommendations give a
conventional constitutive law with a yield plateau which can be used for regulatory
calculations regarding ULS bending.

The recommendations also give values of Poisson’s ratio, thermal expansion coefficient,
shrinkage strain and creep coefficient without or in case of heat treatment.

3141 Effect of heat treatment

The recommendations remind the principal effects of heat treatment [2], which substantially
reduces delayed shrinkage and creep effects, but must be carried out only after the concrete
has set in order to avoid any risk of Delayed Ettringite Formation (DEF). Heat treatment
therefore requires good knowledge of the setting time and a means of checking it.

3.1.2 Impact strength

The recommendations also account for the knowledge on UHPC behaviour under dynamic
loading, which has been studied through impacts on radioactive-waste containers [1]. The
recommendations enlight the principal concepts for UHPC calculations under dynamic loads
defined and validated by experience.

31.3 Tensile behaviour
An important part of the recommendations deals with the tensile behaviour characterized by :
- An elastic stage limited by the tensile strength of the cement matrix f;,
- A post-cracking stage characterized by the tensile strength of the composite
material reached after matrix cracking (Figure 6).
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Figure 6: Example of a UHPC tensile constitutive law

The post-cracking behaviour is very important because it may dispense with the conventional
reinforcement in the design of some structures.
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On the other hand, it is quite difficult to characterize this behaviour because it depends very
much on the mixing and placement process

e Any flow during concrete placing tends to align fibres in the direction of flow,

o Fibres close to walls are naturally aligned parallel to the formwork. This phenomenon
ceases beyond a distance from the formwork in excess of the fibre length. The closer
component thicknesses are to the length of fibres, the greater is the effect on the
effective tensile strength of the parts,

e Preferential gravitational orientation of fibres can sometimes occur, due to the natural
behaviour of fibres in the viscous-liquid phase of concrete before it sets.

The methods outlined in the Recommendations take account of all these phenomena which
are dissociated in two approaches.

Using characterization tests depending on the type of structure studied (thin slabs, thick
slabs, beams, shells), and which can be of two types (direct tensile test or flexural tensile
test), the Recommendations give for each proposed test procedure, the transfer factors to go
from test results to an "intrinsic" curve for tensile behaviour which does not depend on test
specimen size or on the type of test used.

Once the intrinsic curve for tension is determined, the recommendations give instructions for
taking into account of the effect placement methods have on the real strength values to be
considered in calculations. This correction of the intrinsic strength curves consists in applying
a reduction coefficient 1/K representing the difference between the intrinsic curve and what
would have been obtained on specimens taken from an actual structural element.

To determine this K factor, the recommendations impose suitability tests conducted on a
representative models of the actual structure. The tensile strength measured on samples of
the testing model allow to determine the K value which depends on the studied phenomena.
As for beams, the recommendations propose two values for this coefficient:

¢ Alocal value concerning designs, which propose to use fibre tensile strength in zones
of material of reduced size in comparison with the piece size,

¢ A global value when justifications concern a sufficiently large zone so as to limit the
effect of the local disparity in fibres orientation.

The principal results of this characterization process applied to the innovative Bourg-lés-
Valence bridges [12] are enclosed with the recommendations.

3.2 Structural design methods

3.2.1 Generalities

The design methods proposed in the recommendations are based on the French codes for
prestressed or reinforced concrete (BAEL [14], BPEL[15]) based on semi-probabilistic limit
states verifications. The recommendations complete these design codes with specificity
concerning UHPC which is essentially the strength provided from fibres which allows to
design a structure without any conventional reinforcement.

For calculation, one may use an intrinsic law for characteristic tension drawn up assuming
isotropic distribution of fibres throughout the structure.
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In order to integrate the actual disparity in the fibre orientation due to placement, the various
verifications are allocated an “orientation coefficient” 1/K determined by suitability tests as
explained here above.

3.2.2 Normal stress verifications

For normal stress verification, the recommendations use the AFREM method [8] which
concerns fibre concrete, and use a stress — crack width constitutive law o = f(w).

Moreover, in order to simplify calculation by using a traditional stress - strain law, the
recommendations introduce the notion of characteristic length I , to go from crack width w to
strain ¢ :

The value of Ic depending on the sectional area.

Minimum fibre content and non-brittleness check

In order to guarantee sufficient ductility (in tension and compression), the recommendations
consider a minimum fibre content and a non-brittleness check, which ensures that fibres can
take tensile stress in case of matrix cracks.

Serviceability limit states

The analysis for standard sections is carried out considering that plane sections remain
plane, and the concrete behaviour law detailed as below :
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Figure 7: SLS strain hardening law

The limit stresses at the SLS are the same as a traditional concrete in case of a reinforced or
prestressed structure (limitation of concrete compression, and steel under tension).
These checks are completed when there is no passive or active reinforcement by
prescriptions concerning crack width :
e 0.3 mm for normal cracking, 0.2 mm for detrimental cracking and 0.1 mm for highly
detrimental cracking.
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Fatigue checks
In expectation of progress in this field of knowledge, the recommendations propose limits for
tensile stress in case of parts subject to fatigue.

Ultimate limit states

Ultimate plastic strain of structure reinforced only with fibres are not very significant, so that
recommendations do not allow non-linear calculation with plastic hinges if there is no passive
or prestressing reinforcement capable of withstanding forces and moments when the
participation of fibres is overlooked.

However, it may be possible to use a non-linear model using the constitutive law of the
material.

For ultimate resistance calculation, recommendations propose a concrete behaviour law
defined as below:
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Figure 8: ULS strain hardening law

Moreover, the recommendations draw back that the methods which use ultimate strains to
calculate ultimate resistance effects are valid only when there is passive or active
reinforcement. In this case, this type of method gives pessimist results because it does not
take all the fibres potential into account.

3.2.3 Shear stress verifications

At serviceability limit state, the recommendations propose to keep the shear stress limits of
the French code for prestressed concrete.

At the ultimate limit state, the recommendations introduce fibre shear strength which
complete resistance of the concrete and the potential active or passive reinforcements.
Moreover concrete shear strength of a UHPC must be taken different of a traditional
concrete, because of aggregate interlock which increases quite less than the compression
strength. Test results about this phenomenon are lacking for classical FRC. Hence the
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recommendations limit concrete shear strength approximately at the value obtained with a
C120 concrete.

3.24 Checks of zones submitted to concentrated forces

The recommendations complete actual regular prescriptions dealing with verifications of
beam end blocks (equilibrium of bottom wedge, equilibrium of the compression strut), and
verifications of the distribution of the prestressed concentrated forces. They account for
complementary resistance brought by fibres.

3.3 Durability of UHPC

3.31 Conventional aggressions and specific features of UHPC

The recommendations provide the main UHPC durability indicators proposed by the AFGC
working group “durability indicators”.

The following table shows that the values obtained for UHPC indicate a clear improvement in
durability, compared to any other types of concrete [9] :

ocC HPC VHPC UHPC
Water porosity (%) 14 - 20 10-13 6-9 1.5-5
Oxygen permeability (m?) 107" 10" 1078 <107
Chloride-ion diffusion factor (m?/s)
2.10™ 2.10™" 10" 2.10™
Portlandite content (kg/m®) 76 86 66 0

Table 1: Durability indicators for UHPC, traditional concrete and HPC

Moreover, the recommendations deal with specific indicators to UHPC (stability of the
admixtures, possible rehydration, corrosion of steel fibres, chemical aggression of polymer
fibres).

So far all the available research and published results show that there is no real problem with
any of these phenomena.

3.3.2 Fire performance of UHPC

At the moment, there is insufficient data about the loss of strength depending on the
temperature rise versus time so as to establish general design rules.

All the manufacturers nowadays are eager to search about these phenomena so as to be
able to bring out a formula, which can respond to detailed specifications (they generally
incorporate polymer fibres).

Considering the present knowledge, a formula validation needs tests carried out using
standardized specimens in the case of a UHPC not subject to scaling, using representative
specimens of structural elements in other cases.
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First recommendations for Ultra-High-Performance Concretes and examples of application

4 Conclusion - prospects

The "Interim recommendations on Ultra High Performance Fibre-Reinforced Concretes
(UHPC)" constitute the first reference document serving as a sure basis for use of this new
material in civil engineering applications.

The different applications built with this kind of material have demonstrated UHPC's great
qualities, making particularly durable parts with outstanding mechanical performance.
Several projects in progress should make the technique going forward and contribute to the
development of the material.

The publication of the AFGC-SETRA recommendations reinforced interest of foreign
countries, and a UHPC Bridge is going to be built in United States on behalf of FHWA.

Within the framework of National Project MIKTI led by IREX, a feasibility study of UHPC
slabs for composite bridges should demonstrate the interest of this material which presents
little delayed shrinkage and creep effects.
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Summary

The demands of the modern building industry require development of new types of binder
materials with improved properties for high and ultra high strength concretes and with
significantly improved durability. They will provide new potential possibilities for the
controlling of high performance concrete technology.

In the Department of Civil Engineering at Luled University of Technology a study of
energetically modified cement (EMC) indicates that it is possible to obtain much more rapid
hardening cement than the original cement used. As an example the strength of EMC-
concrete increases about 100 per cent at the age of one day compared with a conventional
high strength concrete.

A new type of the cement gives possibilities to obtain required workability of the concrete
mixtures with low water to binder ratios (w/B < 0.24) and achieve the strength levels up to
200 MPa with binder content not exceeding 550 kg/m?®.

The modification process used in this study means a special mechanochemical treatment in
vibrating milling equipment of the blend containing Ordinary Portland Cement (OPC) and
silica fume (SF), which increases the surface energy and the chemical reactivity of the newly
obtained binder. This results in an accelerating effect, which maintains at least for nine
months.

According to ongoing investigations the energetically modified cement appears to give a
considerable acceleration effect in the whole range of studied temperature. Concretes
produced with EMC cement demonstrated very high durability at very severe testing
conditions, including drying, saturation in sodium chloride solution and freezing-thawing.
These results are very promising and it might be used in a lot of applications as winter
concreting, precast element production, special structural elements, repair of buildings,
rehabilitation, topping of concrete, floors, roads, etc.
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1 Background

Energetically Modified Cement (EMC) is produced by high intensive grinding/activation of
ordinary Portland cement (OPC) together with different types of fillers. Mechanical activation
of mixtures containing different types of fillers involves the dispersion of solids and their
plastic deformation. These processes cause the generation of defects in solids; they
accelerate the migration of defects in bulk, increase the number of contacts between
particles, and renew the contacts. All these factors provide the chemical interaction between
solids initiated by the highly efficient mechanical treatment that takes place in the milling
devices, where impact and shear stresses are applied to the solid phase (planetary mills,
vibrating mills, etc.). The following could be achieved by the milling process: (i) improved
binding capacity of Portland cement fraction in combination with (ii) increased pozzolanic
activity of fly ash, and/or (iii) improved chemical reactivity of blast furnace slag, and/or (iv)
creation of hydraulic activity of recycled concrete due to opening of Portland cement
unhydrated grains. The mentioned example is an illustration of nanostructuring of composite
materials with use of special milling devices.

The EMC process was developed at Lulea University of Technology and at EMC
Development AB, Sweden from 1994. Studies on the performance of EMC have been
published by Ronin et al [1, 2, 3], Jonasson et al [4], Rao et al [5], Groth et al [6], Hedlund et
al [7], Johansson et al [8], Elfgren et al [9], and Justnes et al [10-13].

This paper presents properties of high strength and ultra high strength cement pastes and
concretes obtained by the use of energetically modified cements (EMC) developed in the
department of Civil Engineering at Lulea University.

2 Experimental Details

In these experiments the main types of cement commercially produced in Sweden were
used. They are ordinary Portland cement (Std P), rapid hardening Portland cement (SH P),
and moderate heat liberating Portland cement (Std P Anl, or Anl for simplicity). Silica fume
used in this investigation was produced by Elkem A/S in Norway and used as a pozzolanic
additive. We used Mighty 100, a naphthalene type of superplasticizer, to the amount of 3 %
of weight of the cement/binder in all the cement pastes and concrete mixtures.

EMC cements have been produced by intergrinding of the mentioned OPC and SF in a
Humboldt Palla 20U vibrating mill. The blends of 2 kg material were subjected to milling for
30 min with porcelain cylindrical grinding media. EMC cements characterized by the fineness
of 5500-6000 cm?/ g (Blaine).

All the types of cement mentioned above were subjected to energetically modification, and in
this paper this treatment is referred to by abbreviation "EMC", which stands for Energetically
Modified Cement, e. g. EMC (Std P) means the energetically modification of cement
type Std P.
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High Performance Concretes with Energetically Modified Cement (EMC)

In these experiments the amount of silica fume was 5 to 20 % by weight of the cement. The
water to binder ratio (w/B) for cement pastes was in the interval 0.16 to 0.20. All EMC pastes
prepared for the strength tests had w/B equal to 0.16.

Concrete mixtures were produced with type Std P Anl both modified and non-modified. The
cement content was 480 to 550 kg/m®. Fine aggregate (0-8 mm) and coarse aggregate (12-
16 mm) were used. The amount of silica fume (SF) was 10 to 20 %, and the amount of
superplasticizer was 3 % by weight of the binder. The water to binder ratio (w/(C+SF) = w/B
was from 0.19 to 0.27.

The cement pastes and concrete samples were cast at room temperatures (+ 20 °C) in
20x20x20 mm and 100x100x100 mm steel moulds, respectively. After casting the samples
were put in water. The cement paste samples were for compressive strength tested in an
Dartec testing machine £ 200 kN, + 50 mm, deformation rate 0.01 mm/s. The concrete
samples were tested on the hydraulic testing press, SEGER 2000 kN.

The porosity of the cement pastes was examined with the use of mercury intrusion
porosimeter Pore Size - 9310 (Micrometrics) with capacity of 30 000 psi. The samples were
dried at 105 °C before testing.

The temperature effect on the hardening process was studied by measurements of strength
growth at different hardening temperatures (5, 20, 35, and 50 °C, respectively). The test
samples were cubes 100x100x100 mm stored in water.

The liberated heat at hydration of the concrete was calculated from measurements of the
temperature development during adiabatic and semi-adiabatic conditions. Each test
specimen was about four litres of concrete placed in a bucket of thin walled steel.

3 Results
31 Strength of cement paste and concrete

The results obtained show that the usage of EMC increases the strength of the cement paste
hardened at +20 °C in comparison with non-modified cements, see table 1 for comparison of
compressive 28 days strength and figure 1 for comparison of strength developments. This
effect is especially profound at an early age (1, 3, and 7 days), where the value of the
compressive strength of EMC pastes surpasses the strength of reference mixes in 1.8 - 2.0
times. This drastic rate of the strength was registered approximately at an equal level for all
the types of cements used for both amounts of silica fume content. The main cause of this
effect is probably the modification of the hydration products morphology, effective package of
the calcium silicate hydrates and significant reduction of the cement paste porosity. An
additional cause of this increase in this case is the reduction of w/B ratio from 0.18 to 0.16.
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The use of EMC in concrete mix also significantly changes the rate of strength development.
In this case for all levels of w/B ratios from 0.19 to 0.24, see figure 2, where very intensive
hardening was observed in the early age - from 1 to 7 days. So, for an enough wide interval
of water to binder ratio (from 0.19 to 0.24) and workability (slump from 7 to 110 mm), EMC
can be an effective tool for high performance technology.

Table 1. Compressive 28 days strength of cement paste for non-modified and EMC
cements, respectively. Hardening temperature is about +20°C.

Amount of Compressive strength (MPa) for

silica fume by Non-modified cement Modified cement (EMC) based on

per cent of OPC RHPC Anl* OPC RHPC Anl*

cement weight

0 89.5 88.7 94.7 - - -

5 96.7 94 .1 105.0 170.0 154.0 165.4

10 98.4 96.3 108.0 180.5 164.0 172.3

20 - - - - - 205.0

*) "Anl" here means a moderate heat liberating Portland cement.

Compressive strength, MPa

Fig 1.
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Fig 2. Strength developments for EMC concrete mixtures with water to binder ratios
from 0.19 to 0.24, and for concrete with non-modified cement at w/B equals 0.27.
All samples cured in water at about 20 °C.

3.2 Structure of the cement paste

The mercury porosity results of cement paste samples with w/B = 0.2 cured at room
temperature in water for 28 days are presented in figure 3. As can be seen in the figure, the
introduction of silica fume acted to refine the pore structure of the paste, and the usage of
EMC shows an additional significant influence on the pore structure of the matrix. This
influence is reflected in a decrease in total porosity as well as a decrease in the average
diameter of the pores.

The examination of the EMC concrete fracture surface after strength testing of the samples
showed an improved paste-aggregate bonding. The EMC concrete transition zone appears
to be very dense without any visible microstructural gradients.

Properties mentioned above are expected to be favourable from the point of view of concrete

durability. Long-term durability factors need to be studied to obtain EMC concrete
performance parameters for durability design
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3.3 Maturity development

Measurements of strength growth at different temperatures for two types of concrete results
in the relative maturity rates are shown in figure 4. The lower rate factor for the EMC
concrete at temperatures above 20 °C is probably an effect of a reduction in the pore
humilities due to self-desiccation.

As can be seen from figure 4, the scatter of the test data for each strength curve is rather
small. This means that the concept of maturity rate only depending on the temperature works
in a simplified model to take into account variable curing temperatures for early age concrete,
see figure 5.

Resulting hydration heat for the two studied concretes is shown in figure 6, where it is

obvious that the EMC concrete is significantly more rapid than the concrete made with non-
modified cement.
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Fig 5. Temperature rate ratios as a function of time

One way to compare the hydration heat for these two concretes is to study the liberated heat
per developed strength unit. This has been done by dividing the heat values from figure 6
with the strength values of figure 4. The result is presented in figure 7, where evidently the
EMC concrete has a significantly lower heat production per strength unit than the concrete
with non-modified cement. Furthermore, as the curve for the EMC concrete in figure 7 is
almost horizontal it means that the liberated heat in this case is directly related to the
strength growth for the whole range studied.
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Durability

Durability tests has been performed according to Bache [14], see scheme for one testing
cycle in figure 8.

We should point out that this is one of the most severe testing procedures for concrete,
which includes the sequence saturation by sodium chloride, drying and freezing. All steps
mentioned in figure 8 are performed during 24 hours and is considered as 1 cycle.
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EMC concrete and OPC concrete with, after 28 days of curing, compressive strengths 180.3

and 128.4 MPa, correspondingly, have been tested. Mass losses have been determined as a
durability characterization.

2h 4 h 2h 16 h
Test No. 1 7.5 % NaCl +105 °C 7.5 % NaCl —M—
+20°C + 20 °C
2h 4 h 2h 16 h

Test No. 2 7.5 % NaCl -20°C > 7.5 % NaCl M_
+20 °C +20°C

Fig 8. Test cycle scheme of durability tests.

EMC concrete showed rather high durability level during all testing period. Practically no
scaling of the concrete has been observed. At the same time reference OPC concrete was
totally destructed after about 16 cycles. This is in line with Bache’s observations for high
strength concrete with water-to-binder ration 0.25 subjected to similar testing procedure [14].

2 4
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Fig 9. Mass loss of the concrete versus number of corrosion cycles
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4

Conclusions

EMC cement has an important influence on the strength and structure of the hardened
product:

(1]

(2]

(3]

(4]

(3]

6]

(7]
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¢ ultra high rate of strength development in wide range of curing temperatures
e higher absolute values of strength of the cement paste and concrete, which exceed

200 MPa

e EMC pastes have much lower porosity and more finer pore size distributions
¢ the liberated heat are rapid, but it is lower per strength unit compared with the use of

non-modified cement

e the amount of total liberated heat per cement weight for EMC concrete is

approximately the same as for the concrete with non-modified cement

e EMC concrete demonstrated extremely high durability in very severe testing

conditions
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Summary

Belite rich cement has been widely recognized to be suitable for high flowing and ultra high
performance concrete as well as for low heat concrete. The major problem with belite cement
is that it reacts very slowly and gives very little strength during early hours of hydration.
Therefore attempts have been made to prepare belite cement in such a way that it becomes
highly reactive. Highly reactive B-dicalcium silicate has been prepared at low temperature
by using hydrothermal method. The material was characterized by different experimental
techniques. The hydration studies were made by determining the non-evaporable water
contents , free lime and specific surface area of the hydrated samples. X-ray diffraction and
SEM studies on the hydrated samples were also made. The results showed that -dicalcium
silicate prepared is highly reactive. Possible causes of high reactivity have been discussed.
Fluidity measurements of the mortar made from highly reactive B-dicalcium silicate in the
presence of fly ash and polycarboxylate type superplasticizer have also been made.

1 Introduction

Ultra high performance concrete (UHPC) finds wide use in tall buildings, bridges, airports,
power plants etc. The most important feature of UHPC is its superior durability in widely
fluctuating adverse environmental conditions'. UHPC may be one of the most promising
concrete of 21% century. It must have high strength, high modulus of elasticity, low
permeability, excellent durability characteristics, very low heat of hydration (in order to
minimize cracks due to thermal stresses) and high fluidity. There are certain basic criteria for
production of UHPC: (i) use of proper aggregate (ii) cement quality in terms of rheology and
strength (iii) use of suitable pozzolanic material and (iv) cement compatibility with
superplasticizer**. High belite cements have been one of the highlights in the area of cement
since the 1970’s energy crisis. In the 1980’s it had become one of the high performance
cements for preparing high performance concrete because the cement had such advances
as required for UHPC.*

The belite rich cement has been widely recognized to be suitable for high flowing concrete
and UHPC as well as for low heat concrete. The major problem with the belite cement is that
it reacts very slowly and gives very little strength during early hours of hydration. Further, it is
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widely known that better fluidity is achieved by the additions of suitable pozzolanic materials
and superplasticizers.

Attempts have been made to prepare B-dicalcium silicate of high reactivity at low
temperature.>® Suitable superplasticizers have also been used to reduce the water
requirement and to increase the early strength and at the same time produce highly flowable
concrete.

In this paper hydrothermal method has been used to prepare B-dicalcaium silicate and
polycarboxylate type superplasticizer has been used to increase the flowability in the
presence of fly ash. B-dicalcium silicate prepared hydrothermally has been characterized and
its hydration properties studied. Flow area of the B-dicalcium silicate mixed with fly ash in the
presence of polycarboxylate type superplasticizer at different w/c ratio have been measured.

2 Experimental
21 Materials

Calcium carbonate (Merck) and Aerosil 200 (Merck) were used as the starting material.

Fly ash was obtained from Bokaro plant, India. Chemical composition of the fly ash is given
in Table 1 and its specific surface area was 3.2 m%g.

Polycarboxylate-based superplasticizer (PC) having molecular weight of 36000 and the
following structure was used as a dispersing component.

/ R \ / R \

H——1+ CH. C CH; C H
CcC=0 CcC=0
ONa (o)
\ / n
(EO)a

R =H, Me
EO — Ethylene Oxide
Me — Methyl
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Highly reactive R-Dicalcium silicate for ultra high performance concrete

Standard grade sands 1, 2 and 3 were used. The mortars were made with 1:3 B-dicalcium
silicate to sand ratio, where equal part of each sand grade was mixed. p-Dicalcium silicate
was already mixed with 10% fly ash.

2.2 Methods

Freshly prepared Calcium oxide was mixed with aerosil 200 in a stoichiometric ratio
(C/S=2.0). The dry mix was then thoroughly homogenized in a plastic bottle by shaking on a
roller for 24h. Water was added to have w/s=10. This was again shaken well on the roller for
2h. the entire mass was placed in a beaker and kept in an autoclave at ~200°C for 24h at a
pressure of about 20 bar. The hydrated mass was then heated at 105°C for 2h to remove
excess of water. This was further heated at different temperatures (700-1200°C) each for 1h
in order to have B-dicalcium silicate. The B-dicalcium silicate obtained at 800°C was used for
detailed investigations. The product of hydrothermal reaction was analyzed by X-ray
diffraction and TG-DTG-DTA techniques. B-Dicalcium silicate obtained at 800°C was
characterized by X-ray diffraction technique. This B-dicalcium silicate is designated as highly
reactive B-dicalcium silicate (HRDS) and was used for detailed investigations.

Surface areas of B-dicalcium silicate obtained at different temperatures (700-1200°C) were
determined by BET apparatus. Free lime values were determined by modified Franke
method.

B-Dicalcium silicate was also prepared in a conventional way at 1450°C using 0.5 wt.% B,Os
as a stabilizer for control experiment.

FTIR spectra of B-dicalcium silicate prepared at 800°C and that prepared in a conventional
manner at 1450°C using boron trioxide as stabilizer (control) were recorded with Perkin
Elmer FT IR spectrometer in KBr phase.

Pellets of HRDS (thickness-0.124 cm, area-1.2733cm?) and control (thickness-0.135 cm,
area-1.2733cm?) were prepared by applying a pressure of 10 Pa with a hydraulic press.
Current and voltage across the pellets were measured at temperatures 303-383 K by using
Keithley meter model 236 and platinum electrodes. From current and voltage values, the
electrical conductivities were calculated.

Hydrations of HRDS was carried out at a w/c=1.5 (because of high surface area larger
amount of water was required to make a paste) at room temperature (20°C). The hydrations
were stopped at different intervals of time. Boron trioxide stabilized p-dicalcium silicate was
also hydrated as a control sample at a w/c=0.5.

CH content in the hydrated samples was determined by modified Franke method. The non-
evaporable water contents (W,) were determined by measuring the weight loss at 1000°C.
Specific surface area of the hydrated samples was determined by area meter (BET). X-ray
diffraction patterns of the hydrated samples and scanning electron microscopic picture of
HRDS hydrated at 14 days were also recorded.

Mortars of HRDS mixed with fly ash were mixed in a Hobert mixer. Flow was measured by
pull out spread of the mortar from a cone of top diameter 35 mm, bottom diameter 50 mm
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and height 30 mm. The spread (F) was the average of two perpendicularly crossing
diameters. From the spread (F), relative flow area A was calculated by eq. (1)

A = (Firg)? =1 (1)

Where ry = 25 mm, bottom cone radius. Flow measurements were studied in the presence of
0.5% PC sperplasticizer at different w/c ratio.

3 Results and Discussion

Hydrothermal reaction product was characterized by X-ray diffraction and TG-DTG-DTA
techniques. The studies revealed that during hydrothermal reaction hillebrandite (C,SHy ) is
obtained. When this compound is heated at 700°C for 1h, gave B-dicalcium silicate
associated with small amounts of wollastanite as an impurity. Since in the TG experiment
weight losses in C,SH, continued upto 800°C, p-dicalcium silicate was prepared by heating
C,SH, at 800°C. The B-dicalcium silicate thus obtained was also contaminated with small
amounts of wollastanite as indicated by X-ray diffraction pattern.

Scanning electron microscopic studies revealed that the morphology of C,SH, is needle
shaped and when it is heated at 800°C to give HRDS, the morphology remained unchanged (
Fig.1). This showed that HRDS is formed from C,SH, topotactically.

B-Dicalcium silicate obtained by heating dicalcium silicate hydrate (C,SH,)at different
temperatures, contain varying amounts of free lime and possess different specific surface
area. Both the surface area and the free lime decreased with the increase of temperature as
usually expected.

In order to have an idea about the symmetric nature of [SiO,]* tetrahedron in HRDS and the
control, IR spectra were recorded. The frequencies of vibrations of the two B-dicalcium
silicate are given in Table 2.

The peaks in the spectra of HRDS are sharp and more in number as compared to that of
control. The peak positions are also different. These observations show that probably [SiO4]*
tetrahedron is less symmetric or distorted in HRDS than in control.

The variation of electrical conductivities with temperature for the HRDS and control are
shown in figure 2. The results indicate that the values of electricall conductivities at all the
temperatures are higher for the control than that of HRDS. Since surface area of HRDS is
much higher than that of control, a large humber of grain boundaries will be present in the
HRDS. This will lower down the electrical conductivities of HRDS.

Because of high specific surface area of HRDS (4.0 m?g), the paste could be prepared at a
wi/c ratio of 1.5. There is a very little increase in the W, values upto 3 days of h