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Reading guide

Chapter 1 gives an introduction and problem description of the thesis. The method of approach of
the thesis is also discussed. Chapter 2 deals with the current Leiden Bridge. It gives a general
overview of the bridge and also discussed are some technical aspects of the bridge. Besides this the
demands and constraints for the new bridge are dealt with as well. Chapter 3 deals with the first
design for the new Leiden Bridge and that is the design in normal strength concrete. Chapter 4 gives
a short introduction to Ultra High Performance concrete and gives the learning points from the
literature study. Also an elaboration of the transition from normal strength to Ultra High
Performance concrete is given. Chapter 5 deals with the design in Ultra-High performance concrete.
Chapter 6 discusses the design in High performance concrete. This design fills the ‘grey area’
between normal and Ultra-high performance concrete. Chapter 7 contains the optimization process
for the design in UHPC. In this chapter an attempt is made to reduce the amount of material used in
the UHPC design and to make the UHPC design as slender as possible. Then chapter 8 brings all the
designs together, and comparisons are made between each other concerning multiple aspects, such
as structural performance and material use. Chapter 9 discusses the construction of the new bridge.
In the final chapters a conclusion is made based on the findings during the study and further
recommendations are given as well.



Application of Ultra High Performance Concrete in the new Leiden Bridge — Design study

In the Netherlands there are a number of bridges across the country that are at the end of their life
span. These bridges cannot keep up with the ever increasing traffic intensity and therefore they do
not suffice anymore structurally wise.

The same applies for the Leiden Bridge, which is located in the crowded centre of Amsterdam, the
capital of the Netherlands. This old traffic bridge, which was built in the early 20" century, has
deteriorated quite a lot in the past years. The municipality of Amsterdam has decided to replace the
bridge with a new one. This will bring a lot of challenges with it as there are some strict demands for
the new bridge. First of all it is required that the architectural view of the bridge remains the same.
For the structure specifically this means that the construction height needs to remain the same as
the current height. Another important requirement is that the construction of the bridge causes as
less hindrance as possible. This mostly holds true for the trams crossing the bridge. It is preferred
that the tram service is halted as short as possible during construction.

With these requirements as the basis for the new bridge, three designs are developed. The main
dimensions for the bridge are a box girder with a construction height of 600mm (maximum allowed
height is 650mm) and a single span of 24m. The designs should be structurally safe while having
these dimensions. Next to structural safety it is desired to develop a bridge that is as slender as
possible. A single span is chosen instead of two spans (which the current bridge has), because it is
preferred that the intermediate pier of the current bridge remains unused and a single span would
prove a bigger challenge and also a more slender bridge. The three designs are: a Normal Strength
Concrete C50/60 design (NSC), an Ultra High performance Concrete C170/200 design (UHPC) and a
High Performance Concrete C90/105 design (HPC) in that order.

The NSC does not meet the requirements regarding safety and is uneconomical. It is found that there
is not enough fatigue resistance and the high needed amount of prestressing steel and reinforcement
will result in fitting issues of it all in the girder. Required is a much thicker structure of 800mm, which
in the case of the Leiden Bridge is not allowed.

It was expected that a design in normal strength concrete would most likely not be achievable,
therefore a design is made in Ultra High Performance Concrete. UHPC is a fairly new type of
concrete, which is much stronger, more ductile and has a better durability than normal and high
strength concrete. The better properties are mostly due to the very dense matrix and inclusion of
steel fibres. Using UHPC could very well lead to a structural safe and achievable design.

The UHPC design proves that indeed this is the case. The design has more than enough resistance in
both the ULS and SLS. The same also holds true for the fatigue resistance, in spite of the very slender
design, which gave a higher probability of fatigue resistance issues. The design has a lot of additional
capacity so there is room for optimization. Sizing optimization has been performed, where the goal
was to achieve a thinner and more slender beam. This was achieved by being able to reduce the
construction height down to 550 mm and also to make a beam that varies in height over the length
of the beam. It is unfortunately a known fact that producing UHPC is very expensive. Therefore
another design is made in High Performance concrete.

The HPC design uses high strength concrete, but steel fibres are included as well, hence the name
High Performance concrete. This will result in a similar behaviour to that of UHPC, only HPC is
cheaper to produce, but the strength is lower. The HPC design fulfils the safety requirements and is
achievable.
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Comparison of all the mentioned designs shows that the designs that can be made are the HPC and
UHPC design. The UHPC design results in the lightest and most slender structure, but also the one
that is the most expensive, even after optimization. The HPC design would be most realistic choice
for the Leiden Bridge. It is achievable and cheaper than UHPC. Furthermore it has enough durability
to result in a maintenance free life span of 100 years. There are a lot of old bridges just like the
Leiden bridge in Amsterdam and other cities as well and the HPC design (and the UHPC design for
that matter) will bring great structural and economic benefits, since a lot of money will be saved in
the future on maintenance and on replacing the substructure as well.

Furthermore it is recommended to not ignore the benefits UHPC brings, even though it is not the
best choice for the Leiden Bridge. UHPC has the best mechanical and durability properties and for
other applications, especially bridges with long spans, UHPC will most likely be the most economical
choice. If a chance is given to UHPC and if it is considered as a realistic design alternative, it could be
applied more often in the future, which would result in strong, durable and maintenance free bridges
that could last for years to come.
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Chapter 1 Introduction

In the Netherlands a time period has commenced, where a lot of old bridges across the country do
not suffice anymore structurally wise. This is also the case in Amsterdam. Amsterdam is known for
its old historical central district. In the central district are a lot of bridges to be found, which date
back from the beginning of the 20" century.

This is also the case for the bridge that is going to be dealt with in this master thesis, namely the
Leiden Bridge. The Leiden Bridge is a traffic bridge, which serves as an important crossing for
vehicles, public transportation (including trams and buses), cyclists and pedestrians. The bridge,
which can be found right next to the famous Leiden square, was originally an old wooden bridge,
which was then replaced by a stone arch bridge. And this stone bridge has been replaced by the
current bridge back in 1925. Nowadays the bridge has deteriorated quite a lot, so the municipality of
Amsterdam has decided to replace the bridge by a new one.

1.1 Problem description

As said the Leiden Bridge is going to have to be replaced with a new bridge. When making a new
design for the bridge there are a couple of requirements that need to be taken into account. First of
all it is demanded that the appearance of the bridge remains exactly the same as the current one. So
the construction height of the bridge has to stay the same. One of the reasons is because trams pass
the bridge and it is important that the rail alignment stays unaltered. Not only the construction
height has to stay the same, the architecture needs to remain intact as well, especially since the
bridge is a listed national monument.

Second, the Leiden Bridge is located in an area of the city which is very dense and crowded most of
the time. This means a lot of traffic, pedestrians, etc. cross the bridge. So it is a very important
connection point in that area. This means that during construction of the new bridge the hindrance
has to stay a short as possible, so the construction time needs to be very short, as closing the bridge
costs a lot of money and is a large nuisance for the bridge users.

In short when making a new bridge design it is important to keep the construction height the same as
the current height and it is important that the design causes as less traffic hindrance as possible. But
besides this, it is also important that the bridge has a high durability and a long life span.

The current bridge’s superstructure consists of steel girders and a concrete deck. A new design could
be a composite structure like the current one or maybe a bridge made only out of concrete. These
materials however don’t have a very long life span and one has to think that there are a lot of bridges
that need replacement and in the long term it is very important that all these bridges need as less
maintenance as possible. So a solution would be, instead of using steel or ordinary concrete, to use
Ultra high performance concrete (UHPC).

1.2 Research Objective

The main objective of this thesis is to research if UHPC can be a realistic solution for the Leiden
Bridge. More specifically the objective is to find out if using UHPC as a design solution, while taking
the strict demands given by the municipality of Amsterdam into account, will lead to a structure that
is economically, structurally and execution wise more feasible than using other materials. The result
of this research should show that UHPC is indeed a feasible solution for a bridge design and it should
encourage a broader use of UHPC in the Netherlands. Especially since there is a high need for new
and durable materials to use in old and soon to be replaced bridges.
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The research objective can be formulated in a main research question which is:

“Is it possible to make a bridge design in UHPC for the Leiden Bridge, while meeting the strict
demands given by the city’s municipality, which can act, not only for the Leiden Bridge but also
eventually in general cases, as a serious alternative next to other types of concrete?”

1.3 Research scope

This research’s main focus will lie on the constructive design of the superstructure of the Leiden
Bridge. A design is going to be made based on the criterion that the construction height must stay
the same as the current height. Here the focus will be to make the bridge’s superstructure as slender
as possible, while being able to suffice to all structural requirements. While making decisions on the
bridge design the criterion of as less hindrance as possible is also going to be taken account. So a
bridge design that has the fastest and easiest method of construction will be chosen.

1.4 Method of approach

In Figure 1-1 the method of approach of the master thesis is shown in a flowchart. The steps will be
discussed more in detail in the following.

Y

Analysis Current Design Case Study Analysis results & N Conclusion,

Literature stud X R
Y structure Comparison 7| recommendations

A\ 4

A\ 4
A 4

A

y

\ 4
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A 4

High
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concrete

Figure 1-1: Flowchart method of approach

Before the main design study a literature study has to be made in order to gain more knowledge
about the unknown subject that is UHPC. The emphasis of the literature study lies on:

— The characteristics of UHPC (mixture, mechanical properties, durability, costs)

— Performed researches with focus on application on bridges

— Reference projects

— Calculation methods for UHPC.

—  Structural optimization methods
When the literature study is completed, an analysis is going to be made of the current structure.
Here the focus will lie on the structure itself (geometry, material use, etc.). The demands and
constraints will be looked at further and with these appropriate choices will be made for the type of
bridge and the construction method that will be used for the new design.
After the analysis of the current structure a new design will be made for the Leiden Bridge.
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Before making a design in UHPC a design in normal strength concrete (C50/60) will be made first.
This will be done to find out if it is perhaps possible to make the new bridge with a more often used
material. After the design in normal strength concrete a design will be made in UHPC. In a later stage
the UHPC design will be optimized further to try to make better use of the material.

Lastly a design in high performance concrete will be made as well. High performance concrete here is
defined as high strength concrete (C90/105) with the inclusion of steel fibres. After each design is
finished and checked on structural performance, a short conclusion will be made for each design to
see if the design is suitable for the Leiden Bridge, based on its safety. Afterwards the designs are
going to be compared to each other. The main comparisons will be the structural performance,
material use, environmental impact and costs. And lastly the construction of the new bridge is also
looked at.

Based on the work done and the findings in the thesis, conclusions will be made and further
recommendations will be given for future purposes.
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Chapter 2 Leiden Bridge

2.1 General

The Leiden Bridge is a traffic bridge located in the centre of Amsterdam. The bridge crosses the
Singelcanal and it connects Leiden Square with Stadhouderskade. The bridge serves as an important
connection between the old city centre and the 19'" century part of the city. In Figure 2-1 a map is
shown, which indicates where the bridge is located. The bridge is located in a popular and crowded
area, where the traffic flow is very intense. Leiden Bridge serves as a main route and connection for
traffic, especially for pedestrians, cyclists and trams in that area. Moreover a tram and bus station is
located on the bridge, which serves as a stopping point for multiple different lines, so public
transportation frequently stops on and passes over the bridge.
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Figure 2-1: Location of Leiden Bridge in Amsterdam

2.2 History
Until 1830 the Leiden Bridge was actually an old wooden draw bridge. Due to deterioration the

wooden bridge was replaced by a fixed bridge. In 1860 after the demolition of the Leiden Gate, the
Leiden barrier was built, in which the fixed bridge was incorporated. This barrier was mostly made
out of stone. Then in 1874 it was decided by the municipality to demolish the barrier and build a new
bridge together with a sluice. This bridge was completed in 1877. Because of the coming of the
electric trams it was necessary to strengthen the bridge, which happened in 1903. In 1925 it became
necessary again to strengthen and widen the bridge due to increased traffic flow. The bridge was
partially demolished and rebuild again in its current state. The new bridge was designed by Architect
P.L. Kramer. Eventually the bridge was widened from 20 to 30 meters, which is now the current
width of the bridge. The natural stone ornaments (such as the lion heads) on the side of the bridges
were also designed in 1925. Same goes for the steel railings. So most parts on the existing bridge
come from the renovation in 1925.
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The sluice was initially right under the bridge, but the sluice had to be relocated to the north side of
the bridge in 1987, because maintenance of the sluice became too complicated. For reference the
old situation back in the 19*" century is seen in Figure 2-2.

Figure 2-2: Old Leiden bridge, with in background the Leiden Gate
2.3 Specification bridge structure

2.3.1 General dimensions and bridge function

The total length of the bridge is 21m and the bridge has one intermediate support so the bridge
consists of two spans. Under the bridge are two passageways with a width of 9m each. The total
width of the bridge is 29.5m.

As already mentioned earlier the bridge serves as a traffic bridge that is used by cars, public
transportation, pedestrians and cyclists. The bridge is arranged in such a way, that each mode of
transportation has its own lane. The current road layout of the bridge is seen in Figure 2-3. The
layout is such that the heaviest loads are on the inside (tram, bus) and the lightest loads on the
outside (pedestrians, cyclists). This layout will initially also be used for the new design. But the client
possesses the option to change the road layout according to his needs. This means that during design
of the new bridge it is necessary that the road layout with the most negative impact on the structure
(most likely were traffic lanes are the closest to the edges) is taken into account.
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Figure 2-3: Road layout Leiden Bridge

2.3.2  Superstructure

The superstructure of the Leiden Bridge is a composite structure that consists of steel girders with a
concrete cast in situ deck. However the concrete and steel are not connected with dowels, so it’s
technically not a true composite bridge. The structure, because it was widened in the past, consists
of an old midsection part and the widened parts. The steel girders are stiffened with steel diagonals
in the mid-section, which serve as diaphragms.
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The steel profiles for the girders are INP 425 in the mid-section and INP360 and HEB300 in the
widened parts. All steel profiles have a steel quality of S235. There are two spans over the whole
bridge length and the girders are simply supported. The steel girders are 10m long each.

The concrete deck consists of concrete with strength class C30/37 and thickness of 140mm. The
concrete is reinforced with steel bars with quality FeB220. The reinforcement net consists of $8-110
mm in both longitudinal (x) and transversal (y) direction in the concrete deck. The concrete cover is
30mm. The reinforcement scheme is seen in Figure 2-4. The area of the reinforcement is 456mm?2/m.
Assumed is that the bars have a length equal to the length of the direction in which they are placed.
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Figure 2-4: Reinforcement scheme

In Figure 2-5 the cross section of the bridge in transverse direction is seen. One can see that the
section of the wider parts differs from the midsection, as described. Furthermore, on the sides of the
superstructure, natural stone elements and steel railings are located. These only serve for aesthetical
purposes. When the demands and constraints of the new design are discussed, it will become clear
that this architecture may not be replaced.
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Figure 2-5: Cross section Leiden Bridge

With the discussed material an estimation of total amount of each material can be determined.
Besides steel and concrete, pavement and asphalt is also found on the bridge on top of an extra
thickening layer. These will not be taken into consideration as they will also be placed on the new
bridge and they do not have a structural purpose per se. The same holds true for the stone
ornaments and steel railings. So only the amount of steel and reinforced concrete will be
determined.
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In Table 2-1 the amount of material used in the current bridge is shown. These estimated amounts of
the material used can later be compared with the material use in the new design. The amount of

material here is based on the quantification made in [6].

Table 2-1: List of the amount of materials used

Concrete height [m] width [m] length [m] volume [m?] | density [kg/m3] | mass [kg]
C30/37 0,14 29,5 21 86,73 2400 2,1E+05
Steel (S235) Amount girders [-] Area section [m?] length [m] volume [m?] | density [kg/m?] | mass [kg]
HEB 300 4 0,01491 10 0,5964 7850 4,7E+03
INP 360 20 0,0097 10 1,94 7850 1,5E+04
INP 425 62 0,0132 10 8,184 7850 6,4E+04
Reinforcement steel Area section [m?/m] | length in direction [m] |length bar [m] |volume [m?] | density [kg/m?] | mass [kg]
Feb220 $8-110mm (x) | 0,000456 29,5 21 0,282492 7850 2,2E+03
Feb220 $8-110mm (y) |0,000456 21 29,5 0,282492 7850 2,2E+03
Total amount of: [tons]
Concrete 208,2
Steel 84,2
Reinforcement 4,4

2.3.3  Substructure

The substructure consists of two abutments and one intermediate pier. The substructure at the old
midsection differs from the substructure at the widened section.

Midsection

At the abutments and the pier of the mid-section the steel girders are supported by natural stone
elements. The abutments and pier are made out of masonry bricks. The abutments have a thickness
of 1.75m and the pier a thickness of 1.5m. The substructure lies on an 80mm thick wooden floor,
which is supported by wooden piles.

Widened section

The substructure is almost the same as in the midsection. At the abutments and the pier of the mid-
section the steel girders are supported by natural stone elements. The abutments and pier are made
out of masonry bricks. At the widened section however the abutments have a thickness of 1.21m
instead of 1.75m. The pier thickness stayed the same with 1.5m. The substructure lies on a 300 mm
thick unreinforced concrete floor, which is supported by wooden piles.

2.4 Recent inspection and recalculation results

Leiden Bridge is a very old bridge so i