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Abstract

Between the 1950°s and 1970s, a large increase in bridge construction was realized accompanying a
large increase in infrastructure. The increase in traffic intensity and weight results in that many of these
bridges are now in need of reevaluation, possibly resulting in renovation or renewal. Meanwhile human-
caused adverse environmental effects are increasingly impacting the world, of which the infrastructure
sector is a large contributor.

This thesis provides a study into more sustainable renewal projects. The objective of this study is to
provide a design which will increase the sustainability of renewing bascule bridges. The approach for
this study is to:

e Literature review to set a scientific basis for this thesis project.
e Design study to explore the possibilities for bridge leaf design.
e Summary, conclusions, and recommendations to conclude the research project.

To design a more sustainable alternative the “Design for sustainable infrastructure” is followed. The
ambitions identified following the “Ambition web” methodology highlights a great influence of a
structural engineer in environmental sustainability. Key opportunities to increase environmental
sustainability include reusing structural elements, maintaining or reducing the mass of the bridge leaf
and designing the structure to fit inside the footprint of the current bridge.

The design process starts by applying “Circular design principles” to design a variant which reuses most
of the available elements. Following variants increasingly differ from the current structure by removing
elements, changing the materials from of the elements, or using free forming opportunities of FRP to
come to new designs.

The sustainability performance is strongly dependent on the current state of the structure. Reusing the
main structure and renewing only the deck can reduce the environmental impact of the bridge leaf by
up to 53%, while not increasing the mass or requiring more space. Redesigning the entire structure with
a full FRP structure can reduce the environmental impact by up to 48% and could reduce the mass of
the bridge leaf by up to 33%. For both scenarios, the use of FRP, with a balsa core and partly recycled
resins, was thus beneficial for the sustainability of a bascule bridge renewal project.
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Pply Combined density, ply or laminate

Or Density of biobased polyester resin

Pst Density of steel

O1k In-axis characteristic tensile stress limit

02k Out-of-axis characteristic tensile stress limit
T12k Characteristic shear stress limit

N Young’s modulus ratio between fibers and resin
N¢ Shear modulus ratio between fibers and resin
o Tensile stress

T Shear stress



1. Introduction

As more infrastructure is getting dated and climate change is increasingly affecting the modern world,
sustainable renewal projects will have to become the norm.

1.1. Background

Bridges are an integral part of the Dutch landscape, society, and infrastructure. Bridges were built in
The Netherlands as long ago as the Romans, but the oldest surviving bridge is not yet 1000 years old. A
large part of the Dutch inventory of bridges were built between 1960 and 1980, to facilitate the emerging
automotive transportation industry. In total, the Netherlands counts more than 90.000 bridges, of which
it is estimated only around 8.500 are movable. Bridges built from the 60°s onward are increasingly in
need of revision [1].

Over the past decades, the intensity of vehicle traffic and subsequent loads on infrastructure has
increased dramatically. This has consequences for said infrastructure, especially for the longevity of
infrastructure. The amount of traffic, both passenger cars and commercial vehicles, has increased by
+56% from the 90s to mid-10s [2].

At the same time, the Dutch government in combination with the administrators of civil engineering
structures agreed to reduce environmental impact of civil engineering projects. The construction sector
is responsible for a large fraction of greenhouse gas (GHG) emissions. Globally, the construction sector
is responsible for 25% of the CO, emissions, of which almost 40% is non-residential construction. This
totals to about 10 GtCO, equivalent emission. Next to this, the sector is expected to increase its
productivity the oncoming decades, as it already has increased activities by +40% in 2021 since 2015.
This leaves a need for more energy efficient building methods, which produce significantly less GHG’s
per m? [3].

To combat larger problem of climate change, we, as society, have stated the goal of reaching net zero
emissions by 2050 and cutting emissions in half by 2030. This drastic change is needed to limit global
temperature rise to 1.5 °C [4].

All civil engineering project must face this new reality, but certain projects are inherently more difficult
to design more sustainable. Moveable bridges are one of the more challenging projects. They are only
constructed where limited road elevation restricts boat traffic, restricting the freedom for engineers and
emphasizes the need to reduce mass. As transportation has become an important part for Dutch society
[5], an effective solution is required for moveable bridges.

Contrary to the need to reduce mass is the fact that the design standards have changed during the lifetime
of'the bridge to account for greater traffic intensity. This is expected to increase the weight of the bascule
bridge with traditional steel orthotropic deck design. An increase in the weight of a bascule bridge will
have consequences for the actuator, the counterweight and maybe the cellar. These consequences further
reduce environmental sustainability.

A potential solution for moveable bridges is Fiber reinforced plastics (FRP), FRP is a combination of
fibers, natural or synthetic, a bonding material and combinable with a core material to create a sandwich
panel. The bonding agent has historically been a product of the petroleum industry, more recently
alternatives have been thoroughly researched. The use of petroleum products is where the term plastic
comes from. The product has been well adopted in the yachting- and the aviation industry [6].

The material has been studied for years and slowly implemented in civil engineering in the last 20 years.
Earlier studies have concluded that the use of FRP may have a beneficial effect on sustainability of
bascule bridges [7]. Next to this, the material, due to its lightweight nature and increased freedom of
design, can result in structures with lower mass.
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This thesis was brought forward by Royal HaskoningDHYV, as Royal HaskoningDHYV is interested in the
sustainability of bascule bridge replacement. The use of FRP has been identified to potentially increase
sustainability. This not only holds for moveable bridges, but moveable bridges potentially benefit more
greatly from the use of FRP.

1.2. Problem definition

The main problem this thesis will address is the need for greater sustainability in moveable bridges
renewal projects. As mentioned in the previous section, the government and we, as society, have set
impactful goals for limiting the emissions of society. To reach this goal, innovations are needed in fields
as material science and material use, energy use during construction and reduction of embodied carbon.
Next to this, construction and structures optimized for sustainability can reduce emissions significantly
[8]. But there is a need for a design methodology that can provide these sustainability improvements.
Current design processes do not adequately consider the sustainability impact of their project.

For existing movable bridges the problem is more fundamental. They are generally built with full steel
decks or with a wood deck and steel girders. Bridges designed in the 1960’s typically had hardwood
decks. This type fell out of favor as wood is more susceptible to weathering and steel became more
readily available, allowing for larger bridge leaves. Steel orthotropic decks became popular in large span
(moveable) bridges for its structural properties and economic design [9]. Wooden decks are vulnerable
to aging, requiring many replacements. For steel decks fatigue is a growing problem [10].

Over the lifespan of the bridges, advancement in steel fatigue and an increase in vehicle weight altered
the design of steel orthotropic decks to increase in thickness and weight. This has an adverse effect on
movable bridges, as the requirement to move more mass will increase the required capacity of the
actuators and the counterweight. In the worst-case scenario, the cellar housing these elements needs to
be enlarged. [11]. An increase in weight and potential retrofitting of the surrounding components all
decrease the sustainability of renewal projects.

1.3.  Objective

The objective of this study is to provide a design which will increase the sustainability of renewing
bascule bridges. The aim of this project is to achieve an improvement in sustainability by applying FRP
and a design for sustainability process. The expectation is that a (hybrid) FRP bascule bridge will be
able to reduce weight and reduce the environmental impact. This weight reduction is significant as it
can potentially lead to reuse of other elements such as actuators counterweight and prevent redesign of
surrounding infrastructure.

To reach this goal, subgoals are formulated. These goals will be translated into concise research
questions in the next section.

e The first goal is to select a structured and substantiated method for measuring and quantifying
sustainability. The first step in this process is identifying the key sustainability aspects which
should be accounted for during the thesis. The next step would then be devising a method for
quantifying these aspects.

e Next is identifying what materials and design alternatives can be selected which allow for an
increase in sustainability. The goal is to include not only industry proven materials, but also
investigate the use of more novel material layups. The uncertainty which comes with novel
materials is also to be investigated.

e Next up is creating a list of requirements which will list all needs for the structure but will also
include the goals concluded by the two prior subgoals. With this program, conceived design
alternatives can be designed in more detail, entailing multiple iterations, to reach suitable design
alternatives.
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e The following goal is to conclude what alternative design will be best suited for further analysis.
This conclusion must be substantiated, and a combination of design alternatives can also be
found optimal.

e The final goal is to quantify the sustainability gains by applying innovative materials and design
methods.

1.4. Research questions

To guide the research project, concise research questions are formulated. First, the main research
question:

e To what extent does the use of FRP and optimizing for environmental and social sustainability
reduce the impacts of a bascule bridge renewal project?

To help answer this question, a set of sub questions have been formulated:

e How should sustainability be considered to reduce the environmental and social impact of
bascule bridge renewal projects?

e What materials and designs are traditionally used, and which innovative materials can be used
for bascule renewal projects?

e What design variations can be made to increase the environmental and social sustainability of
bascule renewal projects?

1.5. Approach
The approach of this thesis is three-fold:

e Literature review to set a scientific basis for this research.
e Design study to decide which parameters are most effective for bridge leaf design.
e Research outcome to conclude the study.

1.5.1. Literature review
The literature review of this project will aim to clarify key aspects of this innovation. These aspects are:

e Sustainability
e Dutch inventory of moveable bridges
e Fiber reinforced plastics

Research into sustainability will be twofold. First, the current application of sustainability within the
field of civil engineering will be researched. This can provide valuable background, but also an insight
into potential innovations. Second, the methodology of applying sustainability to a design study will be
discussed. This segment will follow the after research of other literature, to be able to apply findings
from the literature review into the methodology.

Research into the Dutch inventory of moveable bridges will have two aims. One of the aims is specifying
the requirements for the case study. These requirements will provide a basis for selecting a case study.
Another result of the research into the Dutch inventory of moveable bridges is to provide an estimate in
the number of bridges for which this thesis could be relevant.

Studying fiber reinforced plastics is vital for applying the technology into the design. This section will
aim to find what materials will be applied in the design phase.
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1.5.2. Design
The process of designing an alternative bridge will be very similar to a standard design approach. The
steps taken to design a valid alternative are:

e [terative process to develop multiple variants.
e  Variant study based on key sustainability factors outlined in the literature research.
e Applying the designs on potential replacements scenarios.

During the iterative process to design multiple variants, sustainability will be constantly accounted for.
The reason for iterating through multiple designs is to learn from design alterations during the design
process and implementing these lessons to further increase the sustainability of the final design. The
environmental and social sustainability will be optimized for during this process. The initial design
variants will all be analyzed based on hand calculations.

The replacements scenarios will provide better understanding and make this thesis more widely
applicable. Although the theory will be applied to a specific case, the aim is to inspire methods for
different cases.

1.5.3. Conclusions

This final design will be compared to a design for the structure with the use of conventional steel
orthotropic deck. This comparison is the conclusion of the project, where a final quantification can be
made on possible sustainability improvements.

1.6. Scope

For this thesis, the scope for the research into sustainability will include the aspects of sustainability,
methods for assessing the sustainability of a project and methods of applying sustainability with models
developed by the Dutch government. These methods and topics will provide the basis for the literature
review. Additional sources for detailing of the methods and topics will be used.

The inventory of bridges will be compiled from publicly available data or data from a survey. Non-
public data which other institution use as sources will be contacted, but the incorporation of their data
will depend on their willingness to cooperate.

All materials included in the review of FRP will be sourced from the leading guidelines for designing
with FRP. Any missing but obvious materials will also be noted.

The design phase will limit itself to the initial design of the structure. For the comparison to be more
accurate all designs will follow comparable steps and be designed with similar levels of detail. Only the
design of the bridge leaf will be considered. Thus, this will exclude the moving arm (detailed),
counterweight, actuators, and basement. The bridge leaf will be designed with parameter constraints to
approximately connect to the surrounding infrastructure.

The results of the design phase will be formulated in accordance with proposed renewal scenarios for
the case study. This will be done to limit the data needed for the current state of the case study, but also
create greater generality.

The research outcome will consist of key conclusion found in the design phase. Next to this, a discussion
is held where the assumptions made during the thesis and their consequences will be discussed.
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1.7. Graphic representation of project

For ease in understanding the project, a graphic representation of the research and design project is
displayed below. This graphical representation will include all mayor parts of this project outlined in the
previous sections. This graphic representation is displayed in Figure 1.1.
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Figure 1.1, Graphic representation research and design project.
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2. Sustainability

2.1. Introduction

As introduced in the first section, the construction sector is a large contributor to climate change. A more
sustainable construction sector is thus necessary if humans attempt to limit global warming [12]. The
primary force behind climate change is global warming, which in turn is mainly caused by emitting large
amount of greenhouse gasses (GHG) [13]. Limiting GHG emission is however not the only aspect of
sustainability. Sustainability is defined as “the ability to continue at a particular level for a period of time
without consequences for future generations™ [14]. This leads immediately to the speculation that
limiting emissions is not enough to be sustainable.

The application of sustainability has its origin in the mid 1980°s. The concept of sustainability has greatly
evolved since [15]. What started as a buzzword or ideal evolved to a galvanizing term which subsumes
several other movements [16]. These movements can be categorized into three aspects:

e Economic sustainability.
e Environmental sustainability.
e Social sustainability.

These elements are described as co-equal, all equally important. [17].

Economic sustainability refers to the practices that support the long-term economic development of an
entity [18]. It is the aspect society has been most interested in for a long time. Not because society has
been optimizing for (economic) sustainability, but for an optimization in return of investment. For many
years the appeal of economic sustainability was greater than the need for environmental or social
sustainability. [19].

Environmental sustainability refers to the practices that support short- and long-term health for the
environment [20]. This concept includes but is not limited to:

e greenhouse gas pollution,
e resource conservation
e natural ecosystem protection.

This aspect of sustainability gained less immediate focus since the Brundtland report, gaining traction
in the mid 00’s. Around this time research which was triggered because of the Brundtland reported clear
conclusions about human induced climate change. Greenhouse gas pollution caused global warming,
material use might cause depletion of finite resources and ever more natural ecosystems are declining
in health [21]

Social sustainability refers to the “health” of a society, promoting wellbeing and accounting for the needs
of individuals and groups [22]. Social sustainability includes the following non-exhaustive principles
[23]:

e Equity/Equality (“Fair and impartial access to social or public services regardless of economic
or social status™)

e Responsibility (“Operating responsibly in the society in which they exist, by acting in an ethical
and transparent way that contributed to health and welfare of society™)

e Social justice (“Justice in terms of the distribution of wealth, opportunities and privileges within
a society”)

e Human capital (“Human beings are an asset in economical systems, partaking in labor and
creating value by means of competence, knowledge, cognitive abilities, creativity and personal
attributes™)
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e Social capital (“This concept is centered around social networks build on trust, reciprocity and
common understandings™)

2.2.  Sustainability aspects

As introduced in the previous section, sustainability can be divided into three categories, environmental,
social, and economic. Although this encompasses all aspects, it is too general to be effective. For a civil
engineering project, it is useful to further divide these categories into aspects. Many aspects of ecological
or economic sustainability can be effectively translated to civil engineering. For social sustainability,
some aspects are difficult to be applied in an infrastructure project. All three categories of sustainability
will be considered, as a fully sustainable solution must take all aspects into account [24]. The aspects
that will be considered are subdivided by the three main categories, and are:

¢ Environmental
o Energy and climate mitigation.
o Materials and circularity.
o Climate adaptation.
o Nature effects.
o Environmental effects.
o Land use.
e Social
o Social value.
o Health and wellbeing.
o Social relevance.
o Accessibility.
e Economic
o Financing.

These aspects are drafted by the Dutch governing bodies combined as CROW and detailed in what’s
called the ambition web, part of the “Approach to sustainable infrastructure”. This ambition web consists
of the above-mentioned aspects, as well as the ambition expectation per level of each aspect. The
approach to sustainable infrastructure is detailed in section 5.

For the following sections, each aspect will be explained more thorough. For each aspect, the definition
is first defined following the definition from ambition web [25]. This definition may be broadened with
additional sources. Following the definition, the aspect is interpreted for circumstance specific to
moveable bridge renewal projects. Finally, if relevant, more detail is given for an aspect for this thesis
specific matters, such as, but not limited to, materials (FRP vs. steel), design.
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2.2.1. Energy and climate mitigation

2.2.1.1. Detailed definition
As the name details, this aspect is about preventing energy use and the release of pollution. To measure
this aspect, the emissions of the structure over its lifecycle are measured. The lifecycle emissions or
environmental life cycle assessment (LCA) is comparable to the life cycle costs (LCC) of a structure, as
it accumulates the costs of the structure over time. Instead of expenses, emissions are accumulated. The
emissions can be grouped in the same phases as the LCC, however it is more insightful to list the main
parameters that influence this score.

Like the lifecycle costs, performing a LCA will include all phases of the structure. This can be combined
in environmental impact calculators such as the environmental costs indication ECI (MKI in Dutch)
[26].

The main parameters are:

e  Materials used for the structure.

e Installation of the structure.

e The protection treatment of these materials.

e Operation, repair, and maintenance activities.
e The end-of-life treatment.

The most significant contributors to emissions are the used materials for the structure and the energy
used for operating the bridge. This influences the immediate environmental costs of the structure and
dictate the repair, maintenance, and operating costs during the lifetime of the structure. The main
contributing environmental aspects are, but not limited to [27]:

e Global warming potential (GWP).
e Acidification potential (AP).
e Abiotic depletion potential (ADP).

2.2.1.2. Aspect applied on movable bridge renewal projects
The method for assessing their performance will be a LCA, with the use of an ECI calculator. The ECI
calculator uses lifecycle phases to assess the impact of a structure with different use cases. The life
cycles are categorized from A to D, where [28]:

e Al to AS: Production phase.

e Bl to B7: Use phase.

e (I to C4: Removal phase.

e D: Environmental impact outside direct system influence (recycling / reuse).
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2.2.2. Materials and circularity

2.2.2.1. Detailed definition
Raw material collection, processing and implementation account are one of the most energy intensive
processing in civil engineering. This section will go into use of new raw material- and generation of
waste prevention.

As mentioned, every lifecycle of the material will require energy to process it into a new required form.
The total amount of CO, emitted during this lifecycle is called the carbon footprint (CF), and decisions
on what material is more effective will increasingly take this figure into account. There is also a measure
for energy used in its lifecycle, called embodied energy (EE). For the direct comparison between two
materials an index considering both factors can be considered. An index for this is the SUB-RAW index,
creating a logarithmic scale between embodied energy and CO» footprint. With which a consideration
between the effect on CO; emissions and EE by switching materials can be made [29].

The problem with such indices is that not all aspects are considered. This means incorporating the index
into a LCA is also problematic, as there will be uncertainty on what aspect are considered by which
analytics. Effectively, the best way to incorporate raw material usage is in an LCA, so this is considered
in the ECI calculations.

Waste is unwanted matter or material, especially what is left after useful substances or parts have been
removed [30]. The construction sector in the Netherlands produced over 100 million metric tons of waste
per year in 2018 (last year before the COVID pandemic measured). The construction demolition waste
(CDW) was estimated at 24 million metric tons [31]. More alarmingly, before the COVID pandemic,
this was an increasing metric. Reducing waste production is seen as an effective step in increasing
material efficiency and therefore sustainability. EU ambitions are currently to recover 70% of solid
nontoxic materials, with recycling [32].

On the other hand, the Netherlands has become very efficient in recovering materials from waste and
prevent landfilling. Only 1% of the produced waste by weight from demolition was landfilled, most of
the materials recovered were recycled, for non-energy purposes [32].

Materials that avoid these problems are renewable materials, or biobased materials. Biobased materials,
such as wood, provided some requirements are met such as sustainable harvest, is considered renewable
because it grows naturally, not depleting the worlds resources [33]. Implementing biobased materials is
thus an effective measure to implement circularity.

Probably the most effective method for reducing material usage is the circularity principle with the value
hill. The value hill has two mayor principles. First, assembling a product adds value, in the sense of
work, to produce materials, systems, and the product. Disassembling or destroying these products then
also destroys this added value. Retaining this value, or work, reduces waste and will allow for less work
needed for future reuse of these materials, systems, or products. A schematic of the value hill is displayed
in Figure 2.1 [34].

POST-USE

Figure 2.1, Value hill.
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2.2.2.2. Aspects applied on moveable bridge renewal projects
Effective measures to apply the value hill is to design the structure such that elements are separable.
This allows for easier reuse of elements at the end of life, easier separation of materials for recycling
and provides easier repairability or allows for future changes.

To conclude, circularity will be accounted for qualitatively by adopting the value hill principles. Next
to this, bio-based materials will be implemented were possible. During the performance assessment of
the structures, the ability to retain value will be assessed and design revision can be made to improve
this performance.

2.2.3. Climate adaptation

2.2.3.1. Detailed definition
The term climate adaptation is used to represent the ability of the structure to keep fulfilling its
requirements in the future under a changing climate. The focus of this aspect is to prevent or reduce then
negative effects from future climate effects on the project.

Effects identified which might affect a project in the long term include:

Flooding
o Prevention by ensuring storage capacity.
o Protection against high water.
e  Water shortage
o Prevention of damage because of water shortage.
e Heat
o Prevention of heat stress.
o Prevention of nature fires which endangers users or nature.
e Extreme weather
o Prevention of damage because of thunder, hail, storms, or strong wind.

2.2.3.2. Project interpretation
Many aspects listed above are not relevant for moveable bridges. Water storage capacity is not feasible,
but high water might cause damage to structures. Water shortage is not relevant, as a moveable structure
does not consume water. A bridge has little effect on heat stress, though expansion joints will need to be
adequately designed. Finaly, change in strong winds affect the operational conditions of a moveable
bridge.

For this project a qualitative assessment will be made if the bridge is climate resilient. Flooding, heat,
and extreme weather can have effect on future operational requirements. It is important that during the
design of the structures this aspect is thoughtfully considered. It is assumed that these aspects will be
forestalled by applied norms.

2.2.3.3. FRP specific considerations
Temperature is a significant factor in the material properties of FRP. The reduction of material properties
is amplified if the glass transition point is reached, where the material transitions from a glassy state to
a rubbery state. Heat adaptation for FRP will include the considerations of temperature changes in the
future, and what effect this temperature changes have on the material. For this project, it is assumed that
the prescribed temperatures by the norms forestall the adverse effect of the temperature increase.
Additional measures may be necessary for specific circumstance, or if the norms are found inadequate.
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2.2.4. Nature effects

2.2.4.1. Detailed definition
Nature effects represents the influence a project has on the surrounding nature. This includes two
principles, ecological structures, and biodiversity. For a thriving natural area, both the ecological
structures and biodiversity are required.

Ecological structures represent the living area of the natural area. Factors influencing the ecological
structures are:

e Maintaining living spaces and ecological connections.

e Improving ecological connections and prevention of fragmentation of natural areas.
e Limiting loss of natural areas.

e Make provisions for adaptability within the ecological structures.

Biodiversity represents the animals and plants living in each natural area. Important is not only that the
number of animals and plants is numerous, but also that there is a diverse set of species. More
biodiversity helps an area to be adaptable, creating more resilient nature. Factors influencing the
biodiversity are:

e Building nature inclusive.
e Prevention of nuisance from lights, noises, and vibrations.
e Use of local flora to provide habitat for local fauna.

Methods of determining natural effects can be quantitative:

e Counting animals (species and amount), plants (species and amounts), trees (species and
amount).
e Loss or gain of (fragmented) natural area.

Other qualitative methods are:
e Evaluation of ecosystems, with argumentation based on observations.

2.2.4.2. Aspects applied on moveable bridge renewal projects
For bridges the surrounding area dictates the function the bridge fulfills in ecosystems. Regardless of
the case, a moveable bridge can have limited effects on some of the aspects listed above. Creating living
spaces on moveable structures is undesirable for larger fauna, and for vertically rotating bridges this also
applies to smaller fauna. Ecological connections are possible with bridges, but similarly to living spaces,
for vertically rotating bridges this can be problematic. Limiting loss of natural areas is always desirable
and making provisions for adaptability can only have an effect if ecological structures are utilized.

For biodiversity, creating an ecosystem, thus building nature inclusive or providing habitat for local flora
and fauna is problematic on moveable bridges. Prevention of nuisance is however possible, lighting
systems can be designed to minimize wasted light and there are numerous methods to reduce noise and
vibrations [35]. A more detailed study into reducing nuisance is outside the scope of this project.

For this project, ecological structures are difficult to incorporate and is thus not accessed. Prevention of
nuisance, a factor for biodiversity, should be assessed per bridge. Some elements, such as lighting
systems, can be adopted such that it limits it nuisance. This is however outside the scope for this thesis.
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2.2.5. Environmental effects

2.2.5.1. Detailed definition
Environmental effects are a collection of environmental influences a project has on its (local)
surroundings. Many activities in civil projects affect the quality of the environment. The quality of the
local environment is divided into three categories: water-, soil-, and air quality. To improve the quality
of these environment a set of goals has been drafted, these are:

e  Water
o Prevention of ground and surface water contamination.
Methods of collecting, transporting, and cleaning (contaminated) water.
Prevention of polluting of water.
Decreasing use of toxic chemicals.
Prevention of leaching of materials.

O O O O

e Soil

Prevention of soil contamination.
Remediation of contaminated ground.
Maintaining the balance in a soil system.
Stimulating soil life and achieving fertile soil.

O O O O

e Air

O

Reducing NOx emissions.

o Reducing of health damage due to construction equipment.

o Preventing the use of high polluting (no particulate filter, high NO> emissions)
machinery.

o Limiting the emissions of particulate matter and NOx during the use phase.

2.2.5.2. Aspects applied on moveable bridge renewal projects
Moveable bridges have very little influence on the soil quality, due to their being very little overlap.
There will however be a construction site, for which soil quality needs to be considered. The construction
phase is however not considered in this thesis.

Water quality is more relevant for moveable bridge replacements. Rainwater on bridges is deemed
contaminated, thus it is important to take measures into preventing the seepage of rainwater into surface
or groundwater [36]. Another risk is the use of toxic chemicals, both for the use of FRP and for the
conservation of steel, toxic chemicals are used. It is important that during the use of these chemicals that
measures are taken to prevent the contamination of the local water quality.

For air quality, a moveable bridge is powered solely by electricity, producing no particulate matter or
NOx emissions. However, during the construction phase or during maintenance there will be production
of pollution. Measures can be the use of (partly) electric equipment or even acquiring newer machinery
with more effect pollutant filters [37]. These measures will be beneficial for the LCA as well, lowering
emissions during construction phase.

For this project this aspect will not be considered, because of the identified factors above are outside of
the scope. It is important that for a complete assessment of sustainability these factors must be
considered, but they are not directly influenced by the design choices made during the initial design
phase of the bridge leaf. The emissions of the construction phase are considered with base values
provided by databases. Improvements over the base values are worth researching for every construction
project.
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2.2.6. Land use

2.2.6.1. Detailed definition
Land use or rather the allocation of (natural) area to structures or non-natural functions reduces the
available area in which natural functions can be conducted. This not only consists of above ground land
use, but also in ground land use. The goal is relatively simple, minimize the amount of land a project
claims, to allow as much natural functions as possible.

For both above- as below ground the goals to accomplish this can be summarized to the following:

e Efficient use of land area both above and below ground.
e Minimize waste area and ground (both during construction and on the final design).
e Combine functions to increase efficiency.

Next to this, due to historic reasons, additional preventive measures may need to because of:

e Archeological value
o Research may be necessary to determine the value.
o Measures may be necessary to maintain the value and to be able to display and
communicate this value.
e Explosives
o Research may be necessary to determine the risks.
o Measures may be necessary to minimize or eliminate the risks.

2.2.6.2. Aspects applied on moveable bridge renewal projects
For bridges crossing water, as stated previously, very little land area is used. This however does not
eliminate the necessity to prevent wasteful land use. During the design-, construction- and maintenance
phases attention must be paid to prevent wasteful land us.

For renewal projects of moveable bridges, maintaining as much of the surrounding infrastructure is
beneficial for the land use aspect. If the possibility arises such that no work must be done on elements
such as the connecting roads or the mechanism (cellar), then this reduces the land use of the final
structure. During construction and with maintenance additional land use can be reduced to as little as
possible.

Additional preventative measures may still be necessary because of archeological value or explosives.
Case study specific circumstance might require additional research if historical data suggests that this
was inadequately done previously.

For this project, the aim to fit a new structure into the footprint of the previous minimizes the effect of
the structure on the aspect land use. The minimization of land use during construction or maintenance
is outside the scope of this project. So is the evaluation of the possibility of archeological value or
explosive risks.
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2.2.7. Social value
2.2.7.1. Detailed definition

Social value, in Dutch “Ruimtelijke kwaliteit”, is the aspect that aims to increase the value of any civil
project for its user. It consists of the following categories:

e Future proof
e Relevance
e Social security

The future proofing principle is in essence self-explanatory, designing a structure such that it will be
functional for its lifespan. Future proofing aims to ensure that a system will not be superseded by the
need for future capabilities. The concept consists of multiple aspects to fulfill this need [38]:

e Analyze and anticipate what and when future needs might occur.
e Analyze the performance of the structure with these new needs.
e Adapt the structure to future needs if required.

e Repeat steps until a satisfactory result is acquired.

Relevance is a core principle of social value. Without relevance the value to its users is limited.
Relevance can be categorized with the following goals:

e Ensure functionality meets demands and is of high (enough) quality.
e Ensure the accessibility for the relevant end users.

2.2.7.2. Aspects applied on moveable bridge renewal projects
For a renewal project, it is important to considered if the structure is- and will stay relevant before
renewing it. Case specific circumstance might provide basis for additional requirements for the renewal
project because of relevance. An example for bridges might be the inclusions of additional paths or lanes
for road traffic, cycling, or walking.

Social security is about ensuring the creation of an environment within any user is comfortable. This
can be created by creating an open space, ensuring enough lighting, or removing unpredictable street
elements.

2.2.7.3. FRP specific considerations
For this project, a qualitative assessment will take place to ensure if the structure is future proof and
relevant. Social security is an important factor for any bridge, as the bridge needs to feel safe to be used
and is thus translated into requirements. This is more relevant for FRP bridges in comparison to steel
bridges, as FRP bridges are more prone to deflections which might provoke an unsafe feeling.
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2.2.8. Health and wellbeing

2.2.8.1. Detailed definition
Health and wellbeing focuses on the social responsibility an organization, company or governing body
has on their employees or sub-contractors. It consists of the following criteria [39]:

e Employment stability

e Employment practices
e Health and safety

e Capacity development

Employment stability criteria reflects the creation / maintaining of labor, while employment practices
reflect the equity of that labor. Both aspects are important for a company or organization to consider, as
the workforce is an import asset. An important factor in this is the complexity of the work, for FRP, the
work is relatively simple compared to steel and less physically taxing compared to concrete [40]. This
creates jobs where workers can invest in their abilities and contribute meaningfully from an earlier stage
in their development.

Health and safety are important topics in Civil engineering. In Europe, 753 construction workers lost
their lives due work-related accidents. For every construction worker that lost it life, around 400 workers
got injured. In total, approximately 1 in 60 workers get injured every year [41].
FRP can be beneficial, as heavy construction element are categorized as a health and safety hazard on
construction sites [42]. Working with FRP has unique health concerns, as both the fibers as the bonding
agent can cause health risks. However, studies show that with adequate protection, the risks of working
with these materials can be significantly limited and to have low risk [43].

Capacity development criteria reflects the contribution of a project towards research and development
(R&D) or career development. Both aspects are important consideration to increase social sustainability
of a society, as R&D and career development increase the abilities of a society.

2.2.8.2. Aspects applied on moveable bridge renewal projects
For moveable bridges this aspect is as important as for any civil engineering project. Ensuring the health
and wellbeing of all involved is the basis for a good working condition. In general, an engineer has little
impact on this aspect, although the consequences from the use of FRP will be outlined in the following
section.

2.2.8.3. FRP specific considerations
There is no evidence that the adoption of FRP in civil engineering has an impact on employment stability.
Equally, there is no reason to suggest that an increase in FRP construction has consequences in the health
and safety of the construction sector. Current research suggests that, while there are significant health
hazards attributed to working with FRP, protection measures are sufficient in protecting the workers
from these hazards [43]. A benefit of working with FRP can be the reduction of the mass of the structure.
A lower mass of any structure could reduce the health and safety risks [44].

On the contrary there is a basis to suggest that the adoption of FRP can increase equity, for a larger share
of the population is presumed to be able to work in the industry. However, the industry has always
attributed a low score to this factor [45] [46]. Most indicators focused on scoring employment practices
are post-initialization, measuring satisfaction during or after the project [46].

These factors are all relevant for bridge renewal projects but is mainly a consideration for management
and not for engineers. Although FRP might improve certain elements of this aspects, this is difficult to
outline in relation to design variants.
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2.2.9. Social relevance

2.2.9.1. Detailed definition
Social relevance is associated with ensuring that the local influence in a project is included. It
encompasses around the concepts of:

e Public support.
e Corporate social responsibility.
e Sustainable use of workers.

Public support or -involvement is important for any civil engineering project. It is to be included to
prevent the misrepresentation of the local interests. With public support, a project is more likely to
address the matters of the local inhabitants. A sub aspect of public support is local habitants’ engagement,
which aims to improve the understanding of the local interests. Another sub aspect is Social Return
(SROI), which is a concept in the Netherlands that aim to incorporate disadvantaged workers with works
related to any project. This can create opportunities for workers to increase the opportunities in the
future.

Corporate social responsibility (CSR) is a business approach that aims to increase the understanding
with companies to not only prioritize economic performance. This can have benefits for both their
clients, stakeholders and thus for themselves. In the context of a civil engineering project, it is possible
for the recruitment to take corporate social performance into account. This could improve work relations,
efficiency from which the local habitants stand to benefit [47].

Sustainable use of workers is a sub concept of corporate social responsibility. It aims to improve to work
conditions for all workers involved. The benefits are then also closely aligned with those of CSR.

2.2.9.2. Aspects applied on moveable bridge renewal projects
These factors are all relevant for bridge renewal projects but is a consideration for management and not
for engineers. Therefore, this aspect is outside the scope of this project and thus will be given minimal
consideration.
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2.2.10. Accessibility

2.2.10.1.  Detailed definition
Accessibility encompasses multiple aspects regarding how an object can be used. These are:

e Reachability.
e Efficient use of infrastructure.
o Traffic safety.

For reachability considerations are:

e Ensuring future proof traffic functionalities.
¢ Enabling usability for individuals with physical impairments.
e Reducing user delay from object down time.

For efficient use of infrastructure, it is important to prevent creating connections that are unnecessary.
Next to this, a stimulus can be created for more sustainable forms of transport. In example, facilitating
clean modes of transport by implementing charging spaces can be considered.

Traffic safety is also to be considered. The term encompasses quantitative aspects such as annual
accidents, injuries, or casualties. A downside of using quantitative aspects for smaller roads can be the
limited amount of data. More qualitative aspects can also be considered, such as users experience
surveys.

2.2.10.2.  Aspects applied on moveable bridge renewal projects
For this project, reachability will be considered, with a focus on a reduction of user delay. The following
calculation can be made to quantify the effect of a bridge closure. The assumption has been made that a
road closure has no effect on the number of travelers who want to travel from their origin to their
destination who would normally use this connection.

For the calculations the first step is to quantify the amount of extra time a traveler would need to spend
to travel. This will be defined as t,,,-, and can be calculated or assumed based on the connection. Next,
the number of travelers who would use the connection. Multiplying these values will result in the
cumulative amount of extra time spent traveling [48], defined as I,,, given in Formula 2.1.

10(6) = toxtra * fi®) © Iy = torira * f f(Ddt

(2.1)
The total amount of delay costs can then be computed with Formula 2.2.
De =1 * fe
(2.2)
Where f, represents the costs of the delay per person-hours.

Other sub aspects for this project will not be considered. It is outside the scope for this project to consider
other options for the design of the structure that could either increase the efficiency of the structure or
the safety of the road users.

2.2.10.3.  FRP and design specific considerations
The use of FRP and the design for fast replacement or maintenance can have a significant influence on
this aspect. Case specific circumstance, such as availability of detours, will be the determining factor
for if this is relevant.
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2.2.11. Financing

2.2.11.1.  Detailed definition
Financing is another term for considering the economic consequences of the structure during its lifetime.
This can be considered with the LCC [49]. The cost follows the phases of a project [50]:

e Planning/Construction phase, the costs associated with these phases are investment costs. These
include research into unproven material / construction solutions.

e Operating phase, the cost associated with this phase is also called the operating costs or upkeep.
This expense comes from inspection, maintenance and/or renewal of minor parts of the object.

e Discounted costs, these expenses are not directly tied to a phase of the object but is a
representation of the current value to eliminate the effect of inflation.

These three costs combined are the life cycle costs of an object. Calculating the life cycle costs of an
object is generally called a lifecycle assessment. A similar operation can also be performed for the
emissions of an object during its lifecycle, this will be discussed in its relative section.

Vehicle operating costs can affect two aspects of sustainability, economic and environmental. For
economic costs, the costs can be divided into fuel consumption and maintenance.

Fuel consumption is the dominant vehicle operating cost [51]. Fuel consumption varies with many
environmental variables, the most governing are vehicle mass, engine efficiency and road conditions.
Looking solely on road conditions, pavement roughness is used to define the road conditions, expressed
in an integrational roughness index (IRI), measured in m/km. In general, an increase of 1 m/km will
increase in 2% to 3% increase in fuel usage.

Maintenance for road vehicles is the other large operating cost. Like fuel consumption, the maintenance
expenditure for road vehicles is dependent on many factors. Generalizing again for road condition, under
a certain threshold, there is no dependency of road condition to maintenance expenditure. Only after this
threshold, the expenditure is relative to road condition. This threshold is around 3 m/km, an increase
from 3 to 4 m/km will increase expenditure by 10 %, from 3 to 5 m/km will increase expenditure by
40% [52]

Consuming fuel effects costs of operating a vehicle but also cause environmental damage. Over the last
decade the average cost for fuel is € 1.69 in the Netherlands [53] and every liter emits approximately 2
Kg of CO,eq.[54] On average, maintenance accounts for € 0.034 per km [55], but causes no significant
environmental damage [54]. There is no evidence that the type of bridge or material used for the deck
have an impact on the road durability and therefore fuel costs.

2.2.11.2.  Aspects applied on moveable bridge renewal projects
Financing is an aspect of sustainability which is difficult to generalize, but almost always important. For
an engineer, the design can be optimized to reduce the costs of a structure, either initially or over the
lifespan of the structure.

2.2.11.3.  FRP specific considerations
It is important to implement a LCC analysis for projects which consider FRP. The initial costs of
producing an FRP structure are often more significant than for more traditional materials. These costs
may be offset over the lifespan of the structure, with reduced upkeep or with a longer lifespan [56].
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2.3. Application of sustainability

To conclude this section, the ambition web will be brought forward again. As this entire section, the
ambitions are considered with respect to a structural engineer. The influence of an engineer is not equal
in every aspect. This will be generally represented in this ambition web. The levels displayed in the
section correspond to the level of applicability for this project, where:

1. This aspect will receive minimal consideration.
2. This aspect will receive thoughtful consideration.
3. TItis aspired that this aspect will reach the highest achievable performance.

The ambition web, following the argumentations and consideration in the individual sections, is
displayed in Figure 2.2. For how these aspects will be considered during the design process, a
methodology is detailed in section 5.

Energy and climate
mitigation

Materials and

Financin . .
5 circularity

Accessibility Climate adaptation

Social relevance Nature effects

Health and wellbeing Environmental effets

Social value Land use

Figure 2.2, Ambition web.
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3. Moveable bridges in The Netherlands

This section will go into the inventory of moveable bridges in The Netherlands. The goal of this section
is to create an understanding of the moveable bridge renewal tasks that awaits the infrastructure sector.
For this section data is collected in two ways, one is desk research by governmental bodies such as
Rijkswaterstaat or research bureaus. Second, a survey has been conducted between municipalities and
provinces.

3.1. Data collection

According to TNO The Netherlands has 8500 moveable bridges [57], of which, Rijkswaterstaat owns
167 [58]. Further research into the database from Rijkswaterstaat and waterkaart.nl shows a list of
around 1500 bridges which span a waterway, cataloged into a database for waterway users. The data
from Rijkswaterstaat and waterkaart.nl correlate strongly, indicating that waterkaart.nl might make use
of the Rijkswaterstaat data. No other sources have provided information on the figure from TNO.

Looking into the waterway dataset from Rijkswaterstaat, each bridge location can be plotted onto a map
Figure 3.1. Three main conclusions can be drawn from this map:

e Bridges are unevenly distributed through the Netherlands. The northern provinces and Holland
account for more than 70% of all bridges in this dataset.

e The dataset does not contain all bridges, as mentioned previously. When comparing a more
localized region of the map to a manual search of the area, the difference between the data
becomes more apparent. The waterway data is focused on waterway users, and therefore only
list public bridges which waterway users may encounter reasonably frequently.

e There is no reason to assume that some regions are overrepresented compared to other regions.
Therefore, even though the total number of bridges maybe wrong, the distribution of them is
assumed of to be correct.
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Figure 3.1, Map of movable bridges, from Rijkswaterstaat.
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Comparing the bridges in the region of Gouda to the dataset gives an indication into what data is missing.
The missing bridges can generally be placed into either or both of the following categories:

e Moveable bridges in regions where waterway traffic is (almost) nonexistence.
e Smaller bridges connection smaller roads to private property.

This gives reasonable expectation that the real bridge inventory of moveable bridges of interest is larger
than the analyzed 1500 bridges. The discrepancy was however not significant enough to explain the
8500 estimates from TNO. The question remains if these structures will have the same moveability
requirement if these are assessed for replacement.

Analyzing the location of the bridges indicates that moveable bridges are not evenly distributed through
the Netherlands. As indicated above, the northern provinces and the Holland’s combined inventory
accounts for over 70% of the total for The Netherlands. This meets expectations as these regions are
known for their waterways and is assumed to be not a statistical error. A pie chart with the distribution
of the bridges in the Netherlands is shown in Figure 3.2.
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Figure 3.2, Distribution of bridges per province.

The next step in the analyses is the survey conducted by governing bodies, with both municipalities as
with provinces. The goal of the survey was to determine the bridge systems and age of the bridges. In
total, the responses account for 190 bridges, 12.5% of the waterway dataset or just 2% of the TNO
estimate.

Looking at the bridge system, around 50% of all bridges are classified as draw bridges, with bascule
bridges consisting of around 30%, see Figure 3.3. For this thesis the focus is on bascule bridges, but the
technology might be able to be adopted for draw bridges as well due to their similarities.
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Figure 3.3, Moveable bridge type, separated by admin type.
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Further analyzing the specifications of the bascule bridges, many bridges are very limited in length. The
width of the waterway that must be unobstructed is specified based on the waterway classification. Most
bridges are over waterways for which this width is no longer then 16m. This is visible in the data, with
over 80% of all the bridges having a maximal length of 16, see Figure 3.4
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Figure 3.4, Length of bascule bridges, separated by admin type.

Analyzing the construction years of the structures, a notable peak around 1960 is visible. Considering
the average lifespan of 60 to 70 years, the year of 1970 is chosen as the cutoff year to make an
estimation of the coming assessment projects. 53% of provincial bridges and 77% of municipal
bridges are constructed before 1970, see Figure 3.5.
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Figure 3.5, Construction year of bascule bridges, separated by admin type.

3.2. Extrapolating the data

This section will use the data above and produces an estimate for the moveable bridge inventory of The
Netherlands. The initial question is: how many bridges of interest are there? The answer to this question
remains ambiguous, as the data TNO used is not publicly assessable. For this thesis the answer will be
assumed on 1500, as these structures can be accounted for.

An estimation on the distribution of ownership per government type is done as followed.

e The first step is to apply the known number of bridges managed by Rijkswaterstaat.

e The next step is to apply the distribution of bridges per province on the data acquired from the
provinces.

e Finaly, what remains is assumed to be under management from the municipalities.

This estimation assumes that the distribution of owners remains constant throughout the Netherlands.
The downside of the estimation is that this is most likely not the case, but merely a decent estimation.
What is given is that the municipalities and the provinces own almost 90% of all “mayor” moveable
bridges. A visual representation is given in Figure 3.6.
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Figure 3.6, Distribution of bascule bridges over admin type.

Extrapolating the bridge type, dimensions, and age of the accounted 1500 bridges results in the following
numbers, see Table 3.1.

Table 3.1, Summary of the relevant inventory of bascule bridges in the Netherlands.

Statistic Bridges of interest

Bascule bridges ~ 500
Bascule bridges with length 16m or less ~ 400
Bascule bridges before 1970 ~ 250

It is important to understand that these figures are a rough estimation based on a limited survey. That
said, it does provide an insight into the challenge at hand. Given around 500 bascule bridges of which a
potential 250 reach the point where reassessment becomes important, providing a more sustainable
solution to renewal project is important.

Any savings provided in the conclusion of this research project, can potentially be applied to the 250
bridges with are reaching the point of reassessment. Even if these savings might not be possible due to
case specific circumstance, the methodology discussed in this thesis can be applied.

3.3. Bascule bridges

The most common design of the main structure of moveable bridges has for a long time been steel. Steel
designs allows for long spans with low weight, ideal for moveable bridges. Older bridges tend to be
build using wooden decks. This has not always been the case, before steel as a building material was
readily available, wood was the only material with which moveable bridges were conceivable.

In the previous section, the year of 1970 was used as a cutoff to determine the number of bridges that
will start to require assessment in the coming years. This is not the only significance of this period. From
the 1960’s onward (though not instant), wooden decks fell out of use in favor for steel orthotropic decks.
Initially, this was done to further reduce the mass of the bridge deck. To achieve this mass reduction,
thin steel plates were used, down to 12 or even 10 mm [59]. It is assumed for this thesis, that the average
cutoff was around 1970.

The downside of thin steel decks is that these structures are vulnerable to metal fatigue. This was at the
time not a problem. Traffic weight and intensity meant that this was not the problem during the
development of steel orthotropic decks. Next to this, the understanding on metal fatigue was not far
enough advanced to allow for designs less susceptible to metal fatigue.
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Studies into the actions of the steel orthotropic deck have changed the design of these decks. Modern
steel decks, following the Dutch National annex EN 1993-2, are proposed to be 15 to 22 mm thick [59].
This is a significant increase in material use and therefore mass. Other improvements have been made
in the detailing of the connections, making them more complicated to produce. Advancement in welding
automating has diminished this problem and even allows for more complicated designs. Due to the
increase in mass, modern steel decks no longer have the weight advantage because of the increased
thickness.

Another downside of wooden decks is that wooden decks need to be replaced every 25 to 30 years [60].
Although a recent case, the Van Brienenoord bridge, had a wooden deck which reached a lifespan of 40
years [61]. Steel as well as wood requires regular maintenance, as steel without protection will corrode.
Modern corrosion protection, in the form of a coating, must be renewed every 20 to 25 years [62]. Other
options such as galvanization might increase the lifespan of the coating [63], but have far higher
environmental impact [64].
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4. Fiber reinforced plastics

Fiber reinforced plastics or fiber reinforced polymers is a composite material made of fiber
reinforcement in a resin matrix. Fiber reinforced composites have been used since the Egyptian empire,
where fiber reinforcement was usually added in the form of flax or straw. In the early 1900s, plastics
were developed which would form the basis for the polymer resins used today. Development in the
1930s created the possibility to mass produce glass fibers, allowing for the industrial production of glass-
fiber reinforced plastics (GFRP) [65]. Although the current material has gone through many
advancements, the possibilities for end-of-life recyclability remains limited. [66]

Two material challenges of FRP result in a common application of FRP as a sandwich panel. The first
is that, compared to materials such as steel, FRP is less stiff. Second, a shear force perpendicular to a
laminate will result in interlaminar shear. This is a force which results in individual layers of fibers being
separated from their matrix, called delamination. This is a matrix dominated failure mechanic, which is
a significant problem for elements with high concentrated perpendicular loads, such as a road deck.

Sandwich panels counter these problems by creating height which provides stiffness instead of the
material itself. For the second problem, the core is better suited for perpendicular concentrated forces.
For softer core materials, which tend to be lighter, the core is not strong enough for these forces. Tho
further increases the resistance to out-of-plane shear, webs can be constructed. This results in a balancing
equation, using lighter materials will reduce the mass, but will requiring webs, which can have adverse
effects on the environmental impact, costs, and production time.

This section will divide FRP into three subsections, fibers, the resin matrix, and its core.
The following fiber materials have been analyzed:

e Glass fibers
e Carbon fibers
e Aramid fibers
e Basalt fibers
e Natural fibers

The following resins are considered:

e Polyester
e Epoxy
e Biobased polyester

The following cores have been considered:

e Foam
e Balsa

The materials have been chosen because they are described within the norm with which the variants
are designed or promise significant sustainability benefit.
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4.1. Materials

4.1.1. Fibers

The main fibers used in engineering are glass-, carbon- and aramid fibers. Aramid fibers are synthetic
polyamide molecules, where brands have commercialized copyrighted formulas such as Kevlar. Aramid
fibers can potentially obtain high strength, although their compressive resistance is substantially lower
than their tensile properties and brittle failures from impact [67].

Glass fibers is a group name for fibers from glass, where the composition of the glass can alter the
properties of the fiber. Most common is E-Glass (electrical), but other types include C-Glass (corrosion)
and S-Glass (strength) [68]. Glass fibers are the standard fibers used for civil applications, having a
lower strength then carbon, but far less expensive [69] and lower environmentally impact [70].

Carbon fibers are a more specialized fiber for high performance low weight application. Their properties
suit these application best, bust come at a more significant cost and environmental impact [71].

Basalt fibers are a relatively new product, which has great promises for civil application. The strength
properties of basalt are comparable to glass and might have a better environmental performance then
glass fibers [72], [73]. Studies have found comparative values to glass [74], but no environmental
database data can be found for basalt.

Aramid fibers are a synthetic fiber defined by aromatic ring connections, where its name is also derived
from (aromatic polyamide). Popular versions of aramid are branded variants, such as Kevlar. The tensile
strength of aramid fibers is in between the strength of glass and carbon. The price of aramid fibers can
be twice as high as carbon [75] with twice the carbon footprint compared to glass [76].

Natural fibers have the potential to provide the basis for an FRP with very little environmental impact.
The drawback for natural fibers their low strength, poor bonding properties, and poor resistance to
moisture and temperature. These properties currently prevent natural fibers from use in structural
applications [77].

For comparison, the following Table 4.1 shows approximate characteristics used for material
comparison.

Table 4.1, Approximate material characteristics of fibers.

Fiber Elastic Tensile Costs Carbon

material modulus strength [€/kg] footprint
[MPa] [78] [MPa] [78] kg CO; eq./kg]

E-Glass 74-86 2500-3200 | 2500-2600 | 4.18 [79] 3.99 [80]

Carbon 230-450 4400-4900 | 1770-1800 | 41.86 [79] 83.29 [80]

Aramid 130 3600 1450 50-83.92' [75] @ 8.7 [76]

Basalt 90 3000 2700 4.74 [81] 2.23%[74]

For this research, aramid fibers will be excluded for their material properties provide little upside
compared to its costs and environmental impact. For basalt fibers, the material will be excluded because
of its omission from databases. Future research may provide enough data to include it into databases.
Table 4.1 shows the potential of the material to further reduce the impact of FRP production.

150 €/kg is absolute value from [75], but 83.92 is scaled with relation found in [75] with data from [79].
2 This value is calculated as 44% reduction compared to glass fibers.
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Glass fibers will be used as primary fiber material, as the confirmed carbon footprint per strength will
make this the optimal material for achieving a lower environmental impact. Carbon fibers will be utilized
if the weight of the structure becomes governing.

4.1.2. Resin

Resin is the bonding material between fibers to create a matrix. Where fibers on their own offer great
tensile properties, compressive strength is governed by the resin properties. For civil engineering
applications, thermoset resins provide better material properties and resistance to moisture and
temperature. The downside of thermoset resins is their poor end of life qualities, where the current best
recycle method is the burn the resins to recover the fibers [82].

Polyester and epoxy have become the most applied resin material, because of their lower material costs
[83]. Their molecule composition has a strong influence on the material properties, but in general, the
material properties for polyester, epoxy and for resins such as vinyl ester or phenolic are comparable
[78].

A proposed improved resin group are thermoplastic resins. Rather than creating an irreversible matrix,
thermoplastic resins, provided with heat, soften, and can be removed from the matrix to separate the
resin and fibers. Resins are however poor in high temperature environments. Thermoplastic resins have
even poorer structural properties in high temperature environments [84]. The main specification for this
characteristic is the glass transition temperature, T,. The glass transition temperature is the temperature
where the material transitions into a more viscous or “rubbery” state. Although this is not instant, but
gradual, from this point a significant loss of mechanical properties is observed when temperature is
increased. For polyester this is between 40 °C and 110 °C and epoxy can range from 40 °C to 300 °C
[78].

Another improvement to resins is increasingly ecological material usage. Resins are predominantly oil-
based product and therefor have significant environmental impact. Creating resins from (partly) from
ecological friendly recourses significantly reduces their environmental impact. The best example for this
is Polynt Ecopolyester, reducing their emissions by nearly 60% compared to conventional polyesters
[85].

For this thesis the choice has been made for Eco polyester from Polynt. Although scarcely applied in
civil engineering application, their significantly reduced environmental impact provide greater
opportunity for FRP in renewal projects.

4.13. Core

For the core multiple materials are fabricated into a foam core, most conventional are PVC, PET, and
PUR. These materials are oil-based foams, therefore having a significant impact per weight, although
their specific density is low at around 100 kg/m®. This can be improved by using recycled plastics,
potentially reducing the environmental impact by 35% [86]. The advantage of these materials is their
low density, reducing the mass of the structure. Their drawbacks are their low strength and lack of
resistance to indentation, potentially reducing the strength of the sandwich panel and requiring webs in
the sandwich panel [87].

Balsa is an option for the core material that is gaining prominence. Balsa is low density wood, which
has the advantage of more strength and even a negative environmental impact. Next to this a balsa
sandwich panel does not require webs to prevent core indentation. A drawback is that balsa has more
self-weight and is more susceptible to moisture and temperature, requiring adequate shielding [88].

For this thesis balsa is chosen for preferred core material. This is because it allows for very low
environmental impact sandwich panels. When weight becomes the governing constraint, then a (partial)
substitution to foam cores can be considered.
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4.2. End of life FRP

This section will outline current opportunities and challenges for the end-of-life processing of FRP. This
area attracts much interest as this is currently a large environmental issue for FRP. FRP, consisting of at
least two inseparable materials, is therefore inherently difficult to recycle. The at the time of writing
most mature recycle process is generally called physical recycling. Current research is mainly being
focused on thermal and chemical recycling [89].

4.2.1. Physical recycling

Physical recycling is an abstract term for what in essence is crushing, shredding, or grinding of FRP into
smaller particles. Different processes will result in different size particles, chips, loose fibrous material,
and very fine powder. The resulting fibrous material can be used in chopped fiber mats of microfiber
reinforced concrete. Chips can be pressed into products such as artificial wood. Fine powder can be used
as filler material for cement or asphalt. During this process the mechanical properties of the material
deteriorates [90].

This results in a product that has lost most of it added value during the end-of-life process. The resulting
market value is relatively low, creating limited incentives to process the material at the end of its
lifecycle. An advantage of physical recycling is its relatively low energy demand, requiring 0.1-4.8
MJ/kg [91] to process.

4.2.2. Thermal recycling
Thermal recycling is the removal or separation of the constituent parts by (partially) thermal processing.
There are three processes to thermally process the FRP, fluidized bed process, incineration, and

pyrolysis.

The Fluidized bed process requires shredded parts and then heated between 450 °C and 110 °C on a
silica sand bed. This separates the material into the fibers and a volatile compound. The short fibers can
be reused in chopped fiber mats or microfiber reinforced concrete [92].

Incineration uses shredded parts in an energy plant, to recover the stored energy in the constituent parts.
This recovers no material to be reused but does allow for the generation of energy [92].

Pyrolysis is the process of heating the material in an oxygen-deprived atmosphere, which results in
thermal cracking of the matrix. This cracking separates the fibers from the resin, which flows out of the
process as a volatile mix. This mix can be separated into a “pyrolysis 0il” and fraction gas such as carbon
dioxide. These byproducts can then be reused for the creation of fuel. A study from 2016 discuss that
the recovered fibers retain only 50% to 20% of their tensile strength [93]. A newer study from 2021
discusses retaining the tensile strength up to 75% [94].

Heating by microwaving the material reduced the energy demand from 27 to 7.5 MJ/kg [91]. The
resulting materials still lose substantially large portion of their added value.

4.2.3. Chemical recycling

There are two processes grouped under chemical processing, solvolysis and catalytic cracking.
Solvolysis is the process of dissolving the polymer matric by a solution of acids. The resulting fibers
retain the tensile strength, the original monomers and oligomers may be recovered from the resin and
acid mix. The byproduct remains a chemical fluid with potentially significant environmental impact and
must be post-processed [92].

Catalytic cracking is a process evolved from solvolysis, where catalytic agents are added to produce
certain byproducts. The agents can be chosen to reduce the energy needed for the reaction or reduce the
production of unwanted byproducts [95].
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The energy needed for this process is highly dependent on which agents are included, ranging between
21 and 91 MJ/kg [91]. The fibers potentially retain their value, processing the byproducts will have
significant environmental impact.

4.2.4. Future prospect

Many of the technologies discussed above have been developed over the last 20 years. The expectation
is that the technologies will continue to be advanced and developed further. Recent advancements as
using microwaves to heat the material reduced the energy consumption significantly but is still unable
to keep the mechanical properties of the original materials. The significant pace of advancements causes
optimistic views of the prospects of FRP recycling.

Possibly the best technology moving forward is chemical processing. The ability to recover fibers with
original tensile strength retains significant value of the product. The possibility to include agents to
refine the process provides opportunities for innovation. A notable mentioned for retaining original
strength of the fibers is thermal recycling. As outlined in its own section, significant advances have been
made in retaining the original strength.

The ceiling for FRP recycling remains uncertain, and at the time of writing, no technology has proven
to be the benchmark technology for recycling FRP. For this thesis, the end-of-life environmental impact
will not be discounted because of potential innovations, because these are difficult to quantify.
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5. Methodology of sustainability

The section will detail the methodology that will be used to design for sustainability with the case study.
This methodology begins with the “Aanpak Duurzaam GWW?” [96], approach to sustainable
infrastructure, developed by the ministry of infrastructure and environment to consider sustainability
aspect into civil projects. A more detailed description will be displayed in the following section.

5.1.1.  Approach to sustainable infrastructure

The approach to sustainable infrastructure was developed and released in 2016 and is an example of a
design for sustainability (D4S) methodology. The document describes a government view on including
sustainability in civil engineering projects. Important context for this methodology is that most engineers
have little experience with sustainability. The approach is divided into six steps, these are:

Analysis of ambitions and goal.

Analyzing opportunities.

Describing ambitions and opportunities.
Defining specification and design.

Scoring on defined specifications and criteria.
Justify design choices.

AN N KAWL

The first step entails the analyzing the ambitions and goals of the participating parties. The ambitions
and goals will differ per organizations, per project. It is important to determine and describe the
ambitions and goals clearly at the start of the project, to prevent waste of resources. For the ambitions,
an effective tool is the ambition web, which is described in section 2. This section also describes what
aspects, from the perspective of an engineer, are most important. For the application of the ambitions
and goals, case specific circumstance needs to be considered. Certain aspects will become less important
due to these circumstances. This will be performed in section 6.2 for the case study.

The second step is to analyze the opportunities to increase the sustainability of the project. This step is
very case specific, where every project will have differing opportunities. The identification of ambitions
early into the project allows for greater increase in sustainability. For the case study this will be
performed in section 6.3.

Step three is to describe the ambitions and opportunities. This step allows for the alignment of ambitions,
goals, and opportunities between parties. This involves clear communication, preventing misaligned
further down the process. It then also means that the parties are committing to a selection of goals and
ambition. This step is less relevant for an engineer, as the description of the first two steps encompasses
the work of an engineer for this step.

Step four is where most of the work for an engineer is performed. The specification defined in this step
will lead into the design performed for this step. An engineer will have performed this step numerous
times in their career, so for an engineer it may be difficult to then fully apply the sustainability
methodology.

Step five allows for reflection of a project team on the design. The scoring will give insight into the
sustainability performance of the structure. This insight can be used to further improve the designs.

Step six again is more focused on communicative aspects of the methodology. It gives the opportunity
for the project team to reflect upon the design choices. This step is a continuation of step 4 and 5, and
just like these steps, can be repeated to improve the designs.
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The main benefits for this approach are that the approach is general and simple in principle. Generality
is beneficial because it promotes the use of the methodology in contrasting projects and provides room
for case specific adaptation. Simplicity (in principle) enables more people who can adopt this
methodology and can thus start making simple improvements. Thus, both benefits increase the chances
of implementation in a project.

There are however also drawbacks to simplicity and generality. For an engineer the methodology might
be too vague, especially when applying them to specialist objects, such as movable bridges. Therefore,
this methodology will be more refined in the following sections, from the perspective of an engineer
working on renewal projects of bascule bridges.

5.1.2. Circular design principles

To provide context towards a design step in the approach, circular design principles are considered.
Circular design principles can be interpreted in general, but as with the approach, the government has
provided context to these principles. Therefore, this section will reflect on “Circulaire ontwerp
principes” [97].

The circular design principles for Rijkswaterstaat are summarized in the following graphic Figure 5.1.
It follows the same circular philosophy described in section 2, depicting a clear pyramid design where
certain actions are conceived as more important. Using the circular design principles implicitly takes the
ambition materials and circularity into account and thus climate mitigation.

PREVENTION

¢

1. Prevent: Do notdo what is
not necessary

VALUE RETENTION

0V ©

2. Extend the lifespan of 3. Use existing structures,
existing structures materials, resources and
natural processes sustainable

VALUE CREATION

@ # £ @ 2

4. Design for multiple 2. Extend the lifespan of 8. Design for optimal 7. Design for the use of 8. Design for minimal resource
lifecycles existing structures management and sustainable materials and energy use

maintenance

Figure 5.1, Circular design principles, by Rijkswaterstaat.
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5.1.3. Sustainability methodology for bascule bridge renewal projects

In general, the approach provided by the government is the starting point for the methodology detailed
below. For the perspective of a structural engineer, more context is given to steps four to six of this
methodology. As a reminder these steps are:

4. Defining specification and work on design.
5. Scoring on defined specifications and criteria.
6. Justify design choices.

The context can be given by addressing certain considerations that should occur in a design process.
These considerations follow from the ambition web, given in section 2. For remembrance, level two
ambitions are:

e Climate adaptation.

e Environmental effects.
e Land use.

o Accessibility.

And level 3 ambitions are:

e Energy and climate mitigation
e Materials and circularity

For level 3 ambitions, a more implicit methodology will be used to fulfill these ambitions. In this case
an implicit methodology is the use of a (design) principles use to fulfill the ambition, rather than solely
translating the ambition into specifications. This has the advantage that an ambition is more thoroughly
optimized compared to only complying to specifications. The drawback is that could allocate resources
to ambitions which do not align with the ambition web. Therefore, for ambitions with a lower ambition
level will not be implicitly optimized.

For materials and circularity, the circular design principles as detailed earlier will be applied. This will
be an implicit method to improve to reduce the material waste of the design. As mentioned, these
principles are also a tool to reduce the climate footprint of the structure. Other methods of implicitly
reducing the climate footprint are the use of less polluting materials and the structural optimization of
the structure.

From a circularity standpoint, it is favorable to prevent the construction or modification for as many
elements of the bridge as possible. Next to this, the design with the use of separable elements provides
opportunity for reuse of separate elements instead of the entire structure. This increases the chances that
materials will be reused with more retained value.
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Ideally, elements of the bridge leaf itself or surrounding infrastructure can be preserved. This can
potentially result in a large sustainability improvement, in more areas than just circularity. Potential
sustainability benefactors, called secondary benefits from circular design principles:

e Climate mitigation.

o The prevention of work and use of materials could also lower the climate impact. The
method of renovating the structure is however also a factor and more climate mitigating
actions can or need to be performed.

e Environmental effects.

o The prevention of having to demolish more of the old structure could result in lower
environmental effects. Again, the method of renovation might require additional
consideration.

e Land use.

o Reusing most of the old structure could allow for less or no use of additional land for
the final structure. During renovation there still need to be considerations for this
ambition.

As mentioned above, not all sustainability benefactors are without risks. Therefore, specifications are
required to further fulfill in the sustainability goals. Climate adaptation, environmental effects, land use
and accessibility are all ambitions that could translate well into specifications. The required
specifications differ strongly per case and might need more special attention then analyzed in section 2.

Finally, to fulfill in energy and climate mitigation, the primary criteria for measuring the performance
of each design alternative will be the ECI. As mentioned, implicitly applying the circular principles will
also provide climate mitigating effects.

All aspects and their application are summarized in Table 5.1.

Table 5.1, Relevant sustainability aspects and the method of application.

Level 3 ambition (Highest achievable performance)

Energy and climate mitigation
e Secondary benefits from circular design principles.
e Limiting use of polluting materials.
e Structural optimization.
e Primary criteria.
Materials and circularity
e Circular design principles
Level 2 ambition (Thoughtful consideration)
Climate adaptation
e Translation into specifications.
Environmental effect
e Secondary benefits from circular design principles.
e Translation into specifications.
Land use
e Secondary benefits circular design principles.
e Translation into specifications.
Social value
e Provide requirements for future needs.
Accessibility
e Translation into specifications.
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Part II. Design study
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6. Introduction to the design study

This section will go into case study for this thesis project. As mentioned, these are the Oostsluisbruggen
in Terneuzen. These bridges are part of a lock complex in Terneuzen, where a canal connects Gent with
the Western Scheldt.

A short introduction to the case study will provide context to the design study. Then the sustainability
methodology for bascule bridge renewal project will be implemented during this and the following
sections for the design process.

6.1. Case study introduction

The two bridges have identical structures, spanning just over 25 meters over the western lock. The
greater lock area is known as the Terneuzen locks. The bridges and lock date from 1968. Recent
inspections have marked the structure as faulty and its owner, Rijkswaterstaat, has marked the structure
for repairs or replacement. Figure 6.1 to Figure 6.3 depict the structures. The exact dimensions will be
discussed further in this section.

Figure 6.2, Oostsluisbruggen, structural system from below.
Main beams\
/ Stringers Deck
] : T
R i e

Crossbeam FCP Crossbeam FCP
Crossbeam RD / MS

Figure 6.3, Oostsluisbruggen, cross section.
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Points of interest for this structure are:

e The current structure’s main beam extends above the deck, indicating a need to reduce height
below deck.

e The structure is part of a lock complex. There are two bridges parallel to each other, where both
structures have the same functionality. The lock complex consists of two locks and a third is
under construction. This will have consequences for replacement and maintenance strategies.

The relevancy from this case study comes from its design and age. As analyzed in section 3, 50% of
structures reviewed are constructed before 1970, like the Oostsluisbruggen. Many of these structures
consist of a steel frame with wooden decks. Although the dimensions differ from the norm in The
Netherlands, developing improvement for this case study is still relevant due to its typical structure for
its time.

6.2. Sustainability ambitions for this case study

Following the method for sustainability, the ambitions must first be considered. This will follow the
work in section 2. In section 2, the following aspects were identified which require adequate
consideration:

e Climate adaptation.

e Environmental effects.
e Land use.

e Social value.

o Accessibility.

e Financing

The following ambitions are considered worth optimizing for:

e Energy and climate mitigation
e Materials and circularity

This was done after a broad consideration for each aspect with regards to bascule bridges, see section 2.
The following section will consider what aspects are relevant for this case study.

6.2.1. Energy and climate mitigation

The environmental impact is a major consideration for this project. This is the most tangible aspect of
environmental sustainability, and thus will be quantified with a MKI calculation. For this section two
quantitative assessments will be performed.

e ECI, to indicate the environmental shadow costs associated with the use of materials for the
structure.

e Mass, to indicate the need for additional materials in parts of the structure which are outside the
scope for the parameters study.

6.2.2. Materials and circularity
Circularity is a major consideration for this project. This aspect is less tangible but will still be
qualitatively evaluated. This evaluation will look at the following aspects:

e Ability to use reused materials and/or elements in the structure.
e Ability to reuse elements at the end of the lifecycle.
e Ability to recycle materials at the end of the lifecycle.
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6.2.3. Climate adaptation
Climate adaptation is a key area for this case study. As analyzed in section 2, flooding, extreme heat,
and extreme weather (strong winds) are key risks for moveable bridges.

Flooding is considered a small risk for this case study. With the renovation of the lock complex, the
flood safety of the complex was accessed. The report finds that both bridges are on the inside of the
primary dike ring and thus are protected from flooding from the sea. The dike ring is assessed for
predicted water levels for over 100 years. The inland waterway water level is highly controlled and is
only allowed to fluctuate with £0.3m [98]. Thus, for this case flood safety will not be considered.

For extreme heat, it is important that enough dilatation is provided for both structural performance and
operability. Next to this, with regards for FRP, the loss of structural performance is an important factor
for the design resistance of the structure. It is assumed that the governing design codes account for this
effect.

Extreme weather and specifically strong winds are important for the structure’s operability. During the
calculations it is important the operations envelope account for strong winds. It is assumed that the
prescribed windspeeds in the NEN norms sufficiently account for the aspect.

For above mentioned reasoning, no sub aspect of climate adaptation will have an impact for the
sustainability of the structure. This aspect is thus not considered for assessment.

6.2.4. Land use

Following section 2 and 5, land use is an aera in sustainability in which sustainability goals are possible.
Following the discussion in section 5, land use already benefits greatly from the implementation of the
circular design approach.

However, there is the possibility for elements of the structure which will not be able to be reused. If this
is the case, the choice is made to design elements which can be placed in the already existing surrounding
infrastructure. This results in a new structure which will not require extra space. If this is not possible,
more consideration for this aspect is required, but this falls outside the scope for this project.

Because this project makes the choice of designing elements which fit in the space of the current
elements, there is no comparison to be made between variants. Thus, this aspect is considered, but no
comparison between variant will be made for this aspect.

6.2.5. Social value

For social value the future proof sub aspect will be similarly measured qualitatively as concluded in
section 2. It is important to analyze the general surrounding when considering future needs. The structure
is a part of the Terneuzen locks. A change in functionality of the structure requires a change in
functionality of the locks. In addition, a main road has been constructed 4 km to the south of the locks
to alleviate road intensity on the roads and bridges.
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With the current design structure, the ability to change the layout of the bridge is limited. The main
girders protruding from the deck hinders this. For possible future changes, the following scenarios are
analyzed Table 6.1.

Table 6.1, Likelihood of future changes to the Oostsluisbruggen.

Scenario Verdict Reasoning

Road Unlikely o  Will require redesign entire complex.

expansion e Capacity is assessed by expansion of lock complex [99].
Foot  and | Unlikely e  Will require redesign entire complex.

cycle . path e Capacity is assessed by expansion of lock complex [99].
expansion

Fauna zone | Unlikely e Will require redesign entire complex.

on bridge e Fauna zones are undesirable on moveable bridges.

Loss of | Neutral e Capacity is assessed by expansion of lock complex [99].

functionality e Future needs for the harbor for which this locks services might
require further change.

For assessing the social value of the structure and thus the future needs of the structure, only the loss of
functionality of the bridge is deemed not unlikely. Considering what effects this has on the structure,
this scenario will also not be considered. To further improve the future proofness of the structure, the
ability for the structure to facilitate free functional change for the entire area will be assessed.

6.2.6. Accessibility
Following section 2, only user delay is an aspect for accessibility. However, for this case study user
delay is not considered. The considerations for this are:

e The bridges are part of the lock complex of Terneuzen. Every bridge is constructed twice, on
either side of all locks. It is possible for any lock or bridge to be closed and alternatives to be
available for traffic. I.E. if one of the two bridges is closed for maintenance, user delay for road
users is minimal as another bridge will be opened for traffic. Similarly, for boat traffic another
lock will be most likely available.

e If both bridges are closed to road traffic, a diversion route is available 4 km further south than
the locks. This route, at most, adds 10 minutes to the travel. This scenario is less likely as this
will have a larger impact on the users.

As mentioned above, the risk of mayor user delay due to maintenance or any other events that would
render the structure inoperable are negligible. Thus, this aspect will not be a consideration in the
comparisons between design variants.

6.2.7. Financing

Financing will remain important for any civil engineering project. However, financing can also constrain
the possibilities of implementing environmental or social sustainability measures. For this thesis,
financing will not be considered, as a method for eliminating the restraints on environmental or social
sustainability. This result of the design choices will also not be translated into a financial gain or loss, to
prevent the focus on this aspect instead of the other sustainability aspects.
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6.2.8. Ambition web

For the case study the modified ambition web is displayed in Figure 6.4. The figure consists of two
shades of green, where the light shade highlights the original assessment of the ambitions, and the darker
shades display the ambitions for the case study.

Energy and climate
mitigation
3
Materials and

circularity

Accessibility / Climate adaptation
1

Ve

Financing

Social relevance / Nature effects

Health and wellbeing Environmental effets

Social value Land use

Figure 6.4, Ambition web adjusted to the Qostsluisbruggen.

6.3. Sustainability opportunities

Step two of the sustainability methodology is to analyze the opportunities for the renewal of the bascule
bridge. By focusing on the ambitions selected in the first step, the following opportunities are identified:

e Elements of the current structure might be able to be reused. Since the lack of information on
the state of the current structure, two scenarios are used to explore this opportunity.

o Scenario 1 is that the deck needs replacement (wooden deck planks and supporting
stringers)
o Scenario 2 is that the entire structure needs replacement.

e Implementing simpler designs, such as consisted cross sections or standardized profiles reduces
the costs of the structure and improves the chance of end-of-life reusability.

e Maintaining or reducing the mass of the structure, which can prevent the need for new or
improved actuators or counterweight. A lower weight is also favorable for transport, reduces the
risks of handling the structure and lowers the energy required for moving the structure.

e Designing the structure inside the current parameters (height between deck and supports,
position of main beams, width of main beams), to prevent work on the basements or abutment.
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6.4. Program of requirements

Following the methodology, this section is drafted to provide the basis for the design phase. The program
of requirements starts with the design objective, followed by a description of the desired function and
the ambitions. This is followed by more structural requirements, such as the dimensions, norms, material
properties etc. Sustainability requirements are then included to guide the design process. Finally, some
auxiliary requirements are imposed.

6.4.1. Function

The bridge will provide the crossing of the Buitenhaven road over the Oostsluis. This includes a two-
way road, two cycle- and foot paths on either side of the roadway. Heavy traffic roadway loads must be
included for the roadway and standard foot / cycle path loads must be considered for the paths on either
side. In addition, a service vehicle must be considered on the foot / cycle path. The geometric profile of
the decks must be maintained, as must the height of the bridge under the deck. The current structure
features a protruding flange of the main beam, this can be a design option for the renewal structure. If
this is the case, a kerb must be installed to avoid collision with the structural element.

6.4.2. Geometric requirements
The geometric requirements will be displayed in Figure 6.5 and Figure 6.6.

i 9,45m |

Figure 6.5, Cross section dimensions of the Qostsluisbruggen.

rd: 1640 mm
fcp: 1680mm

min 1m

23,7m |

|
|
| 255m |
|

Figure 6.6, Longitudinal dimensions of the Oostsluisbruggen.

6.4.3. Norms and classification
The applicable norms for the basis of design, actions and verifications are Eurocodes [100]. For FRP
material specific verifications UNI 19101 [78] is used.

The bridge will have sections dedicated to road traffic on the road deck (RD) and cycling and pedestrians
on the foot and cycle path (FCP). For the designs, the section considering the road reck will be called
the main structure (MS), as this includes crossbeam, if applicable, and the main beams The consequence
class of the bridge is CC2. The waterway is category Va and part of the “hoofdstransportas™, the main
transport waterways of the Netherlands. Finally, the bridge located in Zeeland, is in wind zone 2.
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6.4.4. Load requirements
For all load cases self-weight must be considered (EN 1991-1-1 5.2) [101].

6.4.5. Vehicle loads
6.4.5.1. Road deck
For the road deck load case 1 (EN 1991-2 4.3.2) [102] and 2 (EN 1991-2 4.3.3) must be considered

separately. In addition, brake forces must be considered, equal to 10% of the vertical distributed load of
LC1 in addition to 60% of the concentrated load of LC2 (EN 1991-2 4.4.1).

6.4.5.2. Food and cycle path
For both the food and cycle paths a distributed load of 5 kN/m? (EN 1991-2 5.3.2.1) and a concentrated
load representative of an emergency vehicle for resultant stresses (EN 1991-2 5.6.3) or service vehicle
for deflections (EN 1991-2 5.3.2.3). All forces must be considered separately.

6.4.6. Wind load

In opened position, a continues force must be considered over the full length of the bridge (NEN 6786-
1 2.3.2.3.1) to be calculated with (EN 1991-1-4 4.5). The length dimension of the bridge leaf in opened
position is largely in a vertical direction.

6.4.7. Collision forces

Incidental loads perpendicular to the bridge must be considered on either the railing (EN 1991-2 4.7.3.3)
or extruding structural elements (EN 1991 4.7.3.4). Assumed is that this is mitigated by implementing a
kerb of minimal 200 mm for which the following loads must be considered separately (EN 1991-2
4.73.2).

Incidental loads because of a vessel colliding with the bridge must be considered on the width of 3
meters and a height of 0.25 meters (NEN 1991-1-7 4.6.2). The static equivalent force to be considered
is 1 MN (NEN 1991-1-7 4.6.2).

6.4.8. Load combination
The weight of the structure, traffic and food/cycle path loads must be combined where both loads are
maximized separately (EN 1991-2 4.5.1 NB.3).

6.4.9. Sustainability requirements
Following from the sustainability ambitions and -opportunities, sustainability requirements are imposed.
These are displayed in Table 6.2.

Table 6.2, Sustainability requirements of the Oostsluisbruggen

Sustainability aspect Requirements

Energy and climate e The design must be optimized for ECI values.

mitigation e The mass of the current structure must not exceed 150 metric tons,
to prevent replacing the structure with a heavier structure.

Materials and e The design must be made with profiles with consistent cross-

circularity section to improve end-of-life reusability. This is an assumption,
were more carefully design profiles might lower the environmental
impact.

Land use e The current height profile under the bridge must be maintained to

comply with current assumed height clearance requirements.

e The height profile of profiles for the moving arm must be
maintained.

e The deck must follow the geometry of the current deck to limit the
addition work on the surroundings.
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6.4.10. Auxiliary requirements
Auxiliary requirements are imposed to account for requirements imposed from different codes or
allow for neglection of forces for the structural system Table 6.3.

Table 6.3, Auxiliary requirements for the Oostsluisbruggen.

Category Requirements

Stiffness e The maximal allowable deflection perpendicular to the driving
direction at both abutments is 5 mm (EN 1993-2 7.8.2).

e For midspan deflection of an FRP deck a limit is imposed of 1/250
(CUR96 7.2).

Accessories e Between the road deck and cycle path or structural element a kerb
must be placed to prevent vehicles leaving the road surface. A
guardrail must be included on both sides.

Lifespan e The structure will be designed for a lifespan of 100 years.

6.5. Material properties

The following sections will contain the designs of the base and variants. This section will function as an
overview of the materials used in the design calculations.

In general, two materials are used for the designs, steel and FRP. First, the material properties of steel
will be displayed. For steel, the following material properties are used Table 6.4:

Table 6.4, Material properties of steel.

Quantity Unit Value Unit
Tensile strength  f; 355 MPa

Tensile modulus | E;, | 210 GPa
Specific density  p,, | 7800 | kg/m?

For FRP, a glass fiber bonded with polyester resin is used. The properties of the E-glass fibers and the
biobased polyester are shown in Table 6.5 and Table 6.6 respectively. This is combined into a
unidirectional (UD) ply, see Table 6.7, where a combination of plies will create the used laminate.

Table 6.5, Material properties of E-Glass.

Quantity Unit Value Unit

Tensile modulus Ef 74 GPa
Shear modulus Gy 30 GPa
Poisson’s ratio V¢ 0.25 | [-]
Specific density pr | 7800 | kg/m?

Table 6.6, Material properties of biobased polyester

Quantity Unit Value Unit
Tensile modulus E, 9.5 GPa
Shear modulus G, 1.4 GPa
Poisson’s ratio vy 0.4 [-]
Specific density pr | 1200 | kg/m3
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Table 6.7, Combined material properties of UD E-Glass with biobased polyester.

Quantity Unit Formula Value Unit
Fiber volume fraction Vs [-] 0.5 [-]
§ [-] 1 [-]
$2 -] 2 [-]
$a [-] 1 [-]
Er_1/Ek 0.87 -
M2 - 1 / = +&, [-]
Sr_1/% 0.91 -
N & 1/ 2+ ¢ [-]
In axis tensile modulus Ey  E,.+(E—E.)xV; 3875 | GPa
Out of axis tensile modulus E, | 1+4+&*ny Vg < E 11.59 | GPa
1—myxVp "
Shear modulus G, 1+&c*mgxVr G 3.61 GPa
1—mny*Vp *br
Poisson’s ratio Viz | v+ (v —vp) x Vp 0.325 | []
Specific density p Vexpr+ (1=Vf)*p, 1900  kg/m3
Variance coefficient [103] Ve | [-] 0.05 [-]

The UD-plies are combined in layups to create the laminates. Three different layups have been used, the
composition of the layups is given in Table 6.8. The three laminates have been chosen for different use
cases. The flange layup is optimized for tension strength and the web layup is optimized for shear
strength. The road layup is a combination between both layups, where more fibers are required to spread
to load of the wheels.

Table 6.8, Layups used for the Oostsluisbruggen variants

Quantity Road Flange Web
layup layup layup

Layup 50% 62.5% 25%
16.67% 12.5% 25%
33.33% 25% 50%

To then calculate the laminate properties, classical laminate theory (CLT) is used. The values used during
the calculations are scaled by the thickness of the laminate, the resulting combined characteristics only
variable are the layups given in Table 6.8. The resulting material characteristics is given in Table 6.9,
where for the intermediate results a laminate thickness of 16 mm is used.

It is important to highlight that not every laminate will be designed with a thickness of 16 mm. The
minimal thickness of each laminate will be 12 mm, to prevent failure on non-tested failure mechanisms.
More specifically, the following mechanism might require additional considerations:

e Face sheet wrinkling.
e Core indentation.
e Core punching failure.
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Table 6.9, Application of CLT for the homogenized material properties for the Qostsluisbruggen variants.

Quantity Unit
Thickness t
Normal force — strain Aiq
matrix i
Ay,
Ags
Combined in axis E;
tensile modulus
Combined of axis E,
tensile modulus
Combined shear Giy
modulus

Maximum linear strain | &,,,,
Maximum shear strain | y,,,,

In axis characteristic 01k
stress limit

In axis characteristic 02k
stress limit

In axis characteristic Ti2k

stress limit

Formula

[-]

Z(Zi = Zj—1)
i=1

* E

1 Ay, — 4%
—_

t

1 A, — 4%
—_—

t

A22

A22

—* Age

t
[-]
[-]

Emax * El

Emax *

E;

Ymax * 612

Road
layup

16
4.52E+05
3.02E+05
1.00E+05
1.00E+05
26.2

17.5

6.25

1.4%
2.4%
367

245

150

Flange
layup

16
4.99E+05
2.75E+05
0.91E+05
0.90E+05
29.3

16.2

5.63

1.4%
2.4%
410

226

135

Web

layup

16
3.58E+05
3.58E+05
1.20E+05
1.20E+05
19.9

19.9

7.5

1.4%
2.4%
278

278

180

Unit

mm
N/mm
N/mm
N/mm
N/mm
GPa

GPa

GPa

[-]
[-]
MPa
MPa

MPa

When an FRP material is used in section where strong concentrated loads perpendicular to the laminate
plane are expected, a sandwich panel is implemented. For more detail see section 4.1. Balsa is used for
the core material. Notable for balsa is its high coefficient of variation, V. The result of a high variation
are lower design structural characteristics. All material properties of balsa are given in Table 6.10.

Table 6.10, Material properties high density (HD) Balsa.

Quantity
Specific density

Tensile modulus in compression
Tensile modulus in tension
Elastic modulus in bending
[104]

Shear modulus

Tensile strength in compression
Tensile strength in tension
Shear strength

Variation coefficient [105]

Unit
Pbalsa
Eyc
Ext
E,

G
fxc
fxe

fry

Vi

Value Unit
285  kg/m?®
4428 | MPa
6604 |« MPa
1800 | MPa
362 MPa
22 MPa
183 | MPa
5.2 MPa
0.3 [-]
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When applying FRP in designs, certain FRP specific partial factors need to be considered. In general,
the partial factors are given for certain environments or design checks. A notable exception for this is
the temperature conversion factor, which must be calculated with Formula 6.1 for a balsa core. For the
laminate where the fibers or the matrix is the governing material property, Formula 6.2 or Formula 6.3
must be considered respectively. Finaly, the conversion factors are combined, as performed in Formula
6.4.

0.2
Mot patsa = Min(L.0 — (7 + 0.004) « (T, — 20); 1)

(6.1)
. T, — 20
Net,fiber = Min(1.0 — 0.8 * T, — 20; D
(6.2)
. T, — 20
Netmatric = Min(1.0 — 0.25 « Tg — 20; 1)
(6.3)
Ne = MNet * Nem
(6.4)

The material partial factors are given in Table 6.11.

Table 6.11, Partial factors for materials used in the Oostsluisbruggen variants.

Quantity Unit Balsa GFRP

Sun / shade [-] [-] Shade Shade Sun Sun
Material property [-] [-] fibers matrix fibers matrix
dominant

Partial factor for Ym 1.51 1.07 1.07 1.07 1.07
material property

Temperature conversion | 7. 1 0.87 0.96 0.87 0.58
factor

Moisture conversion Nem | 1 0.6 0.6 0.6 0.6
factor

Combined conversion N 1 0.523 0.58 0.52 0.35
factor

In addition to the material partial factors, a partial factor is introduced for uncertainty of the resistance
model. This factor varies between resistance model, as the name implies. The partial factors are given
in Table 6.12.

Table 6.12, Partial factors for resistance models used in the Oostsluisbruggen variants.

Quantity Unit Laminate Core Sandwich panel
material failure  material failure global buckling
Partial factor for | y,4 1.4 1.5 1.4

resistance model
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6.6. LCA data

For determining the environmental costs of the project, the following values will be used. The main
database is the Dutch national milieu database (NMD). The drawback of the NMD is that FRP is not
well established for civil engineering purposes in this database. Therefore, some values are appended
from different sources, or specific manufacturers if available. A summary of the sources for the data is
given in Table 6.13.

For the end of life for each material, the following assumption is made:

e For steel, the most efficient method is to recycle the material. Current steel processing methods
already consist of at least 35% reused steel. Steel remelting also allows for the use of hydrogen
furnaces, which produces far fewer emissions [106].

e For wood, the material is considered circular as the emissions embedded in the material are
equally consumed when the trees grow, not adding, not diminishing the resources. The best
method for recycling is to process the wood into pallets, which can be used to generate
electricity.

e For GFRP, section 4.2. goes into more detail about recycling. The current applied method on a
larger scale is thermal recycling. This allows for the reuse of the embedded energy and recovery
of the fibers, albeit with lower tensile strength.

Table 6.13, Sources for the ECI values used for the Qostsluisbruggen evaluation.

Source Material Detailed description End of life Note
NMD [107] Steel Steel construction profiles Recycled
(HEA/HEB/HEM/IPE/UNP). | (remelted)
GFRP FRP for lock gates, European | Thermal Only for phase C and D
laminate origin. recycling
Hard wood Deck planks, South American = Thermal Phase B envelops the
origin. recycling renewal necessary, for
the lifespan is not 100
years
Paint Paint systems for steel | Discarded | Also used for FRP
structures.
Galvanization | Galvanization  of  steel | Discarded = Assumed lifespan of
structures 100 years, in
combination with paint
Ecoinvent Glass fibers Glass fibers. Thermal
[108] recycling
Resin infusion | Vacuum  assisted  resin | Thermal
infusion of glass fibers. recycling
Manufacturer | Balsa [109] Baltek SBC & SB balsa wood | Thermal
core material. recycling
Biobased Polynt 60% recycled | Thermal
polyester polyester resin. recycling

resin [110]

Most of the values are directly derived from the source, depicted by no additional note in the table above.
For GFRP laminate this is different, for the A1 to A5 values are calculated by combining the values for
the fibers, resin and infusion scaled by weight. For C and D, these values do not account for the complete
dismantlement of an FRP structure. Therefore, the values from an FRP lock gate are used to account for
this absence. The drawback is that these values will be conservative due to the more difficult nature of
removing a lock gate compared to a bridge.
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For the emission during the construction phase for GFRP, the values for fibers and resin are scaled by
weight fraction and combined. Glass fibers weight fraction is 68% and for the polyester is 32%.

For hardwood, the lifespan is increased from 30 to 100 years by increasing the environmental impact of
maintenance and replacement (stage B) with twice the environmental impact of the entire lifecycle for
30 years.

All ECI values are displayed in Table 6.14.

Table 6.14, ECI values used in the Oostsluisbruggen variants evaluation.

Material Unit Al1-A3 A4-A5 B C D Sum Lifespan
[years]
Glass fibers €/kg €021 | €0.028 €0 €0 €0 €0.244 | 100
Biobased €kg €037 |€0.028 €0 €0 unknown | € 0.4 100
polyester resin
Resin infusion €/kg €022 €0 €0 €0 €0 €0.22 100
GFRP laminate | €kg | €0.33 | €0.028 | €0 €0.19 | €-0.074 | €0.446 | 100
Balsa €/kg | €-0.15 €0.028 €0 €0 € 0.00 €0.129 | 100
Steel €/kg | €0.116  €0.059 €0 €0.053 | €-0.005 | €0.223 | 100
Hardwood €/kg €0.099 €0 €0.198 €0.005 €-0.023 €0.297 100
Steel €/m? | €0.691 €0 €1.677 €0 €0 €2.367 | 100
galvanization
Paint €/m>  €0.605 €0.206 €1.049 €142 €0 €3.28 100
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7.Foot and cycle path design variations

Based on the program of requirements, 2 design variants for the foot and cycle path (FCP) developed.
Next to these two variants, a base variant is included for reference. For each variant, the general
considerations will be highlighted first, after which a design sketch will be displayed. From this, defining
calculations will be highlighted including the following unity checks. All checks detailed in section 6
are performed and are included in Appendix II, Appendix III, and Appendix IV.

7.1.  Design variants

7.1.1. Base variant

The base variant is a steel H-beam, support steel [-beams which support a wood deck. The deck structure,
I-beam with the wood deck, is taken from the current bridge structure. These elements are not tested for
structural performance. The steel H-beam is cantilevered from the side of the main beam. The connection
between the two beams has not been designed.

To optimize the steel beam for sustainability, a standardized H-section has been used. This increases the
chances of the use of a refurbished beam and the ability to reuse the beam after the lifespan of the bridge.
The downside is that the beam is over dimensioned, as there is no ability to taper the section towards
the edge. An overview of the cross section is given in Figure 7.1.

/80 mm hardwood
/iPE 200 HEA 650

Figure 7.1, Cross section FCP base variant, steel crossbeam with wooden deck.

In case the crossbeam, or even the stringers can be reused, only the wooden deck will be replaced. In
that case, the cross section of the crossbeam will differ from the provided cross section, as this current
crossbeam does not have constant cross section.

7.1.1.1. Structural checks
Again, the deck of the base variant is not tested for structural performance. The crossbeam in the case
of complete redesign is the same as for variant 1. See section 7.1.2.2. for the structural performance of
the crossbeam.

7.1.1.2. ECl score
The materials and quantities used for the design of both sides of the FCP deck are given in Table 7.1.

Table 7.1, Materials and quantities of FCP base variant.

Material Amount  Unit
Wood 21816 kg
Steel 15427 kg
Galvanization 376.6 m?
Paint 376.6 m?
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The governing ECI component for the first variant is the wooden deck, the entire breakup is given in
Figure 7.2.

= Wood deck planks
m Steel profiles

= Paint + Galvanization

m Others

Figure 7.2, ECI Score FCP base variant, steel crossbeam with wooden deck.

7.1.2. Variant 1, steel crossbeam with FRP deck

The first design variant is highly inspired by the base or current design. This is done in accordance with
the circular design principles, to explore the possibility of reusing elements of the current structure. The
design is a steel H-beam with an FRP deck. The steel beam is cantilevered from the side of the main
beam. The connection between the two beams has not been designed.

To optimize the steel beam for sustainability, a standardized I-section has been used. This increases the
chances of the use of a refurbished beam and the ability to reuse the beam after the lifespan of the bridge.
The downside is that the beam is over dimensioned, as there is no ability to taper the section towards
the edge.

The FRP decks as simply supported between each crossbeam. This makes the design of the structure
simple and enables the easy replaceability of each section. The FRP laminate will consist of 50% main
direction fibers and 16.67% in every other direction, displayed in Table 7.2. This layup is chosen to
ensure optimal use for main span resistance and provides resistance for local loads. The crossbeam is
clamped to the main structure. An overview of the cross section is given in Figure 7.3.

Table 7.2, Layup FRP deck.

Orientation Layup

0° 50%
90° 16.67%
+45° 33.33%

= 12mm
/!c= 140 mm

Figure 7.3, FCP variant 1, steel crossbeam with FRP deck.
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7.1.2.1. Structural checks deck

For the deck of variant 1, the governing unity check is the shear capacity of the FRP sandwich panel. It
is assumed that the panels will be simply supported between each crossbeam, with a span of 4.2 m. The
governing load for the shear force and bending moments is the incidental vehicle. For the shear force,
the heavier axle will be placed close to the crossbeam, where the other axle will contribute slightly to
the total shear near the first axle. For the bending moments, the heavier axle is placed in the middle of
the beam, the second axle will then not be placed on the same deck. The load case for the shear force
and the bending moments are displayed in Figure 7.4 and Figure 7.5 respectively.

QIV,l QIV,2

A
'
=

&.Zm 3m

Figure 7.4, Load case for maximal shear in FCP deck.

QIV,l

k 2,1m A

Figure 7.5, Load case for maximal bending moments in FCP deck.

The wheel load is distributed to a 20 by 20 ¢cm square. The activated width of slab wy., = 42.4 cm, with
the scheme shown in Figure 7.6.

|
| X

WOdge

Figure 7.6, Concentrated load dispersion through deck.

7K

7/
15

Wiep

The resulting shear force, V;, = 44.3 kN, the resulting bending moments, M;, = 41.1 kNm. The
resulting shear and bending stresses are calculated with Formula 7.1 and Formula 7.2 respectively.

. _ VEeadeck
Ed,deck ACore
(7.1)
” _ Meageck E , haeck
Ed,cb,deck Eldeck 1,GFRP 2
(7.2)
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Where:
Viadeck = 1.2 % Vg + Vaoer = 45.3 kN
Mpqaeck = 1.2 % Mg + Mypoy = 42.2 kNm
Acore = 0.085 * m?2
Eljeck = 3.20 % 10% kN * m?
E1 rrp = 26.2 GPa
Rgeck = 0.224m

The unity checks for the shear and bending stress is performed with Formula 7.3 and Formula 7.4
respectively.

TEd,deck
nc,balsa
Ym.baisa * Vrd

=0.58

U.Cordeck =
Tek

(7.3)

OFd,deck
Ne¢,GFRP
Ym,GFRP * Vrd,GFRP

=0.31

U.C.g,deck =

01,k

(7.4)

For the partial factors used above, a fiber dominated failure criteria of a laminate in the sun was
implemented. The partial factors for GFRP and the resistance model are given in Table 6.11 and Table
6.12 respectively. For the shear force, the thickness is increased to include more balsa, this is
advantageous for the ECI score. For the bending moments, the limitation of the laminate thickness to 12
mm resulted in this unit check. The limitation to 12 mm is done to account for non-performed checks,
see section 6.5. Considering the two unity checks, the possibility for further optimization is to increase
the distance between the cross beams.

7.1.2.2. Structural checks crossbeam
For the crossbeam, the governing load is the incidental vehicle. For the resulting shear force and bending
moments, the governing load case is displayed in Figure 7.7. Since the structural system is a cantilever
beam, the position of the incidental vehicle is not relevant for the maximal shear force. For bending
moments, the loads are placed as far from the hinge, to ensure maximum bending moments.

QIV QIV

A J
A
\
A

o A
n
3

1.3 m 3.2m

/777

Figure 7.7, Load case for maximal shear and bending moments in crossbeam FCP.

The distance between crossbeam is 4.2 m, while the length of the vehicle is 3m, so the force Q;, has
been taken conservatively as the combined loads of the front and behind axle. The resulting bending
moments are M;; = 450 kNm. The resulting stresses are calculated with Formula 7.5.
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Mg cp side hep

OEd,cb,side = Elp i Esteer *
ch,side

2
(7.5)
Where:
Mgq cpsizge = 1.2 % Mg + Mgy sige = 545 kKNm
Elgpsige = 3.62 % 105 kN x m?
Esteer = 210 GPa
hep =0.32m

To check the tensile strength of the crossbeam, the material properties of steel are reduced for lateral
torsion instability, with X;; = 0.4. The unity check is performed with Formula 7.6.

_ O-Ed,cb,side

u. C-Cb,side_ Xl *f =0.71
t st

(7.6)

7.1.2.3. Deflection
For the FCP deck plate, the deflection is checked. The same loading scheme is used as in section 7.1.2.1.

The incidental vehicle is replaced by the service vehicle, with lower loads. The resulting deflection,
Wimidspan = 6-1 mm. The deflection limit is le = 16.8 mm. The unity check for deflection,
u. C-deflecion = 0.36.

7.1.2.4. Unity checks
For variant 1, all unity checks are given in Table 7.3.

Table 7.3, Unity checks FCP variant 1, steel crossbeam with FRP deck.

Description Abbreviation Value
Displacement of crossbeam at abutment WL il 0.07
Displacement of deck in between crossbeam, in middle of span W. Coyy midspan 0.36
Shear force in deck core U. C.geck,r 0.58
Tensile stress in deck laminate U. Codeck,g | 0.31
Tensile stress in deck core U. Codeck,o ¢ 0.29
Shear force in cross beam U.Cocpr 0.06
Tensile stress in cross beam U.Cocp g 0.70

As mentioned previously, this variant can be further optimized. Since all unity checks for the deck are
relatively low, the distance between crossbeam is can be increased. For the crossbeam this is not the
case. The choice has been made to use standardized profiles. No smaller standardized profile passes all
the structural checks. When the distance between crossbeam is increased, it is expected the load on the
crossbeam will increase. Next to this, the further the crossbeams are apart, the less support the crossbeam
receives for flexural buckling.
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7.1.2.5. ECl score
The materials and quantities used for the design of both sides of the FCP deck are given in Table 7.4.

Table 7.4, Materials and quantities of FCP variant 1, steel crossbeam with FRP deck.

Material Amount  Unit
GFRP laminate 11500 kg
Balsa 14393 Kg
Steel 8517 kg
Galvanization 144 m?
Paint 528 m?

The governing ECI component for the first variant is the fiberglass with biobased polyester, the entire
breakup is given in Figure 7.8.

813,32 _
® E-Glass po!yeslfer\_
laminate ;
m Steel profiles
= Paint
Paint + Galvanization

= HD Balsa

Figure 7.8, ECI score FCP variant 1, steel crossbeam with FRP deck.

7.1.3.  Variant 2, FRP deck with FRP support

The second variant utilizes the free forming properties of FRP. The deck is also made of FRP, and the
support structure is, unlike the first variant, also made of FRP. This also changes the main carrying
direction of the deck. The support is placed at 3/10% of the span. This has been done after an
optimalisation analysis, which is provided in Appendix I. This parameter study limited the position of
the support between 1/5" and 2/5" of the span. Compared to the most unfavorable situation, a reduction
of 16% for the bending moments and 14% for the horizontal support load was achieved.

The supports are not continuous, with a support with the width of 0.5 meters every 1.58 meters. This
results in a 2d load path, which is accounted for by considering bidirectional bending moments and
deflection. This is a conservative estimate of the total bending moments, as it applies the full load in
both directions, where the stiffness will determine the load path. The choice for this conservative
approach has been made to simplify the calculations.

Another effect of this design is that in case of a ship collision, some of the energy of the ship will be
dissipated. This effect will be considered on the main structure. When this happens, this element is
expected to fail, but is an effective method of dissipating the energy of a collision due to the replaceable
nature of the deck. The laminate layups are given for the deck and the support in Table 7.5 and Table
7.6 respectively. An overview of the cross section is given in Figure 7.9.

Table 7.5, Layup FRP deck.

Orientation Layup

0° 50%
90° 16.67%
+45° 33.33%
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Table 7.6, Layup FRP support.

Orientation Layup

0° 56%
90° 22%
+45° 22%
=12mm
/ :Ic =250 mm /4=18mm
/ / tc =160 mm
7 /

Figure 7.9, FCP variant 2, FRP deck and support (full FRP).

7.1.3.1. Structural checks deck
For this variant, two load cases are of note. The first load case is where both wheels of the vehicle is
placed between the support and the main beams, as displayed in Figure 7.10. The maximal bending
moments occurs at the main beam, as outlined in the parameter study in Annex I. For the shear, this load
case is relevant. The calculations result in a low unity check, which is given further in this section. The
calculations are like the first variant, see section 7.1.2.

Qu Qu

< ﬁ L] >4 g

1.5m 1.3 m 1.3 m 0.9m

/)]

Figure 7.10, Load case for maximal shear and bending moments in deck FCP.

The second load case is introduced since the support are non-continuous, therefore a 2d load path is
introduced. Both the directions of the load are considered. A schematic for this load path is given in
Figure 7.11. The maximal bending moments stresses in the y direction do not have to be combined with
the x direction, as these do not occur in the same point. For the combined stresses, the stresses in the
middle of the span between the supports and the main beams is considered. For the bending moments,
a simply supported cross section is considered. Similarly to the previous deck variant, the load is spread
over a larger width, as shown in Figure 7.6. This load case is governing.
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/FCP support

/ I[‘W'w 5l Main beam
i /

h.O.h.fcu_st

X2
Figure 7.11, 2D load case FCP.
The resulting bending moments, My ,, = 45.7 kNm and My, ,, = 15.8 kNm in y and x direction

respectively. The resulting bending stresses in x and y direction are calculated with Formula 7.7 and
Formula 7.8 respectively.

o _ MEd,deck,x «E " hdeck
Ed,deck,x EIdeck,x 2,GFRP
(7.7)
MEd,deck,y hdeck
Opddecky = 7 * E1Grrp *
' ’ El deck,y ' 2
(7.8)

Where:
Mgggeckx = 1.2 Mg + Mcp sige = 46.7 kKNmM
Mg gecky = 1.2 Mg + Mcp 5iq0 = 16.0 kNm
Elgeckx = 5.56 * 103 kN x m?
Elgec,y = 3.86 x 10 kN + m?
Ex crre = 262 GPa
E, grrp = 17.5 GPa

hdeck =0.274m
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The unity check for the shear, u. c.; gocx = 0.35, and for bending stress is calculated with Formula 7.9.
An additional tension force is added to the unity check the tensile stress, as this introduced because of
the inclination in the support.

OEd,deck,x OEd,deck,y OEd,deck,tension
u.c. = - . + - . + - - =0.74
o.deck Ne¢,GFRP N¢,GFRP N¢,GFRP o
2,k 1,k 1,
Ym,GFrRP * Vrd,GFRP Ym,GFrRP * Yrd,GFRP Ym,GFRP * Vrd,GFRP
(7.9)

For the combined unity check shown above, the Tsai-Hill failure criteria have been implemented. For
the partial factors used above, a fiber dominated failure criteria of a laminate in the sun was
implemented. Next to this, the full wheel load is used to compute the stresses in transverse and
longitudinal direction. Both assumptions are conservative, more detailed design will allow for further
optimization.

The partial factors for GFRP and the resistance model are given in Table 6.11 and Table 6.12
respectively. The resulting unity check for the shear stress is relatively low. For the shear force, the
thickness is increased to include more balsa, this is advantageous for the ECI score.

7.1.3.2. Structural checks deck support
For the supports of the deck, the maximal load case is where the reaction force is maximized in the
scheme displayed in Figure 7.13. This occurs when the vehicle is centered around the support as
displayed in Figure 7.12Figure 7.13. The position of the vehicle is determined in Appendix I.

Cll‘u"

!

low
ﬂ—ﬂ—ik > b
0,6 m 0,9 0,4m 3,1m

Figure 7.12, Load case for maximal normal force in FCP support.

LELLT

QFCP Deck

Figure 7.13, Load case for FCP support.
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The support is tested for buckling. Where Formula 7.10 to 7.16 determine the buckling resistance of an
FRP sandwich panel.

3
_ Neccrrp * E1grre * tiGrrp

D =

U 12

(7.10)
2
_ Ncgrrp * E16rrp * tigrrp * (tcore + tl,GFRP)

Dy = >

(7.11)
D. = Nebalsa * Epatsa * tcgore

¢ 12

(7.12)
Dk :Z*Df+D0+DC
(7.13)
1 72 * Dy,
PCb = * 5
Ym,GFRP * Vrd L&
(7.14)
2
p. = r]c,balsa " Gbalsa * (tcore + tl,GFRP)
s Vm,balsa *Yrd tcore
(7.15)
_ Pcb * Pcs
¢ Pcb + Pcs

(7.16)

Where:
EiGrrp = 27.5 GPa
Gpaisa = 0.15 GPa
tigrrp = 18 mm
teore = 160 mm
ler = lgupp = 3.8m

For the partial factors used above, a matrix dominated failure criteria of a laminate in the shade was
implemented. The final unity check is performed in Formula 7.17.

Ngq
UCgypp =5 ———— =033
Pe * Weypp

(7.17)
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7.1.3.3. Deflection
For the FCP deck plate, the deflection is checked. The same loading scheme is used as in section 7.1.3.1.
The incidental vehicle is replaced by the service vehicle, with lower loads. The total deflection is

computed by combining the deflection in longitudinal and transverse direction. The resulting deflection,
Wiidspan = 2-3 mm. The deflection limit is ZIR = 6.3mm. The unity check for deflection,
Uu. C-deflecion = 0.36.

7.1.3.4. Unity checks
For variant 2, all unity checks are given in Table 7.7.

Table 7.7, Unity checks FCP variant 2, full FRP.

Description Abbreviation Value
Displacement of crossbeam at abutment U. C.yy threshold 0.4
Displacement of deck in between supports, in middle of span U. C.wmidspan 0.36
Shear force in deck core U. C.geck r 0.35
Combined tensile stress in deck laminate (both directions) U. C.deck g 0.74
Combined buckling and tensile resistance support U. C-sypp,comb 0.37

As mentioned previously, the combined unity check for the deck is conservative. The loads are not
distributed in the principal directions, and the combined stresses are combined with the Tsai-Hill failure
criteria. More detailed design will allow for further optimization. For the support, and increased
thickness resulted in lower unity checks then optimal. This is advantageous for the ECI score but may
allow for fewer supports. Further optimizations need to account for increased stresses in the deck if
fewer supports are used.

7.1.3.5. ECl score
The materials and quantities used for the design of both sides of the FCP deck are given in Table 7.8.

Table 7.8, Materials and quantities of FCP variant 2, full FRP.

Material Amount  Unit
GFRP laminate 15900 kg
Balsa 20935 kg
Paint 889 m?

The governing ECI component for the first variant is the fiberglass with biobased polyester, the entire
breakup is given in Figure 7.14.

= E-Glass polyester
laminate
B Paint

= HD Balsa

Figure 7.14, ECI score FCP variant 2, full FRP.
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7.2.  Comparison

For the comparison between the variants, the sustainability aspects mentioned in section 6 will be
considered in addition to practicalities to the design.

7.2.1. Practicalities
The practicalities of each design are summarized in Table 7.9.

Table 7.9, Practicality comparison between FCP variants.

Variant Positives Negatives

1 + Separated deck and support structure - Cantilever joint result in high forces, as for
allow for easy replacement of element. the large bending moments, but low joint
+ Design is comparable to current height.
structure, giving insight into retrofitting
options.

2 + Support structure enables a large joint | - Connected deck and support structure
height, resulting in lower forces in the would not allow for separate element
joint. replacement.

+ Support structure functions
secondarily functions as ship collision
barrier, dampening the forces for the
main structure.

7.2.2. Environmental impact
For the aspect environmental impact the ECI values are compared, in addition to the mass of each
structure. The total ECI value of the variants are displayed in Figure 7.15, based on a 100-year lifespan.

The mass of each structure is given in Table 7.10. The reasons for including the mass are given in section
6.3, but to summarize:

e Prevent the need for renewing, or replacing the actuators, counterweight, moving arms.
o This can have indirect influence on elements such as the actuator basement or
foundation.
e Lower mass if favorable for transport and installation of the structure
e A lower mass structure requires less energy to rotate.
e A lower mass structure can rotate faster, given the moving arms can support the additional load.

Table 7.10, Mass comparison between FCP variants.

Variant 1 Variant2 Base variant

Mass [m. Ton] | 34 37 37
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Environmental impact FCP variants

12000
10000
8000

6000

ECI (€)

4000

2000

Steel CB + FRP FRP Deck &  STEEL CB + Wood
Deck Support deck

Figure 7.15, ECI comparison between FCP variants.

7.2.3. Circularity

For the aspect circularity the circular design principles were use during the design process. This section
will go into each variants ability to incorporate circular design principles. The considerations are
summarized in Table 7.11.

Table 7.11, Circularity comparison between FCP variants.

Variant Positives Negatives
1 + Elements are easily separable, enabling | - FRP is currently poorly recyclable.
end of life separation and reuse of - Steel will require periodical maintenance
individual elements. (FCP deck, and
crossbeam)
+ Steel elements can be made by (mostly)
recycled steel, can be recycled again at
end of life.
++ Potential for reuse of steel elements,
at start- and end of life. (Crossbeam)
++ Long lifespan of FRP enables reuse of
elements after bridge lifespan.
2 + Elements are easily separable, enabling | - FRP is currently poorly recyclable.
end of life separation and reuse of | - The deck must be destructively removed
individual elements. (elements from | from the support if only this element will be
main structure, and destructive deck from | reused at end of life.
support removal)
++ Long lifespan of FRP enables reuse of
elements after bridge lifespan.
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8.Road deck and main structure design variants

Four variants were conceived for the main structure (MS) in combination with the road deck. For each
variant, the general considerations will be highlighted first, after which a design sketch will be displayed.
From this, defining calculations will be highlighted including the following unity checks. All checks
detailed in section 6 are performed and are included in Appendix V, Appendix VI, Appendix VII,
Appendix VIII and Appendix XI.

8.1. Design variants

8.1.1. Base variant, modern adaptation on current structure

The base variant of the main structure is the exact same as the current structure, or the same deck system
supported by the new crossbeams used in variant 1. It consists of a wooden deck on steel stringers,
supported with steel crossbeams between steel main girders. The main steel girders keep the same cross
section over the length of the structure. This is done so at the end of life of the structure, reuse of this
profile is more likely.

The crossbeam is responsible for carrying the road deck and functions as a stiffener in case of a ship
collision. For these functions, the beam has a constant cross section, with a stiffener at each main girder.
A new cross section is depicted in Figure 8.1.

= 2500mm = 1000mm REoRD
.. /fiange = 525 x 45mm flange = 300 x 16mry t= 110 mm
I web = 20mm web = 12mm |

Figure 8.1, Cross section MS base variant, steel main- and crossbeam with wooden deck.

8.1.1.1. Structural checks
The design checks for this variant are based on variant 1, where the wooden deck is replaced by an FRP
deck. Section 8.1.3. will detail the checks performed for both. The decks are not checked as this is a
direct copy of the current deck. The mass of the deck is comparable to the FRP deck (0.5% mass
difference compared to mass of the entire structure). The structural system will be the same as for the
first variant. For these reasons, no additional checks are performed.

8.1.1.2. ECl score
The materials and quantities used in the design are given in Table 8.1.

Table 8.1, Materials and quantities of MS base variant, steel main- and crossbeams with wooden deck.

Material Amount  Unit
Steel 103 000 kg
Galvanization 1101 m?
Paint 1101 m?
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The main contributing factor for the ECI are the steel profiles, the entire breakdown is given in Figure
8.3.

3275580

= Steel profiles

» Wood deck planks

110 mm
= Paint + Galvanization

Figure 8.2, ECI score MS base variant, steel cross- and main beam with wooden deck.

8.1.2. Steel orthotropic deck variant, modern adaptation on current structure

The modern base variant of the main structure is a steel orthotropic deck, supported with steel
crossbeams between steel main girders. The variant is a close resemblance to the current structure. The
main steel girders keep the same cross section over the length of the structure. This is done so at the end
of life of the structure, reuse of this profile is more likely.

The crossbeam is responsible for carrying the road deck and functions as a stiffener in case of a ship
collision. For these functions, the beam has a constant cross section, with a stiffener at each main girder.
A downside of an orthotropic deck is the complicated metalwork required for the troughs. This increases
man hours, waste and reduces the likelihood of reuse at the end of life.

The road deck is the same design as from a different case study, the Amaliabrug in Gouda. This reduces
the level of complexity for this study and ensures that the base variant can be used as comparison design
for a modern bridge design. For this reason, the deck is not tested for structural performance. An
overview of the cross section is given in Figure 8.3.

= h = 1000mm seck =20 mm
=2500mm _
flange = 525 x 45mm flange = 300 x 16mm Pirougn = 350mm

web =20mm web = 12mm

Figure 8.3, Cross section MS base variant, steel main- and crossbeam and orthotropic deck.
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8.1.2.1. Structural checks
The design checks for this variant are based on variant 1, where the steel deck is replaced by an FRP
deck. Section 8.1.3. will detail the checks performed for both. In summary, the steel orthotropic deck is
not checked for structural performance. The unity checks for the crossbeam due to BM1 are . ¢.; o =
0.39 and u.c.; ¢, = 0.97. For the main beam the unity checks due to BMI are u.c.; p,p = 0.44 and
U.C.gmp = 0.84. Auxiliary checks result in u. ¢.;5 g0 ;0. = 0.75 for local resistance to ship collision and
U C.g open = 0.57 for opened structure.

8.1.2.2. Unity checks
For the base variant with a steel orthotropic deck, all unity checks are given in Table 8.2.

Table 8.2, Unity checks MS base variant, steel main- and crossbeams and orthotropic deck.

Description Abbreviation Value
Shear force in crossheam U.C.cpr 0.39
Tensile stress in crossbeam U.Cocp g 0.97
Shear force in main beam Vo Coiry 0.44
Tensile stress in main beam U.Comp .o 0.84
Shear force in main beam flange due to ship collision Ve i e 0.10
Local tensile stress in main beam flange due to ship collision U. Comp,g,5c,l0c 0.75
Global tensile stress in main beam flange due to ship collision U. Comp,g.5¢,loc 0.06
Tensile stress in main beam in opened position U. Cemb,g,0pened 0.57

From the unity checks it can be concluded that the tested elements are optimized. Both the crossbeam
as the main beam highest unity checks is above 0.84. The only element not checked is the deck, it is
possible this element can be further optimized.

8.1.2.3. ECl score
Due to the entire structure consisting of steel, the ECI breakdown does not reveal much new information.
The materials and quantities used in the design are given in Table 8.3.

Table 8.3, Materials and quantities of MS base variant, steel main- and crossbeams and orthotropic deck.

Material Amount  Unit
Steel 103 000 kg
Galvanization 1101 m?
Paint 1101 m?

The most steel is used for the main beams, the entire breakup is given in Figure 8.4.

= Steel profiles

= Paint + Galwanization

s Others

Figure 8.4, ECI score MS base variant, steel cross- and main beam and orthotropic deck.
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8.1.3. Variant 1, steel main- and crossbeams, FRP deck

The first variant is a close resemblance to the current structure. Following the circular design principles
the structure is designed such that the variant can be adopted to the current structure. The structure
consists of two steel main girders, bridged by steel crossbeams, on which the deck rests. The main steel
girders keep the same cross section over the length of the structure. This is done so at the end of life of
the structure, reuse of this profile is more likely.

The crossbeam is responsible for carrying the road deck and functions as a stiffener in case of a ship
collision. For these functions, the beam has a constant cross section, with a stiffener at each main girder.
The constant cross section increases the likelihood of reusability at the end of life of the structure.

The road deck is a simple design for this variant, being simply supported between two crossbeams. This
results in the main load carrying direction being the same direction as the traffic flow, resulting in a
slimmer deck. The laminate layup is given in Table 8.4, an overview of the cross section is given in
Figure 8.5.

Table 8.4, Layup FRP deck.

Orientation Layup

0° 50%
90° 16.67%
+45° 33.33%
=1000mm =12 mm
= 2500
flange = r5n2n; x 45mm flange = 300 x 16mm =000
S web = 20mm web = 12mm .

Figure 8.5, Cross section MS variant 1, steel main- and crossbeam with FRP deck.

8.1.3.1. Structural checks deck
The deck is an FRP sandwich panel simply supported between crossbeams. The load case applied to the
deck is BMI. A single wheel width is considered, following the scheme displayed in Figure 8.6.
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Figure 8.6, Concentrated load dispersion through deck.
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The BM1 load case is applied twice, for the maximization of the shear force and bending moments. The
load cases for the shear force and the bending moments are displayed in Figure 8.7 and Figure 8.8

respectively.

QBMl QBMl

Aem1

Lkg >t —»
2m 3m
Figure 8.7, Load case for maximal shear in deck MS.

clBIVIl

Aem1

v

A‘L 2,1m A

Figure 8.8, Load case for maximal bending moments in deck MS.

The resulting shear force, Vgyq = 260 kN and bending moments, Mgy, = 244 kNm. For combining
brakeforces with the bending moments, a normal force Ngp; = 181 kN in the load path direction is
included. The resulting shear- and tensile stresses are calculated with Formula 8.1 and Formula 8.2

respectively.
_ VEeddeck
TEd,deck = A
Core
(8.1)
" _ Mzageck £ i haeck |  Neadeck * (2 * tegeck — tideck)
Eddeck = 7 * E16rrp
Elgeck 2 2% tygeck * Wra * (tedeck — tideck)
(82)
Where:

Viadeck = 1.2 % Vg + 1.5 % Voo = 395 kN
Mggaeck = 1.2* Mg + 1.5« Moo, = 3775 kNm
Nieggeck = 1.5 * Ngeeg = 271 kNm
Acore = 0.462 * m?

Elgeck = 4.5 * 10° kN * m?

E1 Grrp = 26.2 GPa
hgeckk = 0.524m

The unity checks for the shear and bending stress is performed with Formula 8.3 and Formula 8.4
respectively. The deck is relatively optimized for the high unity checks.
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TEd,deck

u. C-T,deck = N balsa = 0.93
‘—T
Ymbaisa * Vrd ek
(83)
OEd,deck
u. C-a,deck = Te GFRP =0.89
: o
Ym,GFRP * Vrd,GFRP Lk
(84)
8.1.3.2. Structural checks crossbeam

The crossbeam is tested to the load case BM1, a combination of multiple concentrated loads in
combination of a distributed load. The crossbeam is simply supported between the main girders. The
deck consists of two lanes, both lanes are to be loaded simultaneously. The resulting load case for shear
and bending moments in are displayed in Figure 8.9 and Figure 8.10 respectively.

Qpvin Qgm1 Qpmn Qa1

! 11 1 .

| 1 |
o —

1.225m 2m 2m 2m 2.225m

Figure 8.9, Load case for maximal shear in crossbeam MS.
Qpmn Qam1 Qpvin Qam1
1 l l l Qem1

1.725m 2m 2m 2m 1.725m

Figure 8.10, Load case for maximal bending moments in crossbeam MS.

The resulting shear force, Vg1 = 499 kN and resulting bending moments, Mgy, = 1 380 kNm. The
resulting shear- and tensile stresses are calculated with Formula 8.5 and Formula 8.6 respectively.

_ Mggep hep
OFd,chb = El b * Esteel * 7
c
(8.5)
. _ Veaep
Ed,cb —
' Av cb
(8.6)
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Where:
Veaer = 1.2 % Vg + 1.5 %V, = 802 kNm
Mggep = 1.2 x Mg + 1.5 % My, = 2193 kNm
A, = 0.012 m?
El,, = 6.79 * 10% kN * m?
Egteer = 210 GPa
hep =1m

The unity checks for shear- and tensile stress are performed with Formula 8.7 and Formula 8.8
respectively.

U Co gy = % — 033
(8.7)
U Copop = G;‘S’;”b =0.87
(8.8)
8.1.3.3. Structural checks main beam

For the main beams, the load case, BM1, is again applied twice to maximize shear force and bending
moments. The individual axles of the vehicle are combined, the distributed load of a single FCP is
combined with the distributed load on the road deck. The resulting in the load cases for shear force and
bending moments displayed in Figure 8.11 and Figure 8.12 respectively.

QBIVIl

Qs
) 4
> A
A\
~“0Om ~25,25m
Figure 8.11, Load case for maximal shear force in main beam MS.
clB M1
Qwms

-
-

v
A

™
A
12.125m 12.125m

Figure 8.12, Load case for maximal bending moments in main beam MS.
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The resulting shear force, Vgpq = 2.6 * 103 kN, and the bending moments, Mgy, = 1.22 * 10* kNm.
The resulting shear- and tensile stresses are calculated with Formula 8.9 and Formula 8.10 respectively.

_ Mggmp g Ronp
GEd,mb - El * Lgteel * 2
mb

(89)

VEdmb

TEd,mb =
’ Av mb

(8.10)
Where:
Veamp = 1.2 Vg + 1.5 %V, = 4682 kNm
Mggmp = 1.2 % Mg + 1.5 * My, = 23 270 kNm
A, = 0.462 m?
El,, = 1.97 * 107 kN = m?
Egteer = 210 GPa
hpp =2.5m

The unity checks for shear- and tensile stress are performed with Formula 8.11 and Formula 8.12
respectively.

U Cog i = % = 0.46
(8.11)
U Cg ity = GEf‘fs':”” — 0.87
(8.12)

8.1.3.4. Auxiliary structural checks
Auxiliary checks performed are checks against ship collision and for an opened structure. For a ship
collision, the governing load case is the local strength of the main beam, in between crossbeams. The
corresponding unity check, w. C.pp 5 5¢.10c = 0.75. For an opened structure, the load case for combined
wind loads result in a unity check, u. C.;p 5 0penea = 0.60.

Displacement checks are performed at threshold, with a maximal allowable displacement of 5 mm. The
resulting occurring displacement is 4.84mm, resulting in a unity check, u. c.,, tpresnoia 0-97.

8.1.3.5. Unity checks
For the MS variant 1 all unity checks are given in Table 8.5.
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Table 8.5, Unity checks MS variant 1, steel main- and crossbeams with FRP deck.

Description Abbreviation Value
Deflection of the crossbeam at the threshold W Coy el 0.97
Shear force in deck core U. C.geck,r 0.93
Tensile stress in deck laminate U. C.deck,g,l 0.89
Tensile stress in deck core U. C.deck,g,c 0.46
Shear force in crossbeam U.Cocpr 0.33
Tensile stress in crossbeam U.C.cp g 0.96
Shear force in main beam U.Copp r 0.46
Tensile stress in main beam U.Comp g 0.87
Shear force in main beam flange due to ship collision W Coiryny o 0.10
Local tensile stress in main beam flange due to ship collision U. Comb 5 sc,loc 0.75
Global tensile stress in main beam flange due to ship collision U. Comb,g,5¢,gl0b 0.06
Tensile stress in main beam in opened position U. C-mb,g,0pened 0.60

From the unity checks it can be concluded that the tested elements are optimized. The unity checks of
the deck, the crossbeam and main beam highest are above 0.71.

8.1.3.6. ECl score
The materials and the quantities used in the design are given in Table 8.6.

Table 8.6, Materials and quantities of MS variant 1, steel main- and crossbeams with FRP deck.

Material Amount Unit
GFRP laminate 10 900 kg
Balsa 34 002 kg
Steel 48 500 kg
Galvanization 580 m?
Paint 1084 m?

The governing ECI components for the first variant are the steel profiles, the entire breakup is given in
Figure 8.13.

1653,12 _

= Steel prnﬁles\\\

N\

= E-Glass polyester \\‘
laminate
= Paint + Galvanization

: Paint

= HD Balsa

Figure 8.13, ECI score MS variant 1, steel cross- and main beam with FRP deck.
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8.1.4. Variant 2, steel main beam, FRP deck
The second variant consists of two steel main girders, but with the deck spanning between them. The
main girders also remain constant over the length of the structure, so to also enable end of life reusability.

The deck of the structure now carries the load perpendicular to the traffic direction. This complicates
the design of the deck. Next to this, the span between the girders is almost ten meters, and thus the deck
is relatively large compared to the first variant. The connection between the deck and the main beams is
to be made so these elements are separable. The laminate layup is given in Table 8.7, where the plies are
orientated in the direction of the main load carrying direction, perpendicular to the vehicle travel
direction.

Table 8.7, Layup FRP deck.

Orientation Layup

0° 50%
90° 16.67%
+45° 33.33%

Due to ship collision, stiffeners are used at the bottom of the structure to both resist the direct normal
force of the collision and to also activate the whole structure against horizontal load. The stiffeners are
designed from steel for this variant. An overview of the cross section is given in Figure 8.14.

h =2500mm
/ ﬂar;ge ;0525 X 45mm /180x180x10mm square tube //tl =30 mm
/ web =20mm te = 700 mm
/ // // E

;
i

:

i/ / N i
| z 7 )
% o |
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/ / |
i i
1
i 1
¢ /
¢ i
# . _— |
s F]

¥ |

Figure 8.14, Cross section MS variant 2, steel main beam with FRP deck, without crossbeam.

8.1.4.1. Structural checks deck
The principal load carrying direction for this deck system is perpendicular to the traffic direction. This
results in significant shear loads in the laminates in combination with bending loads. The BM1 load
results is again applied twice to maximize and shear in the core the bending moments. These load cases
are displayed in Figure 8.15 and Figure 8.16 respectively.

Qpmz Qg1 Qpmn Qa1

1 1

1.225m 2m 2m 2m 2.225m

Figure 8.15, Load case for maximal shear force in deck MS.
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Figure 8.16, Load case for maximal bending moments in deck MS.

The resulting shear force in the core, Vgecx . = 373 kN, the bending moments, My, = 1 081 kNm,
and the shear force in the laminate Vo0 ; = 363 kN. The resulting shear- and tensile stresses are
calculated with Formula 8.13, Formula 8.14, and Formula 8.15 respectively.

_ VEd,deck,c
TEd,deck,c — A
v,core
(8.13)
_ Veadeck,
TEd,deck,l = A
v,core
(8.14)
_ Mggaeck E haeck
OEd,mb = EL *Lq,GFRP * —
core
(8.15)

Where:
Veadecke = 1.2 % Vy + 1.5 * Vgoer = 580 kNm
Viampy = 1.5 * Vi = 544 kNm

Mgggeck = 1.2 % Mg + 1.5 * My, = 1670 kNm

A, = 0.812 m?

Elpnp = 2.67 % 105 kN * m?
E1 grrp = 26.2 GPa
Rgeck = 0.76 m

The unity checks for shear stress in the core and laminate are performed with Formula 8.16 and Formula
8.17 respectively. The unity check for tensile stress in the laminate is performed with Formula 8.17. For
the laminate, the checks are combined using Tsai-Hill failure criteria, using Formula 8.19.
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TEd,deck

u. C-‘r,deck,c = Ne,balsa =
Tek

Ym,baisa * Vrd

TEd,deck

W Cordeck,l = Ne,balsa -
g ,k

Vm,balsa *Yrd ¢

OEd,deck
Ne¢,GFRP
Ym,GFRP * Vrd,GFRP

U.C.g,deck =

01,k

0.78

0.51

=0.29

U. C.geck,laminate = U-Cegdeckl T U-C.gdeck = 0.81

8.1.4.2. Structural checks main beam

(8.16)

(8.17)

(8.18)

(8.19)

The structural checks for the main beam are identical to variant 1. This loads due to self-weight will be
different because this variant is heavier. The resulting unity checks for the shear, u. c.; y,, = 0.36 and

for the bending moments, o5, = 0.88.

8.1.4.3. Auxiliary structural checks

Auxiliary checks performed are checks for ship collision and for an opened structure. For a ship
collision, the governing load case is the buckling strength of the stiffeners. The unity check for buckling,
U. C.griff puck = 1.00. The unity check for an opened structure, u. c.openeq = 0.61

Displacement checks are performed at threshold, with a maximal allowable displacement of 5 mm. The

resulting occurring displacement is 4.8mm, resulting in a unity check, u. c., tpresnoiq = 0.96.

8.1.4.4. Unity checks
For the variant 2 all unity checks are given in Table 8.8.

Table 8.8, Unity checks MS variant 2, steel main beam with FRP deck, without crossbeam.

Description

Deflection of the crossbeam at the threshold

Shear force in deck core

Tensile stress in deck laminate

Tensile stress in deck core

Shear force in main beam

Tensile stress in main beam

Shear force in main beam flange due to ship collision

Local tensile stress in main beam flange due to ship collision
Global tensile stress in main beam flange due to ship collision
Buckling resistance of the main beam stiffener

Tensile stress in main beam in opened position

Abbreviation

gl glg g lglglg el

- C.w,threshold
' C-deck,'r

0 C-deck,a,l

- Cedeck,o,c

C-mb,t
c ‘mb,o
C-mb,‘r,sc

C-mb,0,sc,loc

- C-mb,0,sc,loc
- C-stif f,buck

.C 'mb,o,0pened

Value

0.96
0.78
0.81
0.49
0.36
0.88
0.02
0.10
0.06
1.00
0.60

Page 73



From the unity checks it can be concluded that the tested elements are optimized. The unity checks of
the deck and main beam highest are above 0.81. For the ship collision, the structural system chosen
results in a high utilization rate of the stiffener, while the main beams are barely loaded to capacity. This
is inefficient and allows for optimization. A potential optimization is to increase the size of- and apply
fewer stiffeners.

8.1.4.5. ECl score
The materials and the quantities used in the design are given in Table 8.9.

Table 8.9, Materials and quantities of MS variant 2, steel main beam with FRP deck, without crossbeam.

Material Amount  Unit
Steel 46 200 kg
GFRP laminate 27 200 kg
Balsa 47 600 kg
Galvanization 366 m?
Paint 882 m?

The governing ECI component for the first variant is the glass fiber with polyester laminate, followed
closely by the steel profiles. The entire breakup is given in Figure 8.17.

2067.37_, 460248
= E-Glass polyester
laminate

® Steel profiles

= Paint + Galvanization '|L:‘£
—
Paint

= HD Balsa

Figure 8.17, ECI score MS variant 2, steel main beam with FRP deck, without crossbeam.

8.1.5. Variant 3, FRP main beam and deck

The third design is highly inspired by the second variant. The main beam is replaced by an FRP main
beam, and the stiffeners are designed with FRP. This results in the first of two full FRP designs. With
the change from steel to FRP, the entire structure become more resilient to environmental effects. The
downside of this change is that the structure becomes more prone to deflection. To prevent the deflection,
higher main girders must be used. The height of the main girders must taper off towards the abutments,
to ensure the structure can be retrofitted into the current surrounding infrastructure. The laminate layup
for the main girders is given in Table 8.10.

Table 8.10, Layup FRP main beams.

Orientation Layup Flange Layup Web

0° 62.5% 25%
90° 12.25% 25%
+45° 25% 50%

The deck system is precisely the same as in the second variant. The connection is again made to be
separable, for end-of-life reuse. The laminate layup is given in Table 8.11, where the plies are again
orientated in the direction of the main load carrying direction, perpendicular to the vehicle travel
direction.

Page 74



Table 8.11, Layup FRP deck.

Orientation Layup

0° 50%
90° 16.67%
+45° 33.33%

The stiffeners at the bottom of the structure are made with multiple FRP sandwich panels with gaps
between them. The stiffeners are again needed for strengthening the main girders in case of a ship
collision. The laminate layup for the stiffeners is given in Table 8.12, an overview of the cross section
is given in Figure 8.18.

Table 8.12, Layup FRP stiffeners.

Orientation Layup

0° 62.5%
90° 12.25%
+45° 25%
= 3200mm
flange = 600 x 80mm _
web = 28mm A=16mm { =30 mm
/tc=250mm t = 700 mm

Figure 8.18, Cross section MS variant 3, FRP main beam and deck, without crossbeam.

8.1.5.1. Structural checks
The deck system of this variant is identical to the deck system of the previous variant. For the relevant
calculations, see section 8.1.4.1.

For the calculations of the main beams of this variant, the calculations are identical to those performed
for the previous variant. The major difference for is this change from a steel main beam to an FRP main
beam. Because FRP is a less stiff material compared to steel, additional stiffness must be created with
the main beam profile. The choice has been made to increase the height of the main beams, to reduce
the amount of material needed. This is only necessary for the main beam between the spans and therefore
has minimal impact on land use. The resulting unity check for shear, u. ¢.; y,, = 0.69 and for the bending
moments, 0gg mp = 0.98.

Auxiliary checks performed are checks for ship collision and for an opened structure. For a ship
collision, the governing load case is the buckling strength of the stiffeners. The unity check for buckling,
U. C.giobbuck = 1.00. The unity check for an opened structure, u. ¢.,peneq = 0.97

Displacement checks are performed at threshold, with a maximal allowable displacement of 5 mm. The
resulting occurring displacement is 4.8mm, resulting in a unity check, u. ¢, tpreshotq = 0.93.
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8.1.5.2. Unity checks
For the variant 3 all unity checks are given in Table 8.13.

Table 8.13, Unity checks MS variant 3, FRP main beam and deck, without crossbeam.

Description Abbreviation

Deflection of the crossbeam at the threshold U. C.yy threshold 0.93
Shear force in deck core U. C.geck 0.84
Tensile stress in deck laminate U. C.geck,o.l 0.81
Tensile stress in deck core U. C.deck,o,c 0.49
Shear force in main beam U.Comp r 0.69
Tensile stress in main beam U.Comp g 0.98
Global tensile stress in main beam flange due to ship collision U. Coymp,g.s¢,loc 0.08
Buckling resistance of the main beam stiffener U. Costif f buck 1.00
Tensile stress in main beam in opened position U. Cemb,g,0pened 0.97

From the unity checks it can be concluded that the tested elements are optimized. Compared to the
previous variant, the unity checks local effects due to the ship collision have been removed, as these
were very low. The unity checks of the deck and main beam highest are above 0.81. For the ship
collision, the structural system chosen results in a high utilization rate of the stiffener, while the main
beams are barely loaded to capacity. This is inefficient and allows for optimization. A potential
optimization is to increase the size of- and apply fewer stiffeners.

8.1.5.3. ECl score
The materials and the quantities used in the design are given in Table 8.14.

Table 8.14, Materials and quantities of MS variant 3, FRP main beam and deck, without crossbeam.

Material Amount  Unit
GFRP laminate 44 600 kg
Balsa 47 600 kg
Paint 957 m?

Due to the entire structure consisting of FRP, the ECI breakdown does not reveal much new information.
The most FRP is used for the deck, the entire breakup is given in Figure 8.19.

3138,96
\\.
= E-Glass poly\ﬁ-{ster
laminate "\
= Paint AN
= HD Balsa

Figure 8.19, ECI score MS variant 3, FRP main beam and deck, without crossbeam.
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8.1.5.4. Variant 4, FRP box girder and deck
The fourth and last variant is a closed FRP box girder. The design consists of a similar deck panel which
is supported by a continuous plate girder on the bottom with multiple webs connecting these elements.
The main structure thus becomes incorporated with the road deck. The laminate layup for the main
bottom flange and webs are given in Table 8.15. The edge webs, including a small part of the flange is
stronger to account loads during the opening cycle.

Table 8.15, Layup FRP main beams.

Orientation Layup Flange Layup Web

0° 62.5% 25%
90° 12.25% 25%
+45° 25% 50%

The design of this deck structure limits the stresses caused by local traffic loads, resulting in a slimmer
deck. On the other hand, since the main structure lacks a top flange, the deck will also function as main
flange. This will increase the longitudinal stresses, requiring more fibers directed in the same direction
as the traffic. The laminate layup is given in Table 8.16, where the plies are again orientated in the
direction of the traffic.

Table 8.16, Layup FRP deck.

Orientation Layup

0° 50%
90° 16.67%
+45° 33.33%

This design will, because of the bottom flange, have no need for horizontal stiffeners. In case of a ship
collision on the side of the bride, the first flange section from the most outer web to the next web is
expected to break. An overview of the cross section is given in Figure 8.20.

=1600mm

Figure 8.20, Cross section MS variant 4, FRP box structure (full FRP).
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8.1.5.5. Structural checks
The design of this variant makes the structural checks more challenging. Deck cannot be checked
without taken the main structure into account. To simplify the support of the deck, each web is replaced

by a representative spring, see Figure 8.21.

kedge kin between % k % k é k ékedge
Figure 8.21, Structural system MS variant 4, FRP box structure (full FRP).
The edge webs are directly supported at each abutment and therefore only bend in the span. For the webs
in between, the head board also bends, therefore these springs are calculated by taking the bending of
the beam itself as the headboard into account. The deck is assumed to function in resisting the bending

as well. The cross sections of the fictional edge beam and the fictional beams in between are displayed
in Figure 8.22 and Figure 8.23 respectively.

mid mid in between

t -0.45 ——

Figure 8.22, Outside fictional beam MS variant 4, FRP box structure (full FRP).

Figure 8.23, Inside fictional beam MS variant 4, FRP box structure (full FRP).
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The springs are calculated by taking a fictional concentrated load into account. Rewriting the formula
for bending of a simply supported beam due to a concentrated load results in Formula 8.20, used for
determining the stiffness of each beam.

48 x E
(8.20)

The structure is symmetric, therefore three distinct spring stiffnesses are determined. The spring stiffness
of the in between beam, an average of the edge and middle beams is taken. The spring stiffnesses are
given in Table 8.17. The Kyeadboara for the in between beam is the value that would result in the
combined stiffness.

Table 8.17, Spring stiffnesses fictional beams MS variant 4, FRP box structure (full FRP).

Spring kspan kheadboard kresultant Unit

Edge 3215 | [-] 3215 kN/m
In between 4469 | 6845 2704 kN/m
Middle 4469 | 4305 2193 kN/m

8.1.5.6. Structural checks deck
With the spring values, the deck can be tested for structural performance. With the use of Matrix Frame,
it was found that the global stresses due to the shear force and bending moments are significantly more
governing than the local stressed. Therefore, the load case is optimized to maximize the global stresses.
The load case displayed in Figure 8.24 is used to determine the maximal shear force and bending
moments.
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Figure 8.24, Load case for maximal shear and bending moments in deck MS.

The resulting shear force in the core, Vyocr = 191 kN, the bending moments, M, = 310 kNm, and
the shear force in the laminate Voo = 363 kN. Interesting to note is that the addition of the
longitudinal webs reduced the transverse shear force by 49% and the transverse bending moments by
71% compared to variant 2 or 3 (similar transverse deck, without webs). The resulting unity checks are
U.Cep geck,c = 0.67 and U. C.geck 1aminate_toc = U-Cerdecki T U-C-ggeck = 0.372. The laminates (in
particular the top laminate) will also function in the main structure. For this reason, the unity
check for the transverse part is relatively low.
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8.1.5.7. Structural checks main structure
The structure consisting of multiple webs will be combined using the individual stiffnesses of each web.
The combined stiffness of the structure will be calculated with Formula 8.21.

k;

kedge

6
ElLngin structure = E El; *
i=1

(8.21)

The load case for determining the maximal stress of the structure will assume a structure which is fully
loaded. This includes the distributed load for the FCP path. The load case for maximizing the shear force
and bending moments are displayed in Figure 8.25 and Figure 8.26 respectively.

Qgnn Qg1 Qpma Qevin
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Figure 8.25, Load case for maximal shear force in deck MS.
Qe Qg1 Qs Qgm1

1.725m 2m 2m 2m 1.725m

Figure 8.26, Load case for maximal bending moments in deck MS.

The resulting shear force in the core, V;,; = 642 kN, and the bending moments, M,,,; = 4 050 kNm.
The shear force is distributed over the combined area of the webs. Similarly to the stiffness, the area is
scaled by the spring stiffness compared to the edge beam. The resulting unity check for shear is
U.Cur geck,c = 0.44. For the bending moments, the global tensile stress in longitudinal direction is
added unto the unity check of the transverse stress, u. C.geck 1aminate_total = U- C-deck laminate_toc T
U. C.geck,global = 0-58. For the addition the conservative Tsai-Hill failure criteria has been used.

8.1.5.8. Auxiliary structural checks

Auxiliary checks performed are checks for ship collision and for an opened structure. For a ship
collision, the governing load case is the buckling strength of the lower flange in combination with
transverse stiffeners. The unity check for buckling, u. ¢.giop puck = 1.18. The unity check is slightly
higher then 1, this is by design, as for this variant it is acceptable for a part of the structure to fail.
The whole structure will not collapse due to the loss of a part of the main beam, under self-weight.
The unity check for an opened structure, u. €.openeq = 0.65, this is tested for only the edge beam,
the part that connects the leaf to the axle.

Displacement checks are performed at threshold, with a maximal allowable displacement of 5 mm. The
resulting occurring displacement is 4.25 mm, resulting in a unity check, w. c.,, threshoria = 0-85.
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8.1.5.9. Unity checks
For the variant 4 all unity checks are given in Table 8.18.

Table 8.18, Unity checks MS variant 4, FRP box structure (full FRP).

Description Abbreviation Value
Deflection of the crossbeam at the threshold U. C.yy threshold 0.85
Shear force in deck core U. C.geck 0.67
Tensile stress in deck laminate U. C.deck,g,l 0.58
Shear force in main beam webs U.Compr 0.44
Tensile stress in main beam bottom flange U.Comp,g 0.19
Global tensile stress in main beam flange due to ship collision U. Comp g.5c,loc 1.14
Tensile stress in main beam in opened position U. C-mp,g,0pened 0.65

From the unity checks it can be concluded that the tested elements can be further optimized. The unity
check for the deflection at the threshold mean that this area of the design is relatively well optimized.
The unity checks for main structure in the midspan allow for further optimization. An optimization is to
decrease the thickness of the laminates in midspan compared to at the abutments. Important with this
optimization is the decrease of stiffness of the middle fictional beams. This means the stresses in the
deck will also increase in the transverse direction.

The deck laminate can also be further optimized, as the unity check is relatively low, and the stresses
are combined with a conservative estimation of the failure criteria. Again, it is important to include the
effect of the loss of stiffness of the fictional beams when reducing the laminate thickness. This also holds
if the thickness of the deck is decreased.

The unity check for the ship collision is higher than 1, but acceptable. The loss of a part of the main
beam does not result in the loss of the structure, as argued in section §.1.6.4.

8.1.5.10.  ECl score
The materials and the quantities used in the design are given in Table 8.19.

Table 8.19, Materials and quantities of MS variant 4, FRP box structure (full FRP).

Material Amount  Unit
GFRP laminate 32 400 kg
Balsa 34 000 kg
Paint 1 063 m?

Due to the entire structure consisting of FRP, the ECI breakdown does not reveal much new information.
The most FRP is used for the deck, the entire breakup is given in Figure 8.27.

® E-Glass polyester
laminate
® Paint

* HD Balsa

Figure 8.27, ECI score MS variant 4, FRP box structure (full FRP).
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8.2. Comparison

For the comparison between the variants, the sustainability aspects mentioned in section 6 will be
considered in addition to practicalities to the design.

8.2.1. Practicalities
The practicalities of each design are summarized in Table 8.20.

Table 8.20, Practicality comparison between MS variants.

Variant Positives Negatives
1 + Separated deck and support structure
allow for easy replacement of element.

+ Main beam structure can easily be
connected to the hinge and counterweight.
2 + Separated deck and support structure
allow for easy replacement of element.

+ Main beam structure can easily be
connected to hinge and counterweight.

3 + Separated deck and support structure
allow for easy replacement of element.

+ Main beam structure can easily be
connected to the hinge and counterweight.
4 - Connected deck and support structure
would not allow for separate element
replacement.

8.2.2. Environmental impact

For the aspect environmental impact the ECI values are compared, in addition to the mass of each
structure. The total ECI value of the variants are displayed in Figure 8.28, based on a 100-year lifespan.
The mass of each variant is given in Table 8.21.

Table 8.21, Mass comparison between FCP variants.

Variant1 Variant2 Variant3 Variant 4 Base variant
Mass [m. Ton] | 93 121 92 66 103

Environmental impact MS variants
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Figure 8.28, ECI comparison between FCP variants.
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8.2.3. Circularity

For the aspect circularity the circular design principles were use during the design process. This section
will go into each variants ability to incorporate circular design principles. The considerations are
summarized in Table 8.22.

Table 8.22, Circularity comparison between FCP variants.

Variant Positives Negatives
1 + Elements are easily separable, enabling | - FRP is currently poorly recyclable.
end of life separation and reuse of - Steel will require periodical maintenance

individual elements. (Road deck)

+ Steel elements can be made by (mostly)
recycled steel, can be recycled again at
end of life.

++ Potential for reuse of steel elements.
(Main beam)

++ Long lifespan of FRP enables reuse of
elements after bridge lifespan.

2 + Elements are easily separable, enabling | - FRP is currently poorly recyclable.
end of life separation and reuse of - Steel will require periodical maintenance
individual elements. (Road deck)

+ Steel elements can be made by (mostly)
recycled steel, can be recycled again at
end of life.

++ Potential for reuse of steel elements.
++ Long lifespan of FRP enables reuse of
elements after bridge lifespan.

3 + Elements are easily separable, enabling | - FRP is currently poorly recyclable.
end of life separation and reuse of - The design of the main girders decreases
individual elements. (Road deck) to likelihood for end-of-life reuse.

++ Long lifespan of FRP enables reuse of
elements after bridge lifespan.

4 + Some elements are easily separable, - FRP is currently poorly recyclable.
enabling end of life separation and reuse | - The deck must be destructively removed
of individual elements. (Road deck) from the support if only this element will be
++ Long lifespan of FRP enables reuse of | reused at end of life.
some elements after bridge lifespan. - In case of damage to the road deck, the

+ Lower utilization of bottom flange will | road deck is not replaceable.
enable repairability of this element.
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9. Comparison of renewal scenarios

For this thesis, there is no final design that can be build and applied directly to the case study. The
reasons for this are:

e The design level is not in depth enough for a final design which can be constructed.
e The goal for this section is to indicate what designs can be applied to possible application
scenarios.

As mentioned previously, the choice has been made to not design a single final design but propose
combination of variants for different scenarios. For this exercise, the foot- and cycle path and the main
structure are designed separate, except for mass load on the main structure. The results of this approach
may differ from a final structure, as the complete structure may behave differently under certain load
combination not considered by this approach.

As previously mentioned, the scenarios for the replacement of the Oostsluisbruggen are in order of
increasing consequence. The scenarios are:

e The current structure is for the most part in good health and does not need replacement, except
for the deck. A sub variant where the stringers are still in good health is also explored.
e The entire structure needs replacement.

The variants in the scenario are compared on 2 parameters, mass and ECI. These are the only factors
that are influenced by the scenarios. The comparisons for practicalities and circularities are given in
section 7 and 8. ECI is a direct parameter following from the ambition: environmental impact. Mass is
included as this has a strong impact on multiple ambitions:

e Direct influence on environmental impact and financing through not included elements such as
counterweight and actuator.

e Indirect influence on land use, though only when exceeding critical mass.

e Direct influence on health and safety of the workers.

e Direct influence on environmental impact and financing by increased costs-, complexity of-,
and emissions as a result of transport.

e Increase in likelihood of reuse of actuators and/or counterweight.
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9.1.  Scenario 1, deck replacement

9.1.1. Scenario 1, deck replacement of Foot- and cycle path
Adopting variants to fit this scenario is of different difficulty to impossible for each design. The
following Table 9.1 summarizes the work needed for different designs for the foot- and cycle path.

Table 9.1, Work required per FCP variant, for scenario 1, deck replacement.

Variant Actions

Base variant For the base variant a one-on-one replacement is possible for the deck. The

Steel crossbeam | variant is based on the current design of the FCP structure, with the same

with wooden wooden deck. The crossbeam can be maintained but require maintenance. Two

deck sub scenarios are considered, one where the stringers are maintained and one
where the stringers must be replaced as well.

Variant 1 Steel For variant 1 a one-on-one replacement is possible for the deck. The deck does

crossheam, FRP | increase by 84 mm, but stringers with a height of 200 mm are removed. The

deck crossbeam can be maintained but require maintenance.

Variant 2 The modifications to allow for this variant will include removing the

Full FRP variant | crossbeam as well as the deck. This ensures that the structure can be placed and
will result in no conflict between the structure and the surrounding infra
structure.

The ECI calculations have been performed for each variant for the work summarized above. It includes
the removal of the stringers and/or crossbeams for variants where this is needed. The costs (or gains) for
removing the wooden deck are neglected as this is the same for all variants. It is assumed that the entire
structure needs to be replaced after 100 years, thus increasing the ECI significantly at the end of the
lifecycle. The initial costs for the base variant are relatively low, as little work needs to be done and
there is no polluting FRP. But over the lifespan of the structure, the costs of a wooden deck that needs
replacement is comparable to an FRP deck. Removing the current elements to make room for the full
FRP variant will increase the costs of this variant significantly. If the stringers need replacement,
replacing it with a replica of the current elements increases the environmental impact significantly.
Figure 9.1 depicts the ECI for the complete scope of the product lifecycle (A, B, C & D), for a lifespan
of 100 years.

Environmental impact FCP variants, Scenario 1 deck replacement
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Steel CB + FRP FRP Deck & STEEL CB + Wood STEEL CB + Wood
Deck Support deck, Stringers OK deck, Stringers
NEW

Figure 9.1, ECI comparison between FCP variants, for scenario 1, deck replacement.
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The mass of each variant is given in Table 9.2. Both variants reduce the mass of the combined elements.
Where replacing the current structure with a full FRP variant the mass is comparable. Replacing the
wooden deck with the stringers for an FRP panel, the mass is reduced by 19% compared to the current
FCP structure.

Table 9.2, Mass comparison between FCP variants, for scenario 1, deck replacement.

FCP Wood deck Steel CB+ Full FRP
FRP deck

Reduction | 21.8 ton 28.5 ton 37 ton

Addition 21.8 ton 21.6 ton 36.9 ton

Result 0 ton - 6.9 ton -0.1 ton

9.1.2.  Scenario 1, deck replacement of main structure.
For the main structure, again certain variants require more modifications than others. The following
Table 9.3 summarizes the work needed for the different variants.

Table 9.3, Work required per MS variant, for scenario 1, deck replacement.

Variant Actions

Base variant For the base variant, two sub scenarios are used. The first sub scenario reuses

Current design the current stringers supporting the wooden deck, the second sub scenario has
these elements replaced.

Steel variant For the steel variant a significant modification is required for the crossbeams,
Steel orthotropic | to provide room for the troughs. To account for this, it is calculated as if the
deck complete crossbeams are replaced.

Variant 1 Steel For variant 1 a one-on-one replacement might be possible for the deck. The
crosshbeams + deck height increases by 414 mm, but stringers with a height of 400 mm are
FRP deck removed. This results in an increase in height of 14mm. It is assumed that this

difference in height can be resolved. No extra modifications will be considered.
Variant 2 Single | The modifications to allow for this variant will including removing the
span FRP Deck | crossbeam as well as the deck. This ensures that the structure can be placed and
with Steel Main | will result in no conflict between the structure and the surrounding infra
Beams structure.
Variant 3 Single | Variant 3 and the current structure are too different that modifications to the
span FRP Deck | main structure to allow for an adaptation of variant 3. The main beams need to
with FRP Main be replaced to make significant difference between variant 3 and 2, but the

Beams main beams are maintained for this scenario. This variant will not be included
into the comparison.

Variant 4 Full Variant 4 and the current structure are too different that modifications to the

FRP Box main structure to allow for an adaptation of variant 4. This variant will not be

included into the comparison.

The ECI calculations have again been performed for 100 years. It includes the removal of stringers an/or
crossbeams, where necessary. It does not include the removal of the wooden deck itself, as this is the
same for each variant. The initial costs for the steel orthotropic deck variant are so significant, that it
towers above the other variants when comparing the costs. Replacing the wooden deck with an FRP
deck has a negative environmental after replacement, this will not be the case at the end of the life cycle.
Completely removing the crossbeam increases the environmental impact of renewal significantly. If the
stringers need replacement, replacing it with a replica of the current element increases the environmental
impact significantly. Figure 9.2 depicts the ECI for the complete scope of the product lifecycle (A, B, C
& D), for a lifespan of 100 years.
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Figure 9.2, ECI comparison between MS variants, for scenario 1, deck replacement.
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The mass of each variant is given in Table 9.4. All variants increase the mass of the final combinations.
Replacing the wooden deck the FRP panel only increases the mass with 0.8% compared to the complete
main structure. The Orthotropic steel deck or FRP deck without crossbeam increases the mass by 2.4%

and 12.0%.

Table 9.4, Mass comparison between MS variants, for scenario 1, deck replacement.

MS Wood deck Steel orth. Steel CB+ No CB, FRP
deck FRP deck Deck
Reduction @ 44.1 ton 62.7 ton 44.1 ton 62.7 ton
Addition 44.1 ton 65.2 ton 449 ton 75.0 ton
Result 0.0 ton + 2.5 ton + 0.8 ton + 12.3 ton
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9.2.  Scenario 2, entire structure replacement

Adopting variants to fit this scenario is relatively simple. All scores are calculated for this scenario in

the variant analysis. The actions required to fit each variant is thus the same.

e  Current structure will need to be removed and recycled where possible.

e New structure will need to be produced, placed, and will have to be removed and recycled at
the end of life.

9.2.1.  Scenario 2, full replacement of foot- and cycle path

The ECI calculations have been performed for each variant and are again graphed over the lifecycle of
the structure. Although removing the current structure is part of the environmental costs, for
comparisons, this has been excluded, as this is the same for each variant. It is assumed that the entire
structure needs to be replaced after 100 years, thus increasing the ECI significantly at the end of the
lifecycle. Figure 9.3, ECI comparison between FCP variants, for scenario 2, full replacement. depict the
entire ECI over the lifespan of the structure, including the entire scope of the product lifecycle (A, B, C

& D).

Environmental impact FCP variants, Scenario 2 full repalcement
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Figure 9.3, ECI comparison between FCP variants, for scenario 2, full replacement.

The mass of each variant is given in Table 9.5. The mass of each variant is reduced compared to the
current structure, where the FRP deck with crossbeams or diagonal supports reduce the mass with
26.6% and 20.3% respectively.

Table 9.5, Mass comparison between FCP variants, for scenario 2, full replacement.

FCP Base variant Variant1 Variant 2
Reduction @ 46.3 ton 46.3 ton 46.3 ton
Addition 37 ton 34 ton 36.9 ton
Result -9.3 ton -123ton | - 9.4 ton
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9.2.2.  Scenario 2, full replacement of main structure

For the main structure the ECI calculations have again been performed for 100 years. The first variant
has a negative ECI starting value, but this will not be the cast at the end of the life cycle. All variants
perform significantly better than the base variant. The full FRP variants, variant 3 and 4 perform better
initially, but the cost of recycling FRP diminishes their lead at the end-of-life cycle. Figure 9.4 depicts
the entire ECI over the lifespan of the structure, including the entire scope of the product lifecycle (A,
B, C & D).

Environmental impact MS variants, Scenario 2 full replacement
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Figure 9.4, ECI comparison between MS variants, for scenario 2, full replacement.

The mass of each variant is given in Table 9.6. The masses differ strongly between different variants.
Where a steel orthotropic deck results in the same mass, removing the crossbeam and replacing the
deck structure with just an FRP sandwich panel will increase the mass by 11.9%. Replacing a wooden
deck supported by stringers reduces the mass by 8.9%. Redesigning the main beams for FRP main
beams with a single span FRP sandwich panel or FRP box structure reduces the mass by 10.3% and
35.8%.

Table 9.6, Mass comparison between MS variants, for scenario 2, full replacement.

Wood deck  Steel orth. Steel CB+ No CB,

deck FRP deck Steel MB +
FRP Deck
Reduction | 102.8 ton 102.8 ton 102.8 ton 102.8 ton 102.8 ton 102.8 ton
Addition 102.8 ton 103.0 ton 93.0 ton 121.0 ton 92.4 ton 66.0 ton
Result 0.0 ton + 0.2 ton - 9.2 ton + 12.2 ton - 10.6 ton - 36.8 ton
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Part III. Conclusions
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10. Summary, conclusions, and recommendations

This section will summarize and conclude all sections of this thesis. The summary consists of a concise
answer to the sub questions with some extra context to highlight the findings. The conclusions consist
of a concise answer to the main question.

10.1. Summary

10.1.1. Sub question 1: How should sustainability be considered to reduce the environmental and social
impact of bascule bridge renewal projects?

Sustainability can be considered by applying methodologies developed by the Dutch government
(“Aanpak duurzaam GWW?” [96] and “Ambitieweb duurzaamheid” [25]). The methodology provided
by the Dutch government (“Aanpak duurzaam GWW?”, translated as Approach to sustainable
infrastructure) is adequate but lacks guidance for structural engineers. A structural engineer would
benefit from understanding additional methodologies during the design work, to apply the goals and
opportunities. The approach to sustainable infrastructure including additional guidance is explained in
the following six steps.

Step 1 is to analyze the ambitions and goals. In general, for the renewal of bascule bridges, from the
perspective of an engineer, important aspects are’:

e Energy and climate mitigation.
e Materials and circularity.

e Climate adaptation.

e Land use.

e Social value.

e Accessibility.

e Financing.

Step 2 is to analyze the opportunities of the renewal project. Opportunities for any bascule bridge may
include:

e The reuse of structural elements of the current structure if the quality of the element is sufficient.

e Designing the replacement structure such that this fits inside the footprint of the current
structure.

e Use of low maintenance materials.

e The reuse (or parts) of the moving mechanism. For this an analysis is necessary to determine
the remaining capacity of the mechanism and its current state. For this thesis it is assumed that
the mechanism is (almost) at capacity, which constraints the mass of replacement structure.

Step 3 is to describe the opportunities and ambitions. This step involves communicating found ambitions
and opportunities with relevant parties to ensure that ambitions can be met, and opportunities can be
applied to improve sustainability.

Step 4 is defined as: “Defining specifications and work on designs”. This step is the focus for an
engineer, and where more guidance is required to adequately apply the sustainability methodology. The
step becomes less vague by applying methodologies such as the circular design principles. Circular
design principles not only help in achieving circularity but can also be used to reduce the climate impact
of renewal projects or can prevent the use of additional land.

3 The aspects identified by this thesis will differ for different projects or organizations. Ambitions will have to be
evaluated for each specific case.
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Step 5 is scoring the designs on defined specifications and criteria. The step is implemented to ensure
that sustainability goals and ambitions are met. This step is self-explanatory.

Step 6 is justifying the design choices. In essence, this is a continuation of the steps 4 and 5, where the
best justification are the scores accumulated by step 5. This step, like step 3, focuses more on the
communication aspects of the methodology.

10.1.2. Sub question 2: What materials and designs are traditionally used, and which innovative
materials can be used for bascule renewal projects?

The starting point for understanding what materials were traditionally used, is an estimation in the Dutch
inventory of bridges. The Netherlands has around 8500 moveable bridges, from which at least 1500
bridge large waterways. With a survey, it is estimated that around 30% to 40% of these 1500 bridges are
bascule bridges, of which 50% are constructed before 1970. This date is significant because this provides
insight into the age of the bridge inventory of the Netherlands and can be used to estimate the design of
the structures. Many bridges constructed for Dutch roadways are relatively short, 80% have a length of
at most 16 meters.

For roadway applications, by far the most common material for the main structure is steel. Steel allows
for long spans with low weight, ideal for moveable bridges. Older bridges tend to be build using wooden
decks. From the 1960°s onward (though not instant), wooden decks fell out of use in favor for steel
orthotropic decks. Initially, this was done to further reduce the mass of the bridge deck. To achieve this
mass reduction, thin steel plates were used, down to 12 or even 10 mm [59].

The downside of thin steel decks is that these structures are vulnerable to metal fatigue, especially with
ever increasing traffic weight and intensity. Modern steel decks, following the Dutch National annex
EN 1993-2, are proposed to be 15 to 22 mm thick [59]. Modern steel decks no longer have the weight
advantage because of the increased thickness.

Another downside of wooden decks is that wooden decks need to be replaced every 25 to 30 years [60].
Although a recent case, the Van Brienenoord bridge, had a wooden deck which reached a lifespan of 40
years [61]. Steel, as well as wood, requires regular maintenance, as steel without protection will corrode.
Modern corrosion protection, in the form of a coating, must be renewed every 20 to 25 years [62]. Other
options, such as galvanization, might increase the lifespan of the coating [63], but have much higher
environmental impact [64].

A material that can provide a solution for both downsides is fiber reinforced plastics (FRP). FRP is a
composite material, where fibers are bonded with a resin. The fibers have a high tensile strength but
cannot be loaded in compression or shear. The combination of fibers in different direction and the
bonding with resin will then provide these resistances and is called a laminate.

Fiber materials that are most used in civil engineering are glass and carbon. Glass fibers are the most
common fibers in civil engineering for their low cost and environmental impact to weight ratio [69].
Carbon fibers are generally for more specialized applications, with superior strength to weight ratio [69].
The downside of carbon fibers are their higher costs [69] and environmental impact [70] next to their
brittleness [69]. A relatively new fiber material is basalt, with similar structural properties to glass and
possibly a lower environmental impact [73]. However, at the time of writing, basalt fibers have not been
researched enough to be included in an environmental database, therefore this material has been
excluded from this thesis.

Resins for engineering purposes are almost exclusively oil-based polymer products. Epoxy- and
polyester resin are the most used resins. Polyester resin is usually cheaper than epoxy [83] and both
resins have similar structural properties [78]. A new development is acquiring the polymers (partially)
from recycled sources, also called bio resins. An example is Polynt Ecopolyester, with similar structural
performance, but a 60% reduction in environmental impact [85].
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An application for FRP is a composite sandwich panel, where the FRP laminates are separated by a core
material. The core material creates height between the laminates to increase strength to perpendicular
shear forces and stiffness. Most common core materials are oil-based foams, where foam produced from
recycled plastic have a 35% reduction in environmental impact [86]. An alternative with lower
environmental impact is balsa wood, as balsa has a negative environmental impact. Balsa also provides
better shear and compression resistance but has 2.5 times higher density [78].

10.1.3. Sub question 3: What design variations can be made to increase the environmental and social
sustainability of bascule renewal projects?

To arrive to the design variants, the methodology of sustainable design is followed. The first step is to

re-evaluate the ambitions. For the case study the Oostsluisbruggen are selected because of their age and

structural system. The cross section is provided in Figure 10.1.

|
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-

Figure 10.1, Cross section current Qostsluisbruggen.
The case study required a more refined ambition web, where the focus of the design will be on:

e Energy and climate mitigation.
e Materials and circularity.

Additionally, land use will receive thoughtful consideration.

Step two is to analyze the opportunities for the renewal of the bascule bridge. By focusing on ambitions
selected in the first step, the following opportunities are identified:

e Elements of the current structure might be able to be reused. Since the lack of information on
the state of the current structure, two scenarios are used to explore this opportunity.

o Scenario 1 is that the deck needs replacement (wooden deck planks and supporting
stringers)
o Scenario 2 is that the entire structure needs replacement.

e Implementing simpler designs, such as consisted cross sections or standardized profiles reduces
the costs of the structure and improves the likelihood of end-of-life reusability.

e Maintaining or reducing the mass of the structure, which can prevent the need for new or
improved actuators or counterweight. A lower weight is also favorable for transport, reduces the
risks of handling the structure and lowers the energy required for moving the structure.

e Designing the structure inside the current parameters (height between deck and supports,
position of main beams, width of main beams), to prevent work on the basements or abutment.

Since step 3 is a communication step, for the purpose of this design study, this step is skipped and the
next step to consider is step 4. To transition into the design phase, the circular design principles are
applied first. The best option for reuse is the reuse of the main structure (main- and crossbeams). The
current structure consists of steel main beams, crossbeams, stringers, and a wooden deck. This is
displayed in Figure 10.1. The case study is compared with a bascule bridge with a steel main structure,
and a steel orthotropic deck or wooden deck for the mains structure. For the FCP structure will consist
of steel crossbeams and a wooden deck, shown in Figure 10.2.
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Figure 10.2, Cross section base variant, with a steel orthotropic RD and wooden FCP.

The first variant then uses these elements and replaces the deck with a composite sandwich panel. This
variant can also be constructed with new main- and crossbeams. In this case the variant is slightly
redesigned. Elements such as the crossbeams are simplified to increase the chance of end-of-life reuse.
Completely replacing the current structure will result in the cross section presented in Figure 10.3. This
is the first variant for both the main structure (main beams, including area in between main beams) and
the foot- and cycle path (area outside the main beams).

e N
—— | wll
T

Figure 10.3, Cross section variant 1, FCP decks with steel MS.

The next variant is inspired less by the initial design. The idea for this variant is to remove the crossbeam
entirely to determine if this will be beneficial for the structure. For the main structure, this results in an
FRP sandwich panel that spans the main beams, where the main load path is rotated perpendicular to the
main span. For the FCP structure, the crossbeam is also removed. The FRP panel will be supported by
a diagonal support, which ends at the foot of the main beam. The position of the support is optimized to
be placed around 3/10" of the width from the edge, as shown in Annex 1. This results in the following
cross section, displayed in Figure 10.4. Point of note is that with minor adaptations, the crossbeam with
FRP deck FCP structure could also be used.

Figure 10.4, Cross section variant 2, FCP decks, no crossbeams and steel main beams.

The following variant is to explore the possibility of replacing the steel main beams with FRP main
beams. The change from steel to FRP results in the need for larger main beams to maintain the same
strength. The choice has been made to increase the height of the main beams between the spans, to
reduce the material needed for the main beams. Again, for the FCP decks both designs are possible to
apply. This results in the following cross section, displayed in Figure 10.5.

Figure 10.5, Cross section variant 3, FCP decks and main beams, no crossbeams.
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For the final variant, the free form possibilities of FRP are further considered. The top flanges of the
main beams are removed, and this functionality is transferred to the top laminate of the deck. To enable
the deck to participate in the main span, multiple webs are placed between the deck and a bottom flange,
which spans the width between the main beams. A transverse beam at the joint is required to enable
these webs to participate, and cross webs are required for stability. The outer webs and a part of the
flange around these webs are stronger to function as arms for opening the structure. Again, for the FCP
decks both designs are possible to apply. This results in the following cross section, displayed in Figure
10.6.

Figure 10.6, Cross section variant 4, FCP decks and box MS.

Step 5 of the methodology is to assess the design based on parameters set during the ambition study.
Analyses performed in sections 7 to 9 shows that, given a scenario, optimizations are possible for all
ambitions. Following the scenarios discussed in step two, possible optimizations are summarized in
Table 10.1.

Table 10.1, Possible optimizations based on variant comparisons and scenarios.

Ambition Scenario 1: Scenario 2:
Renewal of the deck Replacement of full structure
Environmental Reduction of 37 % to 53% of ECI Reduction of 48% of ECI. The entire
impact based on the state of the stringers. The | structure is replaced by an FRP box
current structure can be maintained, structure where the FCP paths are
and the deck elements are replaced for | designed as FRP sandwich panels
FRP sandwich panels. with diagonal FRP supports.
Materials and The structure can be designed such that at the end of lifespan each element can
circularity be separated and possible reused. The chances of reuse are maximized by

standardized designs and constant cross sections. FRP on is currently poorly
recyclable, but significant research into this field is taking place.

Land use Almost all structures can be fit within the current form factor or mass
constraints (see next row). The exception for this is the FRP main beam
variant, with the single span FRP deck. This variant requires stronger main
beams, and the choice for higher beams have been made to reduce the
materials used. This is only necessary in the span, thus for the moving arms the
variant fits in the constraints, and thus has no influence on the surrounding

infrastructure.
Mass (not a Mass is not a defining factor for any Mass is not a defining factor for any
direct ambition, | of the variants, where the variant of the variants, where the combination
but interesting without crossbeam for the main of FCP and main structure always
due to influence | structure does not satisty the mass satisfy the mass constraints.
on different constraints. Significant mass Significant mass reductions are
ambitions) reductions are not possible. possible, up to 33%, in the case of an

FRP box main structure and
crossbeam with FRP sandwich panel
FCP structure.
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10.2. Conclusions
This section will provide an answer to the main research question, which is:

To what extent does the use of FRP and optimizing for environmental and social sustainability reduce
the impacts of a bascule bridge renewal project?

To answer the main question, context is provided on how sustainability has been included into the design
process. Adopting the design for sustainability methodology from the Dutch government provides the
basis for optimizing for sustainability. On a step-by-step basis, goals and ambitions are defined,
opportunities are analyzed and included in the design process. The traditional design process is modified
to include sustainability requirements and follow the circular design principles.

The ambition for the design study was to optimize for a reduction of environmental impact and
circularity, while also considering land use, or rather preventing additional work to surrounding
infrastructure. The analysis of the opportunities highlighted aspects which are well suited to the material
properties of fiber reinforced plastics (FRP). FRP can be used to decrease the mass of the structure,
while requiring less maintenance. Using bio-based materials has resulted in the use of balsa and partly
circular resin, with recycled PET ingredients. Simplifying designs and optimizing for reuse of elements
have resulted in constant cross section elements, which are demountable. Preliminary traditional
designs, in steel and steel with wooden decks, have been compared with preliminary designs with the
use of FRP, for both the main structure as the foot- and cycle path (FCP). Designs have been exclusively
made for the bridge leaf.

The environmental impact has been assessed using the environmental costs indicator (ECI). For the ECI,
the entire lifecycle is considered, including recycling at the end of the lifecycle. Two scenarios have
been assessed, one where only the deck needs replacement, and one where the entire bridge leaf is
replaced. When only the bridge deck needs replacement, the consequences over a 100-year lifespan for
the bridge leaf are: A reduction in ECI by 37%, by constructing an FRP deck, compared to replacing the
wooden deck, when the stringers are reusable.

e A reduction in ECI by 53%, by constructing an FRP deck, compared to replacing the wooden

deck, when the stringers are not reusable.
e No reduction of weight can be realized when just replacing the deck.

When the entire structure needs replacement, the consequences over a 100-year lifespan for the bridge
leaf are:

e Neither a reduction nor an increase in ECI, by constructing a steel main structure with a steel
orthotropic deck, compared to a wooden deck.

e A reduction in ECI by 48%, by constructing a full FRP bridge leaf, compared to constructing a
steel main structure, with either a wooden or steel orthotropic deck.

e A reduction of 33% of the weight of the structure compared to the current bridge leaf.

Another result of the design study is that fully circular designs are not possible for FRP, as FRP is
currently not recyclable. It is possible to optimize the design for likelihood of reuse, by simplifying the
design and making the individual elements separable. Finally, it is possible to design a renewal structure,
without having to make modifications to the surrounding infrastructure.

The reduction in impacts stated above only consider the bridge leaf itself. Considering the bascule
bridge, the weight of the bridge leaf can lead to the reuse of- or allow for less environmental impact
compared to the current actuators and counterweight.

As a final conclusion, FRP is a promising material for bascule bridge renewal projects, although
challenges remain for the circularity of FRP. A significant reduction in environmental impact can be
reached by applying the right methodology, using materials with favorable ECI scores, such as balsa
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and low impact resin, optimizing the design for material usage, and finally, constraining the design to
the dimensions of the current bascule bridge.

10.3. Recommendations for future research

Sustainable design processes and renewal projects are ever evolving subjects. The importance of these
topics is also becoming increasingly apparent. This thesis aimed to incorporate a sustainable
methodology in renewal projects. The following recommendations will aim to inspire future research
projects in this field.

10.3.1. Sustainability

While working on this thesis some sustainability questions remained but were out of the scope of this
study or are not relevant for an engineer. For future research, the logical first research project is the
application of the design for sustainability methodology on other case studies. This case study allowed
for the eliminations of sustainability aspects, such as nuisance, future proofing, or climate adaptation,
that are very relevant for civil engineering projects. Therefore, it is important to reconsider each aspect
for each case study.

10.3.2. FRP

One improvement with high potential for reducing the environmental impact of bascule bridges is basalt.
Highlighted in the literature review, this material promises a serious reduction in environmental impact
of FRP, while having better structural performance. The material, as stated previously, was emitted from
the project because of the lacking information on climate mitigation. If enough research on basalt fibers
allows basalt to be included in environmental databases, the design of FRP bridges with basalt might
reduce the total impact of bascule bridge renewal projects further.

Another innovation that can lead to lower environmental impact of FRP in bascule bridges is
recyclability. Currently, as highlighted in the literature review, methods for recycling are limited.
Improvements in this field rapid, as the wind energy industry has very large incentives for this
innovation. The civil engineering field can benefit from the efforts of the wind energy industry. If FRP
is separable in its constituent parts, infinite lifecycles might be feasible, requiring minimal new
materials. Current technology can recover the fibers, potentially at their original mechanical properties.
Innovation is required to also allow for the recovery of the resin at their original material properties.
However, the technology is currently not readily available on an industrial scale. These combined
innovations will allow for FRP bascule bridges with a lower environmental impact.

10.3.3. Designs

The designs in this study were based on analytical models, for which simplifications were made. Due to
the limited time available, no finite element analyses were performed. The use of FEM will allow for
more optimized designs. Next to this, more concepts such as an FRP deck with FRP supports for the
main structure (like the FCP deck) might provide further optimizations. Finally, not all loads were
analyzed such as fatigue, local failures for the FRP sandwich panel, or local failures for the steel plates.
Definitive designs are required to fully assess the impact of FRP in bascule bridge renewal projects.

Next to this, the scope of this thesis was limited to the bridge leaf. While surrounding infrastructure and
the actuators were accounted for with additional checks, including these elements into the designs will
provide a more complete overview of the impact of FRP in bascule bridge renewal projects.
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Part IV. Appendix



Appendix I, Support position FCP variant 2.

11.1. Introduction

This annex shows the calculations to determine the position of the support for the FCP variant 2. To
determine the position of the support, multiple assumptions are made. These assumptions are:

- The current deck profile (position of foot and cycle path) is maintained, this has the consequence of
the inability of any load to be placed any closer than 0.7m from the main beam.

- No wheel load can be placed any closer than 0.6m (0.5m + 0.1m) from the edge of the beam

- The concentrated loads are governing for the force distribution in the plates (the distributed loads are
analyzed too).

- Although the supports are not continuous, they are assumed as continuous for these calculations (all
calculations are done with a schematized 1D beam).

The deck will have the designed like will have a cross section as depicted in Figure 11.1
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Figure 11.1, Cross section FCP variant 2, FRP deck and support.

And will be schematized as depicted in Figure 11.2
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Figure 11.2, Structural scheme for FCP variant 2, FRP deck and support.
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11.2. Schemes

To determine the forces in the structure, multiple schemes are implemented. These schemes are depicted
in Figure 11.3 and Figure 11.4. The first scheme is used to determine Mg, Vz_ Rp and the second scheme

is used to determine My, Mg, Vg, V,. The definition of these forces is given in the two figures.

F

1300

F

\J

x1 x2
5000
Figure 11.3, FCP variant 2 load scheme 1.
[ d1
c2 d2
x1 _ X2
5000

Figure 11.4, FCP variant 2 load scheme 2.

Formula 11.1, Formula 11.2, and Formula 11.3 are used to calculate the shear force left of the support,
the bending moments at the support, and the reaction force of the support respectively. These three forces

are maximized by load scheme 1.

F +(2+5000—2+a—1300) — M,

Vb_ =F

Mp =F *(x; —a)

X2

;where My = F xc*d *

(11.1)

(11.2)

X, +c Mg

2

(11.3)
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Formula 11.4, Formula 11.5, Formula 11.6, and Formula 11.7 are used to calculate the shear force right
of the support, the shear force at the main beam, the bending moments at the main beam, and the bending
moments in the field between the support and the main respectively. These four forces are maximized
by load scheme 2.

VB+=F*d%*%+F*d%*%

(11.4)
Vi=2+F—Vp,

(11.5)

MA=F*C1*d1*x2+(;1+F*C2*d2*w

2 % x5 2 % x3
(11.6)

My = max(Vpy * ¢y, Ry * C,) , where Ry, = F * d2 *%
2

(11.7)

All used formulas are verified with the use of Matrix frame. The definitions of the shear forces and
bending moments, from the formulas above. are summarized in Figure 11.5 and Figure 11.6

respectively.
M N

diih |
i

V%
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Figure 11.5, Definition of shear and reaction forces.
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Figure 11.6, Definition of bending moments.
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11.3. Results

The following tables contain 2d optimization analysis, where both the position of the forces and the
position of the support are moved (this is not the case for forces that are only dependent on 1 or less
variables). For the first scheme, the tables containing the bending moments at the support and the
reaction force of the support are Table 11.1 and Table 11.2 respectively.

Table 11.1, Bending moments at the support.

My (kNm)

x, | 1] 11] 1,2] 1,3] 1,4] 1,5] 1,6] 1,7] 1,8] 1,9] 2
a
0,6 16| 20| 24| 28| 32| 36| ao| aa| a8|- |-
0,7 12| 16| 20| 24| 28| 32| 36| 40| aa| a8]|-
0,8 8| 12| 16| 20| 24| 28| 32| 36| 40| 44|28
0,9 4| 8| 12| 16| 20| 24| 28] 32| 36| 40| 44
1 - 4| 8| 12| 16| 20| 24| 28] 32| 36] 40
1,1 N 4| 8| 12| 16| 20| 24| 28] 32] 36
1,2 R EE 4| 8| 12| 16| 20| 24| 28] 32
1,3 - - - 4| 8| 12| 16| 20| 24] 28
1,4 e 4| 8| 12| 16| 20] 24
1,5 - - - - |- 4| 8| 12| 16/ 20

Rp (kN)
X 1 11] 12] 13] 14] 15] 16] 17] 18] 19 2

a
0,6 72,73|75,56| 78,55 | 81,71 85,05 | 88,60 [ 92,37| 96,37 [ 100,63 - -
0,7 69,81 72,55 75,45 78,51 81,76 | 85,20 | 88,86 | 92,74 | 96,88 |101,29] -
0,8 66,92 | 69,57 | 72,37 75,34 | 78,48 81,82 | 85,36 89,13 | 93,14 97,42|102,00
0,9 64,04 | 66,60 | 69,31 72,18 75,22 78,45 | 81,87(85,52| 89,41| 93,57| 98,01
1 - 63,66 | 66,27 | 69,04 | 71,98 75,10| 78,41 |81,94| 85,70| 89,72 94,02
1,1 - - 63,26 | 65,93 | 68,76 | 71,77| 74,97 78,37| 82,01 85,89] 90,05
1,2 - - - 62,84|65,57 68,47 |71,55|74,83| 78,33| 82,08| 86,09
1,3 - - - - 62,41|65,19|68,16|71,31| 74,69| 78,29| 82,16
1,4 - - - - - 61,95|64,79|67,83| 71,07| 74,54| 78,25
1,5 - - - - - - 61,47 |64,38| 67,49| 70,81| 74,38

For Mg and for Ry the support is optimal to place the support as far as possible. This makes sense as
this decreases the overhang on which these forces are greatly dependent.



Table 11.3, Table 11.4, Table 11.5, and Table 11.6 shear force right of the support, shear force at the
main beam, bending moments at the main beam and the bending moments in the field between the
support and the main beam respectively.

Table 11.3, Shear force right of the support.

Vs (kN)
X1 1 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2

&
0,1 58,36 (57,85|57,32|56,76 | 56,18 | 55,57 | 54,93 | 54,25 | 53,55 | 52,81 | 52,03
0,2 55,56 (54,99 |54,39|53,77|53,12|52,44 51,72 | 50,97 | 50,19 | 49,37 | 48,51
0,3 52,79(52,16|51,50| 50,82 | 50,10 | 49,35 | 48,57 | 47,75 | 46,89 | 45,99 | 45,05
0,4 50,06 |49,37|48,66|47,91|47,13|46,32|45,47 |44,59|43,66(42,70|41,69
0,5 47,36 | 46,62 | 45,86 | 45,05 (44,22 |43,35|42,44141,50|40,51|39,48 38,41
0,6 44,71|43,92 (43,11 (42,25|41,37|40,44|39,48|38,48|37,44|36,36| 35,24
0,7 42,11(41,27 (40,41 (39,51 |38,58|37,61|36,60|35,55|34,47|33,34(32,18
0,8 39,55|38,68|37,77|36,83|35,86|34,84|33,80(32,71|31,59|30,43 | 29,24
0,9 37,06 |36,14|35,20|34,22|33,21|32,16|31,08 | 29,97 | 28,82 | 27,64 | 26,43

1 34,61|33,67|32,69|31,69|30,64|29,57|28,46 27,33 (26,16 | 24,97 | 23,75
1,1 32,24 31,26 30,26 |29,23|28,16|27,07| 25,95 (24,80 | 23,62 | 22,43 | -
1,2 29,92 |28,93|27,90|26,85|25,77|24,67|23,54 22,38 21,22 |- -
1,3 27,68|26,67|25,63|24,56|23,48|22,37|21,24|20,10 | - - -
1,4 25,51|24,48|23,44|22,37|21,28|20,18|19,06 | - - - -
1,5 23,41|22,39|21,34|20,27|19,19|18,10| - - - - -
Table 11.4, Shear force at the main beam.

V,y (kN)
X1 1 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2

G
0,1 21,64 |22,15|22,68|23,24|23,82|24,43|25,07 |25,75|26,45|27,19|27,97
0,2 24,44125,01|25,61|26,23|26,88|27,56|28,28 29,03 |29,81|30,63|31,49
0,3 27,21|27,84|28,50|29,18|29,90|30,65|31,43(32,25|33,11 | 34,01 | 34,95
0,4 29,94 30,63 |31,34|32,09|32,87|33,68|34,53(35,41(36,34|37,30| 38,31
0,5 32,64 33,38 |34,14|34,95|35,78|36,65|37,56 | 38,50(39,49 (40,52 | 41,59
0,6 35,29|36,08|36,89|37,75|38,63|39,56|40,52 (41,52 (42,56 | 43,64 | 44,76
0,7 37,89|38,73|39,59|40,49|41,42|42,39|43,40 (44,45 (45,53 | 46,66 | 47,82
0,8 40,45(41,32 (42,23 43,17 |44,14 45,16 |46,20|47,29|48,41 | 49,57 | 50,76
0,9 42,94 43,86 (44,80 (45,78 |46,79|47,84|48,92|50,03|51,18|52,36 53,57

1 45,39|46,33|47,31(48,31|49,36|50,43|51,54|52,67 (53,84 |55,03 | 56,25
1,1 47,76 |48,74149,74 (50,77 |51,84|52,93 | 54,05 | 55,20 | 56,38 | 57,57 | -
1,2 50,08|51,07(52,10| 53,15 | 54,23 | 55,33 | 56,46 | 57,62 | 58,78 | - -
1,3 52,32|53,33|54,37|55,44|56,52 |57,63|58,76 | 59,90 | - - -
1,4 54,49|55,52 (56,56 |57,63 (58,72 |59,82| 60,94 | - - - -
1,5 56,59|57,61|58,66|59,73|60,81|61,90| - - - - -

VI



Table 11.5, Bending moments at the main beam.

M, (kNm)
X 1] 11| 1,2] 1,3] 14| 15] 16| 1,7] 18] 1,9 2

G
0,1 26,57|26,3926,20| 25,99 | 25,76 | 25,52 | 25,25 | 24,96 | 24,64 | 24,29 | 23,90
0,2 29,77129,55(29,31|29,06 28,78 |28,48|28,15|27,79| 27,39 26,96 | 26,48
0,3 32,85|32,58(32,29(31,98|31,64|31,27|30,87|30,43|29,95|29,42| 28,84
0,4 35,78 35,46 35,11 (34,73 |34,32|33,87|33,39|32,86 | 32,28 | 31,64 | 30,94
0,5 38,55|38,17(37,75|37,30|36,81|36,27| 35,69 | 35,06 | 34,37 | 33,60 | 32,76
0,6 41,16 |40,70| 40,20 (39,66 | 39,08 |38,45|37,76|37,01 | 36,18 | 35,28 | 34,28
0,7 43,57 43,03|42,44(41,81|41,13|40,38|39,57|38,68 (37,71 |36,64 | 35,46
0,8 45,78 |45,15|44,46 (43,72 42,92 42,04 |41,09|40,05|38,91|37,66 | 36,28
0,9 47,78 | 47,04 46,24 (45,38 |44,44|43,43(42,32|41,11(39,78|38,32 36,72
1 49,54 148,69|47,76 | 46,76 | 45,68 | 44,50 | 43,22 141,82 | 40,28 |38,60| 36,74
1,1 51,06 (50,07 |49,01|47,86 | 46,61 |45,26 43,78 |42,17|40,40 | 38,46 | -
1,2 52,31 (51,18 49,97 |48,65|47,22|45,67 | 43,98 42,13 40,11 | - -
1,3 53,28 (52,00 | 50,61 | 49,11 (47,49|45,72|43,79|41,69 | - - -
1,4 53,97|52,51|50,94 (49,24 (47,39(45,38 (43,20 | - - - -
1,5 54,34152,70|50,92 49,00 (46,92 | 44,65 | - - - - -

Table 11.6, Bending moments in the field between the support and the main beam.

M, (kNm)
X 1] 11 1,2] 1,3] 14| 15] 16| 1,7] 18] 1,9 2

G
0,1 27,80|27,14|26,45| 25,73 24,98 | 24,19| 23,37 |22,50|21,59| 20,64 | 19,65
0,2 27,83|27,09]|26,32|25,51|24,67|23,79|22,87(21,91|20,90 | 19,85 | 18,75
0,3 27,65|26,82|25,97|25,07|24,14|23,17|22,16 (21,10 20,00 | 18,85 | 17,65
0,4 27,26 |26,35|25,41|24,43|23,41|22,35|21,25(20,10|18,91 (17,67 | 16,67
0,5 26,68 |25,69|24,67|23,60|22,50|21,68|21,22 (20,75 (20,26 | 19,74 | 19,21
0,6 26,83|26,35|25,86|25,35|24,82|24,27|23,69(23,09(22,47|21,82|21,14
0,7 29,48 28,89 (28,29|27,66|27,00|26,32|25,62|24,89|24,13|23,34|22,53
0,8 31,64|30,94 (30,22 |29,47|28,68|27,88|27,04|26,17|25,27 | 24,35| 23,39
0,9 33,35|32,53|31,68|30,80|29,89|28,95|27,98|26,97 | 25,94 | 24,87 | 23,78
1 34,61 (33,67|32,69|31,69|30,64|29,57 28,46 |27,33|26,16 | 24,97 | 23,75
1,1 35,46 (34,39 |33,29|32,15|30,98| 29,78 | 28,54 | 27,28 25,99 | 24,68 | -
1,2 35,91|34,71|33,48|32,22 (30,93 | 29,60 28,24 | 26,86 | 25,46 | - -
1,3 35,98|34,67|33,32|31,93|30,52|29,08|27,61|26,12 |- - -
1,4 35,71 (34,28 32,81 |31,32|29,79| 28,25 | 26,68 | - - - -
1,5 35,12 (33,58 |32,00|30,41 | 28,79|27,15 | - - - - -

For the forces calculated with the second scheme, which focusses on the area between the supports,
the conclusions are more nuanced. This is clearly visible in the tables depicted above, where the colors
are separated in complicated regions. For Vg, M4 and My (generally) the longer the span between the
region, the higher the forces. For the shear force in A, Vy, there is a peak visible around 1.5 meters.

Vil



11.4. Conclusions

The results clearly depict a complicated situation where the forces need to be balanced. Placing the
support inward will decrease the forces from scheme 2 (generally) but increase the forces from scheme
1.

For the shear force a comparison must be made between V, and Vg, , as Vp_ remains constant and non-
governing. An optimum is found between x; = 1.1m and x; = 1.2m. For the bending moments a
comparison is made with M, and My, as Mg is non-governing. An optimum is found between x; =
1.6m and x; = 1.7m.

For the reaction force in B, Rp, a small x; will result in a smaller Rjp.

As mentioned before, distributed loads were also analyzed but were found to be also non-governing. To
find a middle ground between the optima, it is determined to design the FCP deck such that
x; =1.5m.
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Appendix II, Structural checks steel crossbeam with a
wooden deck FCP.
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General dimensions

1 ¢

|



1 1640 mm

fepe 1680w
mim 1m
" 23,7 m |
I 1
1 255m 1
1 I
Nerossheam =1 [:=25250 mm
h.o.h,psspeam = ; =4.208 m
crossbeam
bjep:=4.28m  beyy:=5m b,;:=8m bsuppi=9-45 m
h'rd :=5.9m h‘fcp :=6.05 m hwate,,. :=3.3m hunder_side :=4.3 m
6,z =80 ° Ry i=5i0 (6,,45) * L+ h,g=30.8 m Afep deck=bedge+ 1=126.25 m”

General properties

Ts sun ‘= 57 °C Ts_shade =31°C

Desing material properties

Properties wood
kg

m3

Puwood = 1080 Eyy0qi=20 GPa,

Properties steel



Putees = T800 '“—-Z E,..=210 GPa  f,:=355 MPa

Traffic load calculations

Cross section properties

Load properties

Distirbuted load foot and cycle path

- kN
Qfep*= 5 2
m

Concentrated load service vehicle
Queryi=12.5 kN

l =25 ecm Wy gy =25 CcM Wy =175 m  h.0.h,,,:=3 m

w_serv *

Concentrated load accidental vehicle
Quv1:=40 EN Q,2:=20 KN

l =20ecm  w, 4,=20 cm We,:=1.3m h.o.h,,:=3m

w_av *

Foot- and cycle path properties

h.o0.h.deck_beam




ww_m, ww_sem;

Wy edgei=0.5 M+ =0.6m Weery_edge=0.9 M+ =0.625 m
tdjcp =80 mm Adeck_beam :=2848 mm2 hdeck_beam =200 mm2
bedge 2
Ngeck_beam *= 6 h'o'hdeck_beam = =0.833 m AL_deck_beam :=2848 mm
ndeck_beam

wfcp = w'u)_cw + tdjcp =280 mm

Crossbeam properties




hep sige:=640 mm  tg o gge:=13.5 mm Edge crossbeam is a HEA650

tcb_f_side :=26.5 mm Wep f side = 300 mm

Acb_side =21y, _f_side * Web_f _side + tcb_w_side £ <hcb_side —2-ty J_side> =0.024 m2

2
Acb_v_side = tcb_w_side T hcb_side =0.009 m

1

EI cb_side *= E steel * 2 = tcb_w_side 2 <h’cb_side -2 tcb _f_side) s d
1 1 :
+2- Wy _f_side * tcb _f side* 5 * h’cb_side - 5 * tcb _f_side

Xrr=0.4

Calculations for deflections

Deflections crossbeam

w _ 1 Qserv ¢ <bedge ] wserv_edge> : n 1 Qse'rv ¢ <bedge — Wgery_edge — wserv) I

b Q'™ o o
T 48 EI cb_side 48 EI cb_side
5  Qf.,*h.0.h by
wa_q _ . fep crossbeam * Yedge —0.5 mm
384 EI cb_side

Deflections limit

Wiimit_threshold =9 MM

=(3.62-10°) kN -m”

=0.1 mm



Unity checks

max <wcb_Q ) wcb—q> =0.09

u'c'deflection_threshold =
Wiimit_threshold

Calculations for crossbeam

Loadcases

Loadcase Q1

b

Loadcase q

I A A §

Loadcase G
P N P P P P

Shearforce
Loadcases q and Q1 were used

Vfcp_q_cb i= qfcp 2 bfcp $ h"o'hcrossbeam =90 kN

VfCP_Q_Cb =2 <Qav1 + Qav2> =120 kN

Bending moments
Loadcases a and O1 were used



-

1
Mh_f]—cb I 5 ’ quP 5 h'o'hC”’SSbeam . beP2 s qfcp T h'o'h‘cmssbeam ° bfcp b <bedge —+ bfcp> =258 kN -m

Mh_Q_cb = <Q(w1 + Q(w2> ° <2 ° bedge -2 Way_edge — wm;) =450 kN -m

Self weight
m kN
GCbJCP = td_fcp * Pwood * h’o'hcrossbeam d +9.81 —2 =6.5 F
S
Ngeck beam * Adeck_beam -h 'O'hCTossbeam
* Psteel
bedge

+ Acb?side * Psteel

kN
Gcb_fcp: 65 7

Resultant forces as a result of self weight
Loadcase G was used

VG_cb_fcp = Gcb_fcp J bedge =32.5 kN

1
M _ch gep'=—5* Geb_fep*Ogep +Ceb_fop* bgep* (Dectge = byep) =79-4 kN -m

Combined forces with 6.10 B
Vid_cb_side =12V ey feptmax (1.5 Vi, o o Viep o o) =174.03 kKN

MEd_cb_side =1.2 'MG_cbjcp +max <15 'Mh_q_cb aMh_Q_cb> =545.34 kN -m

Resultant stresses

Vv )

TEd_cb_side = % =20.1 MPa
cb_v_side

MEq_cb_sid 1

O Ed_cb_side ‘= — =, Egeers— hcb_side =101.2 MPa
EI cb_side 2
Unity checks
T .

w.c.. ., =—tocbside 57

T_cb
st



OEd_ch_side

u.c =0.713

*o_cb_side =
Xere St

Auxiliary calculations
Calculations for ship impact forces

Fship =1 MN h =0.20m Wihip =3 m

ship :

=15598 mm?> I =11271-10* mm* Edge crossbeam is an IPE600

cr_edge :

A

edge :
hl_edge =600 mm bI_edge =220 mm

t =12 mm Ut 1 edge:=19 mm T edge =24 mm

w_I_edge :

Beam buckling resistance

€1 edge=0.81 classf_edg6 =1 classw_edge =4 lcr_edge =2 bedge

)‘1 :=93.9- gl_edge =76 ¢w_edge =1 ka_]_edge =4

hI_edge -2 tf_I_edge -2 rI_edge
t

A = wI_edge =0.931
p_w_edge
28.4- €I_edge 'V ka_[_edge
A —0.055- (3+
0.5+14/0.085 —0.055 3%, g4e =0.673 D1 edge =P <2 Yucage) _ 0.82
Ap_w_edge

beff_I_edge *=PI_edge* <h’I_edge -2 <tf_I_edge + TI_edge)) =422 mm

2 2
Aeff_I_edge = <2 *T'I_edge + beff_I_edge> $ tw_]_edge +7T. TT_edge + bI_edge £ tf_I_edge =11625 mm

I

[
B _0.098 M Ap gggei= || —=2_=1.156 O oggei=0.34
Aeffjfedge U edge*® >‘1

¢I_edge =0.5- <]- + aI_edge 2 <AI_edge = 02> + >‘I_ed962> =1.33

1
XI_edge = =0.323

2 2
¢I_edge + \/(z)l_edge + >‘I_edge

ILI_edge i=

N..:=v: ﬂ,z,m‘A,.rf T o f,‘JZ 1.335 MN



(&} /vi_euye €jj_1_cuye v st

Results
Unity checks

Unity checks traffic loads
Deflections

u'c'deflection_threshold =0.09

Crossbeam

u.c., ,=0.06 u.c =0.71

*o_cb_side

Unity checks ship colision
Reduction of force to main structure due to collision with fcp deck (supp)
Reduction:=0

MKI

=€::1Q

MGSSSteel =n 2 'Aedge . bedge * Psteel d = 15.247 tonne

crossbeam

42 Ngeck beam ® Adeck_beam ol Psteel

ASteel = <2 = hI_edge +4- bI_edge -2 tw_I_edge) <2 bedge * Nepossbeam < = 143.954 m2

+ AL_deck_beam * Ndeck_beam ® 2

Apoodi=2+1beg,.=252.5 m”
kg
MaSSWood ::AWood ° td_fcp * Pwood = 21.816 tonne tdjcp * Pwood = 86.4 5
m
€
MKISteel :=0.165 E MKIscore_Steel ::MKISteel 'MaSSSteel =2515.8 €
€ 80 €
MKTyy0:=1.26 ——. " =3.36 MKT 1. oot =MELyooi Ayyoos - 4=3393.6 €

m2 30 m2



€ MKI

9 score_Steel_cons :

MKISteel_cons :=0.300 =5 'MKISteel_cons 'ASteel =215.9 €

m

MKI

score_Tota

l::MKIscore_Steel +MKIscore_wood +MKI =6125 €

score_Steel_cons

Mass

Mass; i :=Massg..; +Massyy,.q =37 tonne



Appendix III, Structural checks steel crossbeam with an
FRP deck FCP.
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General

General dimensions
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1 9,45 |

1 1640 mm
fep: 1680mm
min 1m
i 13Im [
I 1
1 255m 1
1 1
Nerossheam =1 1:=25250 mm
1.0 By posponm == 4.208 m
crossbeam
bjep:=4.28m  beyei=5m b,;:=8m bsuppi=9-45 m
h'rd =5.9m h‘fcp :=6.05 m hwate,,. =3.3m hunder_side =4.3m
6,z =80 ° Ry i=5i0 (6,,45) + L+ h,g=30.8 m Afep deck=begge+ 1=126.25 m”

General properties

Ts sun ‘= 57 °C Ts_shade =31°C

Desing material properties

Properties balsa core

kg

Phatsa =285 —= Gbalsa:: 145 MPa
m

E... _ =720 MPG; FE. ... .:=2642 MPG;



vuLSU_<

fc_mz_'v_k :=2.08 MPa

0.2

nct_balsa =mun|l—

vuLSU_i

f. . =7.32 MPa

kg
3 T.. —20°C
— ™ 10.004 (L)1 ~1
Phalsa 1 C

ncm_balsa =1

VYm_balsa = 1.51 Yrd_balsa = 1.5

.fc_g;z_v_d L Ne_balsa® f cxz v k —0.92 MPa
Ym_balsa * Yrd_balsa

.fc_z_d — Ne_balsa® f czk —3.93 MPa

Ym_balsa * Vrd_balsa

Properties foot- and cycle path laminate

nc_balsa i= nct_balsa - 7,'cm_balsa =1

Laminate layup foot- and cycle path

0 50%
90 | [16.67%
45 | [16.67%

—45| [16.67%
DL jop=1900 25
m

ffcp_m_k :=367 MPa

T. ..:=90 oC

E\ | tp=26.2 GPa

ffcp_y_k :=245 MPa

Ey | 4op=17.5 GPa

Ffep ey 13=150 MPa




gyer T

s_sun_20 °C ):09

nctjjcp::min(l—O.QE)-—o, 1
T, jep—20 °C

ncmjjcp:ZO‘G ncjjcp::nctjjcp'ncmjjcp:0'521

f in|1-0.80. " 201 11=0.6
=mn 80— =0.
Mlet.m_fep Ty ep—20 °C ’

ncm_m_fcp :=0.6 nc_m_fcp = nct_m_fcp s ncm_mjcp =0.346

7mjcp:: 1.07 7rd_fcp:: 1.4

e g gep* Frep ek _ 127.6 MPa

ff d pp—
i Yrd_fep* VYm_fep
Frop g aim eI T uk g5 5 prpg
Yrd_fep* Vm_fep
.f fep_zy_d*= et fop” fpr_my_k =52.1 MPa

Yrd_fep* Vm_fep

Properties steel
kg

3
m

Pteer = T800 Eoi=210 GPa  f.:=355 MPa

Traffic load calculations

Cross section properties

Load properties

Distirbuted load foot and cycle path

- kN
quP =5 9
m




Concentrated load service vehicle

Queryi=12.5 kN

3m

1.75 m  h.o.hg,,:

wSﬁ'I"U

=25 em

lw_serv = 25 cm ww serv

Concentrated load accidental vehicle

20 kN

= 40 k:N Qavz =

avl "™

Q

3m

Wy, :=1.3 m h.o.h,,

Wy, g =20 cm

ly av=20 cm

Foot- and cycle path properties

Ww

Wiep

=0.625 m

ww_serv
2

ge:=0.5 m+

wserv_ed

=0.6 m

w’LU_G/U
gei=0.5 m+ 5

wav_ed

te fep= 200 mm o fep= tc_fcp +2- b _fep= 224 mm

=12 mm

tl _fep

fep=424 mm

ww_cw + td

Weep*

tep* be jep. =3199 kN -m?

1
) +12 'Ebalsaz'w

tc _fcp+ tl _fep
2

Afopi=Wiep b 10y =0.085 m”
Elfep:=2-Ey  fop* Wiep*ti_fep* (

Crossbeam properties



tw

hcb_side =640 mm tcb_w_side :=13.5 mm

tcb_f_side :=26.5 mm Wep_f side = 300 mm

Edge crossbeam is a HEA650

Acb_side =21y, _f_side * Web_f_side + tcb_w_side £ <hcb_side =21, j_side> =0.024 m’

A = tcb_w_side T h’cb_side =0.009 m2

cb_v_side*
1

Ech_side = Esteel ° 12

+2- Wep_ £ side® tcb _f_side*

1
2

—tep o side* (Meb_side =2ttt side)” <

1

P hcb_side - 5

* tcb _f_side

2

=(3.62:10%) kN -m’



Xrr=0.4

Combined crossbeam + deck properties

h.0.h .cossbeam/ 10

A hcb_side

-E steel 4

cb_side *

h.o.h

crossbeam tc _fep

+ # 2 _fep* hcb_side +1 _fep +t—
h.o.h

b
+ % * tl_fcp * <2 4 hcb_side +2. tl_fcp + tc_fcp) * E2_l_fcp
Y= hoh Yok =037 m
-0. 0-Nerossbeam
7 _fep® E 2_1_fep +Acb_side ‘B steel T

‘B balsa_z d

crossbeam

5 -t _fep® E balsa_z



zl_fcp_top =Ny _side + td_fcp = 2Cp —Yy= 0.489 m

t
zc_fcp = hcb_side + tl_fcp + 6_2pr —Yy= 0.383 m

21_fep.bot = Neb_side + ;p —y=0.277T m

h .
Zupi= cbészde _y:_0049 m

b
Ech_comb =L, tl_pr' (zl_fcp_top2 +zl_fcp_bot2> .E2_l_fcp 4= <4567. 105> kN -m

10

bsupp
10

2
+EI cb_side + Acb_side *Zep * E steel

2
+ ) tC_f ep*Re fep * E balsa_z ¢

Calculations for deflections

Cross beam
/ — Wicp —

/

2

ain beam



Deflections deck between crossbeams

5% Qfcp* Whep ® h'o'hcrossbeam4

384 Ely,,

w =2.71 mm

midspan_q =
3

1 Qserv -h.o. hcrossbeam

w...: = = 6 . 0 7 mm
midspan_Q 48 E Ifcp

Deflections crossbeam
w _ 1 Qser’u ¢ <bedge ] wserv_edge> : n 1 Qserv ° <bedge — Wgery_edge — wsem}> T
ch Q' — " 5 Too
48 EI cb_comb 48 EI cb_comb
Wy 4= 5 . Qfcp® h'o'hcrossbeam ) bedge4 —0.4 mm
384 EI cb_comb
Deflections limit
h.O.h b
Wiimit midspan "= % =16.83 mm Wiimit_threshold =9 MM
Unity checks

max <wcb Q» Wy q>
u'c'deflection_threshold = =0.07
Wiimit_threshold

max <wmidsp(m_q + wcb_q ’ wmidsp(m_Q + wcb_Q>

u’c'deflection_midspan = =0.36

wlimit?midspan
Calculations for foot- and cycle path deck

Loadcases

Loadcase Q1

Lo

Loadcase Q2

=0.1 mm



Voo

Loadcase q & G
N P P P A P P A A A

Shearforce
Loadcases q and Q1 were used

1
Vchp ::5 . qup . h.O.hcrossbeam . wfcp =4.461 kN

! l
h"o'hcrossbeam - w;w h"o'h’crossbeam - h"o'h’av - w;w
Vaa fer'= *Qavr + ¢ Quup=44.317 kN
Povfer h.o.h Q L h.o.h Q 2

crossbeam crossbeam

Bending moments
Loadcases q and Q2 were used
1
M, ep = Tfep* Whep* -0 Pyosspoam” =4.693 kN «m

l 2
l.Q‘“’l. Y1 —41.083 kN -m
2 1 2

1
MQ(wJCp = Z o Qavl = h'o'hcrossbeam —

w_av

Self weight

m kN
chp = <2 . tljcp'wfcp'pl_fcp+tc_fcp°wfcp°pbalsa> «9.81 —2:0427 —m
S

Resultant forces as a result of self weight
Loadcase G was used

1
VG_pr = 5 . chp . h'o'hCT‘OSSbeam: 0.898 kN

1
Mg_pop'=—5* Gpep*ho0-h ?=0.945 kN -m

crossbeam



Combined forces with 6.10 B
Vid fep=1.2+Vg top,+max (1.5.Vchp,VQav_fcp> —45.394 kN
MEdjcp:: ]_.2'MG_pr+ma,X <15 Mq_fcp7MQ(chp>:42-2]-7 EN «m

NEdjcp =0.6-2- <Qa’v1 +Q¢w2> =72 kN

Resultant stresses

1%
Te fop=—FL = 0.535 MPa
Afep

luEd fep td fep
o2 f = . -FE =39 MPa
Lfep EI fep 2 1 fep

Nra_ep* (2* te_gep—tigen) _ 1 MPa
2+t fep*bpepe <tCJ0p T tljw)

Unjcp =

MEd_f th'
T fopi= 2! L _t, tep|* Ebatsa == 0-95 MPa
EI;, 2

Unity checks

Te_fep

f c_xz v _d

UCor fop'= =0.58

O-Lfcp'i_ O-n_fcp

UCog fopi= =0.31

.f fep_x_d

g
UCog ¢ fop'= I — .29
czd

Calculations for crossbeam

Loadcases

Loadcase Q1

Lo S




S
Loadcase q

P A A A

Loadcase G
P N P P P P

Shearforce
Loadcases q and Q1 were used

Vfcp_q_cb i= qfcp 2 bfcp $ h"o'hcrossbeam =90 kN

VfCP_Q_Cb =2 <Qav1 + Qav2> =120 kN

Bending moments
Loadcases q and Q1 were used
1
Mh_q_cb = 5 *dfep* h'o'hcrossbeam 5 bfcp2 + Qfcp* h'o'hm“ossbeam 2 bfcp * <bedge = bfcp> =258 kN -m

Mh_Q_cb = <Q(w1 + Q(w2> = <2 = bedge —2. wa’v_edge — wav) =450 kN -m

Self weight
m EN
Gcbjcp iz <2 = tcbj_side 2 wcb_f_side + tcb_w_side s <hcb_side —2- tcbj_side)) * Psteel < ° 9.81 3_2 =6.1 7
+2. tl_fcp i h'O'hcrossbeam *Pi_fep + tcjcp ¢ h'o'hcrossbeam * Poalsa

EN
GchCPZG.l —_

m



Resultant forces as a result of self weight
Loadcase G was used

VG_cb_fcp = Gcb_fcp J bedge =30.3 kN

1
MG_cbjcp ::5° Gchcp' bfc;.f)2 +Gcbjcp' bfcp' <bedge_bfcp> =74.2 kN -m

Combined forces with 6.10 B
Vid_cb_side =12V ey feptmax (1.5 Vi, o o, Viep o o) =171.44 kKN

Mg ey sige’=1.2+M¢ ¢ fop+max (1-5 My, 4 b aMh_Q_cb> =539 kN -m

Resultant stresses

VEd_cb_side

TEd_cb_side ™= 1 =19.8 MPa
cb_v_side
Mg cb sid 1
O Ed_cb_side "= % *Egeer® 5 hey sige=100.1 MPa
cb_side
Unity checks
T .
UCop o= _Bd_cbside 56
st
OEd_cb_sid
u'c'a_cb_side = ﬁ =0.705
LT J st

Auxiliary calculations
Calculations for ship impact forces

Fship =1 MN h =0.25m wship =3 m

ship :

=15598 mm?> I =11271-10* mm* Edge crossbeam is an IPE600

cr_edge :

A

edge :
hl_edge =600 mm bI_edge =220 mm

t =12 mm Ut 1 edge:=19 mm T edge =24 mm

w_I_edge :



Beam buckling resistance
€1 edge=0.81 classy cqgei=1  class, cggei=4 Lo cage=24beqge

)‘1 :=93.9- gl_edge =76 ¢w_edge =1 ko'_I_edge =4

hI_edge -2 tf_I_edge -2 rI_edge
t

A = wI_edge =0.931
p_w_edge
28.4- €I_edge 'V ka_[_edge
A —0.055+ (3+1
0.5+14/0.085 —0.055 3, g4e =0.673 D1 edge =P <2 w.cde) =0.82
- Ap_w_edge

beff_I_edge *=PI_edge* <h’I_edge -2 <tf_I_edge + TI_edge)) =422 mm

2 2
Aeff_I_edge = <2 *T'I_edge + beff_I_edge> $ tw_]_edge +7T. TT_edge + bI_edge £ tf_I_edge =11625 mm

I

l
/L'I_edge:: Ldgezo'OQS m )‘I_edge::\/,crlzl-]f)ﬁ aI_edge :=0.34
Aeffjfedge ZI?edge . )\1

¢I_edge =0.5- <]- + aI_edge 2 <AI_edge = 02> + >‘I_ed962> =1.33

1
XI_edge = =0.323

2 2
(z)I_edge + \/(z)l_edge + )‘I_edge

N:= XI_edge 'Aeff_I_edge ° fst =1.335 MN

Results
Unity checks

Unity checks traffic loads
Deflections

u'c'deflection_threshold =0.07 u'c'deflection_midspan =0.36

Foot and cycle paths
U.Cor fp=0.58 U.C.p sep=0.31 UCoir ¢ fep=0.29

Crossbeam

u.c.. ,=0.06 u.c =0.7

*o_cb_side



Unity checks ship colision
Reduction of force to main structure due to collision with fcp deck (supp)
Reduction:=0

=€ =10
MG’SSE_(]ZG,SS =4 . tljcp . bedge . l .leCp: 11.5 tonne
MCLSSBalsa =2 tc_fcp ] bedge i l * Poalsa — 14.393 tonne

MaSSSteel = Nerossheam * 2 * Aedge ° bedge * Psteet =8.517 tonne

AEJlass =4 <bedge + tdjcp> «1=527.624 ')’n,2

ASteel = <2 = hI_edge +4- bI_edge -2 tw_I_edge) <2 bedge * Nerossbeam = 143.92 m2

€
MKISteel :=0.165 E MKIscore_Steel = MKISteel . MaSSSteel = 1405.2 €
€
MKIE_glass :=0.265 E MKIscore_E_glass = MKIE_glass £ MaSSE_glass =3051.2 €
€
MKIBalsa :=—0.15 E MKIscore_Balsa = MKIBalsa ° MassBalsa =-2158.9 €
€
MKISteel_cons :=0.300 5 MKIscore_Steel_cons =9 MKISteel_cons < ASteel =215.9 €
m
€
MKI FE_glass_cons =1.173 5 MKI score_FE_glass_cons :=MKI E_glass_cons s AE_glass =618.9 €
m
MKI, score_Total :=MKI score_Steel + MKI score_FE_glass + MKI score_Balsa d= 3132 €
=+ MKI score_Steel_cons + MKI score_E_glass_cons

Mass

Massgiqri=Massgee +Massg giqss+Masspy s, =34 tonne



Appendix IV, Structural checks full FRP FCP.
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Unity checks
MKI

Mass

General

General dimensions

is W= 4



1 1640 mm
fep: 1680mm

mir 1m

" 23,7 m |

I !

1 255m 1

I I
1:=25250 mm
bjep:=4.28m  beyei=5m b,;:=8m bsuppi=9-45 m

l
Nifep supp = 17 h.o.hfcp_supp = —1.58m
Nfep_supp —

h'rd =5.9m h‘fcp :=6.05 m hwate,,. :=3.3m hunder_side =4.3 m
O maew =80 ° Ry i=5i0 (6,,45) * L+ h,g=30.8 m

General properties
Ty 4n=57°C Ty g44.=31°C
Partial Safety Factors

Partial factors balsa
kg

Pbalsa =285 —= Ghaise =145 MPa
m
Eiaisa =720 MPa Eygisq - =2642 MPa

f.....:=2.08 MPa f._..:=7.32 MPa



v C_Wa_U_K

nct_balsa =mun|l—

ncm_balsa =1

0.2

v C_4 K

Ym_balsa = 1.51 Yrd_balsa = 1.5

.fc_g;z_v_d L Ne_balsa® f cxz v k —0.92 MPa
Ym_balsa * Yrd_balsa

.fc_z_d — Ne_balsa® f czk —3.93 MPa

Ym_balsa * Vrd_balsa

Partial factors frp foot- and cycle path

nc_balsa i= nct_balsa - 7,'cm_balsa =1

kg
3 T.. —20°C
— ™ 10.004 (L)1 ~1
Phalsa 1 C

Laminate layup foot- and cycle path

0 50%
90 | [16.67%
45 | [16.67%

—45| [16.67%
DL jep=1900 25
m

Frep.o1i=367 MPa

Ty jep=90 °C

E\ | tp=26.2 GPa

ffcp_y_k :=245 MPa

By 4op=17.5 GPa

Fep wy k=150 MPa




1 —2U U
ncujcp::mintl—o.%- = J:0.9

o ’1
T, top—20 °C

Nem_f fep'=0-6 Nt fep*=TNet_f fep* Mem_f_fep=0-521

s sun 20 °C

° 9’
T, pep—20 °C

1) =0.6
g

Net_m,_fep =AM (1 —0.80-

ncm_mjcp :=0.6 nc_m_fcp = 7,’ct_m_fcp ° 77cm_m4"cp =0.346

7mjcp:: 1.07 7rd_fcp:: 1.4

_ M.t jep* Frep .k =127.6 MPa

ff d pp—
i Yrd_fep* VYm_fep
Frepy.di= Meggen'Tseuk _gs o ppa
Yrd_fep* Vm_fep
Fropmg =ttt Lsen e 5o 3 vgpg

Yrd_fep* Vm_fep

Partial factors frp foot- and cycle path support

Laminate layup support
0 62.5%
90 12.5%
45 12.5%

—45 12.5%




kg
lecp_supp:: 1900 3 El_fcp_supp :=27.5 GPa

m

ffcp_supp_:r_k =385 MPa ffcp_supp_y_k =262 MPa ffcp_supp_:ry_k =132 MPa

Ts_shade -20°C )
’

T, fop—20 °C

Net_f fep_supp ™= min (1 —0.25.
g

ncm_f _fep_supp*= 0.6 e _f_fep_supp = Net _f_fep_supp ® Nem _f_fep_supp = 0.576

. Ts shade — 20 °C
nct_mjcp_supp =rman (]— —0.80- — = s 1]=0.9
Ty tep—20 °C
ncm_m_f cep_supp = 0.6 Ne_m _fep_supp = Net_m, _fep_supp ® Nem_m _fep_supp = 0.525

Ne_f jcp_supp'f fep_supp_z_k _ 148.1 MPa

ffcp supp_z, d*=
h I Yrd_fep* Vm_fep

Ne_f _fcp_supp'f fep_supp_y k _ 100.8 MPa

ffcp supp_y_d =
h T Yrd_fep * VYm_fep

Ne_f jcp_supp'f fep_supp_zy k _ 50.8 MPa

ffcp supp_zy 4=
h 1] Yrd_fep* Vm_fep

Traffic load calculations

Cross section properties

Load properties

Distirbuted load foot and cycle path

- kN
quP =9 9
m

Concentrated load service vehicle
Quorpi=12.5 KN

l.....=25em  w.. .....=25 em W.:=1.75m h.0.h..:=3m



serv

e - serv

- w_sciru

w_scrv

Concentrated load accidental vehicle

20 kN

= 40 k:N Qavz =

avl "™

Q

Wy, :=1.3m h.o.h,,:=3m

Wy, g =20 cm

ly av=20 cm

Foot- and cycle path properties

=88

/,
TR
R
S

= i
= A

..”. A
= ﬂﬂ/f/

- E
b

Wiep

=274 mm

cjcp+2'tljcp

t

td _fep'®

=12 mm i, 4,=250 mm

tl _fept

:
<t
I~
<t
Il
&
<
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l_l
>
a_
lw
£ 7
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) <2
T
Q
b
8
| g
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3
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€
Yol =]
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5559 kN -m’
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; “—oalsa_z “jcp vc_jcp

12

Support properties

e

.5' {”’ = f/

= ==

5/”)/:///.« ot

;azz?,’;;:z =
= '%ZZ#:,,. .
Wﬁzfzf

- ff-f—v{p’/iv,d

Er

S
=
’%2;;-"3@"}://”

Q

Wiep_supp*=0-5 M U_fep_supp =18 mm e fep_suppi=160 mm

L fep_supp =2 _fep_supp T te_fep_supp= 196 MMy

lf ep_supp = \/ <h‘f cp td_fcp — h’under_side) ? + (bedge — Ty jcp) 2=3.798 m

hfcp - tdjcp 1 h‘under_side —99.866 °

=atan
Lo _fep
AVJ ep_supp = te_fep_supp * Whep_supp = 0.08 m?
tcj Cp_supp + tljcp_supp ? 2
Elpe, supp*=2E_jep_supp* Wep_supp* bi_fep_supp* 9 J=4044 kN -m

1 3
* 12 Eatsa_z* Weep_supp* te_fep_supp

Calculations for deflections



FCP support
/ i) Main beam

T 1

h.0.h .icp_supp + ‘

X2

Deflections deck between supports

4
5 J Qfcp* Weep* L2_fep
384 El;p .

w =0.83 mm

midspan_q_yz =

5  GfepWep® h-0- g, supy’
384 El,, ..

w =0.05 mm

midspan_q_xz i=

wmidspa’n_q = wmidspan_q_yz + wmidspan_q_mz =0.883 mm

3
1 Qserv *Lo_fep

— =2.01 mm
48 EI fep_yz

wmidspan_Q_yz =

1 . Qserv 9 h'o'hfcp_supp3

midspan_Q_xz =m—
48 Eltp 2.

w =0.265 mm

wmidspan_Q = wmidspcm_Q_yz + wmidspan_Q_mz =2.274 mm

Deflections limit

Ji h'o'hfcp_supp

Wiimit_midspan *= 5E0 =6.31 mm Wiimit_threshold =9 TN



Unity checks

R max <wmidsp(m_q_yz 9 wmidspan_Q_yz> —04
u'c'deflection_threshold 2= =0.
Wiimit_threshold

A max <wmidspan_q ’ wmidspan_Q) _
U-C.geflection_midspan ‘= =0.36
wlimit?midspan

Calculations for foot- and cycle path deck

Loadcases forces in x-y plane

Loadcase q1
L1 J ] ]

: E

Loadcase g2
[ I I I I T J]

Loadcase g3

e

B~ A§

Loadcase Q1
| | ~



7

- S

B A§

Loadcase Q2

L
B n

Loadcase G
T

B A

Shearforce at B-
Loadcases g1 and Q1 were used

Vchp_B_left = chCp . wl_fcp . ’LUpr =3.555 k.N
VQav_fcp_B_left = Qavl =40 kN

Shearforce at B+
Loadcases g2 and Q2 were used

%

q fep B right =379 kN Calculated with Matrixframe

Voav_fep.B right = 55-57 kN Calculated with Matrixframe
Shearforce at A
Loadcases g2 and Q2 were used

%

g fep.A=3.14 kKN Calculated with Matrixframe

Vo eo 4:=61.49 KN Calculated with Matrixframe



WWU_jCp_A

Moment at B
Loadcases g1 and Q1 were used

1
My fep_n =g e Weep? Ty fop =2.67 kN -m
MQ(chp_B = Qa’vl ° <mljcp = wa’v_edge> =36 kN -m
Moment at A
Loadcases g2 and Q2 were used
M, fep 4=2.8 KN -m Calculated with Matrixframe

Mgy fep 4:=45.72 kN -m  Calculated with Matrixframe
Moment in field AB

Loadcases g2 and Q2 were used

M, fop p=1.78 kN -m Calculated with Matrixframe

q

Mgy fep #=29.78 kN-m  Calculated with Matrixframe

Reactionforce at B
Loadcases g3 and Q1 were used

R, tp p=22.12 KN Calculated with Matrixframe

Roay fep p=88.6 kN Calculated with Matrixframe

Self weight of wheel width and component width respectivly

m
chp_w = (2'tljcp'wfcp'pljcp+tc_fcp'wfcp°pbalsa> +9.81 _2:0543

S

m
chp_hoh_fcp_supp =2 tljcp . h’o'hfcp_supp . pl_fcp d)e 9.81 —2: 1.809

S
+ tcjcp * h'o'hfcp_supp * Pbaisa

Forces as a result of self weight
Loadcase G was used

Y
m

L2l
m



VG_fcp_B_left = chp_w Ty fep= 0.82 kN

V& fep B right=0-93 kN Calculated with Matrixframe

Ve fepa=0.88 KN Calculated with Matrixframe

Mg fep B ::%-chp_w.ml jep. =0.61 KN -m

Mg fop 4=1.53 m* -Gy, ,,=0.83 KN -m Calculated with Matrixframe
Mg fep pi=3.05-m” +Gy,, ,,=1.657 kN -m Calculated with Matrixframe
Rg fop p=5.40 kN Calculated with Matrixframe

Combined forces with 6.10 B
Vfcp_B_left T Imax <1 e Vq_fcp_B_left ’ VQavjcp_B_left> +1.2. VGJcp_B_left =40.98 kN
Vf cp_B_right =Inax (1 e Vq _fep_B_right s VQav jcp_B_right) +1.2. VG _fep_B_right = 56.69 kN

Vpr_A =max <1'5'qucp_A?VQavjcp_A> +1'2.VGij_A:62'55 kN

My, pi=max (1.5-M, ¢, 5, Mgy fop 5) +1.22Mg 4o, 5=36.73 kN +m
Mfcp_A::max <1'5'Mq_fcp_A’MQav_fcp_A>+1-2'MG_fcp_A:46-72 EN -m

My, pr=max (1.5M ¢ psMgay fop 7) + 1.2+ Mg fo, p=31.77 kN +m

VEd _fep_yz =max <Vfcp_B_left ’ Vfcp_B_right ’ Vfcp_A) =62.546 kN
Mg fep yi=max (Mg, 5, My, 4, My, ) =46.718 kN -m

VEd_fcp_s_yz :=0.6-2 Q,,; =48 kN
RE'dJCp_B ::RQav_fcp_B-'_1'2'RG_fcp_B:95'1 kN

Forces in x-z plane



Shearforce
Loadcases q and Q1 were used

1
Vchp ::5 . qup . h'o'hfcp_supp . chp: 1.87 kN

w_av

l -

h.o.hfcp_supp — T
VQav_fep= Q1 =37.465 kN

h"o'h’fcpfsupp

Bending moments
Loadcases q and Q2 were used

1
My jepi= Tfep* Whep* 0By iy’ =0.738 KN -m

1
MQ(chp ::Z'Qazd'h'o'hfcp_supp: 15.781 kN'm
Maximal resultant forces

Vfepi=max <V

(IJCP’VQ(M)_fcp> =37.465 kN

M, :=max (M fepMggy fep) =15.781 kN -m
Forces as a result of self weight
Loadcase G was used

1
VGJC;D = 5 . Gpr_’lU . h'o'hfcp_supp = 0.429 kN
1
MG_pr ::g'Gpr_w'h.O.thp_Supp2 :0.169 kN'm

Combined forces with 6.10 B
VEd_fcp_:rz:: max <15 'Vq_fcp7VQa'u_fcp> +1.2 'VjSp:37.98 kN

MEdJCp_mZ::ma.X <1‘5.qucp’MQachp> +]"2.MGJCp: 15.984 kZN'm

Resultant stresses

IR
T e = PAJPYE _ () 598 MPa



c_yep_y< Afcp
Via _f
Te fep az= % =0.321 MPa
cp

M t
Te_fep s = T2 ( L tucp) + Epgisa .= 0.373 MPa

El¢p 2. 2

M t
Oc_fep yz'= Patep vz, ( o _ tl_f cp) ‘B balsa_z = 0.756 MPa

Eltp o, 2

_ MEdJcp_yz tdjcp E

o 1= . =30 MPa
l_fep_yz E Ifcpiyz 9 1_1_fep
MEdjcp xz tdjcp
o = -~ E =7 MPa
l_fep_xz E Ifcpiyz 9 2_1_fep
Vv
Tl_fcp = —Edjcp_s_yz =10 MPa

2. tljcp * lw?av

Unity checks

Tc_fcp_yz chcp_mz) —0.349

u.c. ‘=Inax
T_c_fep )
( f c_z d f c_rz_v_d

T fep_
U'C'O'_fcp_yz ::ﬂ:0.236 U'C'O'_fcp_mZ:

f fep_x_d

Oc _fep_xz +0o. _fep_yz 0.35
f cz.d

U’C'O'_CJCp =

Tl_f
UCor | fop'= f—c’” =0.192
fep_xy_d

_Tferez g 081
f fep_y_d

U-Coomb_fop =WCog_fop yz T UCog fop gzt UWCop  fep=0.51

Calculations for foot- and cycle path support

Loadcase

Loadcase Support



Forces recieved from deck

Fapplied ::REd_fcp_B:95-1 kN

Normal force in support

1

Sin—@ 'Fapplied = 244.7 kN

N Ed_fcp_supp =
Additional tension in deck

1
NEd_fcp ::mn—M.Fapplied:225'461 kN

Bow imperfections equivalent force

€o.a=1%
Qfcp_supp_imp*= i NEd_pr_supp TN lpr_supp =5.153 ﬂ
1] l f m
fep_supp
1
Vfcp_supp_imp = 5 *Afep supp_imp® l fep_supp = 9.788 kN
1 2
M fep_supp_imp ‘= g *Afcp_supp_imp l fep_supp = 9.295 kN-m

FRP sandwich buckling resistance

Yrd_gbi= 1.4 lcr = lfcp_supp:3'8 m



Dy= nc_mjcp.ﬂucp{;upp.[Ucp‘s“ppq —4.628 kN -m

2
DO — nc_chp . El_fcp—supp . tlJcp_szpp . (tCJCP_S’LLPp + tlJCp_Supp> _ <2715 . 103 > kN .m

3
_ Tlc_balsa® E balsa_z * tc _fep_supp

12
Dy:=2+Ds+Dy+D,=(3.626+10°) kN -m

D,: =901.23 kN -m

c

2
1 5D kN
Py 4= 21656 —
Ym_fep* Vrd_gb lcr m
2
Pcs_d | Ne_balsa ] Ghaisa* <tc _fep_supp + tl_f CP_SUPP> —13574 kN
Ym_balsa * Yrd_gb tCJ cp_supp m
P -P
P, =—20 el _(1.476.10%) kY
P cb_d +P, cs_d m
Resultant stresses
Vger_supp imp _ 0.122 MPa

T fep_supp_imp = A
V_fep_supp

M ; t
O fep.supp.imp = Ef'pr_supp_zmp L d_f c;_supp -E, fep_supp= 6.194 MPa
fep_supp

N Ed_fcp

=29.764 MPa

g fep_deck_tension i=

9. tljcp . h'o'h‘);psupp

Unity checks

N Ed_fep_supp

P c_d* Wtep_supp

u'c'buck_fcp_supp = =0.33

ch ;
e p_supp_imp __
U'C'T_impjcp_supp i=——————=0.13

f c_xz_v_d

g fc .
L p_supp_imp _
UCeir imp fep supp’=—7——————=0.042

f fep_supp_x_d



+u.c =0.37

u.c. fep_supp_comb =UCopyek _fep_supp ‘o_imp_fcp_supp

g fep_deck_tension

U-Cucomb_fep._add_tension = U-C-comb_fep Fronoa =0.74
Auxiliary calculations
Calculations for ship impact forces

Fgiy=1 MN  hg,;,:=0.25 m Wapip:=3 M
Loadcase

Loadcase Ship collision

Number of supports activated by ship colision

wship
nfcp_supp_coll :=Floor 1 1{=1
-0-Ngep supp

Forces in principle direction

N Ed_sh‘= F

ship * COS (a)=921 kN

Vgd_shi=Fapip+sin (a) =389 kN

1 |
Mg o= Z * L' ghip = SIN (Oé) ? lfcp_supp =369 kN -m

Resitance to shear force



VRd_sh = f crz v d® AV _fep_supp * Tep_supp_coll = 73.4 kN

Mpq sn= fpr_suW—m_d T EIpr‘sup P —222.3 kN-m

tq _fep_supp -E I_fep_supp

Buckling resistance

N

3

Ne_balsa® E balsa_x ° t. _fcp_supp hship

Yrashi=1.4 Dy g,:= Loy ni=20— =1.287m
2. p 12 sin (a)
1 7 Dy MN
Py g ani= . —=14
’ij cp ’77°dj cp lcr_sh m
2
Pcs_d_sh:: TIC_fJCp . Gbalsa' <tc Jcp_supp+ tl Jcp_supp) —9981.038 ﬂ
Tm jcp")/rd _fep tc _fep_supp m
Py g sn*Pes d_sh MN
P g sn=ny = ——=35.9
T i P cb7d75h+P cs_d_sh m

Reduction of forces due to absorbtion of energy by supports
N’res ‘=max <0 aNEd_sh _Pc_d_sh 2 wship) =0 MN

VTes =Imax <0 ’ VE‘d_sh — VRd_sh) =0.315 MN

M,;:=max (0,Mpy g —Mpy g) =146.709 kN -m

N,

res

%

res

4 'Mres

E cos(a) " sin(a) " sin(a)

ship. res = 1NAX =0.811 MN

‘ lfcz),supp

Results



Unity checks

Unity checks traffic loads
Foot and cycle paths
=0.35 u.c =0.74

u.c.

T_c_fep ‘comb_fcp_add_tension

fcp supports

U-Cefep supp_comb=0-37

Unity checks ship colision
Reduction of force to main structure due to collision with fcp deck (supp)

F ship_res —F ship

Reduction := =—18.9%
F ship
MKI
=€ =10
MaSSE_qlaSS =2 tljcp . bedge ol lecp d =8 tonne
+2Nep supp* Yi_fep_supp * Weep_supp * Pi_fep_supp® lfCP_suzJp
MaSSBalsa = tc_fcp . bedge . l * Pralsa d =10.468 tonne

+ Nfep_supp ® i, _fep_supp ® Wfep_supp * l fep_supp * Phalsa

Ap giass'= (2 Deage+ 2+ Loy qupp) +1=444.324 m’

€

MKIE_glass :=0.265 E MKIscore_E_glass = MKIE_glass £ MaSSE_glass =2110.8 €
€
MKIBalsa :=—0.129 E MKIscore_Balsa = MKIBalsa ° MassBalsa =-1350.3 €
€
MKI FE_glass_cons =1.173 5 MKI score_FE_glass_cons =MKI E_glass_cons s AE_glass =521.2 €
m
MKI score_Total i=MKI score_FE_glass + MKI score_Balsa + MKI score_FE_glass_cons =1282 €

Mass

Massgiqi=Massg_giqes+Massgy,=18.43 tonne






Appendix V, Structural checks steel crossbeam, main
beam, and orthotropic deck main structure.
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Unity checks
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=<

=<

General

General dimensions




1 178 m

mir 1m

" 13,7 m |

I 1

i 255m 1

I 1
Nerossheam =T [:=25250 mm

l
h.0.hrosspoam = ———————=4.208 m
crossbeam —

bjep:=4.28m  beyei=5m b,;:=8m bsuppi=9-45 m
h'rd :=5.9m h‘fcp :=6.05 m hwate,,. :=3.3m hunder_side :=4.3 m
Oz =80 ° Ry i=5i0 (6,,45) * L+ h,g=30.8 m

Design material properties

Properties steel
kg

— FE
m?

Psteel *= 7800 steel ‘= 210 GPa fst :=355 MPa

Traffic load calculations

Cross section properties

load properties

Distributed load BM1
kN

2
m

Qpm1+= 9



Concentrated load BM1
Qpn1:=300 kN 1, ,,,1:=40 cm  w,, 4,,,:=40 cm Wy1i=2m  h.o.hy,:=1.2m

Wym1_mid*=0-9 M

Distirbuted load foot and cycle path

kN

qfcp =9 9

Concentrated load accidental vehicle

Qu1:=80 kN  Q,,5:=40 kN

Ship collision force

F

ship:: 0.811 MN hship =0.25m wship =3 m

Cross beam properties

Wi Z

tw




%
v
v
A
/A
v
v
/
“
A
Z
?
Z

P

h =1000 mm  w, ;=300 mm tep =16 mm  t, =12 mm

cb_main ®

Ay p=h =0.012 m®

cb_main * tcb_w

Acb =2 tcbj'wcbj+ tcb_w T (h’cb_main_ 2. tcb_f> =0.021 m2

Ely:=FEgee* 1_12°tcb_w°<hcb_main_2°tcb_f>3 d :<6785.103> kN -m”

1 1 2
+2'wcb_f'tcb_f° 5°hcb_main_5'tcb_f

Main beam properties




h,,:=2500 mm Wy =525 mm &, ;=45 mm  t,,, =20 mm

Amb_v =Ry tmb_w =0.05 m2

Ay =2 by * Wiy 1+ by p* (R = 2+ Ly, £) =0.095

1

EI ,:=E, .- 1—2-tm,,_w-(hmb—z-tynbjy"’ d =(19.8:10°) kN -m?
1 1 2
+ 2 Wy gty p E'hmb_g'tmb_f
Road deck
=20 MM Ny i=16 .0 Rypygn i=———=0.591 m
ntmugh

htTough:: 350 mm btrough_top:: 285 mm btrough_bot =150 mm ttrough:ZG mm

2 9 2
Atv“ough = (2 ° \/htmugh + <btrough_top - btrough_bot> 2 + btv“ough_bot) ° ttrough =0.005 m

Calculations for crossbeam

Load cases

Loadcase BM1 1

|

S P P P Y Y T




N\ /\
Loadcase BM1 2

L

I ‘T P R P

Loadcase G

T R A A N
/N £5

Shear force
Loadcases BM1 2 was used

1
Vcb = 5 *Qom1* h'O'hcrossbeam = brd d =594 kN

9 bsupp - brd

2. bsupp Rl ? = Wy +2 5;1717 —2- <wbm1_mz'd T wbml)

n Qbml |
2 b

supp

Bending moments
Loadcases BM1 1 was used

1

1 1
Mcb ::E' Qom1°® h"o'h’crossbeam' brd 2 (5 2 bsupp_z ¢ brd) 4=1380 kN-m

Qbml
L (bsupp -2 Wymi_mid — wbml)

Self weight

Gcb =

trough

h.o.h A s m
+ tT‘d . h.O.h

crossbeam *
crossbeam ® Psteel T hoh
-0. trough

m kN
<2 ¢ tcb_f°wcbj+ tcb_w' <h‘cb_main_2 2 tcbj)) * Psteel 4 +9.81 7 11.009 —
* Psteel



Forces as a result of self weight
Loadcase G was used

VG_cb = . Gcb . bsupp =52 kN

— N

1 1
Mg o ::5°Gcb'brd' (E'bsupp_z'brd) =120 kN -m

Combined forces with 6.10 B

Viap=12+Vg 4+1.5 V,;,=953.955 kN

My, =1.2-Mg 4+1.5 M, =(2.214-10°) kN -m

Resultant stresses

v
Thd o =— =79.496 MPa
cb_v
Mpgq cp 1
OEd _cb*= EIC_: 'Esteel'5°hcb_main:342'71]- MPa
Unity checks
-
UC.r = —2 = 0,224
st
g
UCog opi= Fdch _ 0.965

st

Calculations for mainbeam

Loads

Load g mb

S A A S

AN A A A A A

N\
Load Q mb



14 W N4 L4

AN A\
beP
bfcp *fcp* | ——— + <bedge - bfcp> + bsupp + brd *Qbm1° bsupp
2 kN
Qb = =99.877 —
bsupp m
b —b,
Qbml |2 bsupp -2 <3Upp2—7'> -2 Wym1_mid d
= Wy +2 % =2 Wy1_mid — Wom1
Q= =663.5 kN
bsupp
Load cases

Loadcase M MB

|

N P N P P P P P N A PR A

Loadcase V MB

L

P P P S P Y P Y O Y P A Y
/N /\

Loadcase G

[ ' ' ‘R A
A\ 2%

Shear force
Loadcases V MB was used

1
mel_mb==5-qmb-l+2-me:(2.6-103) kN



Bending moment
Loadcases M MB was used

1 1
Mbml_mbzzgoqmb-IQ +Z-me-l:<1.215-104> EN -m

Self weight
kg
Mass gy = ((2+ (2= Winp_p >ty 1+ (Poo =2 tp f) *tp_w)) < * Psteer = 4530 e
Nerossbeam ® <bsupp +2. bedge) (2. Wep_f° tcb_f d
+ <h’cb_main —2. tcb_f) ¢ tcb_w
l

+ d

+t40 bsupp + Nyrough ® Atrough

kN
Gy = Mass i+ 9.81 —-=44.436 —
S m

Forces as a result of self weight
Loadcase G was used

1
VG_mb ::E'Gmb.l:561 kN

1
MG_mbzzg.Gmb.l2 :3541 kN'm

Combined forces with 6.10 B
Vidmy =12V mp+1.5-Vy1 = (4.555-10%) kN

Mg i =1.2-Mg p+ 1.5 My, n=(2.247.10*) kN -m

Resultant stresses

VEd_mb

TEd_mb:: =91.1 MPa

mb_v

Mgq mp 1

OEd mb*= EImb 'Esteel'5°hmb:297-2 MPa

Unity checks

TEd_mb

UCo ri= =0.257




S ou_inw fst

o
UCogr ppi= Edmb —0.837

st

Auxiliary calculations

Calculations for ship impact forces

hshlp F Z t
ship it
| S W

b e
A - ZLh.o.n.m.b..mJ? P N A

Global bending moment
1 1 1
My, o= F. | ===, |=4.8 MN -m
ship_glob 2 ship (2 4 sth)

Local bending moment

1 1 1
Mship_loc = 5 * Fship ° (5 * h'o'h’crossbeam = Z * wship) =549.115 kN -m

Shear forve



%

ship ‘=1L ship= 811 kN
Section properties
2 1
AV_mb_f = tmbj' Wnp_f= 0.024 m Wloc_mb_f:zg £ tmbj' Wnp_f

1 boupp |
Isc::2'E'tmb_f.wme3+2'tmbj'wmbj'( s;pp) =1.056 m4

Resultant stresses

V...
Toi=—2% —34.3 MPa
14VanJC

Mship_glob

1

sc

b

+w
USC_glOb = i 4 2 me = 22.7 MPG,

M. ship_loc

o =265.6 MPa

sc_loc*—

loc_mb_f

Unity checks

TSC

u.c. = =0.097

T_SC
st

O-sc_loc

=0.748

u.c

‘o sc_loc*=
st

Osc _glob

u.c =0.064

*o_sc_glob =
st

Calculations for opened structure

Wind loads

9




M

BFIIED:

T
. kN beuppt+2+b
Zo ' =Rynder side+ SN (Omam> «1=292m g, (=194 — slenderness i _UPP T T Tedge g
- | m’ h’mb
k
pi=1.25 “_ y,.=205 T
m® s
Cpy o:=if slenderness<4 =13 ¢ ::#:3.6 Ci=cpp grc,=4.6
” 2.4—-0.275.slenderness 5~p- v,”
else
|13
kN

1
qp::E-p.Ub2 'Ct:2‘5 F

In ( topen\l



50
Lopen =15 Pi=1 —i—%: 0.9

Principle resultant forces

Gmb .l

Nimb_c_open ::W: 569.7 kN
1

Mmb_G_open:ZE' Gmb *COS <9maz> . l2 = <246 . ]_03> EN -m

max)

1

5 *qpe [ <Sin <6ma,w> 1 l> i

Ninb_wind = =206.276 kN
- b

supp
My wind 4= % . % + @ (2 begge + boupp) * (SI0 (O0) +1)* = (7.583+10°) kN +m

Resultant stresses

M b_G 1 N mb_G_open
O mb_G_open ::mE_I—_:WL' steel '5' hmb+A—b: 38.5 MPa
m m
M b_wind 1 b wind
Tt wind 13= = Buteer* -+ by 04— === =101.1 MPa
mb mb
M, ; 1 N .
O mb_wind_2 :=0.4 'M' steel 'E' hmb+M:42.3 MPa
mb mb

a-mb_wind ‘=max (O-mb_wind_l 9 Umb_wind_2> =101.1 MPa

Unity checks
1'2'0-m o en+1'8' * T mb_win
U.Coir ppen = §.G op i bwind _0.57
fst
Results
Unity Checks

Unity checks traffic loads
Cross beam
U.C.r o, =0.22 U.C.p o, =0.97



Main beam
U.C.p = 0.26 U.C. iy 1y =0.84

Unity checks ship colision
Main Beam
u.c.. =0.097 U.Cop g 1o =0.748 U.C.ir ge giop=0.064

Unity checks opened position
u.c. =0.57

o_open

=€::1Q

MaSSSteel = [Merossbeam <2 *Wep_f° tcb_f + tcb_w ° <hcb_main -2 tcb_f)) ° bsupp d) * Psteer=102.8 tonne
+2. (2'wmbj'tmbj+tmb_w' <hmb_2°tmbj>> 1
+ <t1“d ° bsupp + Nrough ® Atrough) -l

ASteel *=MN¢rossbeam.* <4 ‘ tcb_f+ 4. wa_f+ 2- hcb_main =2+ th—w> ’ bsupp 4=11014 m’
TN
+ <h“0'ht'rough +2. htrough) Nrough ® !

€
MKIg,,,=0.165 = MKT,., stei=MKI g Massge, =16960.3 €
€
MKISteel_cons :=0.300 5 MKIscore_Steel_cons =9 MKISteel_cons < ASteel =1652 €
m
MKI, score_Total :=MKI score_Steel + MKI score_Steel_cons — 18612 €

Mass

Mass;;, :=Massg..; =103 tonne



Appendix VI, Structural checks steel crossbeam and
main beam with an FRP deck main structure.
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General

General dimensions

1 #_

4

|



1 1640 mm
fep: 1680mm

mir 1m

=4.3m

" 23,7 m |
) |
i 255m 1
1 1
Nerossheam =T [:=25250 mm
h.o.h,psspeam = ; =4.208 m
crossbeam —
bjep:=4.28m  beye.i=5m b,;:=8m bsupp:=9-45 m
hrd =5.9 m hfcp :=6.05 m hwater =3.3 m hunder_side:
6,z =80 ° Ry i=5i0 (6,,45) * L+ h,g=30.8 m
Massg.,,:=15.45 tonne
General properties
Ts_sun:: 57 °C Ts shade =31°C

Design material properties

Properties balsa core
kg

Phpatsa =285 —= Gbalsa:: 145 MPa
m

Eyuisa_=720 MPa Eygisq »=2642 MPa



-fc_mz_'u_k :=2.08 MPa fc_z_k :=7.32 MPa

™ kg3 20 °C
. m iy
nct_balsa =mmn|l—|—+0.00 4]. ( s_sun i ) , _
Poalsa 1°C
ncm_balsa =1 nc_balsa i= nct_balsa - 7,'cm_balsa =1

Ym_balsa = 1.51 Yrd_balsa = 1.5

.fc_g;z_v_d L Ne_balsa* f cxz v k —0.92 MPa

Ym_balsa * Yrd_balsa

fc_z_d — Ne_balsa® f czk —3.93 MPa

Ym_balsa * Vrd_balsa

Properties road deck laminate

Laminate layup road deck

0 50%
90 16.67%
45 16.67%

—45 16.67%
Pi_rqa*=1900 k:_g3
m

El_l_rd :=26.2 GPa EZ_l_rd :=17.5 GPa
.frd_:c_k: =367 MPa .frd_y_k =245 MPa frd_:cy_k :=150 MPa

Tg_rd =90 °C




s_sun 20 °C

Net_f rd*= 1N (1 —-0.25.
g

T, ,a—20 °C "’

1):0.9

Nem_f_rd*= 0.6 Ne_frd*=MNct_f rd* Nem_f rd= 0.521
—-20 °C
:=min|1-0.80 . ——"
Net_m_rd ( Tgird _20 °C ’

ncm_m_rd :=0.6

Ym_rd*= 1.07 Yrd_rd*= 1.4

Ne frd® f rd_x_k

frd z 50= =127.6 MPa
Yrd_rd* Ym_rd
Ne - frd® f rd_y_k

frd y s0:=——————=85.2 MPa,
Yrd_rd* Vm_rd

Fr ey at= Mot g ra"Tra oy 86.9 MPa,

Yrd_rd* Vm_rd

Properties steel
kg

m3

Psteel *= 7800 Esteel :=210 GPa

Traffic load calculations

Cross section properties

load properties

Distributed load BM1

kN
Qpm1 = 9 9
m

Concentrated load BM1

1) =0.6

Ne_m_rd *=MNect_m_rd * Nem_m_rd = 0.346

f.=355 MPa
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e rd 0 va )™ 1
ELL;:=2:E, | ;g Wpqet) 1q° (%J +E'Ebalsa_z'wrd'tc_rd3 =45007 kN -m*

Cross beam properties

tw

=1000 mm  w, =300 mm tgy =16 mm i, ,:=12 mm

hcb_main :

Acb_v = hcb_main 2 tcb_w =0.012 ’rn2

Acb =2 tcbj'wcbj+ tcb_w T (h’cb_main_ 2. tcb_f> =0.021 m2

1
Ely:=FEgee* E'tcb_w°<hcb_main_2°tcb_f>3 d :<6785.103> kN -m”



1 1 2
L+2'wcb_f'tcb_f°(5°hcb_main_5'tcb_f) J

Main beam properties

tw 7

h,,:=2500 mm Wy =525 mm &, ;=45 mm  t,, ,,:=20 mm

Amb_v =y tmb_w: 0.05 m2
Ay =2ty 1> Wi+t (P — 2+ Lypy ) =0.095 m”

EIML::EM,-(i-tWL elhon—2et N3 \:(19.8-1063 EN -m?



v sleer 12 Srnwu_w \ e "III/UJ/ 3 AN B

1 1 .
+2°wmbj'tmbj'(E'hmb_g'tmb_f)

Stiffness properties head board

h.0.h cosbeam'S

h’cb_main

Acb 1 T * Esteel d

b lera
+ ;ugp * tc_rd * (hrd T hunder_side T tl_rd T C;" ) -E balsa_z d

b t
supp _rd
tal U ra® hyq— hunder_side 4 I E 2 1rd ¢

+




1V \ V4 /

b 3ot 1a
+ Slug o tl_Td ° h’rd T h’under_side T tc_rd = = | Ez_l_rd

i : ; =0.6 m
2. Slu(z)) - brar By rat P, terd* Epatsa_xtAch* Esteer

by ra
21 rd_top*= hT‘d = hundeT_side = ;ﬂ —Yy= 0.998 m

_rd
ZC_T‘d = h‘rd — hunder_side — tl_Td - Yy= 0.742 m
3 4y
21 rd_bot*= hrd — hunder_side —F tc_rd ~+ 9 —Yy= 0.486 m
h .
2= — —0.096 M

2

EI,:= Sl“gp vty i (Zra top” +2rdpor” ) Bt pa d=(1.273-10°) kN -m’

n bsupp

2
* tc_rd *Zerd * E balsa_z d

+Ech +Acb 'zcbz -E

steel

Calculations for deflections

Defilections at the supports in the middle of the deck

bsupp 4
b 3 Qom1*——* supp
w, ~—L-Qbm1. i 24 P | 10 =4.84 mm
middle_at_supports 48 E Ihb 384 E Ihb +
Deflections at midspan in the middle of the deck
1 4'Qbm1'l3 5% qul'bsupp°l4
wmiddle_midspan = + ° =21.5 mm

48 2.EI,, 384  2.El,,

Deflections limit
wlimit_midspan = 2_50 =101 mm Wiimit_threshold *= 5 mm
Unity checks

w.
| middle_at_supports _
u'c'deflection_threshold S= =0.97

Wiimit_threshold




wmiddle_midspan

U-C.geflection_midspan ‘= =0.21

wlimit?midspan
Calculations for road deck

Load cases

Loadcase BM1 1

L

Y P N A A A A

Loadcase BM1 2

o

[P S T S

Loadcase G

I A '
/N £X

Shear force
Loadcases BM1 2 was used

1

Vimi = 5 *Qbma1° h'o'hcrossbeam *Wpq < =260.469 kN
lw_bml

2 . Qbml

h.o. hcrossbeam 2

h.o. hcrossbeam [

+ d

l
w_bm1
h'o'hcrossbeam [ h'o'hbml i

Qbml

+



h.o.h

crossbeam

Bending moments
Loadcases BM1 1 was used

1
My ::g'qbnﬂ'wrd'h'o'h f

crossbeam d

h.o.h

+2.

2+h.0.h,ossbeam 2 2 2
+ (h'o'hcrossbeam_ h'o'hbml) . Qbml . h”o'h’bml

2+h.0.h 2 2

crossbeam

Self weight

m kN
GTd = <2 s tl_rd *Wpyq* Pl rd + tc_rd *Wpq* pbalsa> +9.81 S =1.705 F
S

Forces as a result of self weight
Loadcase G was used

1

Ve ra=*Grarh-oh =3.588 kN

crossbeam

1

MG_Td ::g'Grd'h.O.h 2 =3.775 kN‘m

crossbeam

Combined forces with 6.10 B
Vidrai=12Vg q+1.5:V,,, =395 kN
Mgy q:=1.2:Mg ,q+1.5:M,,,, =371 kN -m

h.o.h
Npg rai=1.5- 0.6-Qbm1+0.1-qul-ww_bml-%bem =271 kN

Resultant stresses

VE‘d_rd

Te rd'= =0.9 MPa

rd

Mgg ra tira

EI, 2

O yd*= *E; | ,q=57 MPa

Ngara*(2+tca=tira) 7 MPa

T d =

crossbeam + h'o'h’bml ) Qbml ( h"O‘hcrossbeam h“o'h’bml

=244 kKN -m



-t 2. U rd* Wey_pma (tcfrd - tl?rd)

Mgq ra (tara
Oc rd*= EI;: = 57' _tl_rd 'Ebalsa_z:1'482 MPa
Unity checks
T
UC.r pgi=— L =0.932
c_rz_v_d

| O-l_Td + O-TL_Td

U.C.py pqi= =0.891

f rd_x_50

O

T

UCop ¢ pgi= =0.459

d
c_z d

Calculations for crossbeam

Load cases

Loadcase BM1 1

S T

I T P A P
A A

Loadcase BM1 2

S R B

L 4 & 1L J 1 L} L J 1 L J
A AN

Loadcase G

T R A A N
N\ 75




Shear force
Loadcases BM1 2 was used

1

Vcb = 5 *Aym1° h'o'hcrossbeam ° brd d =499 kN
b, —by b
Q, 2. bsupp -2 % — Wy +2+ S;pp =2+ Whn1 mid— Wem1
3+ ml |
2 bsupp
Bending moments
Loadcases BM1 1 was used
1 1 1
Mcb = E *dpm1* h"o'hm“ossbeam T brd 2 5 2 bsupp 4 Z * brd 4=1380 kN-m
Qb 1
+ —. <bsupp -2 Wymi_mid — wbml)
Self weight
m kN
Gop= <2 ° tcb_f' wcb_f+ tcb_w ° <h’cb_main -2 tcbj)) * Psteel < -9.81 5T 9.389 7
S

+2. tl_rd -h 'O'hCTossbeam *Pird + tc_'rd ¢ h‘o'hcrossbeam * Phoalsa,

Forces as a result of self weight
Loadcase G was used

Gy by, =44.4 KN

VG_cb = supp

— N[

1

1
MG_Cb ::E'Gcb' brd. (5' bsupp—z' bT‘d) = 102.3 kN‘m

Combined forces with 6.10 B
Via =12V 5+1.5 V,,=801.914 kN

My, =1.2-Mg 4+1.5 M,=(2.193-10°) kN -m

Resultant stresses

v
Bdcb _ 66.826 MPa

Toa 1=



cb_v
Mg, . 1
OEd _cb*= Pl 2 steel'_'hcb main:339‘432 MPa
EI, 2
Unity checks
T Ci
UC.r pi=—2 = 0,188
st
g C
Uty gy i=— =l = 0.956
st
Calculations for mainbeam
Loads
Load g mb
I e
2%
Load Q mb
N I
b bren |y b b b b
fep * fep T+< edge — fcp>+ supp +0rq° Qo1 supp EN
Amb = =99.877 —
bsupp m
bsu _br
Qbml' 2'bsupp_2'<pp;—d>_2"wbml_mid<J
bsupp
—Whyp1 + 2 ————— 2 Wyt mid— Wemi
Qmp = =663.5 kN
bsupp
Load cases

Loadcase V MB



L

N P P P T P A A
/\ /\
Loadcase M MB

|

N P N P P P P P N A PR A

Loadcase G

[ ' ' ‘R A
A\ 2%

Shear force
Loadcases V MB was used

1
mel_mb==5-qmb-l+2-me:(2.6-103) kN

Bending moment
Loadcases M MB was used

1 1
Mbml_mbzzg.qmb.l“’ +Z-me-l:<1.215-104> EN -m

Self weight

kg
Mass gy = (2 (2= Winp_p* topy 1+ (Pop =2 tp f) *tp_w)) < * Psteel < =9383 e
Nerossbeam ® <bsupp +2. bedge> (2. Wep_f° tcb_f d

+ <h’cb_main —2. tcb _f> ¢ tcb_w
l

+

Massy.),
+ tcfrd < bsupp * Ppaisat 2 tlJ‘d < bsupp *Prrat 20—

kN
Gl = Mass i+ 9.81 1= 52.804 —
S m



Forces as a result of self weight
Loadcase G was used

1
VG_mb ::5 » Gmb L l =667 kN

1
MG_mbzzg.Gmb.l2 :4208 kN'm

Combined forces with 6.10 B
Vidmy =12V mp+1.5:Vy1 = (4.682.10%) kN

Mg y'=1.2-Meg iy + 1.5 My p=(2.327-10") kN -m

Resultant stresses

VEd_mb

TEd_mb = =93.6 MPa

mb_v

MEgq mp 1
TBd mb = Tn_: B o h,,=307.8 MPa

Unity checks

Il
Uy = — 0,264

st

OEd_mb

u.c =0.867

o_mb =
st

Auxiliary calculations

Calculations for ship impact forces




N & A& &

Global bending moment

1 1 1
M i giob ‘:5' ship® (E.Z_Z.w‘ghip) =4.8 MN -m

Local bending moment

1 1 1
Mship_loc = 5 * Fship ¢ (5 ¢ h'o'h’crossbeam = Z ° wship) =549.115 kN -m

Shear forve

Vship = ship =811 kN

Section properties

1
AV_mb_f:: tmbj°wme:0'024 m? vvloc_mb_f:zg'tmbﬁf'/wmbj'2

1 boupp |
Isc::2'ﬁ'tmb_f.wmbj3 +2'tmbj'wmbj'( Sgpp) =1.056 m4

Resultant stresses

V...
To=—P  —34.3 MPa

AV_mb  f



Mshileob bsupp+wmbj

a-sc_glob = =22.7 MPa
ISC
M ...
e toe i =—22% —265.6 MPa,
loc_mb_f
Unity checks
-
U.C.r yoi=—==0.097
st
ag
U.Cop g foci= seloe —0.748
st
g
UeCog e glohi=—L2 =0.064

st

Calculations for opened structure

Wind loads

9

M




[

L

-
|/ /Kﬁm

+2-b
Ze'=hypger sige +Sin <9mam> «1=292m ¢, (=194 EQ slenderness ::sum’h—edge =8
m 'mb
pi=1.25 L 4 =205 ™
m’ 8
. qp_O
Cpy o:=if slenderness<4 =13 ¢ ::1—: 3.6  Cy=cpygrc,=4.6
H 2.4—-0.275.slenderness E'p-vlf
else
|13
1 2 EN
i=—epev,” o C,=2.5 ——
[
Lopen =15 Yi=1+————-=0.9
Principle resultant forces
Gmb 'l
N, i=—————=676.9 kN
mb_G_open 2.sin < gmax>
1
My G apen'== * Gunp* €08 (Ornaa) +1° = (2.923-10%) kN -m
1 _ 1
By “qp Py <sm <6maw> . l>
Nb_wind = =206.276 kN
Dsupp
. 103> kN -m

11 ,
Mmb_wind_y = 5 ° 5 *dy- <2 . bedge + bsupp) . (Sll’l <6ma.r> . l> 2 — <7583

Resultant stresses



M 1 N,
Omb_G_open*= mp-Copen *Listeel * ° hmb + reb_G-cpen =45.7T MPa
EImb mb
M ] 1 ]
O mb_wind_1°= il wipd 2 Esteel =0 hmb +0.4- s S =101.1 MPa
EImb 2 mb
M, ; 1 N .
Ty wind. 2= 0-4+ [ b tind y | e R, 4 mbuwind _ 15 3 MPa
mb mb
a-mb_wind ‘=max (O-mb_wind_l 9 Umb_wind_2> =101.1 MPa
Unity checks
1.2 (Xop + ]_,8 . T .
U-C-O-_open ol mb_G_open Q[)t mb_wind —0.6
fst
Results
Unity Checks
Unity checks traffic loads
deflection
u'c'deflection_midspan =0.21 u'c'deflection_threshold =0.97
Road deck
u.c.; ,q=0.93 U.C.py ng=0.89 U.C.ip o qg=0.46
Cross beam
u.c.; ,=0.19 U.C.p op=0.96
Main beam
U.C.rr ppy =0.26 U.C.ip 1y =0.87
Unity checks ship colision
Main Beam
u.c.. =0.097 U.Cey g 1o =0.748 U.C.ir g giop=0.064

Unity checks opened position
u.c. =0.6

o_open

MKI



=€::1Q

MaSSE_qlaSS =2 tl_T‘d . b . l . pl_’l‘d =10.9 tonne

supp

MaSSBalsa = tC_Td . b (] l * Poalsa — 34.002 tonne

supp

MaSSSteel = [Mcrossbeam <2 *Wep_f° tcb_f + tcb_w ° <hcb_main -2 tcb_f)) ° bsupp d) * Pstecr =48.5 tonne
+2. (2 'wmbj'tmbj+ tmb_w. <hmb_2 . tmb_f>> .l

Ap_glass =2 (bsupp+tq_ra) +1=503.687 m”

ASteel *=MN¢rossbeam.* <4 : tcb_f+ 4. wa_f+ 2- hcb_main =2+ th—w> ’ bsupp 4=579.9 m’
it 5 g3 )

MKTgee=0.165 k;€_g MK ore_steer’=MEKIgyee» Massg..,=8009.9 €

MKIg gi465:=0.265 k;€_g MKI o 5 glassi=MKIp g5+ MaSSE gjqes=2883.4 €
MKTpg50:=—0.129 k;€_g MK sore_Baisa=MKIpysq* Masspys,=—4386.3 €
MKTgyee)_cons=0-300 1:}2 MK ore_steet cons=5*MEKIgtee cons* Asteer=869.9 €
MKIg g5 cons=1.173 1:}2 MKTore £ glass_cons'=MKIg gass cons* AE_glass=590.8 €

MKI

score_Tota

1= MKIscore_Steel + MKIscore_E_glass + MKIscore_Balsa 4= 7968 €
=+ MKI score_Steel_cons + MKI score_E_glass_cons

Mass

Massoiqri=Massgee +Massg giqss+Masspy s, =93 tonne



Appendix VII Structural checks steel main beam with
an FRP deck main structure.
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General

General dimensions

a PeN l@l



1 9,45 |

1 1640 mm
fep: 1680mm

mir 1m

" 23,7 m |
) 1
1 255m 1
1 1
1:=25250 mm
bjep:=4.28m  beye.i=5m b,;:=8m bsuppi=9-45 m
h'rd :=5.9m h‘fcp :=6.05 m hwate,,. :=3.3m hunder_side =4.3m
6,0z =80 ° Py i=5i0 (6,,45) * L+ h,g=30.8 m
Massg.,,:=15.45 tonne
General properties
Ts_sun:: 57 °C Ts shade =31 °C

Design material properties

Properties balsa core
kg

Pbalsa =285 —= Ghaise =145 MPa
m
Ebalsa_z =720 MPa l?balsa_gE :=2642 MPa

f.....:=2.08 MPa f._..:=7.32 MPa



v C_Wa_U_K -7 T v C_4 K

> kg3 T 20 °C
. m =
Tct_balsa *= 1AL 1—|———+0.004] - (L) 1=
Poalsa 1°C
Nem_balsa*= 1 Ne_baisa = Net_balsa * Nem,_balsa = 1

7m_balsa :=1.51 77‘d_balsa :=1.5

Nec_balsa '-f cazvk =0.92 MPa

.f cxz d =
Ym_balsa * Yrd_balsa

Tc_balsa '.f cz k —3.93 MPa

.f cz d =
Ym_balsa * Vrd_balsa

Properties road deck laminate

Laminate layup road deck

0 50%
90 16.67%
45 16.67%
—45| |16.67%
kg
P1Lrai=1900 —= E,,,4=262GPa  E,, =174 GPa
m

f?‘d_:c_k: =366 MPa -f?'d_y_k =244 MPa f?‘d_:cy_k = 153 MPa

T, vq=90 °C




0 ’1
T, ,q—20 °C

Net_f rd*= 1N tl —0.25.
g

Ly qm—2U U J_O A

ncm_f_rd =0.6 nc_f_rd = nctj_rd = ncmj_rd =0.521

T, on—20 °C
=min|l1—-0.80——— . 1|=0.6
nct_m_rd ( Tg_rd— 20 °C 9

ncm_m_rd :=0.6 nc_m_’rd i= nct_m_rd = ncm_m_rd =0.346

7m_rd :=1.07 7rd_rd =14

Net frd® f rd_z_k

f?‘dmd:: :212 MPa
T Yrd_rd* Vm_rd
de = T]ct_f_rd'frd_y_k —141.4 MPa
T Yrd_rd* VYm_rd
Net frd® f rd_zy_k
f?‘d_:cy_d = =88.6 MPa

Yrd_rd* Vm_rd

Properties head board web

Laminate layup web

0 25%
90 25%
45 25%

—45 25%

Ew_mb :=19.9 GPa




Properties steel
kg

3
m

Psteel *= 7800 Esteel :=210 GPa

Traffic load calculations

Cross section properties

load properties

Distributed load BM1
kN

2

Qpm1 = 9

Concentrated load BM1

f.+=355 MPa

Qpn1:=300 kN 1, ,,,1:=40 cm  w,, 4,,,:=40 cm Wy1i=2m  h.o.hy,,:=1.2m

Distirbuted load foot and cycle path

- kN
quP =5 2
m

Concentrated load accidental vehicle

Quo1:=80 kN  Q,,5:=40 kN

Ship collision force

F

ship = 0.811 MN hship = 0.25 m

Road deck properties

wship =3 m

Ww




)
-

S R e
I [ it

Wpm1_mig = 0-5 M
tl_rd =30 mm tC_’I‘d =700 mm td_rd = tc_,,.d +2. tl_’l‘d =760 mm

Wpq = lw_bml + td_rd = (1‘16 ° 103) mm

A gi=wget, ,q=0.812 m®
2

to4t
Zerd TArd ) — 966811 kN -m2

Elg=2E; | ;q*Wyqt g ( 3

3
=+ 1 -E balsa_z * Wrd ® tc_rd

Main beam properties




.;,"
v
e
“
“
v
7
7
v
“
“
“
7
“
7
7
7
“
“
,{"
“
/l'
Z
“

i

iy 3= 2500 mm Wy, pi =920 mm &, =45 mm  t,, =20 mm
Amb_v = tmb_w . h’mb =0.05 m2

Ay =2ty 1> Wi+t (P — 2+ Lpy ) =0.095 m”

EI ,=F, - 1—12-tmb_w- (P =2 by ) =(19.8-10°) kN -m?

1 1 .
+2°wmbj'tmbj'(E'hmb_g'tmb_f)

Stiffness properties head board

yl‘
t




| t
! : o 1
tl_hb =34 mm tl_hb_’w =28 mm
1 b b ;
9 ° ;“(1)’1’ ° tl_hb2 -E 1irdT 2P, tC_T‘d i (hrd T h’under_side T tl_rd -—|-E balsa_z d
b tl d
+ Slug L. tljd ¥ (h’rd T hunderfside T TT) -E 1.1 rd d
3t 1q
+ 51“(1)917 ° tl_rd ® (h’rd T h’under_side T tc_rd — = ) ‘B 11 rd 4
1 1
+ 12 * tl_hb_w > <h’rd T hunder_side) -E w_mb* 5 * <h’7’d — h’under_side>
==y 5 =0.74m
3. ;u(z):p L R R slu(;z)zp “te ra* Bratsa_s+ (Pra = Punder_side) * tmb_w* Bu_mb
b ra
21 rd_top*= th = hundeT_side = ) —Yy= 0.847 m
_rd
Ze rd*= h'rd = hunder_side — tl_rd - Yy= 0.482 m
3 4y
2] rd_bot*= hrd = h’under_side = tc_?“d =+ 9 —y=0.1 17m
b ra
zl_beam_bot =Y + Si =-0.723 m
b
EIhb = slugp ° tl_Td ° Zl_'rd_bot2 .El_l_Td d = <1284 * 106> kN - m2

b

o, supp 4, | o 2 |



T T Uird Alrd_top "1_Ird ¢

10

supp
10

b

2
1 hb* 21 beam bot 11 rd d

b

supp
10

1
+ E * tl_hb_w ! <hrd T hunder_side) ’. E w_mb

2
+ ° tcﬁrd *Zerd * E balsa_z d

Calculations for deflections

Defiections at the supports in the middle of the deck

bsupp 4
b3 Qom1*—— " Osupp
ol ._i. Qvm1 supp o L 10 =4.8 mm
middle_at_supports 48 E Ihb 384 EI hb .

Deflections at midspan in the middle of the deck

1 4 Qi+l ) Qbm1'bsupp'l4
ol ‘ =11 . =21.5 mm
middle_midspan 48 2.EI, 384 2-FI,,

Deflections limit

Wiimit_midspan ™= 5 EoT 101 mm Wiimit_threshold =9 MM

Unity checks

w .
middle_at_supports
PP —0.96

u'c'deflection_threshold =
Wiimit_threshold

wmiddle_midspan —0.21

u'c'deflection_midspan =
wlimit?midspan

Calculations for road deck

Load cases

| nadrace RM1 1



e Y Yl Yl Y el Y’ e’ e IVE 1

S T

I T P A P
A A

Loadcase BM1 2

S R B

L 4 & 1L J 1 L} L J 1 L J
A AN

Loadcase G

T R A A N
/N £5

Shear force
Load case BM1 2 was used

1
mel !:5 . qul . b,,.d L] w'l‘d + 1.105- Qbml = 373.26 kN

Bending moments
Load case BM1 1 was used

1 1 1
My = 5 *Qbm1* Wrq brd ° (5 ° bsupp — = brd) + M " (bsupp -2 Whmi_mid — wbm1> =1081 kN-m

4 2
Self weight
m kN
GTd = <2 s tl_rd *Wyq* Pl rd + tc_rd *Wpq* pbalsa> +9.81 S =3.568 F
S

Forces as a result of self weight
Loadcase G was used

1
VG_T'd::E'GTd.b =16.9 kN

supp



1
MG_szzg.GT‘d.b 2 =39.8 kN'm

supp

Combined forces with 6.10 B
VEd_Td =1.2. VG_Td + 15 . mel = 580 kN
Mgy q:=1.2:Mg ,q+1.5-M,,,, =1670 kN -m

VEd_rd_s =15 <2 <0.6- Qbml +0.1- Aym1* Wy bma1 * de) =544 kN

Resultant stresses

v
Te rdi= Ed rd =0.7 MPa
rd
M t
(Tl rd = Ed_rd . drd .El 1 T‘d:62 MPa
- pr, 2 -
1%
Tl_’l“d ::&: 45 MPa
tljd * Wy bm1
Mgq rq (tara
O-CJCP = EI,,._; ° ;ﬂ _tl_rd 'Ebalsa_,z: 1.577 MPa
Unity checks

T
UCop o gi= < —0.78

c_xz_d
WUCopy pgi= L —0.29

rd_x_d

T
u'C'T_l_T'd = f Lrd = 0.51

rd_xzy_d

U.C.pomprd = U-Ceg pgTU.C.r y ,q=0.81

o
u.c cfep _ 0.49

o_c_rd =
c_z d

Calculations for mainbeam



Loads

Load g mb
I s A A A A
£%
Load Q mb
P a
beP
bfcp *Afcp* T + <bedge - bfcp> + bsupp + brd *Qbm1° bsupp EN
dmp = =99.877 —
bsupp m
bsu - br
Qbml |2 bsupp -2 <I’P;—d> -2 Wpmi_mid — Wem1 d
+2- % =2 Wy mid — Wemi1
Q= =663.5 kN
bsupp
Load cases
Loadcase V MB

L

P P P S P Y P Y O Y P A Y
/N /\

Loadcase M MB

|

N P N P P P P P N A PR A

Loadcase G



[ ' ' ‘R A
A\ 2%

Shear force
Loadcases V MB was used

1
mel_mb==5-qmb-l+me:<1.9-103) kN

Bending moment
Loadcases M MB was used

1 1
Mbml_mbzzgoqmb-IQ +Z-me-l:<1.215-104> EN -m

Self weight
kg
Mass iy =2+ (22 Wyp_p* oy 1+ (b =2+ oty 1) * tnty ) * Psteet ¢ =5675 =
Massy.),
+ tC_T‘d ° bsupp *Ppaisa+ 2+ tl_T‘d ° bsupp *Prrdt 2. f
kN
Gy = Mass i+ 9.81 —-= 55.675 —
S m

Forces as a result of self weight
Loadcase G was used
1
VG_mb ::5 ] Gmb L l =703 kN

1
MG_mbzzg.Gmb.l2 :4437 kN'm

Combined forces with 6.10 B

Veamp=1.2Vg iy + 1.5V 1 = <3,73 . 103> EN
Mg mp=1.2-Mg p+1.5-My 1 = (2,355 . 104> kN -m

Resultant stresses



VEd_mb

TE'd_mb = =74.6 MPa

mb_v

Mg mp 1
O-Ed_mb ::T;::.Esteel.g.h’mb:?)ll’ét MP(J,

Unity checks
i
UCo pyi= Bdmb —0.21
st
g
UCogy = —a 0 — 0,877

st

Auxiliary calculations

Calculations for ship impact forces

/-Stiﬂ’ener

>




l
nstiffeners =18 h'o'h'stiffener i=—————=1.485m

Mgy ffeners —

Agippi=6457 mm® I, 4ir+=3017-10" mm* Stiffeners are square tubes,
180 x 180 x10

Activated stiffeners

wship
Nstiff active *= floor (W) =2
cOellestiffener

Normal force

NSh’ip = Ship:0’81]‘ MN

Shear force

1 Fship
Vship ===

L h'o'h'stiffe'rLET =0.201 MN
wship

Global bending moment

1 1 1
M g, giob ‘:5 *Fopip* (5 .l 1 . wship) =4.8 MN -m

Local bending moment

M ]-.Fship

ship_loc =

U h'o'h'stiffene'l“Q =74.548 k.N'm
wshz’p

Section properties

Av_me:: tme'wme: 0.024 m2

1
Wioe mb _f::E'tmb W f

1 Boupp |
Isc::2'5'tmbj.wmbj3 +2'tmb_f'wmb_f'( S;pp) =1.056 m*

Critical buckling force

e:=0.81 ClCLSS: eceet=1 ClCLSSn,. iieei=2 lnm aieL S = bm.MM A:=93.9.6=76



J_suyy w_suyy cr_suey Supp 1

I L .
ek cr_stiff —0.068 m N cr_stiff —1.818 astiff::0'49

stiff (AP

1
¢:=0.5+ (L + o (A—0.2) +1°) =2.548 xi=——————=0.176
P+ Vo> +N°

Nc’l‘ ::X 'Astiff'fst = 0404 MN

Resultant stresses

Vsi
T =" 85 MPa

sc—

AVan  f
M, b o+ W
O e giop 7= I o 70T _ 99.7 MPa
I, 2
M., .
e toe i =—22% —36.1 MPa
loc_mb_f
Unity checks
T
U.C.p g0 i= * =0.02
st
O-sc_loc
U.Coo sc_loc'= f— =0.1
st
Usc_glob
U.C.S_SCJZOb = =0.06
st
Nship

=1

u.c *o_sc_s_stiff = N
Nstiff_active *<Ver

Calculations for opened structure

Wind loads

9

g
| |

L




M

BFIIED:

T
. kN beuppt+2+b
Zo ' =Rynder side SN (Omam> «1=292m g, (=194 — slenderness i _UPP T T Tedge g
- | m’ h’mb
k
pi=1.25 “_ y,.=205 T
m’ 8
Cpy o:=if slenderness<4 =13 ¢ ::#:3.6 Cy=cpy grc,=4.6
” 2.4—-0.275.slenderness 5~p- v,”
else
|13
kN
qp:__.p.vb2 .C,=2.5 —



vpcer - I . 9

Principle resultant forces

N I Gmb ° =713.7 kN
mb_G_open 2.sin <9max> .
1
Mmb_G_Open = 5 . Gmb *COS <9ma(t> . l2 = <3082 . ]_03> kN -m
1 i 1
P Py (101 () +1)
R b =206.276 kN
supp

My wind ::%.%.qp. (2 begge + Doupp) * (SI0 (Ogr) +1)* = (7.583+10°) kN +m

Resultant stresses

Mmb G_open 1 Nmb G_open
a-mb_G_open =« — hmb 4+ —48.2 MPa
EI,, A
M ; 1 .
o awind 1= Y B ey + 0.4 — 22— 101.1 MPa,
El, 2 mb
M, ; 1 N .
T wind 2:=0.4 Tmb wind y toel® —* P 4 mbuwind _ 1o 3 MPa
mb 2 mb
O mb_wind *=Max (O-mb_wind_l ) Umb_wind_2> =101.1 MPa
Unity checks
1.2 (Xo + ]_ ,8 . T .
u.c.o__open . mb_G_open Q[)t mb_wind —0.61
fst
Results
Unity checks
Unity checks traffic loads
deflection
u’c'deflection_midspan =0.21 u'c'deflection_threshold =0.96
Road deck

u.c.. . ..=0.78 u.c.. .. ..=0.49 U.Ce.oeer. .a=0.81



I_Cc_r1w - v_c_ru - - curtnw_ru

Main beam
U.C.r p=0.21 U.C.r 1y =0.88

Unity checks ship colision
Main beam
u.c.. ,=0.024 U.C.ir ge 1o =0.102 U.C.g g giop=0.064

Stiffener

u'c'a_sc_s_sti ff =1

Unity checks opened position
u.c. =0.61

o_open

=€::1Q

MG’SSE_(]ZG,SS =2 tl_T‘d . b . l . pl_’l‘d =27.2 tonne

supp

Massg,sq = (tc_rd . bsupp> e Ppaisa=47.6 tonne

MCLSSSteel =2 <2 . wmb_f' tmb_f+ tmb_’w . <h‘mb —2. tmb_f)) . l (J * Psteel = 46.2 tonne
+ Astiff *Nstiffeners® bsupp

AE_qlass =2 <b5upp + td_rd) -1=515.605 m2

Agpeer =2 (4ot p+4 Wy p+20 By — 21, ) <1=365.6 m”

€
MKISteel :=0.165 E MKIscore_Steel = MKISteel L] MaSSSteel = 7617.2 €
€
MKIE_glaSS :=0.265 E MKIscore_E_glass = MKIE_glass . MaSSE_glass = 7208.5 €
€
MKIBalsa :=—0.129 E MKIscore_Balsa ::MKIBalsa 'MaSSBalsa =—6 ]_40.8 €
€
MKISteel_cons :=0.300 5 MKIscore_Steel_cons =9 MKISteel_cons < ASteel =548.4 €
m
€
MKI FE_glass_cons =1.173 5 MKI score_FE_glass_cons :=MKI E_glass_cons s AE_glass =604.8 €
m

MKIT..... i =MKI ... coa+MKI ... L alenn 2 =9838 €



Scure_t veut scure_oees - Sture_r/._ywuss

+MKI +MKI

score_Balsa score_Steel_cons

+MKI

score_E_glass_cons

Mass

Massq:=Massg giqss+Masspgs, +Massgiee =121 tonne



Appendix VIII Structural checks FRP main beam and
deck main structure.
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General

General dimensions




L im | LIEm

l ek i i Em i
I I I 1
1 B.4%n |
1 1
1 1640 mm
fep: 1680mm
min 1m
" 23,7 m |
) |
1 255m 1
1 1
1:=25250 mm
bjep:=4.28m  beyy:=5m b,;:=8m bsuppi=9-45 m
h'rd =5.9m h‘fcp :=6.05 m hwate,,. =3.3m hunder_side =4.3m
O maew =80 ° Ry i=5i0 (6,,45) * L+ h,g=30.8 m
Massg.,,:=15.45 tonne
General properties
Ts_sun:: 57 °C Ts shade =31°C

Partial safety factors

Properties balsa core
kg

Phalsa =285 —== Ghaise =145 MPa
m
Ebalsa_z :=720 MPa Ebalsa_m :=2642 MPa

fewrvr=2.08 MPa f,. ,,:=7.32 MPa

kg

[ (0'2 3 ) T 20 °C W
Mor rri=miim | 1= — " 4+0.004 (L\1 -1




N \ k Pbalsa ] } \ 1°C }’ )

ncm_balsa =1 nc_balsa i= nct_balsa - 7,'cm_balsa =1

7m_balsa =1.51 77‘d_balsa :=1.5

fc_mz_d - Ne_balsa® f cxz v k —0.92 MPa

Ym_balsa * Yrd_balsa

fc_z_d — Tc_balsa '.f cz k —3.93 MPa

Ym_balsa * Vrd_balsa

Properties road deck laminate

Laminate layup road deck

0 50%
90 16.67%
45 16.67%
—45| |16.67%
kg
P1Lrai=1900 —= E,,,4=262GPa  E,, =174 GPa
m

.frd_:c_k: =366 MPa -f?'d_y_k =244 MPa f?‘d_:cy_k = 153 MPa

Ty .q=90 °C
T —-20 °C
=min|1-0.25.—" 1|=0.9
Net_f rd Tg_rd— 20 °C )

N ¢ .1:=0.6 Mot ai=MNes ¢ caeNe. ¢ .a=0.521




icine_y_ru - c_y_ru IcL_j_ru  aci_yj_ru

s_sun 20 °C
_—
T, ,q—20 °C

T]Ct—m—rd::min 1—0.80. 11=0.6

ncm_m_rd :=0.6 nc_m_’rd i= nct_m_rd = ncm_m_rd =0.346

7m_rd :=1.07 7rd_7'd =14

MNet frd® f rd_z_k

fra e a= =212 MPa,
T Yrd_rd* Vm_rd
de = nct_f_rd'frd_y_k —141.4 MPa
T Yrd_rd* VYm_rd
Net frd® f rd_zy_k
fra ey a= =88.6 MPa

Yrd_rd* VYm_rd

Partial factors frp main beam

Laminate layup flange
0 62.5%
90 12.5%
45 12.5%
—45 12.5%

Laminate layup web

0 25%
90 25%
45 25%




|-45] [25%]

P iy = 1900 k—gg Ef my=29.4GPa  E, ,,;,=19.9 GPa

m

fmb_m_k :=412 MPa fmb_mz_k :=180 MPa

Tg_mb =90 OC ¢50_mb_:r_t :=0.14 ¢50_mb_:r_c :=0.41

s_sun

T, gun—20 °C
e 1]=0.9
T, p—20 °C

Net_f mb =TT (1 —-0.25.

ncm_f_mb :=0.6 nc_f_mb = nctj_mb » T’cm_f_mb =0.521

Ts_shade -20 °C
Tg,mb —20 °C

Net_f stiff:=min (1—0.25- ,1) =0.961

Nem_f_stiff = 0.6 Ne_f stiff = Net_f_stiff * Nem_f_stiff — 0.576

s_sun 20 °C

o ) 1
T, p—20 °C

nct_m_mb =mn (]_ —0.80- —0.6

Nem_m_mb*= 0.6 Ne_m_mb*=Tect_m_mb* Nem_m_mb= 0.346

Ym_mb= 1.07 Yrd_mb = 1.5

Mgt Fmt b _ 133.7 MPa

.f mb_x_50 =
Yrd_mb* Vm_mb

Ne_f-mb 'fmb_mz_k —58.4 MPa,

.f mb_xz_50 =
Yrd_mb * Vm_mb

Traffic load calculations

Cross section properties

load properties



Distributed load BM1

%

Qym1*

S

Concentrated load BM1

1.2m
Z

*
Il
—
g
=)
<
Q
=
m .|
-~ _ :
I o
E
~
k g
™
m _._w
o < =
3 = =
E
|
3
3 ) g
S S 10 NN
N} £ N
g L ) S
O 2 ke W I
o o N iy
Il IS} 3 A__n <
E ] N
= Q 3
5 ..m I 3
~ S o c g n
S T S N Q
8 S 8 = %
RS] M W < — Q
o AN W » S S o o
2 Q E 8 o 4 ® a
[2p] ] S 0 = [en)
I S o S S ~
. N i o} Il Q ! O
— ~ o QO ...1 a Q
£ ..Q.u & S 2 SN ) o
S =Y By Q 3 AN & S
a4

Wrd

0.5m

Wymi1_mid*



tl_rd =30 mm tC_T‘d =700 mm td_rd = tc_’rd =+ 2. tl_T‘d =760 mm

W,.q:= lw_bml + td_rd = (116 ° 103) mm

A=W+t ,q=0.812 m?
2

t4t
Zerd TArd ) — 966811 kN -m2

El :=2E | 14 W+t vq° ( 3

1 3
+ E ‘E balsa_z* Wrd * tc_rd

Main beam properties

h,.,:=3200 mm Wy, =600 mm  t,, =80 mm tb =28 mm



Amb_v = tmb_w . hmb =0.09 m2
Amb =2 tmb_f' wmb_f+ tmb_w . (h'mb_ 2. tmbj) —0.181 m2

EImb::Ew_mb-1—12-tmb_w- (P =2 b ) =(8.2:10°) kN -m?

1 1 2
+2°Ef_mb'wmb_f‘tmb_f°(E°hmb—5‘tmb_f)

Stiffness properties head board




tl_hb = 34 mm

1 b b t. ra
5 ) Slu(l)) o l_hb2 -E 1.1 rd + PR tc_’“d I (h’Td T h’undeT_side T tl_rd - E balsa_z d
bsupp tl rd
+ 10 * tljd ¥ h’rd T hunderﬁside T ? -E 1.1 rd d
b 31 1q
+ Gl Lap tl_rd °* (h’rd T hunder_side T tc_rd — = ) -E 1.1 rd d
1 1
+ 12 * tmb_w * <h’rd = h’under_side) -E w_mb* 5 * <h’7’d - h’under_side>
y =
bsupp bsupp
3 10 1 tljd ‘B 11rdt T ‘ tc;rd ‘E balsa_z T <h‘rd T hunderfside) 1 tmb?w ‘E w_mb
i ra
Zl_Td_tOp = hT‘d — h’undeT_side — éT —Yy= 0.899 m
e rd
ZC_T‘d = h‘rd — hunder_side — tl_Td - Yy= 0.534 m
Zl_Td_bOt = hrd —F hunder_side —F tc_rd = 2_7' —Yy= 0.169 m
i ra
Zl_beam_bot:: _y+ . =—0.671m
b
El, = iugp b rd* 2 rd bot B 1 ra =(1.326-10°) kN -m’
bsupp 2
+ b a2 rd top B rad
bsupp 2
+ ol U _hb* 21 beam_bot *E_ira d
bsupp 2
+ ° tcﬁrd *Zerd * E balsa_z d
1

+ E * tmb_w * <hrd ] hunder_side) ’. E w_mb
Calculations for deflections

Defilections at the supports in the middle of the deck

bSUPP 4

1 ) Qbml'bsupp3 i 5 Lo 10 Py

W, = i
middle_at_supports 48 E Ihb 384 EI hb

=4.64 mm

=0.69m



Deflections at midspan in the middle of the deck

1 4'Qbm1'l3+ 5 .qul'bSUPP.l4

Wi idspan =~ o =52.2 mm
middle_midspan 48 2.F1 mb 384 2. EImb
Deflections limit
l
wlimit_midspan = 2_50 =101 mm Wiimit_threshold *= 5 mm
Unity checks

w, .
| middle_at_supports _
u'c'deflection_threshold S= =0.93
Wiimit_threshold

w.. - .
middle_midspan _
U.C.geflection_midspan'=" — 0.52
wlimit?midspan

Calculations for road deck

Load cases

Loadcase BM1 1

S T

N T P
AR \

Loadcase BM1 2

S R B

L 4 & 1L J 1 L} L J 1 L J
A 7\

Loadcase G



T R A A N
/N £5

Shear force
Load case BM1 2 was used

1
mel ::E'qul' brd'wrd+ 1.2 'Qbm1:401'76 kN

Bending moments
Load case BM1 1 was used

1 1 1
My ::E'qul'wrd'brd'(E'bsum)_z°brd) 4=1081 kN -m

Qbml
+ ‘ <bsupp -2 Wym1_mid — wbm1>

Self weight
m kN
GTd = <2 s tl_rd *Wpyq* Pl rd + tc_rd *Wpq* pbalsa> +9.81 S =3.568 F
S
Forces as a result of self weight
Loadcase G was used
1
VG_T'd ::5 . Grd . bsupp = 169 kN
1 2
MG_Td ::g' GT‘d L] bsupp = 39-8 kN' m
Combined forces with 6.10 B
VEd_Td = 12 ] VG_Td + 15 . mel = 623 kN
MEd_T'd = ]_.2 .MG_T‘d+ ]_.5 .Mbml = 1670 kN'm
b d
Vid rds=1.54[2:0.6Qppy+ 0.1 qppy =Wy, s * 2 =542 kN

Resultant stresses



VEd_rd

TC_'l“d = =0.8 MPa

rd
M t
(Tl rd = Ed_rd . drd .El 1 T‘d:62 MPa
T EI, 2 e
Vv
Tl_’l“d = Bd rd s =23 MPa
2. tljd * Wy bmi
Mgq vd (td rd )

o = ==t E =1.577 MPa
- f _rd balsa_
c_jcp EITd 2 T alsa_z

Unity checks
-

UCor o ygi=—T2 = 0.836

c_xz_d
o

Uty pgi=— D =0.294

rd_x_d
T

Uy gi=— T =0.255

frdfxyfd

U.Cupomp,rd = UW-Cog g+ U.Cop 1 ,q=0.5

o
u.c cfep _ 0.49

‘ocrd'=
c_z d

Calculations for mainbeam

Loads

Load g mb
I —————

N\
Load Q mb

f 4 b




VAN VAN

beP

bfcp *Afcp* T + (bedge - bfcp> + bsupp + brd *Qbma® bsupp EN
dmp = =99.877 —
bsupp m

b —b,

Qbml 2. bsupp -2 <3Upp2—7'> -2 Wpmi_mid — Wem1 d
+2 S;pp -2 wbml_mzd Wym1

Qump= =663.5 kN

boupp

Load cases
Loadcase V MB

L

N P P P T P A A
/\ /\
Loadcase M MB

|

N P N P P P P P N A PR A

Loadcase G

[ ' ' ‘R A
A\ 2%

Shear force
Loadcases V MB was used

1
mel_mb==5-qmb-l+me:<1.9-103) kN

Bendina moment



Loadcases M MB was used

1 1
Mbml_mbzzgoqmb-ﬁ +Z-me-l:<1.215-104> kN -m

Self weight
kg
Massgig:=2+ (2 Wy g+ top, g+ (R =2ty ) * L 1) * Py & =4875 =
Massy.),
+ tC_T‘d ° bsupp *Ppaisa+ 2+ tl_T‘d ° bsupp *Prrdt 2. f
kN
Gy = Mass iy - 9.81 1= 47.82 ——
S m

Forces as a result of self weight
Loadcase G was used
1
VG_mb ::5 . Gmb L] l = 604 kN

1
MG_mbzzg-Gmb-f =3811 kN -m

Combined forces with 6.10 B

Veamp=1.2Vg iy + 1.5V 1 = (3.611-10°) kN
Mg pp=1.2-Mg ,p+ 1.5 My, p=(2.28-10*) kN -m

Resultant stresses

v
T mp = — = 40.3 MPa,
mb_v
Mgq mp 1
o =—.F «—+h,,=131.2 MPa
Ed_mb E Imb f-mb 9 'mb
Unity checks
-
Uy = — T —0.69
fmbfxzjo
OEd_mb

UC. - o i=—————=().982



u_tnu

f mb_x_50

Auxiliary calculations

Calculations for ship impact forces

y
” 4
tw 1
t
te ta
hShip Fship P% tr 4
[ ~J ) \ u
[ ]
Wi

'
z
Wanin F., -
kil /Stlﬂ‘ener
ZL h.0.h.sumener JX
L

tl_stiff =16 mm tc_stiff =250 mm lcr_stiff = bsupp

l
wstiff:: 0.625 m nstiff =18 h'o'h'stiff ::ﬁ: 1.485 m
stiff —

Ca stifri=te stifp+ 2 spipp =282 mm

Activated stiffeners

w hi
Nstiff active *= floor (#] =2
S llstiff

Normal force



N

ship = ship

Global bending moment

1 1 1

Mship_glob::_'Fship' _'l__'wship =4.8 MN -m
2 2 4

Section properties

1 bsupp |
Isc::2'5'tmb_f'wmbj3 +2°tmbj'wmbj°( S;pp) =2.146 m*

Critical buckling force

Yrd_gb_stiff = 1-4

~ Ne_mmb* By mp* st 7

Dy: =3.475 kN -m
12
Nem mb'Ef mb*® tl stiff* <tc stiff+tl stiff>2 L
Dy = =(5.763-10") kN -m
3
Dc — nc_bals(l'Ebalsa_I-tc_stiff — <3438' 103) kN -m

12
Dy, yifsi=2+Ds+Do+D,=(9.208-10°) kN -m

2
1 70"« Dy_gyigy kN
Py q stipri= ; Szl =679
Ym_rd * Yrd_gb_stiff lcr_sti ff m
: Giatsa* (te sitr+ b siire)’ kN
Pes d_stiff= Meg ity | Gasa (esigy + bsigr)” _ 14739 —
Ym_mb* Vrd_mb te stiff m
P eeo P ; MN
Pc_d_stiff — cb_d_stiff cs_d_stiff —0.649
P cbfdfstiff-l'P cs_d_stiff m
Resultant stresses
M ship_glob ) b

+w
e gloh ™= 24 5 mbt —11.3 MPa

1

sc



Unity checks

Nship -1

u'c's_sc_stiff =
Nstiff_active * Wstiff * L c_d_stiff

O sc_glob
_ —9t00 _
U.Cug g glob = =0.084

mb_x_50

Calculations for opened structure

Wind loads

9%

Bma{

T



Ze = hunder_side +sin <9ma:r> «1=29.2m

vy=29.5

pi=1.25 9
m® s

Cpy o:=if slenderness<4 1.3
H 2.4—0.275«slenderness
else

|| 1.3

kN

1
qp:ZEOp'/Ub2 'Ct:2-5

tO en
In —5p0 )
——==0.9

topen =15 ¢t =1 +

Principle resultant forces

byupp+2:b

qp 0:=1.94 L2 slenderness :=—=%
m 'mb
Cei= 1 Ip0 =3.6 Cyi=cpy ooc,=4.6
—opc ’Ub2

=264.033 kN

Nmb G_o en::(,;m—b.:fi].?) kN
T-F 2.sin <9max>
Mmb_G_open::i° Gmb * COS <9maz> QP = <2647° ]_03> kEN -m
1
= qp* Py * <sin <6maw> . l>2
Nmb_wind:: b
supp
M

Resultant stresses

it ::%-%-qp- (2 beget oupp) - (510 (O +1)? = (7.583-10%) kN -m

M b_G 1 N, b G
a-mb_G_open::mE_I—_:pcm. f_mb'5°hmb+mA_—;opcm:18-6 MPa
m m
M, ; 1 ‘
Tty wind 1= 'E“md—y B -+ By 0.4 mbwind _ 44.2 MPa
mb mb
M. . 1 N .
O mb_wind_ 2= 04-. M ‘Ef e 5 . h‘mb + mb_wind —18.9 MPa
mb mb

O te miias=111AX (O'ml‘

miiiond 1« Tl miiinnd r)\ =44.2 MPa

edge



THu_weiu \  Hw_wenu_u HWW_wenu_s)

Unity checks
1.2.0 + 1.8, 0 :
U-C-O-_open o mb_G_open Q[)t mb_wind —0.68
fmbj:jO
Results
Unity checks
Unity checks traffic loads
deflection
u'c'deflection_midspan =0.52 u'c'deflection_threshold =0.93
Road deck
U.C.r o rg=0.84 U.C.ip o qg=0.49 U.C.comp, rg = 0-95
Main beam
U.C.r = 0.69 U.C.r 1y =0.98

Unity checks ship colision
Main beam
U.C.S_SCJZOb = 0.084

Stiffener
u’c's_sc_stiff = 0.999

Unity checks opened position

U.C.i open=0.68
MKI
=€ =10
MassE_qlaSS =2 tl_T‘d U bsupp ol pl_’l‘d d =44.6 tonne

+2'<2'wmbj'tmb_f+tmb_w°<hmb_2°tmbj>>'l°pl_mb

Massg,sq = (tc_rd . bsupp> le Ppaisa=47.6 tonne

Ap giass =2 (Dgupp+ta_ra) 142 (20 Ry +2 Wy 142 (W p =g, 1)) < 1=957.177 m®



€

METp, sy t=0-265 2 MKI 5 gtassi= MKl oss+ Massp, yous = 11813.8 €
€
MKIBalSa = —0. 129 E MKISCOT’E_Balsa ::MKIBalsa 'MGSSBalsa 1 _6140'8 €

€
MKI E_glass_cons ‘= 1.173 —= MKTI

score_E_glass_cons*
m

= MKIE_glass_cons * AE_glass =1122.8 €

MKI

S

core_Total =MKI jpp

score_FE_glass

+MKI

score_Balsa

+MKI

score_E_glass_cons

Mass

Massoiai=Massg_giqes+Massg,,, =92 tonne



Appendix X Structural checks full FRP main structure.

XVI
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General

General dimensions

GO



1 1640 mm
fep: 1680mm

mir 1m

" 23,7 m |
) |
1 255m 1
1 1
1:=25250 mm
bjep:=4.28m  beye.:=5m b,;:=8m bsuppi=9-45 m
h'rd :=5.9m h‘fcp :=6.05 m hwate,,. :=3.3m hunder_side =4.3 m
O maw =80 ° Py i=5i0 (6,,45) * L+ h,g=30.8 m
b
Nnain_webs *= 6 h'o'h'main_webs = = 1.89 m
main_webs
massy.,=15.45 tonne
General properties
Ts_sun:: 57 °C Ts shade =31 °C

Desing material properties

Properties balsa core
kg

Pbaisa =285 —= Ghpaise =145 MPa
m
Eyuisa_ =720 MPa Eygisq »=2642 MPa

fewrvr=2.08 MPa f,. , ,:=7.32 MPa

{ (0.2 kg ] 1 1L 1

GO

GO



v Ly qn—2U U
Tct_balsa = min|1— —m+ 0.004 |- LL) ) 1|=1
Pbaisa 1°C

ncm_balsa =1 nc_balsa i= nct_balsa - 7,'cm_balsa =1

Ym_balsa = 1.51 Yrd_balsa = 1.5

Nec_balsa 'f cazvk =0.92 MPa

.f cxz d =
Ym_balsa * Yrd_balsa

Tlc_balsa® f cz k —3.93 MPa

.f cz d =

Ym_balsa * Vrd_balsa

Properties road deck laminate

Laminate layup road deck

90 16.67%
0 50%
45 16.67%
—45| |16.67%
kg
P1Lrai=1900 —= E,,,4=175GPa  E,,,;=26.2 GPa
m

frd_:c_k: :=245 MPa .frd_y_k :=367 MPa frd_:cy_k :=150 MPa

T, ,4=90 °C
T, cun—20 °C
s=min|1-0.25——,1|=0.9
Net_f rd Tg_rd— 20 °C )

N ¢ .1:=0.8 Nt di=Ns ¢ cavNe. ¢ ..=0.694

G0

00
90°
45°




icine_y_ru - c_y_ru IcL_j_ru  aci_yj_ru

s_sun 20 °C

° 9
T, ,q—20 °C

T]Ct—m—rd::min 1—0.80. 11=0.6

ncm_m_rd =0.8 nc_m_’rd i= nct_m_rd = ncm_m_rd =0.462

7m_rd :=1.07 7rd_rd =14

Ne frd® f rd_x_k

de T d:: = ]_]_3.6 MPa
T Yrd_rd* Ym_rd
Fruy aim et ok 01 ppa
N Yrd_rd* Vm_rd
Ne frd® f rd_zy_k
f?‘d_:cy_d = =69.5 MPa

Yrd rd* VYm_rd

Properties frp main beam laminate

G0

Laminate layup flange
0 50%
90 16.67%
45 16.67%
—45 16.67%

Laminate layup web

0 25%
90 25%
45 25%

—45 25%




k
Py =1900 22
m

fmb_m_k =367 MPa

E; =262 GPa
Funb oy k=246 MPa

-fw_y_k =278 MPa

Tg_mb =90 OC

Net_f mpi=1mun|1—0.25- -

Ts_shade -20°C )
, 1

Ew_mb :=19.9 GPa

fmb_mz_k :=180 MPa

ncm_f_mb =0.8 ncj_mb = nctj_mb L T’cm_f_mb =0.769
Ts shade — 20 °C
=min|1—0.80.—=
nct_m_mb ( Tgimb ~20 °C’

ncm_m_mb :=0.8

b= 1.07 Yrd_mb = 1.5

7m_m

Me _fomb* f mb_z_k

Fmb_o_at= =175.7 MPa
Yrd_mb* VYm_mb
Fmb_y a= e fomFoby s 117.8 MPa
Yrd_mb* Vm_mb
f mb_xz_d*= nC_f_mb 'fmb_mz_k =86.2 MPa
Yrd_mb* Vm_mb
-fmb_w_y_d = M —133.1 MPa

Yrd_mb* Vm_mb

Properties frp connection arm laminate

k
PLea=1900 =2

m
.fca_:l:_k =392 MPa

Ef_ca :=28.0 GPa
.fc_mz_k :=180 MPa

T. . .:=90 °C

,1):0.9

Ne_m_mb = MNct_m_mb * Nem_m_mb = 0.699

E, =19.9 GPa



y_cu

Ty q—20°C

=1

T _20 oC
Net_f cqi=10UN (1 _0.25 . 5shade ,1)

ncm_f_ca :=0.8 nc_f_ca = nctj_ca ¢ T’cm_f_ca =0.769

Ts_shade -20°C

T, ca—20 °C

T]Ct—m—ca::min (1—0.800 , 1):0.9

ncm_m_ca :=0.8 nc_m_ca = nct_m_ca £ ncm_m_ca =0.699

=1.07  Ygea=15

7m_ca :

Ne _fca® f ca_z_ k

Jeawa= =187.7 MPa

Yrd_ca® Vm_ca

fca_w_y_d ::M: 133.1 MPa

Yrd_ca® Ym_ca

Traffic load calculations

Cross section properties

load properties

Distributed load BM1

kN
Qpm1 = 9 9
m

Concentrated load BM1

Qpn1:=300 kN 1, ,,,1:=40 cm  w,, 4,,,:=40 cm Wy1i=2m  h.o.hy,,:=1.2m

Distirbuted load foot and cycle path

- kN
qfcp =93 9
m




Concentrated load accidental vehicle

40 kN

=80 kN Qavz =

avl "™

Q

Ship collision force

=3m

wship ;

hship =0.25m

Fship = 0.811 MN

Road deck properties

Ww

Wrd

0.5m

Wymi_mid*

| ~
0 g
Il .
S
: 2
+ [}
. S
~N
™
+ =)
s Ne]
0 [
+ -
Il ~
=
T_ ..m
S |
i Py
+ |
m kS
= o™
g S T
+ |
o m ~— ..Lc
O m [~} o..a .
10 m | s
1| N = 3
3¢ ae) © +5 3
TS = : .
kS 8
o | <t £
: S
i T =) S ki
_ Il 5 S
=
) ..m 5 E
m + C_ U_ .
_ L]
m it wr n_/_u +
Il Il Il :
d o“a --d 1m
& £ < ~
<03 < R

Main beam properties



Loy pi=24 mm 1., =16 mm
tog pi=48 mm 1., ,,:=16 mm
hmb = h’rd — h‘under_side - td_rd =1.068 m

hca =g — h‘under_side =1.6 m

Main beam fictional beams properties

Stiffness properties head board




| b
[ J

tl_hb = tmb_w =16 mm
bs“pp

ti . Ep o 4
10 I_hb fomb

1
2

bopp 1
T g s By 4
b

+

1
Slugp . tc_rd * hmb + tl_rd + 5 ° tc_'rd ‘E balsa_z 4

b
+ ;_u(z])p ° tl_rd ° <2 . hmb +2-. tl_rd + tCJ'd> * Ez_l_rd

ol =0.738 m
Slu(z; K b Ep b+ tmb w* <h’mb —bmb_y > “Eu_mp 4
b
+ PP tc_rd * Ebalsa_z + SIL[I))I) "2} tl_T'd * E2_l_7“d

1
Zhb_mb_f = (yhb —5 . tmb_f) =0.726 m
Zhb_c_rd = Pmb— Yno + b _ra T ) *t. ,q=0.596 m
1
Zhb_1_rd_bot = Pmb— Ynp + 5 *t ,q=0.338 m

3
zhb_l_Td_top = hmb - yhb =+ 5 . tl_rd + tc_T‘d = 0.854 m

1
D= By bt (P =2 * b ) =(1.444.10°) kN -m?
bsupp 2
+E¢ e *2tp £oZhp mb f 4
bsupp

2
*Zpb e rd 4

+E “tera
balsa_z " “c_rd 10



+E5 1 4 ;up 20t g (Zhb_l_rd_botz +zhb_l_rd_top2)
48-EI kN
= " — 4305 —
? m

Stiffness properties inside fictional beam

1
5 [ h‘o'h'main_webs * tmb_f2 * Ef_mb d
1
+ tmb_w * <hmb T tmbj) * 5 * (hmb + tmbj) * Ew_mb d

1
+ h"o'h’main_webs ° tc_rd | P+ tl_rd + E ° tc_rd ‘E balsa_z ¢

1.0 Pepin, wevs* ti ra® <2 chyp+2et g+ tc_rd) “Ey i ra —0.85 m

Ya:=
h'o'h‘main_'webs Loy  f° E fombt tmb_w ‘ (hmb T tmb_f > B mp ¢

+ h'o'h‘main_webs * tc_rd -E balsa_z + h'o‘h"main_webs <2 tl_rd -E 21 rd

7 \



1
Zomb_fi= (yz_g'tme)ZO.S?)S m

1
Zoerd=Pmp— Yo+t at o te q=0.484 m
1
Zo1_rd_bot "= P — Y2+ P -t ,q=0.226 m

3
Z91_rd_top "= Mmp — Y2 + i U ratte ra=0.742 m

12 b (o= 22ty ) =(1.499:10°) kN -m?

EI fo_mid = E

w_mb *

2
+Ef_mb ° h'o'h'main_webs ° tmb_f *Zomb_f d

2
+E balsa_z* tc_rd 4 h'o'h"main_webs *Z9¢ rd d

2 2
+E 21 rd"® h'o‘h"main_webs T tl_'rd * <Z2l_rd_bot + 221_rd_top >




[l

twe . 0.-4-'5 . |

0.45 m- tcaj'hmb°Effca d

1
+ tca_w ‘ <hmb - tmb_f> 7 5 ¢ <hmb + tmb_f) ¢ Ew_ca d

( h'o'h'main_webs

1
+0.225 m) 'tc_'rd' hmb+tl_7“d+5'tc_rd 'Ebalsa_z d

L (h.o.h.mam_webs 10.225 m) ot pa (20 My + 20ty patte vg) * By g
Ysgi= =1.136 m
2:0.45 Moy 1+ Ep oot togw® (s =t 1) * By _ca <
+ (M— 0.25 m) *te ra* Evalsa_z ¢
o [P0 Prmain webe _ ¢ o0 m) c2ty a+ B |
1
Z3ca_f_bot ‘= Y3 —5‘ 2. tcaj: 1.0883 m
Z3ca_f_top*=Pea— Y3 _% *leq ;=044 m
23 ra*=Pmp— Y3+t pat % *t. r¢=0.198 m
231_rd_bot = Pmb— Y3 +% 1 rq=—0.06 m
231 rd_top*=Pmp— Y3+ % *t) pgt+t. ,q=0.456 m
Elfy cage=Eup ca® % tegw® (Pp—2teq 5)* =(1.078:10°) kN -m?
+Ef 0045 met,, ¢+ <Z3ca fbot- FZ3ca f top > d

h.o.h.

main_webs
+E balsa_z* tc_rd Iy

2
*Z3¢ rd 4
9 |

main_webs

h.o.h.
+Es | rar

+0.225 m) 2ty vt 23 a pot ¢

h'o'h'main webs
+E5 1 rar (—_

+0.225 m) <2 tl_rd'z3l_rd_top2

48 - E1
A0 LI cdge _ 095 KV

edge ‘=



Combined stiffness properties inside fictional beams

1 kN
k., .= =2193 =~
1 m
+—
kmid khb
k.j.tk kN
kinbetween = M =2704 7

Properties entire crossection

k
2+ o * 4) I tmb_w * h’mb

edge

mb_v = 5 =0.04 m?®

k
El,:=2+Elp 50 +4 -%mb-EIfb_mid: (6.246-10°) kN -m”
edge

Stiffness properties beam continuing from deck to rotation axis

1 14
Bl =—-ty e he® By o d =(8.828:10%) kN -m?

ca_w " "Yca

h 2
+2t,, +(0.45 m).( 2‘3“) “Ef o

h.,=0.026 m?

AV_main_beam = tca_'w T

AN main_beam = tea w® Pea+ 2+ teq_¢+0.45 m=0.069 m”

Calculations for deflections

Defiections at the supports in the middle of the deck

1 Qbml ° bsupp3 5 Qpm1 * Wrq * bsupp4
W, = . =4.26 mm
middle_at_supports 48 E Ihb 384 E Ihb
Deflections at midspan in the middle of the deck
1 . 4'C2bml'l3 i 5 . qul'h'o'h'main_webs'l4 —78.855 mm

W . =
middle_midspan 48 EImb 384 EImb



Deflections limit

l
Wiimit *= % =101 mm

Unity checks
wmiddle_at_supports
u'c'deflection_threshold = 5 mm =0.851
wmiddle_midspan
U.C.geflection_midspan =" — 0.781

Wiimit

Calculations for road deck strength

Self weight

m kN
Gra= (2t ya* Wra* Pira+ te_ra* Wrd* Phaisa) * 9-81 —-=1.859 i
s

Important dimensions

bsu

. supp i — L — L

Tyi= 5 W1 mid — Whm1 = 2-225 M Loi=Wp,,1 =2 M T3 =Wy mig=0-9 M
Load cases

Loadcase BM1 1
N

I A A
WHHHHTHHQ

Loadcase BM1 2
Vol

T A 0 A A
WHT | Hw

Loadcase G




Shear force in deck at midspan
Values from matrix frame

%

T

d_BM1_1_mid :=187.97 kN

%

T

d_BM1_2_mid=163.01 kN

%

T

4G BM1 1 mid=3-T8 KN

%

T

4G BM1 2 mid=3-T8 KN

Shear force in deck at supports
Values from matrix frame

%

T

d_BM1_1_end ‘= 164.84 kN

%

T

d_BM1_2_end ‘= 150.10 kN

%

T

d_G_BM1_1_end=3-36 EN

%

T

d_G_BM1_2_end=3-36 kN

Bending moments at midspan
Values from matrix frame

M

r

4 BM1 1 mid=305.39 kKN «m

M

r

4 BM1 2 mid=222.20 kN +m

M

r

4G BM1 1 mid=9-95 kN -m

M

r

4G BM1 2 mid=9-95 kN -m

Bending moments at supports
Values from matrix frame

M.: orrn 1+ na:=272.96 k:N'm

Shear force due to self weight, at point of
maximal shear force from BM1 1
Shear force due to self weight, at point of
maximal shear force from BM1 2

Shear force due to self weight, at point of
maximal shear force from BM1 1
Shear force due to self weight, at point of
maximal shear force from BM1 2

Bending moments due to self weight, at
point of maximal shear force from BM1 1

Bending moments due to self weight, at
point of maximal shear force from BM1 2



TU_DIVIL_L_Enu

M

r

d_BM1_2_end*= 222.92 EN -m

4G BM1 1 end'="7-65 EN -m Bending moments due to self weight, at
point of maximal shear force from BM1 1

4G BM1 2 end'="7-65 EN -m Bending moments due to self weight, at
point of maximal shear force from BM1 2

M

r

M

r

Combinations

Vid miai=max 1.5V prn 1 mia < 5 1.5+Vig Ban 2 mia 4 )

+1.2.Vii e Bvi1mid T1-2Veg ¢ Bri 2 mid

Vrd_end :=max (1.5 VTd_BM 1.1 end 4y 1.5 V'rd_BM 1_2_end d
+1.2- V'rd_G_BM 1_1_end +1.2- rd_G_BM1_2_end

VEd_rd ‘=max <V7'd_mid ’ VTd_end) =286.5 kN

M

rd_mid =X (1.5M, g prry 1 mia < 5 1-5Mog g 2 mid ¢ )

+1.2:M,q ¢ By 1 mia T1-2Myg ¢ a2 mid

M

rd_end *= 1MaXx 1.5 Mrd_BMl_l_end 4oy 1.5 Mrd_BMl_Z_end d )

+1.2.-M rd_G_BM1_1_end +1.2.-M rd_G_BM1_2_end

Mgy rqr=max (M, miqs Mg eng) =465.2 kN «m
de
VEd ras=1.5- 2-0.6-Q,mﬂ+0,1.qul.bmp.T =591 kN

Resultant stresses

VEdr
Bdrd _ .6 MPa

Tc_rd =
rd
M t
O rd'= 2prd , 14 *Ey ,4=36 MPa
T EBL, 2 3
v
Tl_rd;:ﬂzzl MPa,
tljd * bsupp
Unity checks

-
UC. . ai= grd =0.67




I_c_ru

f c_xz_d

Ol_rd
U.C.p pgi=——=0.316
rd_x_d
Tl rd
U'C'T_l_rd = — =0.056
rd_xzy_d

UCord o 1 Joc = UCog g+ UL g q=0.372

Calculations for mainbeam

Loads

Load g mb

I —— e T e e

Load Q mb

S R T

kN
Qb =2+bsep Qpep+brgs Qo1 =114.8 T

Q=4+ Q= 1200 kN

Load cases

Loadcase V MB

L

P P P S P Y P Y O Y P A Y




AN A

Loadcase M MB

|

N P N P P P P P N A PR A

Loadcase G

[ ' ' ‘R A
A\ 2%

Shear force
Loadcases V MB was used

1
E‘me'l+2'me

mel_mb = n = 641-6 kN

main_webs

Bending moment
Loadcases M MB was used

1 1
g.qmb.ﬁ +2.Z.me.l
Myt = =(4.05-10°) kN -m

nmain,webs

Self weight

Massy.,=16.02 tonne

kg
M A88gist = <bsupp T tmb _f + <hmb = tmb J) £ tmb_w = nmain_webs> *Pimb 4=3811 E
Massy.),
+ tC_T‘d ° bsupp *Ppaisat 2+ tl_T‘d ° bsupp *Prrdt 2. I
kN
Gly= Mass i+ 9.81 2= 37.39 —
S m

Forces as a result of self weight
Loadcase G was used



1
VG_mb:ZE'Gmb.l:472 kN

1 2
MG_mbzzg.Gmb.l =2980 kN'm

Combined forces with 6.10 B

Vidmy =12V mp+1.5:Vyi = (1.529.10%) kN

Mg p=1.2-Mg ,p+ 1.5 My, 0 =(9.651-10%) kN -m

2'0.6'me 4 0']‘.qul.de.l+2.0']‘.qfcp.bfcp.l

Ngq mpi= 5 i =792.5 kN
Resultant stresses
\%
TEd_mb = famb =37.8 MPa
mb_v
MEd b
OEd_M_mb*= . Ef_mb *Ynp=29.9 MPa
EI,,
N «(2<(h,;—h ) —1
U'Ed_N_mb — Ed_mb < < rd under_szde> mb J> —3.5 MPa
2+t _f° bsupp 4 <h’rd T hunder?side —top j>
MEd b
TBd_rd_add =——r——"Bs 1 ra* (Nra=Punder_size— i) =34.9 MPa
EI,,
Unity checks
T
UCor pyi= B .44
f mb_xz_d
OBd_M_mb T OEd_N_mb
U.C.iy i i= — ———=0.19
f mb_x_d
OEd_rd_add
u'c'comb_rd = — I + u'c’T‘d_O'_T_lOC =0.6
f rd_y_d

Auxiliary calculations



Calculations for ship impact forces

y
Z
tw -

mhjp Fship L tl_hb trnbj

I <) S

[ =] J

Wi
AN A A A
h.0.h simener
L

dship = h'o'h'main_webs bship_load = dship =189 m bship_?“ = bship_load =189 m
Normal force

Nship = Ship:0'81 MN

Critical buckling force
D,,:=4.69-10" Nemm D,,:=8.28:10" N.mm

Dy,:=1.38+10" Nemm Dgy;:=1.67-10" N-mm

2

.fy_cr_k: ::77—2. (2 LAY D11 ‘D22 +2. (D12 +2 'D66>) =25.2 MPa

2" f° bship_r

f y_cr_k

frrin n.::min{fmh i 1: 15.7 MPa



v stp_y \" B e Ym_mb * Vrd_mb )

Resultant stresses

N .
Ty oi= P —17.9 MPa
Lo _f° bship_load
Unity checks
g,
UCog g 3= "X —-1.138
ship_y

Calculations for opened structure

Wind loads

Qe

M




. kN
Zgi= hunder_side +sin <9mam> 1=29.2m dp 0= 1.94 ——
m
b t2b
hbridge = hrd — hunder_side =1.6 m slenderness:= supp—edge =12
hbridge
pi=125 K9 4 095 ™
m® s
Cpy o= if slenderness<4 =13 ¢, ::1(1#=3-6 Cii=cpy g2c,=4.6
H 2.4—0.275.slenderness Eop-vb2
else
|| 1.3
1 kN
qp::E.pofub2 .Ct:2'5 —2 Amb =2 'tmb_w' hmb:0‘034 m2
m

In topen)
50
lopeni=15 =1 +——=8=0.9

Principle resultant forces

N Gl 9.3 kN
mb_G_open ._2'Sin—<9max>_ .
Mmb_G_open::%° Gmb * COS <9maz> AP = <207 . ]_03) kEN -m
1 . |
5 *dy h‘mb b <Sll’l <6ma,w> i l>
Nmb_wind:: =88.121 kN

b

supp
My winit ::%.%.qp. (2 beatge + buupp) * (S0 () -1)? = (7.583-10°) kN +mn

Resultant stresses

Mmb G_open 1 Nmb G_open
g - T, «—.h — = =23.4 MPa
mb_G_open 2.F1 ca f-mb 2 i Ameain?beam

n o nT



v mb_wind_y 1

IN ;
a-mb_wind_l = Ef_mb'g' hmb+0-4'M:60.6 MPa

2-FEI ca -N_main_beam
M. b wind 1 N b_wind
O i (0ud e mbwind y «—eh , 4 T0"% 953 MPa
i 2-FEI ca -t 2 e ANJnain,beam

a-mb_wind ‘=max (O-mb_wind_l 9 Umb_wind_2> =60.6 MPa

Unity checks
1.2.0 + 1.8, 0 .
U-C-O-_open ol mb_G_open Q[)t mb_wind —0.65
fcafa;d
Results
Unity checks
Unity checks traffic loads
deflection
u'c'deflection_midspan =0.78 u'c'deflection_threshold =0.85
Road deck strength
U.C.r o g=0.67 U.C.oomp, rg = 0-98
Main beam strength
U.C.rr o =0.44 U.C.ir 1y =0.19
Unity checks ship colision
Main beam
UC.y o p=1.14
Unity checks opened position
U.C.i open =0.65 1
MKI
=€ =10
MassE_qlaSS =2 tl_T‘d U bsupp ol pl_’l‘d d =32.4 tonne

=+ (bsupp * tmb_f =+ tmb_w * h’mb * <nmain_webs T 2>> ol Pi_mb d
+2. <tcaj' 0.45 m+ tca_w * hmb) l- Pi_mb



MaSSBalsa = tC_T‘d b -l Pbalsa= 34 tonne

supp

AEJlass =4 <bedge> l+2- <bsupp + td_rd> l+2- h‘mb l= <1'063 ° 103) m2

€
MKIE_glass :=0.265 E MKIscore_E_glass = MKIE_glass £ MaSSE_glass =8580.6 €
€
MKIBalsa :=—0.129 E MKIscore_Balsa = MKIBalsa ° MassBalsa =-4386.3 €
€
MKI FE_glass_cons =1.173 5 MKI score_FE_glass_cons =MKI E_glass_cons* AE_glass =1246.9 €
m
MKI score_Total = MKI score_FE_glass + MKI score_Balsa + MKI score_FE_glass_cons =5441 €

Mass

Massoiai=Massg_giqes+Massg,,, =66 tonne

644+2-18.4=100.8



