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Abstract

The infrastructure industry currently deals with two issues: the deterioration of (highway) bridges, and
the urge to reduce emissions by the construction sector. Rijkswaterstaat must repair or replace hundreds
of bridges in the upcoming decades. At the same time, the impact of human behaviour on climate change
becomes more visible and must be reduced. The most structural solution to diminish the human impact
on the environment is switching from a linear economy to a circular economy (CE).

This research aims to develop a system for circular highway bridges by both constructing with timber and
extending the lifespan. The first contributes to a lower environmental impact as timber is a renewable ma-
terial that captures carbon during growth. For an outdoor timber structure, protection is crucial to prevent
the timber from deteriorating due to weather influences. The lifespan extension is obtained by applying
three circular principles: (1) Design for Material Efficiency (DfME), (2) Design for Adaptability (DfA), and
(3) Design for Disassembly (DfD). Variant studies on typology, connections and material optimise for ma-
terial efficiency. A flexible structure enables DfA: converting in function and expansion in length and width
is possible. Furthermore, a modular system is developed to include DfD: connections between modules are
demountable to disassemble, adapt and reuse the system. In summary, four design strategies are defined:
efficient, protected, adaptable and demountable.

A parametric model simulates the structural behaviour of the modular bridge system in the software Grasshop-
per, using the Finite Element Model plug-in Karamba3D. This model performs quick structural analyses,
explores multiple options, and executes variant studies. The first variant study is on typology: the strut
typology with integrated cross girders is best suited for bridges up to a fifty-metre span within the strate-
gies set for this research. Second, a screwed connection between deck and girders performs best when
considering structural and feasibility requirements. Third, GL28h glued laminated timber and C24 cross-
laminated timber suit the modular system best for respectively the beams and the deck.

Figure 1: Three-dimensional impression of modular timber bridge with a span of 35 metres

Given the optimised aspects, this research derived a scope for the standardised modules: 5-35 metres. The
construction height of the modules is 1.03 metres (Figure 1). To incorporate protection against weather
influences in the structure, a cantilevering deck is applied to protect the main girders from getting wet.
Additionally, a watertight membrane is added above the deck to protect the entire structure from weather
influences. With these protection measures, a technical lifespan of one hundred years can be assumed,
according to prEN-1995.

This research aims to provide an alternative for concrete highway bridges with a lower environmental im-

pact. The timber bridge, a circular concrete bridge and a traditional concrete bridge are compared (NIBE
Research bv, 2019a). The comparison includes the production (A1-A3), construction (A4-A5) and end of
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life (C1-C4) stages. Figure 2 indicates that timber results in a lower carbon footprint for all reference peri-
ods and lifespans. The study considers the third scenario most reliable, as the technical lifespans are most
substantiated. In this scenario, reductions of 18% and 47% for respectively the circular and traditional
concrete bridge are established.

Carbon footprint analysis overview
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Figure 2: Carbon footprint (kg CO; eq.) for weighted end of life scenarios. Accounting for stage A1-A5 and C1-C4, TL* means a technical
lifespan is 200 years for concrete and 100 years for timber.

One observes an additional benefit for timber when considering carbon emissions in time (Figure 3). In
the short term, timber captures carbon, and emissions are delayed by one hundred and two hundred years.
In contrast, concrete emits most carbon at the start of its lifespan. IPCC (2018) showed that reducing the
carbon concentration in the atmosphere in the short term is crucial to limit global warming. Therefore, the
nuance of carbon emissions plotted in time adds a benefit to the timber bridge compared to concrete.

Carbon footprint plotted in time
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Figure 3: Carbon footprint (kg CO; eq.) plotted in time. Accounting for stage A1-A5 and C1-C4, TL* means a technical lifespan is 200
years for concrete and 100 years for timber.

This study concludes that Dutch highway bridges suit replacement with a modular timber alternative. The
developed modular system covers 58% of the highway bridges stock owned by Rijkswaterstaat that were
built in 1950-1980. Moreover, timber shows substantial environmental benefits compared to concrete.
The alternative reduces the carbon footprint by 47% compared to a traditional concrete bridge. Further-
more, this study observes additional benefits when one considers carbon emissions in time, as the structure
sequestrates carbon during use. Consequently, building with timber lowers the carbon concentration in
the atmosphere, reducing the global warming effect.

This study recommends Rijkswaterstaat to invest in the development of circular timber highway bridges.
By changing the 'business as usual’ from concrete to a more sustainable alternative, the circular and climate
goals can be obtained. Furthermore, the recommendation is made to clarify the regulations on quantifica-
tion of environmental impact, both on data and methodology level.
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Introduction

The Netherlands has a fine-meshed transportation network. After World War II, the infrastructure devel-
oped rapidly by building more roads. To keep the roads safe in this denser network, one constructed multi-
level crossings. Consequently, many highway bridges date from 1950 until 1980. Concrete was already a
well-known material at that time and widely available. Therefore, most of the highway bridges are con-
structed in concrete. Nowadays, increased traffic and heavier trucks intensify the use of highway bridges.
Consequently, many highway bridges no longer comply with the current regulations. Rijkswaterstaat must
improve or replace these bridges (Rijkswaterstaat, 2020b).

The main distinction between bridges and highway bridges (or overpasses) is that the first cross water and
the latter cross roads. This distinction influences the context, requirements, and data of existing bridges.
Many highway bridges exist in the Netherlands; hence creating a more sustainable alternative can signifi-
cantly affect the environmental impact of the infrastructure industry. Therefore, this research focuses on
highway bridges. For the readability of the report, highway bridges are referred to as bridges.

A more sustainable approach to bridge design can be implemented now, as bridges reach their end of life
phase. The world is running short on raw materials and must limit the emission of greenhouse gasses.
Many countries signed the Paris Climate Accord (United Nations, 2016) to comply with goals on mitigat-
ing climate change. The Dutch goals are reducing the CO, emissions by 49% by 2030 and 95% by 2050,
compared to the emissions in 1990 (Rijksoverheid, 2018). The construction sector requires significant
change to reach these climate goals. In 2019, the global construction industry contributed 10% to the total
emission of CO,, as presented in Figure 1.1 (United Nations Environment Programme, 2020). This share
includes emissions in the construction phase, whereas emissions during the lifespan of a structure are not
included. Replacing bridges plays an essential role in the activities of the construction sector. By replacing
with more sustainable alternatives, the climate impact of this sector can be reduced. The industry works on
more sustainable concrete and steel. This innovation takes time, whereas timber is an available alternative
which can be implemented in the short term.

Non-residential N Yo, N
buildings buildings (indirect) \ buildings (direct)

o
28% by 23% . )
Transport Transport " Residential
~ Residential buildings
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. 7% B 5
5 % ' Other Residential
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/ - s
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3 2 % construction 3 2 % . 1
Other Industry ENERGY industry Other industry EMISSIONS Buildings
construction
industry

Figure 1.1: Emissions of the construction sector (United Nations Environment Programme, 2020)
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1.1. Problem statement
1.1.1. Climate change

A large number of people, combined with the high level of human consumption, puts immense stress on
the environment. The consequences of this stress become more and more visible. In 1987, the Brundlandt
committee derived a definition for sustainable development (Brundlandt, 1987) “Sustainable development
is development that meets the needs of the present without compromising the ability of future generations
to meet their own needs.” Worldwide, one still considers this the primary definition of sustainable devel-
opment. The Paris Climate Accord used it in setting concrete aims on emissions for 2030 and 2050 (Rogelj
etal, 2016). The previous section provided the general reduction goals for the Netherlands in all sectors.
In addition, Rijkswaterstaat set their goals even higher, where Rijkswaterstaat (2020a) aims to work cir-
cular by 2030 and be circular by 2050. More information on the circular economy is presented in Section
4.1. At this point, two complementary routes towards a circular economy are (1) to build with renewable
materials and (2) to keep products in use for as long as possible. Both are included in this research.

1.1.2. Renewable materials
Building with renewable bio-based materials provides a serious alternative to traditional high carbon ma-

terials like steel and concrete. One avoids the depletion of finite materials, and carbon emissions are re-
duced.

Arup investigates the possibility of using timber as a primary construction material in bridge design. Multi-
ple projects in the building industry are already executed in timber, but application in bridge design occurs
sporadically. Timber is a renewable product, resulting avoiding the use of finite resources. Sustainable
forest management is a necessary boundary condition, ensuring the constant size of forests. Furthermore,
wood captures carbon during growth and retains it when it is used in construction. When timber is at its
end of life, the carbon re-enters the atmosphere. However, this carbon capture delays the carbon emission,
thus temporarily lowers the concentration in the atmosphere. Figure 1.2 illustrates this principle. The CO,
pulse (setto 1) in the atmosphere reduces over time as it is absorbed by the ocean, soil and other organisms.
The benefit of the pulse delay is defined as the cumulative reduction of carbon load in the atmosphere. With
a constant level of construction in timber, the concentration in the atmosphere can be constantly reduced.
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'§t 081 \ —pulse at year 50
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Figure 1.2: Residence time of CO; in the atmosphere and the resulting credit of a delayed pulse (Vogtlander et al., 2014)
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0’'Born (2018) performed a study on the global warming potential (GWP) of the construction material of
bridges. The study executed a Life Cycle Assessment (LCA) on two bridges: a superstructure either made
of concrete or timber, using the same materials for the substructure. Figure 1.3 presents the conclusion,
considering the construction (A) until the demolition (C) stages. Stage D (benefits out of the system bound-
aries) is not included in this comparison.

Concrete

o _ -:l:]]
Timber

s _:- ki

10000 20000 30 000 40 000 50 000 60000 700000 A0 000
B Reinforcing steel [ Concrete @ Steel piles O Span reinforcement steel @ Steel, other
O Other [ Asphalt, driving surface B Earthworks and explosives O Timber

Figure 1.3: Global warming potential of timber and concrete bridge (0’Born, 2018)

The amount of reinforcing steel and concrete cause a significant difference in GWP. As more concrete is
used, more reinforcing steel is required. Furthermore, higher loads are placed on the substructure due to
its higher self-weight, resulting in more material use. Both increase the GWP of the concrete bridge. In
conclusion, the study demonstrates that timber bridges result in a lower GWP.

1.1.3. Service life

Nowadays, one designs infrastructural works in the Netherlands for a service life of 100 years (NEN-EN
1990 - NB). Service life is the desired lifespan, where “the lifespan of a building component can be defined
as the period a building component can fulfil its requirements” (Hermans, 1999).

Innovation in transportation led to heavier (freight) traffic. Bridges must withstand these increased loads.
Consequently, the requirements for infrastructural works changed multiple times during the last century.
Furthermore, roads expanded, and thus the bridges crossing these also must be expanded. However, ad-
justing is often more expensive than replacing, as bridges are not designed for modifications. New struc-
tures are placed due to cost and time limitations, which is not a sustainable solution. New bridges require
more material use, and reuse of the old products is not yet done on a high-quality level.

Modular systems are an upcoming solution to make structures adaptable. The design incorporates de-
mountable connections, hence adjustments and replacements can be made. The first modular bridge in
the Netherlands applies this principle (Rijkswaterstaat, 2019b). This bridge can be reused in multiple lo-
cations and functions. The functional lifespan is no longer governing, the lifespan of a bridge is extended.
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1.2. Research objectives

This research aims to develop a sustainable alternative to concrete bridges in line with the circular econ-
omy principles. Two strategies are combined to obtain this objective: building with a renewable material
and making the bridge modular. The first reduces the impact on the environment and depletion of finite
resources. The latter enables reuse of the bridge by the ability to disassemble, adjust and move the system.
Both timber and modular bridges exist, but a combination of the two is not researched yet. The objective
is to reduce the impact on the environment further by combining these strategies.

1.3. Research questions

The main research question is defined as:

How can a timber bridge lead to a circular alternative for highway bridges
when considering the preliminary design phase?

Three sub-questions support this research question:
1. Which principles should be applied to obtain a circular timber bridge in the preliminary design phase?

(a) Which strategies can be applied to ensure the design is in line with the fundamentals of the
circular economy?
(b) Which aspects of timber structures are governing in the preliminary design?

2. What composition of a timber bridge results in a circular design?

(a) How to translate the standardisation and boundary conditions of a bridge into a design for a
modular system?

(b) Which structural typology is best suited within the defined design space?

(c) How is standardisation applied in the context of replacing existing highway bridges?

(d) Which engineered timber products result in the most material-efficient structure?

(e) Which connections should be demountable, and which connections are best suited for the bridge?

3. What is the environmental impact of the developed highway bridge?

(a) Which factors influence the quantification, and how can an objective comparison be obtained?
(b) What is the carbon footprint of the timber bridge compared to a concrete bridge?



Research approach

This chapter describes the approach and methodology for this research. The objectives and research ques-
tions were derived in the previous chapter. The scope limitations are described first, followed by a de-
scription of the methodology. Furthermore, the structure of the report is visualised, and connected to the
research questions.

2.1. Scope limitations

Within the time frame of a Master’s thesis, scope limitations are necessary. The first scope limitation is that
only the superstructure is designed. The substructure is assumed to be in good condition, made out of con-
crete. Secondly, the context of this research is highway bridge replacement in the Netherlands. Therefore,
the research applies European and Dutch regulations, and assumes timber to originate from Europe.

A global parametric model is developed, containing Finite Element Analyses. With this model, a design
for the preliminary design phase is established. However, the connections are not modelled in detail, but
equivalent values for stiffness and strength are implemented in the model. Moreover, a static design is
made, excluding dynamic effects. Furthermore, long-term effects are not considered: fatigue and dete-
rioration of timber. The influence of temperature, moisture, and protection are not in the scope of this
research. However, design measures are taken to protect the timber members, reducing the chance of
deterioration.

The environmental impact quantification is done with a simplified Life Cycle Assessment method. Existing
data from producers and wood research institutes are used. The reliability of this data is often low, but the
gathering of new data is out of the scope of this research. Therefore, a comparison between data is made,
choosing the most reliable. Lastly, this research does not include a cost analysis, as costs vary over time,
product and country. An in-depth analysis should be performed to make a good comparison of life cycle
costs between timber bridges and alternatives, which is not possible in the timeframe of this research.
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2.2. Methodology

STUDY PHASE CIRCULAR DESIGN

Design space and Typology choice
. — ¥
requirements
. Standardisation
Develop parametric model,
e

Devel dul i . . . \
evelop module design including assumptions . ;
Material choice
Determining strategies and
governing aspects

1 1, v
Connections

RESULTS AND FINAL REMARKS l

Carbon footprint analysis

l

Figure 2.1: Diagram of methodology

Figure 2.1 presents an overview of the methodology of this research. The research is split into three parts:
study phase, circular design, and results. First, a study is performed into the future replacement task for
Dutch highway bridges of Rijkswaterstaat to define the application area. Second, literature research is per-
formed into the circular economy, timber construction, and timber bridge design options. Design strategies
result from this study phase.

Next, the basis for the modular system is derived, and translated into a parametric model. It is chosen to
model the bridge design in a parametric manner to make it widely applicable and increase the ease of con-
sidering the modular timber bridge in an early design stage. This model is made in the Rhino/Grasshopper
environment, allowing fast modelling on a global level. Within Grasshopper, many (open source) plug-ins
exist, containing programmed components based on Python coding. One of these plug-ins is Karamba3D: a
Finite Element Analysis program, enabling three-dimensional structural analysis within the Grasshopper
environment. This plug-in is used for all structural analyses in this research. Karamba3D has a high cal-
culation speed with accurate global results. However, Karamba3D is not suited for detailed FEM analyses,
for example, on connection level. Therefore, the values of forces and deflections are derived globally, and
connections are designed with hand calculations.

The parametric model is the basis for multiple variant studies for the bridge. The first variant study is on
the typology, for which the best suited option is chosen using a trade-off matrix (TOM). When a decision
on typology is made, the standardised system is defined. This standardised system is defined by the ap-
plication area. Using the data from Rijkswaterstaat, an optimised set of modules is defined for the chosen
application area. Next, a variant study is performed on timber products, considering their structural be-
haviour and environmental impact. Consequently, the connections are chosen, designed and verified. After
these steps, an iteration is made into the parametric model, including all optimisations. A final design for
the modular timber bridge is established.

To verify the design choices made and to support multi-criteria decision making, TOMs are applied. By
using a TOM, performance indicators can be set, and a structured consideration can be made. Weight fac-
tors are given to the performance indicators, and a score is assigned for each design option. The scores, as
presented in Table 2.1, are given to the performance indicators.
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Table 2.1: Score factors of TOM

Description Value

Favourable 1

Neutral 0.67
- Unfavourable | 0.33
-- Negative 0

When the final design is obtained, a carbon footprint study is performed. With a carbon footprint study, the
environmental impact estimation is compared to a concrete bridge. The traditional and circular concrete
bridges from Rijkswaterstaat are used for this comparative study. The data for the concrete bridges is
obtained from NIBE Research bv (2019a). For the timber environmental data, an Environmental Product
Declaration (EPD) is used. This EPD contains data from multiple manufacturers of laminated timber. This
data is multiplied by the amount of material required for the bridges. For timber, a bridge with the same
span and width is modelled and the required material is used for the comparison.

2.2.1. Assumptions during research

Figure 2.1 illustrates the design options which are investigated after the initial design phase. Therefore,
assumptions must be made in the first design. An iterative process is established, resulting in a constantly
changing design. Figure 2.2 presents the assumptions made in different stages of the research.

Typology Material Connections
q . Deck CLT from C24 and
Typology choice Subject beams GL28h assumed All assumed demountable
Subject
Standardisation Defined el @lhrfiverm 25 e Variation in deck-beam
beams GL28h assumed .
connection
Deck-beam connection
Material choice Defined Subject defined, others assumed

l

Connection design

!

Defined

Figure 2.2: Assumptions throughout the research process

!

Defined

demountable

Subject

The typology is the first study, thus no assumptions are required on typology (Section 7.2). Cross Laminated
Timber (CLT) from C24 and Glued Laminated Timber (GL28h) are assumed as materials, based on the
reference design of Behrens and Benner (2015). Section 7.4 studies the timber products with the most
material-efficient behaviour. The connections are all assumed to be demountable since a modular structure
is desired. Section 7.3.2 assess the feasibility of making all connections demountable.
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2.3. Structure

This section describes the structure of this thesis report, presented in Figure 2.3.

Part I Part IT Part IIT Part IV
Research framework Study phase Circular design Results and final remarks

Problem statement

!

Research approach — Design space

and requirements

Literature review
on design aspects

Design options — Module design

— Typology

y

Standardisation

'

R Material

y

Connection design

l

Final design E —— Carbon footprint

!

Figure 2.3: Layout of the report

Each part of the report focuses on a research question. Part Il studies the design space, aspects and options
for the aspects considered. In conclusion, the strategies and governing aspects are determined, answering
research question 1.

Following, Part III describes the development of the circular design. Firstly, a module design is determined,
together with the principles of the modular system. Secondly, the typology study is performed, resulting
in the best-suited typology for the design space. Thirdly, standardisation is applied to the modular system
while maintaining a material-efficient structure. Consequently, a material study is performed on the beams
and deck, determining the best-suited materials. Finally, connections are designed, and the final design is
presented. These aspects together provide an answer to research question 2.

Lastly, the impact of the new bridge system is quantified in Part IV, performing a carbon footprint. Thus,
an answer to research question 3 is obtained. To finalise, the discussion, conclusion and recommendations
are presented.
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Design space and requirements

This chapter starts with describing the context of the replacement task from Rijkswaterstaat, for which
the timber bridge design is made. Subsequently, the design codes and boundary conditions are stated.
Furthermore, an overview of material properties and load conditions is presented. Furthermore, the load
combinations are derived, which are used for all structural analyses in this research.

3.1. Replacement task

Rijkswaterstaat owns most highway bridges in the Netherlands. This study uses a database (Rijkswater-
staat, 2021) with all bridges that Rijkswaterstaat owns, to analyse the existing bridges in the Netherlands.
An overview of the most important findings is given in this section.

Most of the infrastructural works in the Netherlands were built in the second half of the twentieth century.
Concrete and steel are used in most works, and many bridges do no longer comply with the structural or
functional requirements. Consequently, Rijkswaterstaat is planning on repairing or replacing many infras-
tructural works in the coming decades. A modular timber alternative for the bridges can be part of the
replacement task, with the goal to minimise the environmental impact.

The dataset contains both bridges in use or demolished, starting from construction year 1920. The av-
erage age for bridges in use is 37 years, where it is 46 years for demolished bridges. Hence, the average
demolished age is not near the design service life of 100 years. Two possible reasons can be given: (1)
less knowledge on structural behaviour and protection was available at the time of construction, and (2)
the bridges no longer fulfil the functional requirements. The latter can be avoided by making the bridge
adaptable, thus following the circular strategies as described in Section 4.1.

3.1.1. Design space
As the average demolishing age is 46, the decision is made to consider all bridges built between 1950 and
1980. These bridges are forty to seventy years old and have a high chance of being demolished in the

coming years. In total, 2724 highway bridges in the dataset are in use. When one selects the bridges built
between 1950 and 1980, 1389 highway bridges remain (Figure 3.1).

13
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Construction decade
30%
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Figure 3.1: Construction decade of bridges in use

Not all bridges are suitable to be replaced by a timber alternative, thus further selection is required. The
experience with timber bridges in the Netherlands is low, as it was with concrete in the 1950s. Further-
more, the objective is to make a demountable and adaptable design. This limit the free spans of a bridge,
due to required joints in the free span. Furthermore, the study aims for a standardised system, thus the
design space should not be too wide. A selection is performed on the following three properties:

1. Free span
2. Number of free spans
3. Skew

Distribution of free spans

Distribution of number of spans Distribution of angle
30%

40% 50%

40%
30%

20%

30%
20%
20%
10% I
10% I
10%
b = [ I . ||| — B ,___-..llllll
0 50 0 5 40 60 80 100

Rounded free span (m)

Percentage of total
Percentage of total
Percentage of total
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Figure 3.2: Occurrence of selection properties

First, the free span is selected. Figure 3.2 indicates that most free spans are below fifty metres. Fifty metres
is an ambitious span for a timber bridge, as was stated in Section 5.1. However, the system’s limits can be
explored by including spans up to fifty metres and are therefore included. Second, the number of spans is
selected: most bridges have one to five spans. No significant change in structural behaviour is observed
for three or more spans. However, to narrow the scope, one to five spans are included in the design space.
For the third selection property, the skew is analysed. It is important for the modular design, as this results
in a significant change in dimensions and layout of the modules. The angles are expressed in gon, a unit
that is often used in infrastructure design (100 gon=90 degrees). 40% of the bridges cross perpendicular.
However, the aim is to include more than 40% of the bridges in the design space, thus bridges with a non-
perpendicular skew are also included. The decision is made to consider all bridges with an angle between
60 and 100 gons (54 to 90 degrees). Areason for this is a balance between a wide variety of bridges and the
demand to obtain an efficient modular system. Table 3.1 presents the reduction in bridges by this selection.
As aresult, 1205 bridges remain, which is 86.8% of the bridges in the replacement task.
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Table 3.1: Impact of bridge selection

Property Selection Amount before | Amount after | Part remaining | Reduction
Free span 1-50 metre | 1389 1376 99,1% 0.9 %
Nr of free spans | 1-5 1376 1315 94.7% 4.4 %
Skew 60-100 gon | 1315 1205 86.8% 8.4 %

3.2. Design requirements

Road layout
The standard layouts of the road below and over the bridges is based on the ROK: Richtlijn Ontwerp Kunst-
werken (Rijkswaterstaat, 2017) and the ROA: Richtlijnen Ontwerp Autowegen (Rijkswaterstaat, 2019a).

¢ The minimum free height should be 4.6 metres: from the top of the deck on the bottom road to the
lowest point of the superstructure.

e The ideal slope of the abutments is 3:2, but it can go up to a slope of 1:1. Most existing bridges in the
Netherlands have abutments with a slope of 3:2. As the substructure is not a part of this research, no
or minimal adjustments to the abutments are made when the superstructure is replaced by a timber
one. However, the possibility for change in slope of the abutment can be helpful for adaptations to
the bridge.

e The standard width of the lanes is 3.5 metres.

e Emergency lanes should be 3.5 metres wide as well.

¢ Afree space of one metre should be present, both on the sides of the road and along the middle verge.

¢ On the edges of the roads, lines of 0.2 metre are required.

e The middle verge should be at least 2.5 metres wide.

The same dimensions apply for the road on top of the bridge, but an emergency lane is not always required.
Furthermore, the width of the middle verge is more flexible.

3.2.1. Material properties

In the global design phase, material choices are assumed, based on the reference design of Behrens and
Benner (2015): glued laminated beams (GL28h) are applied with a cross laminated timber (CLT) deck
made from C24. According to EC1995-1-1, the calculation value of the strength for all timber elements
should be taken as:

X
Xa = kmoa— - ksys (3.1)
Ym

where k.4 is a modification factor that considers the load duration and moisture content of the timber.
yu is the partial factor defined for specific materials. In this design, the relevant values for y,, are:

e Laminated wood - 1.25
e LVL-1.2
e Connections - 1.3

The mechanical properties of glulam and CLT are presented in Table B.1 in Appendix B. For CLT systems,
the additional factor kg, can be included. The value of ks, depends on the number of stressed boards, as
displayed in Figure 3.3.
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Figure 3.3: Values for kgy,s

3.2.2. Loads

Trafficloads are considered according to NEN-EN 1991-2 (LM1). Wind, temperature and collision loads are
not considered for the reduction of load combinations. The research of Arup stated that this was governing
for the timber bridge (Arup; Heijmans, 2021). Next to traffic loads, self-weight and staticloads are included.
These loads are joined in the load combinations for Ultimate Limit State (ULS) and Serviceability Limit State
(SLS).

Load Model 1 (LM1): effects of traffic

Traffic loads mainly depend on two factors: the width of the road and the number of vehicles per year.
The width of the road influences the theoretical lanes that should be considered, taken from Figure 3.4.
The assumption is made that all roads considered have a width larger than six metres. For this reason, w
is always three metres and divided over the width of the road. The National Annex (NEN-EN 1991-2 NA)
defines an additional factor for three or more lanes. This additional factor is not included to keep the load
cases constant for all bridge sizes. Hence the results can be compared more easily.

Carriageway Number of Width of a Width of the
width w notional lanes notional lane w; | remaining area
w<54m n =1 3m w-3m

54m<w<6m n=2 w 0
2
6m=<w w
n = Inr(? 3m w-3xn
NOTE For example, for a carriageway width equal to 11m, n= [,I,(l) — 3. and the width of the
3

remaining area is 11 - 3x3 = 2m.

Figure 3.4: Theoretical lanes, from NEN-EN 1991-2

LM1 is divided into double-axle concentrated loads (tandem system TS) and a uniformly distributed load.
Each load has the magnitude of:

ag - Qk (3.2)

@ are adjustment factors, which are defined in the national annex. The factor depends on the number
of heavy vehicles per year and the length of the superstructure. The values for a, are presented in Figure
3.5. For this design space, the value of a;=1.0, as the maximum amount of heavy traffic is assumed. The
values of Q;j and q;; and their locations are displayed in Figure 3.6.

Figure 3.7 presents the forces acting on the section as indicated in Figure 3.6. The values presented are for
one wheel: each surface in Figure 3.6 contains a wheel load.
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Tabel NB.1 — Correctiefactoren aqs, dqs €n ag,

17

Aantal vrachtwagens Qa1 €N gy
per jaar per rijstrook Lengte van de overspanning of invioedslengte (L)
voor zwaar verkeer
Ny ® 20m 50 m 100 m >200m -1
=2 000 000 1,0 1,0 1,0 1,0
200 000 0,97 0,97 0,95 0,95 0,90
20 000 0,95 0,94 0,89 0,88 0,80
2000 0,91 0,91 0,82 0,81 0,70
200 0,88 0,87 0,75 0,74 0,60
7 Tussengelegen waarden mogen worden geinterpoleerd.
Figure 3.5: Value of @y (NEN-EN 1991-2 NB, 2019)
ag; Qix og; Qi Xqi Vix
B Y I A s,
i 0,50*
ciamp
L 0,50*

Jo-sle-loal

Key

(1) Lane Nr. 1 : Qy = 300 kN : gy = 9 kKN/m?
(2) Lane Nr. 2 : Oy = 200 KN : g2 = 2.5 KN/m®
(3) Lane Nr. 3 : Q3 = 100 kN : g3 = 2.5 kKN/m?
*For w; =300 m

Figure 3.6: Load locations and values in LM1 (NEN-EN 1991-2, 2015)
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Figure 3.7: Loads acting on an axis of the tandem system in LM1. Concentrated loads are wheel loads. The load areas displayed in

Figure 3.6, are wheels.

Static load

Additional static loads are considered due to the self-weight of the bridge, asphalt and guiding rails (Rijk-
swaterstaat, 2017). The self-weight of the structure follows from the material use. The prescribed load is
divided into two parts: loading of borders and rails and loading over the whole area resembling the weight

of the asphalt.

Asphalt requires a thickness of (140+a) mm. The value of a is: a=(L-30)/4 where L is the largest free span,
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and a should be between 0 and 30 mm. Within the defined design space, L will never be above fifty metres,
but most of the time lower than thirty metres. For this reason, a=0 and the thickness of the asphalt is thus
140 mm. With the density of asphalt as 23 kN/m?, this results in a load of 23 - 0.14 = 3.2 kN/m?.

For the sides, a value of 6.16 kN/m? should be applied. In the load combinations, the static loads are com-
bined with the self-weight of the structure as all are permanent loads.

3.2.3. Load combinations
Multiple loads can occur at the same time, hence load combinations must be made. The final deflection in
time is defined by NEN-EN 1995-1-1 Chapter 2.2:

Ufin = Ufing + Using1 + Z Ufin,0i (3:3)

Ufin,¢ = Uinst,G * (1 + kdef) (3-4’)
Ufing1 = Winst,o1 * (1 + WY1 - Kaer) (3.5)
Ufini = Uinst,0i - Wo,i + ¥a,i * Kaey) (3.6)

According to the National Annex of NEN-EN 1990, ¢, = 0.8 and ¥, = 0 for traffic loads. kg4 is 0.8 for
glulam in climate class 2. However, as traffic load is the only variable loading considered, this is Q1, and no
other Q occurs.

Ufin = Uinst,G * (1.8) + Uinst,Q1 * (1+0-08) + Uinst,Qi (1/)0,1' +0-0.8) (3.7)

Ufin = 18- Uinst,c T Uinst,Q1

To comply with the SLS requirements, only traffic load has to be considered. NEN-EN 1995-1-1 Chapter 7
defines the following value for the final deflection of the structure:

unet,fin = Ujnst + ucreep — Ucamber (3-8)

It is assumed that the camber compensates for creep and deflections due to static loading. Section 7.6
elaborates on camber. The requirement for the deflection when camber is applied is:

l
Umax = Utraffic = 200 (3.9)

as provided by the National Annex of NEN-EN 1995-2. In ULS, three load combinations must be checked

with different governing loads. The scheme of Table 3.2 is applied for this, considering consequence class
3 for traffic bridges. The values are retrieved from the National Annex of NEN-EN 1990 (Appendix A2).

Y6 -Gk + Vo1 Qui + Z Yo,i " Wo,i - Qik (3.10)

Table 3.2: Load combinations ULS, considering consequence class 3 for traffic bridges.

LC factorguic | factoryar | Kmod
la | Staticload governing, traffic=Q1 | 1.5 1.32 0.9
1b | Static load governing 1.5 0 0.6
2b | Traffic governing, staticload = Q1 | 1.35 1.65 0.9




Literature review

This chapter presents the literature review which defines governing aspects and strategies relating to re-
search question 1. Section 4.1 defines the principles for a circular structure. Furthermore, literature on
the quantification of environmental impact is described. Section 4.2 covers two main aspects of timber
structures: durability and fatigue. It is determined whether these aspects are governing in the preliminary
design stage. Section 4.3 summarizes the literature in design strategies for this circular design. Section 4.4
provides an answer to research question 1.

4.1. Circular economy

The construction industry is dominated by linear processes. This causes adverse effects: large amounts of
waste, depletion of finite resources and high emissions, which have a negative impact on the environment.
Therefore, change is required to mitigate the harmful effects of the construction sector. In contrast to the
linear economy, the circular economy prevents products ending as waste. Figure 4.1 presents the different
processes in the linear and circular economy (CE).

RAW MATERIALS

o
35
g
LINEAR g CIRCULAR
ECONOMY ECONOMY
CONSUMPTION Q
%
oy,

Figure 4.1: Linear vs circular economy from End of waste foundation (2021)

4.1.1. Definition and principles

This section presents multiple definitions of the CE, combined with principles to put it into practice. Many
initiatives arose in the past decade to catalyse the transfer of a linear towards a circular economy. The
stricter climate agreement of Paris (United Nations, 2016) increased the attention for a CE. Consequently;,
the institutes focussing on the transition also gained more attention. The definition and principles of the
CE are defined by leading institutes. The Ellen MacArthur Foundation is one of these institutes, currently
leading in the CE. The Ellen MacArthur Foundation uses the following definition for the CE:

“A circular economy is based on the principles of designing out waste and pollution, keeping products and
materials in use, and regenerating natural systems” (Ellen MacArthur Foundation, 2021b).

19
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This is a broad but covering definition of the CE, to be applied to all industries. Ellen MacArthur Founda-
tion (2021a) defines three circular principles: (1) design out waste and pollution, (2) keep products and
materials in use, and (3) regenerate natural systems. Within this research, the first and second circular
principles are applied. No focus is placed on regenerating natural systems.

Platform CB’23 (Circulair Bouwen 2023) is the leading institute on the CE in the Dutch construction indus-
try. Rijkswaterstaat is one of the initiators of CB’23, joining Dutch academic and commercial organisations
with the intention to obtain a framework for the CE by 2023. The following definition of the circular con-
struction industry is used in CB’23:

“Building circular means the development, use and re-use of buildings, areas and infrastructure, without
unnecessarily depleting natural resources, polluting the environment and damaging ecosystems. Building in
a way that is economically and ecologically responsible and contributes to the well-being of people and
animals. Here and there, now and later.” (Platform CB’23, 2019)

Timber is a renewable material, and with sustainable forest management, resources are not depleted. Con-
sequently, the aspect of building “without unnecessarily depleting natural resources, polluting the envi-
ronment and damaging ecosystems” is applied. The other principles are similar to the Ellen MacArthur
Foundation.

A third active party in the transition is the PBL Netherlands Environmental Assessment Agency. Their
policy report on the CE (Potting et al., 2017) implements circular strategies, called 10R strategies. These
were first defined by Cramer (2014) and are presented in Figure 4.2.

eruse Make product redundant by abondoning its function or by offering the same function with a radically different product.
RO Ref ki di dundant by abondoning its functi by offering th functi ith a radically diffe di
Smarter product
use and Rl Rethmk Make product use more intensive (e.g. through sharing products or by putting multi-functional products on market)
manufacture
Rz Reduce Increase efficiency in product manufacture or use by consuming fewer natural resources.
R3 Reuse Re-use by another consumer of discarded product which is still in good condition and fulfils its original function.
epair epair and maintenance of defective product so it can be used with its original function
R4 Rep R d f def d be used with 1f
Extend lifespan
of product and RS Refurbish Restore an old product and bring it up to date.
its parts
R6 Remanufacture Use parts of discarded product in a new product with the same function.
R7 Repurpose Use discarded products or its parts in a new product with a different function.
Useful R8 RECYCIE Process materials to obtain the same (high grade) or lower (low grade) quality.
applications of
materials R9 Recover Incineration of material with energy recovery.

Figure 4.2: 10R principles, derived from Cramer (2014)

The study focuses on design with strategy R2: Reduce. Reduction is applied in three ways. Firstly, the study
focuses on timber as the primary construction material, which is a renewable resource. Consequently, one
reduces the use of primary abiotic materials and the carbon footprint of the bridge. Secondly, the design
applies the circular strategy Design for Material Efficiency (DfME): optimisation is performed to reduce
material use (Chapter 7). Lastly, one implements the Design for Adaptability (DfA) strategy. Adapting the
bridges according to the needs at that time extends the lifespan. Hence, lower demand arises for total
replacement of bridges and thus the material use is reduced.

Almost all R-strategies can be applied to a timber bridge. However, the scope of this research is limited
to the design phase. Nevertheless, Design for Disassembly (DfD) and DfA enable strategy R3 until R7. Ap-
plying these two circular strategies enables lifespan extension as the structure is more flexible and can be
used in multiple functions.
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4.1.2. Environmental impact

The objective of this research is to develop an alternative for concrete highway bridges with reduced en-
vironmental impact. According to European standards, the environmental impact is quantified by a Life
Cycle Assessment (LCA). One requires extensive knowledge on the production process, energy use, origin
of the materials and emissions during all stages to perform a detailed LCA. However, this study uses exist-
ing data from Environmental Product Declarations (EPDs). EPDs present an LCA for a standard unit of a
specific product from manufacturers.

An LCA considers several stages through the lifespan of a product. Figure 4.3 shows that stage D represents
potential benefits and loads, which are out of the system boundaries. Therefore, stage D is not included in
an international context.
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Figure 4.3: Stages in an LCA, adapted from Kuijpers (2021)

Carbon cycle

Stage A1-A3 covers the production of the material, including the impact of the raw material. Carbon is
captured during the growth of wood, which results in the temporary storage of carbon in wood products
(Vogtlander et al., 2014). Consequently, the carbon concentration is reduced in the atmosphere and thus
the global warming effect is reduced (Van Wijnen, 2020). However, the carbon is assumed to re-enter the
atmosphere later in the lifespan of the product (C3), as incineration of wood is presumed. Since 2021,
the carbon capture (A1) and release (C3) should be included in the EPDs (Keijzer et al., 2021). This study
applies this method. Next to carbon capture in the structure, more environmental benefits of building with
timber can be established, as stated in the following paragraphs.

Vogtlander et al. (2014) state that “Extra demand of boreal and temperate softwood from Europe and North
Americaleads to a better forest management and an increase in forest area therefore more sequestered car-
bon”. This statement is based on converting unmanaged forests into sustainably managed forests. Together
with increased demand for timber products for the construction industry, this development is accelerated.
Consequently, carbon storage increased in European and North American forests since 1990.

Kurz and Apps (1999) and Perez-Garcia et al. (2005) state that tree growth occurs rapidly between the
age of twenty and sixty. With sustainable forest management, the age of the trees is monitored. Above a
certain age, trees are felled. Consequently, new trees can be planted and a more constant and rapid growth
is ensured. Perez-Garcia et al. (2005) states the total carbon storage increases most with a rotation time of
45 years. An increase of 50% is obtained in a period of 165 years, including carbon storage in construction.
Furthermore, the statement considers the replacement of concrete structures by timber structures, thus
avoiding carbon emissions of concrete.

In conclusion, the carbon cycle of timber structures can result in substantial environmental benefits. These
benefits are mainly caused by the delay of carbon emissions, and the stimulation of more carbon capture
by planting new trees. Subsequently, the environmental goals on carbon can be obtained, reducing global
warming.
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Impact of circular strategies

The strategies of the CE, as defined in Section 4.1.1, also influence the environmental impact. Reduction of
material (and thus environmental impact) can be realised by DfME. Furthermore, the lifespan of a structure
can be extended by applying DfA and DfD. Kuijpers (2021) applied these circular strategies in LCAs for
buildings. The context and expected lifespans differ, but they similarly impact the LCA outcome for bridges.

A1-A3 A4-A5 B1-B5 C1-C4 D
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Design for Material Design for Design for
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Figure 4.4: Relation between the LCA stages and the circular design strategies which are included in this research, adapted from
Kuijpers (2021)

Figure 4.4 presents the influence of the circular strategies on the LCA modules. DfME relates to stages
A1-A3: production. DfA links to B1-B5 (operation) in the context of building design. EPDs do not include
stages B1-B5, due to the wide range of applications. However, DfA extends the lifespan, and thus the envi-
ronmental impact of the structure can be spread out over a longer timespan. DfD is linked to stages C1-C4,
which is included in the EPDs. By applying DfD, reuse is enabled. This extends the lifespan and changes
the occurrence of end of life scenarios.

For the current (linear) economy, Stichting Bouwkwaliteit (2014) defined the end of life scenarios for
wooden constructions in the '”GWW sector’ (civil engineering works). It is stated that 90% of the timber
used in civil engineering works is incinerated, thus burned to generate energy. The other 10% end up as
landfills. EPDs also include the recycling scenario, which does not occur in the Netherlands, according to
Stichting Bouwkwaliteit (2014). However, the circular economy ensures that reuse and recycling occur
more often. Accordingly, incineration and landfill occur less often. This is beneficial for the emissions and
material use, which can both be spread over a longer period of time.

Quantification
The environmental impact is assessed multiple categories, each expressed in the equivalent of a harmful
emission. In EPDs, this is done in six impact categories, as displayed in Figure 4.5.

Global warming | 0zone depletion Acidification Eutrophication Photochemical
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Figure 4.5: Environmental impact categories. Own figure, icons retrieved from www.nounproject.com

The Environmental Cost Indicator (ECI) is a Dutch method to quantify the environmental impact in one
number. Each equivalent kilogram of a harmful emission has a shadow price assigned. This shadow price
represents the costs to compensate for this emission. Therefore, one considers the ECI as an approximation
in costs of the negative impact of a structure. The shadow costs, as presented in Table 4.1, originate from
Stichting Bouwkwaliteit (2014). In the EPDs, the impact for ADP fossil is given in megajoule (M]), not in
equivalent kilograms antimony (Sb). However, this value can be converted by 4.81 - 10™%.
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Table 4.1: Shadow costs for each category (Stichting Bouwkwaliteit, 2014)

Unit Costs
GWP kg CO; eq. €0.05
OoDP kg CFC-11eq. | €30
AP kg SO, eq. €4
EP kg PO, eq. €9
POCP kg Etheneeq. | €2
ADP elements | kg Sb eq. €0.16
ADP fossil kg Sb eq. €0.16

Section 5.2 compares the environmental impact of several timber products. Finally, Chapter 8 quantifies
the environmental performance, comparing the timber and concrete circular bridges.

4.2. Timber structures

This section describes two design aspects related to timber bridges: durability (Section 4.2.1) and fatigue
(Section 4.2.2). Durability is essential for all structures but deserves additional attention for timber. The
climate (temperature and moisture level) is of high influence on the durability of timber. Furthermore,
fatigue is researched as it highly depends on the material properties. Both sections assess to which extend
the aspects should be considered in the preliminary design stage.

4.2.1. Durability

Two main factors influence the durability of timber: fungi growth and the microstructure of the timber.
Timber is susceptible to fungal growth, decreasing the strength and stiffness of the structural members
over time. Furthermore, the microstructure of the timber determines the durability of the construction.
This section describes fungal growth and measures against it first, followed by the durability of the timber
on micro scale.

Fungi cause the deterioration of the primary particles of wood, which are hemicellulose, cellulose and lignin
(Simon and Koch, 2016). Fungal growth can occur at a moisture content above 20% (mass percentage).
However, prEN 1995-2 states that for protected structures, a moisture content of 20% is allowed for four
months per year, and exceeding 28% should not occur.
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Figure 4.6: Equilibrium moisture content wood compared to the humidity of the air (Glass and Zelinka, 1999)

In the Netherlands, the relative humidity is 95% in winter and 50% in summer. The average humidity
was 80% between 2016 and 2019 (Statista, 2020), and the average temperature in the Netherlands was
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11 °C in 2020 (Rijksoverheid). Figure 4.6 depicts that with a humidity of 80% and a temperature of 10
°C, the moisture content in the wood is 16%. With humidity of 95% in winter, the moisture content is
22%. This level exceeds the boundary of 20%, but not over four months a year. Next to the moisture
content, oxygen availability and temperature above 0 °C must be present for fungi to grow (Mahnert and
Hundhausen, 2018). These circumstances are generally satisfied for bridges in the Netherlands.

However, one must still take measures to prevent fungal growth. Protection of the structural members
can be ensured by the geometry of the bridge. Furthermore, the choice of wood species and its treatment
influence the durability of the timber.

Physical protection is often mentioned in literature on outdoor timber structures. The previous paragraphs
indicated that the humidity levels do not exceed the boundary values. However, this is on the condition
that the timber is protected. Full protection against water and moisture is hard to obtain. However, a
waterproofing membrane can protect the deck. For the beams and girders, design measures in geometry
can be taken to keep them dry. Some often applied solutions are (Simon and Koch, 2016):

¢ Overhanging parts on top of the construction. An angle of 30 degrees must be maintained as water
does not fall vertically.

e Cantilevering deck (which is not made of timber or can have a shorter lifespan) in combination with
protected edges.

* Open lamellas that cover the structure, inspection and maintenance are still possible.

¢ Closed lamellas that cover the structure, which should be taken away for inspection or maintenance.

Simon et al. (2019) state that protected structures in Germany maintained a moisture level below 20%
during the year. Slight exceeding of the maximum moisture level was indicated during winter, but was
shorter than four months, which is allowed. The unprotected bridge showed higher moisture levels in the
timber. Bridges close to the Dutch border were included in the study, thus the statements can be applied
to Dutch bridge design. It is concluded that physical protection reduces the moisture level in timber and is
therefore applied as a strategy in this research.

4.2.2. Fatigue

“Fatigue is the process of progressive damaging of a material subjected to repeated loading, resulting
eventually in failure at stress levels smaller than the corresponding quasi-static strength.”
(Pousette et al., 2017)

Fatigue behaviour highly depends on the material. The fatigue strength of structures is often determined
by the § — log,, N curves. In these curves, S are stress ranges, and N is the number of loading cycles
until failure. Smith et al. (2003) published an overview of the fatigue development of timber, aluminium,
concrete and steel. Figure 4.7 illustrates that wood has a relatively long fatigue life compared to the other
materials; the development of fatigue is gradual, and the strength remains relatively high.
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Figure 4.7: Fatigue development of several materials (Smith et al., 2003)
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Connections in timber bridges are often made with steel. Limited studies are performed on fatigue of me-
chanical fasteners in timber structures. However, Malo et al. (2006) performed a study on the slotted-in
steel plate connection. For 107 cycles, a strength loss of 50% is observed with R=0.1. For Dutch highway
structures, 107 cycles are generally considered. However, the study does not observe a limit below which
no fatigue strength losses occur. Therefore, the strength can reduce further with more load cycles.

Figure 4.7 illustrates that the development of fatigue in timber is gradual compared to steel. To accu-
rately assess fatigue in bridge design, dynamic behaviour must be studied. Furthermore, many factors
influence the fatigue behaviour of timber bridges, among which moisture content is essential (Malo et al.,
2006). Therefore, a separate study on fatigue in timber bridge design is needed, but out of the scope of
this research. The most crucial connection in the bridge, where the main girders between modules meet,
is overdimensioned to avoid fatigue failure.

4.3. Design strategies

This section elaborates on the design strategies, following from the literature study. Circular design prin-
ciples are defined, together with design aspects for timber constructions.

The previous sections provided literature on circular and timber structures. From this literature, the fol-
lowing design strategies are stated: efficient (DfME), protected (durable), adaptable (DfA) and demount-
able (DfD). This section elaborates on the design strategies, leading to design actions. These design strate-
gies and actions are guiding through the circular design process.

Efficient
The efficient strategy is focused on the circular strategy DfME. Within this research, efficiency is measured
by two properties: mass, and construction height of the structure.

Mass relates directly to the amount of material used. Therefore, the strategy DfME focuses on reducing
mass. Furthermore, less material use requires less transportation and production. Consequently, the costs
and environmental impact are lowered.

One should consider the construction height with more nuance. A structure with a large height is often
efficient as the deflection is related to the height to the power three. However, a high construction height
results in difficulties in attaching to the existing infrastructure. From experience of engineers at Arup, it is
stated that attaching to the existing infrastructure is an important aspect in the replacement task. With an
increased structural height, additional costs and materials are induced. The driveways towards the bridge
need to be heightened, resulting in a wider ramp. In conclusion, a large construction height results in a
material-efficient superstructure, but in difficulties attaching to the infrastructure. Therefore, this study
considers mass as indicator for material-efficiency of the superstructure itself, and construction height for
efficient fitting in the surrounding infrastructure.

Protected

As explained in Section 4.2.1, the protection of timber members is essential to enlarge the lifespan of a
structure. The humidity in the air in the Netherlands during winter is reaching the border for maximum
humidity levels. Therefore, measures are required to ensure that the timber elements do not become too
humid. These measures are taken in two ways:

e Protect the structure from rain and other weather influences;
e Make sure that the structure can dry.

A roof can fully protect the structure from weather influences. However, this requires much material and
often does not fit the dense infrastructure system. Nevertheless, the deck can be designed to act as a shield
for the girders. A watertight membrane is applied between the asphalt and deck, preventing water from
entering the deck. This protection increases by applying a cantilever (Figure 4.8) and edge details for ad-
ditional coverage.
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For construction parts above the deck, such as a truss, the protection against rain is more difficult without
a roof. The only way to fully protect it against rain is by applying boards or slats to keep the rain away.
Adjustable slats still allow for maintenance and monitoring of the construction.
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Figure 4.8: Physical protection against weather influences Figure 4.9: Adjustable slats can be applied on a truss
(Simon and Koch, 2016) (Simon and Koch, 2016)

Enabling the structure to dry is done by the following measures (Pousette et al., 2017):

 Avoid still-standing water in voids;
¢ Reduce contact surface between timber beams, especially avoid horizontal contact surfaces;
¢ Allow for ventilation.

Flexible

The service life of a structure can be extended by enabling adaptation (DfA). DfA results in a flexible con-
struction over time, which can adapt to the current needs (Coenen, 2019). NEN-ISO 20887 2020 de-
fines three levels of DfA: versatility, convertibility and expandability. The first focuses on minor function
changes, therefore, the latter two are relevant for bridges.

Converting

Converting is about changes to the bridge in terms of function and loading. Constant strength and stiffness
should be present over the area of the bridge to accompany for change in function. Furthermore, the mod-
ules should be over-dimensioned to account for changes in loading. This often results in more material use,
which is not desired in the short term. However, when reuse can be applied, and the functional lifespan can
be extended. Consequently, the structure is more material-efficient in relation to its lifespan. Furthermore,
one can strengthen the deck of the modules to increase the load-bearing capacity. An additional layer of
deck panels can be added on top of the existing deck for strengthening.

Expanding

Expansion requires more significant changes. A standardised set of modules is derived in Section 7.3.1. All
modules are dimensioned to fit in the standardised system, but not all configurations are utilised to the
limits. Therefore, expansion is possible for that part of the configurations. Moreover, strengthening can be
performed similar to the converting strategy.

Demountable

The principles of adaptable and reusable structures are based on the fact that the structure is demount-
able. Consequently, the connections should be demountable. Literature on (demountable) connections is
described in Section 5.3 and implemented into the design in Section 7.6.

To make the demountability of the structure feasible, the amount of labour required should be minimised.
Therefore, the connections should be made simple and easy to mount and demount. The latter is influenced
by the design of the connection itself and the number of structural joints.
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4.4. Conclusions

This chapter focused on research question 1:

Which principles should be applied to obtain a circular timber bridge in the preliminary design
phase?

e Which strategies can be applied to ensure the design is in line with the fundamentals of the circular
economy?

e Which aspects of timber structures are governing in the preliminary design?

Figure 4.10 summarises the answer to the first sub-question.
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Figure 4.10: Design principles, strategies and actions

The second sub-question is answered by literature on timber structures. Two governing aspects in each
early design stage of a bridge are typology and material choice. Furthermore, connections are designed as
they are crucial for a demountable system. It is concluded that fatigue is not considered in the preliminary
design stage. Lastly, the protection of the structure requires additional attention, as deterioration of timber
members is highly influenced by weather circumstances. When the structure can be protected against
weather influences, the lifespan can be extended.



Design options

This chapter explores the design options for typologies, materials and connections. Firstly, typology op-
tions for the set design space are defined, related to research question 2b. Secondly, timber products are
explored, related to research question 2d. Information is provided on structural behaviour, production
process, environmental impact and feasibility in timber bridges. Finally, connections that can be used in
the timber bridge design are explored. For each category of connections, multiple options are provided
and scored, providing a basis for research question 2e.

5.1. Typologies

The first variant study is the typology study. Section 3.1 defines the design space for the modular system:
up to a free span of fifty metres. This design space is used to select suitable typologies. Pousette (2016)
studied typical timber bridge typologies, called Swedish typologies. The infrastructure network in Sweden
is different from the Netherlands: a denser network is observed in the Netherlands. Due to the denser
network, some typologies take too much space to fit in the existing infrastructure. Therefore, not all bridge
typologies can be implemented in the Dutch highway bridges. Figure 5.1 presents the bridge typologies
including their typical span. Given that this figure is based on pedestrian bridges, one should use the typical
spans to estimate the span obtained in highway bridge design.

Two main reasons for suitable typologies in this research are flexibility for expansion and appropriate typ-
ical span. When expansion can not be applied to a typology, it does not fit the strategies for adaptation.
Furthermore, the suitable typical span should fit in the design space. Typologies for large bridges are not
material-efficient for small bridges.

The first criterion excludes the arch and king post structure from the consideration because expansion in
width and length is not possible for both typologies. The second criterion eliminates the suspension and
cable-stayed bridge. These are generally suited for larger spans and are also not adaptable.

Five typologies are left, all suited for the flexibility aim and the design space. However, the SLTD and beam
structure have a similar structural system. The same applies to the strut frame and V-support typologies.
It is decided to consider the stress-laminated deck as decking material, but not as typology. Therefore, the
beam structure is included in the study. According to Crocetti (2014), this typology has a lower typical
span than the design space. However, it is observed that most existing highway bridges have a span below
thirty metres. Therefore, the beam structure can still fulfil part of the replacement task of Rijkswaterstaat.
The difference between the strut frame and V-supports is the location of additional supports. Generally,
limited space is available next to the Dutch roads, hence the strut frame is implemented easier. Lastly,
the truss structure is investigated, as it can be applied in modules and fits the proper spans for the scope.
To conclude, three bridge types are considered: beams, truss and strut frame. For the global design, a
simulation of these three typologies is made.

28
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Figure 5.1: Typical types of timber bridges (Crocetti, 2014)

5.2. Engineered Timber Products

Timber is the definition for all wood used in constructions. Since 2000, the consumption of engineered
timber products has increased significantly (Hildebrandt et al., 2017). Table 5.1 presents an overview of
wood construction products and their components.

Table 5.1: Timber products, retrieved from Glos et al. (1995)

Wood product Components
Logs Stems
Sawn timber Squared timber, planks, boards and battens

Glued laminated timber (glulam) | Boards
Laminated Veneer Lumber (LVL) | Veneers

Plywood Veneers or sawn timber
Parallel strand lumber Veneer strands
Particleboards Particles (chips)
Fibreboards Fibres

Two advantages of engineered timber products are the possibility of obtaining larger dimensions than
sawn wood, and imperfections can be taken out of the wood. Large dimensions are required for the scope
of this study, as free spans up to fifty metres are considered. Furthermore, by taking out the imperfections,
the homogeneity of the material increases and thus the characteristic strength. Along with taking out im-
perfections, the amount of manufacturing increases over the height in Table 5.1. Fibreboards require the
highest grade of manufacturing and thus also have the highest costs (Glos et al., 1995). As the aim is to
apply the modular system on a large scale, costs and manufacturing should be reduced to make it econom-
ically feasible. Sawn timber, glulam (and CLT) and LVL are considered to obtain a balance between costs,
quality, and design freedom.
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A clear distinction between wood species exists: soft- and hardwood. The categorisation of wood as soft
or hardwood is based on the structure on cell level. The distinction is not based on the density of the wood,
although hardwood often has a higher density than softwood. Due to the high density, bonding between
the timber and glue is more complicated, and hardwood is less suited to be applied in laminated prod-
ucts (Aicher and Stapf, 2014). Appendix A presents an environmental impact study on soft and hardwood,
combined with literature on mechanical properties of soft and hardwood. The conclusion is drawn that
the environmental impact of hardwood is significantly larger than softwood. Furthermore, Ramage et al.
(2017) established no clear benefit in stiffness or strength for hardwood. In conclusion, softwood products
are considered in the timber product analysis, as lamination can be applied easier, and its environmental
impact is lower than hardwood.

Criteria

Criteria must be selected first to provide an assessment of the best-suited timber products. The amount of
factors that influence the material choice is larger than the scope of this research. The ones included are
described, followed by a list of not included aspects and their reasoning.

First, the strength and stiffness of the material are included in the comparison to assess the structural
behaviour. The bridge is analysed with different beam and deck materials, and deflection and strength
are compared. The strength and stiffness are essential aspects in the material choice, as less material is
required when the material is stiffer and stronger, which is in line with the strategy Design for Material
Efficiency. Second, the grade of prefabrication of the material is included. When more prefabrication is
applied, less labour is required on site. Furthermore, the quality is more constant, as the circumstances in
factories are controlled. However, less prefabrication can result in more flexibility and thus adaptability of
the elements. Therefore, the grade of prefabrication should be considered for the deck material. For the
beam elements, adaptability is less determined by material choice, but creating a curvature in the beams
is important. When curvature can be obtained over the length of the beams, camber can be applied. By
applying camber, the deflection due to self-weight can be compensated, improving the functionality and
aesthetics. As mentioned before, the available dimensions of the products are essential. When dimensions
of the elements can be large, fewer connections are required, and large modules can be used. As the last
aspect, the environmental impact is included. EPDs are used to assess the environmental impact.

An aspect that is not included in the material study is the availability and origin of the timber products.
The stock of these types of wood is hard to assess and fluctuates over time. The origin also influences
the environmental impact by transportation emissions. In the data as used for the environmental impact,
an average transportation distance is assumed. Furthermore, the actual costs of the materials are not in-
cluded, as these fluctuate over time, and no economic analysis is performed in this research. However,
rough indications are taken from experienced timber bridge designers at Arup, giving an indication for
comparison. Lastly, the influence of moisture and temperature is not considered, as a detailed long-term
analysis is required, which is out of scope.

Chapter 7.4 gives a three-dimensional structural analysis of the materials. This analysis is considered for
the material choice, and therefore a conclusion is drawn there. The environmental impact and production
processes are described in this literature study.
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5.2.1. Beam materials

Sawn timber, glulam and LVL are considered for the beam material. The build-up of a beam of each of the
materials is illustrated in Figure 5.2.

Sawn wood Glulam LVL

Figure 5.2: Build-up of a beam of sawn wood, glulam or LVL

Figures 5.3 until 5.5 present the production processes of sawn timber, glulam and LVL.

Figure 5.3 is based on the production process of Metsa Fibre (2021). The steps in the production process
for sawn wood are performed for each type of engineered timber. It is the shortest production process,
and therefore also the cheapest. A relatively low amount of labour, energy and additional materials are
required to make this product.

The dimensions of sawn wood beams are limited, as it is limited to the dimensions of a tree. According
to Hasslacher Norica Timber (2020) the maximum dimensions are thickness = 145 mm, width = 305 mm
and length = 5.10 metre. Hence, a high number of connections in the span of the bridge are required.
Consequently, the structure is less efficient, and the level of prefabrication decreases. Furthermore, the
cross-sections must be larger than available for a structure in the scope of this research. In conclusion,
sawn wood performs badly on available sizes.
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Figure 5.3: Production process sawn wood

Figure 5.4 is based on Ghiyasinasab et al. (2018). After the drying and strength grading, finger joints are
made to obtain large dimensions and an effective glueing process. Next, the boards must be planed to
apply the adhesive and start the glueing process. An optimal bonding is obtained by pressing the boards,
and consequently, the boards start acting as one beam structure. However, this process requires a high
amount of labour compared to sawn wood. Furthermore, by applying glue, the environmental impact and
costs increase.

Glulam beams can be produced up to lengths of eighteen metres (Derix, 2019), which significantly reduces
the number of connections compared to sawn wood. The cross-sections can be up to 30 cm wide and 100
cm high. Furthermore, block-glulam can be applied to increase the cross-sections even further (Aicher and
Stapf, 2014). In block-glulam, multiple glulam beams are glued next to each other to realise a larger cross-
section in the width direction. No size adjustments are defined for block-glulam by the Eurocode, thus it
can be considered as a solid cross-section.
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Figure 5.4: Production process glulam

Figure 5.5 is based on Metsd Wood (2021). Veneers are thin layers of wood, hence more adhesive is required
to make cross sections out of it, compared to glulam. Furthermore, the layers of veneers are pressed twice,
first cold and then hot, which also increases the duration of the production process. Along with labour and
duration, costs increase as well. High accuracy and a controlled environment are required to glue all small
particles together. Therefore the price of LVL is the largest compared to sawn wood and glulam.

Alength of 24.5 metres is possible for LVL beams, according to Metsa Wood (2020). However, the standard
cross-sections of LVL are limited: 2500 mm wide and 75 mm thick. Especially the thickness is an issue, as
much thicker cross-sections are required. This issue can be solved by combining multiple LVL beams and
joining them with glue or mechanical fasteners, similar to block-glulam.
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Figure 5.5: Production process laminated veneer lumber

5.2.2. Deck panels

Two requirements are set for the structural behaviour of deck panels: transfer high concentrated loads
and provide stiffness. Three viable options arise for a timber deck: Cross Laminated Timber (CLT), Stress
Laminated Timber (SLT) and Laminated Veneer Lumber (LVL).

CLT is build up from boards, similar to glulam. However, in the lamination process, the boards are not
placed parallel but are orientated perpendicular, as illustrated in Figure 5.6. By placing the boards in two
directions, stiffness and strength are obtained in two directions. However, the connections between the
deck panels should be designed to transfer loads between deck panels. Otherwise, the deck panels still
function as beams. When this is taken care of, high axle loads can be transferred in two directions, and thus
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the local deflection of the deck can be reduced.

side face

top layer (TL)
cross layer (CL)

middle layer (ML//“//
—— g
15 I ,_‘" I L narrow
|- I I I faces

. Wy Waap
Welr

tE,ML

CLT

!
2CL
\

tz,TL_

S

Figure 5.6: Build-up of a CLT panel (Brandner et al,, 2016)

In CLT production, the arrangement of layers can be adjusted according to the required strength in both di-
rections. One must always choose a dominant direction, as the cross-section of CLT should be symmetrical
over the height. However, variations can be made in thickness, number of layers and arrangement. These
variations give the designer much freedom in using CLT panels. Another advantage of CLT is the high grade
of prefabrication (Brandner et al.,, 2016). The panels can be fully prefabricated, transported to the site and
assembled in a fast manner.

The second option for the deck material is LVL, which production is similar to the beam material but orien-
tated differently. LVL can be orientated as a plate with one dominant direction (LVL-S), or multiple plates
can be cross-laminated (LVL-X) (Ardalany et al,, 2011). LVL-X combines the aspects of LVL-S and cross-
lamination of CLT, thus containing the same advantages and disadvantages.

The third option is SLT: timber boards are arranged in the same direction, after which tensioning is applied
(Figure 5.7). The main advantage of SLT is that a continuous deck panel can be made in any dimension,
which acts as a continuous slab (Ritter, 1990).
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Figure 5.7: Build-up of SLT slab (Crocetti et al.,, 2016)

The stressing of the boards result in high vertical friction between the members. Consequently, high local
forces can be distributed well (Massaro and Malo, 2014). Still, the strength and stiffness are dominantly
present in one direction (Crocetti et al., 2016). Bending moments can only be taken in one direction, and
limited shear strength is provided in the transverse direction.

The grade of prefabrication is lower than CLT or LVL panels, as stressing should be done on-site. In gen-
eral, the main disadvantage of SLT is the amount of labour required for stressing the panels (Behrens and
Benner, 2015). On the other hand, the adaptability of this deck material is high, as adjustments to the
stressing can be made during the lifespan of the bridge. When the bridge should be expanded, the entire
deck should be taken apart, boards must be added, and the stressing must be performed again. Hindering
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the infrastructure should be avoided or reduced, as high costs are generated by hinder. When adapting an
SLT deck, the entire structure can not be used by traffic, thus hinder occurs. This procedure is different
from the other deck materials, in which the modules can just be placed next to the existing ones, and the
bridge does not have to be closed off entirely. Furthermore, stressing should be done over the life of the
bridge, as stress losses occur. According to Ritter (1990), the tensile stress in the bars should remain at
least 40%. When this is maintained, the bridge deck performs well.
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Figure 5.8: Failure modes in SLT deck (Ekholm et al., 2013)

Modelling an SLT deck is more complicated than the other materials considered. As the transverse stiff-
ness is obtained by friction between the boards, slip can occur in vertical and horizontal directions. Ekholm
etal. (2013) describe that slip between laminations results in non-linear behaviour in the deck panels. Slip
occurs when one of the failures modes of Figure 5.8 occur. Therefore, a non-linear analysis is required in
order to model SLT accurately. This study is performed in Karamba3D, which only performs orthotropic,
linear elastic analysis for two-dimensional elements. Therefore, assumptions must be made to model the
material.

Oliva and Dimakis (1989) performed an analysis on the distribution width of stress-laminated panels. The
distribution width is defined as the width in which the load resistance is (almost) uniform across the width.
A distribution width of 1.78 metres was found. When the centre-to-centre distances of the beams are not
more than 1.78 metres, the deck can be considered an orthotropic plate. Carlberg and Toyib (2012) per-
formed a study on the slip in the SLT panels. The material was modelled linearly, but the interaction be-
tween the boards, thus slipping, was modelled in a non-linear manner. The difference between the linear
analysis and non-linear analysis for different prestress levels is illustrated in Figure 5.9.

The analysis from Carlberg and Toyib (2012) is used to include the influence of slip in the linear analysis.
The deck material is modelled as an orthotropic plate, with the board material’s material properties applied
(either C24 or GL28h). The properties of these orthotropic materials are displayed in Appendix B. With
the deflection obtained from the model, the deflection as presented in Figure 5.9 is used to transfer the
deflection from the linear model to a non-linear approximation.
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Figure 5.9: Linear and non-linear modelling of SLT deck (Carlberg and Toyib, 2012)

5.2.3. Environmental impact
This section describes an environmental impact analysis of beam/deck materials. All data as used in the

figures in this section are stated in Appendix A. The data used is according to the following EPDs and com-
bined with the shadow costs presented in Table 4.1.

e Sawn timber (PE International and Wood for Good, 2013a);
¢ Glulam (PE International and Wood for Good, 2013c);

e LVL (PE International and Wood for Good, 2013d);

e CLT (PE International and Wood for Good, 2013b).

Figure 4.3 presented the stages of an LCA. These EPDs include stages A1-A5, C1-C4 and D. As the function
of the material is unknown, the use phase is not included. The data used can be found in Appendix A and is
for one m3. The environmental impact should be considered in combination with the structural efficiency
of the material. As LVL is stronger than sawn wood, less material is required to obtain a structure that
complies with the regulations. Section 7.4 elaborates on this.

Table 5.2: Properties of materials used in EPDs

Property Sawn wood Glulam LVL CLT
Moisture content 15% 12% 12% 12%
Density 483 kg/m? 490 kg/m> | 488kg/m> | 488 kg/m?
Adhesive content 0% 2.1% 2.5% 2.0%
Transportation by sea Imported pine: 1849 km 643 km 2808 km 300 km
Imported spruce: 1099 km
Transportation by road | Imported pine: 796 km 959 km 721 km 1216 km
Imported spruce: 685 km
From UK: 130 km

Table 5.2 presents the material properties and boundary conditions used for the EPDs. The timber products
are all produced in Europe and transported to the UK. However, part of the sawn wood originates from the
UK (40.4%), reducing the environmental impact of transportation for sawn wood.

Figure 5.10 clearly indicates that the GWP is more negative for sawn wood than for the other wood products.
The EPD used does not make a distinction between fossil GWP and biogenic GWP. Biogenic GWP represents
the carbon captured during growth (negative impact), and fossil GWP represents the impact of fossil fuels
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during production. For fossil GWP the contributors are: "in decreasing order, the use of fossil fuels during
tree felling, production of adhesives, transport to the factory and used energy” (Van Wijnen, 2020). The
significant difference between softwood and the other products can be explained accordingly: adhesives
are not applied in sawn wood, where itis in the others. Furthermore, the sawn wood has a higher moisture
content, thus less drying has occurred. Accordingly, it has a smaller impact on AP and EP. The tree felling
can also cause a higher impact on AP and EP, but according to the EPDs, the same procedure is used for
sawn wood.

Environmental impact expressed in shadow costs for stage A1-A3
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Figure 5.10: Environmental costs per m® for four timber products in stage A1-A3

Figure 5.11 illustrates a significantly higher environmental impact for LVL, mainly caused by the higher
transportation (over sea). Furthermore, as part of the sawn wood originates from the UK, a significantly
lower impact due to transportation can be observed there. However, the influence from stages A4-AS5 is
minor on the total environmental impact, so the results are still considered comparable.
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Figure 5.11: Environmental costs per m? for four timber products in stage A4-A5

The occurrence of end of life scenarios as stated in Section 4.1.2 is applied to the environmental costs,
resulting in Figures 5.12 and 5.13. The environmental impact of both stages C and D are similar for all
products. For stage C, the main impact is the release of CO, in phase C3, causing the high influence of GWP
on the total environmental costs. All contain one m* of wood that releases CO,, explaining the similarity
between the four timber products. The current Dutch and European regulations do not account for any
carbon delay to be included (Keijzer et al., 2021).
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Figure 5.12: Environmental costs per m? for four timber products in stage C1-C4

The negative costs in stage D have a significant impact on the total environmental costs. All products end up
with negative costs, which would mean that more material use is beneficial for the environment. However,
the remark must be made that reduction of material use is always desired, and high uncertainty lies in the
end of life scenarios.
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Figure 5.13: Environmental costs per m® for four timber products in stage D

As stage D represents benefits out of the system, this stage is not considered in the environmental costs for
the beam material comparison (Figure 5.14). More on stage D is included in the discussion (Chapter 9).
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Figure 5.14: Environmental costs per m* for four timber products in stages A1-A5 and C1-C5

It can be seen that sawn wood has the lowest environmental impact than the other materials. Glulam, LVL
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and CLT are similar in the total environmental costs. The environmental costs as presented in Figure 5.14
are per cubic metre and should be combined with the material efficiency. An analysis of material efficiency
is performed in Section 7.4.

5.3. Connections

As stated in the literature review on the CE, demountable connections are crucial to obtain a circular bridge.
By applying demountable connections, the circular design strategies can be obtained, as stated in Section
4.1. However, not all connections need to be demountable, which is elaborated further in Section 7.3.2.

In this section, the types of connections as required in the bridge design are stated. The criteria on the
connections are described, to which each connection is tested. Consequently, options for the types of con-
nections are described, followed by an assessment based on the criteria. The complete scoring of the con-
nections is presented in Appendix C. This section provides a short introduction to the connections and the
primary literature found. At the end of the chapter, an overview of the scores of the connection is given.
Their calculation and behaviour are described in Section 7.6, providing the answer to research question
2e.

5.3.1. Criteria on connections

As a modular system must be obtained, additional criteria are stated, compared to a solid structure that
does not have to be taken apart. Not all connections have to be demountable, but all connections are scored
on their ability to function in a demountable structure in this chapter. The suitability for demounting is
expressed in two criteria:

¢ Amount of labour required to mount;
e Reuse potential.

The amount of labour required is indicated by estimating the number of fasteners that should be mounted
and the grade of prefabrication. The possibility for demounting and reuse is mainly influenced by the type
of fasteners applied. For example, glue cannot be demounted, where dowels and bolts are relatively easy
to demount.

Furthermore, four criteria apply to every connection (demountable or not):

e Structural efficiency;

o Stiffness;

e Amount of steel required;
Reliability.

With high structural efficiency, less material is required to obtain sufficient strength. Rotational stiffness
is required as connections between modules must be made in the free span. When the rotational stiffness
of the connections is low, the deflection increases significantly. Translational stiffness (slip) is important
for all connections, as slip in the connection causes less efficient load transfer. No extensive environmental
impact analysis is performed on the connections, but the amount of steel used is a good indicator. The
environmental impact of timber is relatively low compared to steel (Hassan and Johansson, 2018). Thus
most of the environmental impact of the connections will be caused by the amount of steel. Finally, the
reliability of the connection is included. The reliability is influenced by the available knowledge level and
the warning given when likely to fail. The latter is influenced by brittle or ductile behaviour.

Similar to the material variants, more criteria can be considered, but a more detailed study is required.
Interesting criteria are costs and structural behaviour in the long term.

5.3.2. Type of connections

This section describes the different types of connections and their functions. Following this, options for the
types of connection are given, with their advantages and disadvantages. Three types of connections that
are applied in this bridge design are:
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e Beam-beam connection: Both in the same direction (beam splice) and perpendicular to the beam.

e Panel-panel connection: Deck panels are connected along the sides of the panels, preventing uneven
deformations and providing transfer of forces.

e Beam-panel connection: The bridge deck should be connected to the main beams, by which different
levels of composite behaviour can be ensured.

5.3.3. Beam-beam connection

Moment-resisting connection

A beam splice should be made between the main girders. As modules are applied to obtain the span of the
bridge, splices must be made in the longitudinal direction. These connections must have a significant mo-
ment resisting capacity to transfer bending moments and provide rotational stiffness. When this capacity
is too low, the deflection of the bridge increases significantly: regulations will not be met, and people will
not feel safe on the bridge. Three options arise for this connection:

« Slotted-in steel plate with dowelled connection;
e Glued-in rods;
¢ End-plate connection.

In all the connections as described below, steel elements are applied. Two reasons can be given for this:
increasing the stiffness of the connection and obtaining ductile failure. Brittle failure occurs in timber
when it fails on tension or shear (Rouger, 1995). In ductile failure, significant displacements occur, giving
warnings before failure (Pokluda and Sandera, 2010). Consequently, measures can be taken on time, and
total failure of the structure can be avoided.

Slotted-in steel plate
Within the slotted-in steel plate concept, one or more steel plates are inserted in the timber beams, as
illustrated in Figure 5.15.

Figure 5.15: Slotted-in steel plate connection (Setra, 2020)

With bolts or dowels, rotational stiffness can be obtained when placed in a rectangular or circular pattern.
The stiffness and strength of the connection increase further when a steel plate is added. Consequently,
this is applied in the beam splice connection. Jorissen (1998) states that the effective number of fasten-
ers is lower than the number of fasteners applied, as the distribution between the fasteners is not equal.
Therefore, not all fasteners are utilised effectively, which should be considered for the efficiency of the
connection.

Glued-in steel rods

A wide variety of connections exist under the name of glued-in rods. The common characteristic is that it
contains timber, steel and an adhesive (Tlustochowicz et al., 2011). The rods are often made out of steel as
ductile failure can be obtained. Glued-in rods are often used for strengthening structures and new works
(Serrano et al., 2008). By embedding rods in the timber with an adhesive, the timber-steel connection is
strong. However, as this connection is so strong, either the rod or the timber itself will fail. When the rod
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is pulled out, a layer of glued timber can be pulled out as well. Azinovi¢ et al. (2018) demonstrates this for
CLT, but it can occur in sawn wood, glulam or LVL as well.

In the application of a splice connection, the rods can be connected to a steel plate, as illustrated in Figure
5.16.

Figure 5.16: Glued-in steel rods connection (Tlustochowicz et al.,, 2011)

End-plate connection

A variant of the previous two connections is the end plate connection. Steel plates or rods are glued into
the timber elements and welded to a steel end-plate (Cepelka and Malo, 2014). This procedure is done on
both sides of the connection, and the endplates are bolted together. The application is not often applied
yet, and further research on the embedding of the endplate to the timber member must be performed.

Hinged connections

In the locations where no rotational stiffness is required, hinged connections are wise to apply, as less steel
and fasteners are required. Furthermore, the bending moments in the timber members can be reduced by
applying hinged connections, as the bending moment in the connection should be zero. In bridge struc-
ture, hinged connections are mainly applied between beams that are oriented perpendicular to each other.
Furthermore, hinged connections are applied to connect the deck panels in this bridge.

For the beam to beam connections, a wide variety of connections are available on the market. The ones
considered here are:

« Joist hangers and concealed brackets;
« Interlocking joints.

In the first connections, steel elements are combined with fasteners, where only timber is used for the
latter. The use of steel has various advantages and disadvantages, described below.

Joist hangers and concealed brackets

Joist hangers are a simple and often applied way of connecting two beams that intersect. The continuous
beam is connected to the other beams by a steel hanger, where the other beam is placed in. The joist hanger
is attached to the continuous beam by screws or nails. When the attaching beam is placed into the hanger,
screws, nails or bolts are put through the beam and the hanger to assemble it.

The concealed bracket connection works similar, but the hanger is inserted in the beam. According to the
MyProject software from Rothoblaas, larger forces can be transferred by the concealed bracket, compared
to the joist hanger. Both connections have a similar connection to the continuous beam and are presented
in Figures 5.17 and 5.18.
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Figure 5.18: Concealed bracket connection (Rothoblaas,

Figure 5.17: Joist hanger connection (Setra, 2020) 2021b)

Interlocking joints

In Japanese timber structures, interlocking or carpentry joints are often applied. The timber is sawn into a
fine and specific pattern, which resembles a pattern in the attaching member (Erman, 2002). High accuracy
is crucial in this manufacturing, and therefore these joints were not applied in the European market for a
long time. However, due to digital manufacturing, the level of accuracy can now be obtained by computers
and becomes more economically feasible (Koning, 2018).

Figure 5.19: Carpentry joints (Erman, 2002)

Strut connection

Crocetti (2016) describes connections for the bottom of a timber arch used in bridge design (Figure 5.20).
The bottom of an arch is a hinged connection, which has to transfer large compression forces to the support,
similar to the requirements for a strut. As the connection is hinged, no bending moments occur in the struts,
acting as a two-forced member. Therefore, this connection is suited to be applied on both ends of the struts.

Figure 5.20: Strut connection (Crocetti, 2016)
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5.3.4. Panel-panel connection

Itis decided that the connection between the panels is hinged. No demountable moment-resisting connec-
tions can be found, which can be applied in the geometry of this bridge. The options that are investigated
are:

¢ Screws;
¢ Slotted-in steel plate;
e X-RAD.

Screws

The most often applied connection between timber panels is screwed. The panels are half-lapped, and the
overlapping part is connected by screws (Figure 5.21). The main disadvantage of this connection is that it
is not demountable, and splitting of the deck panel can occur (Mufioz et al., 2010). However, it is quick and
easy to assemble.

Self-tapping
screws
N2
CLT Floor [ CLT Floor
T=T< T
R _===—"T==1<
R =T
B

Figure 5.21: Half lapped screwed joint (Mohammad et al., 2013)

Slotted-in steel plate

The same principle as used for the beam splice can be applied for deck panels as well. A steel plate is
slotted in the deck panels and connected by bolts. A resilient and robust connection is obtained. The plate
is inserted in the plane of the deck panel, not perpendicular to it as done for the beam splices.

X-RAD connection

The X-RAD connection is an often applied connection in modular building design. This connection is mainly
prefabricated; only bolts in the outer parts are mounted on site. The screws in the X-RAD are placed to be
subjected to a tension force (Polastri and Angeli, 2014). Therefore, shear is not dominant, and the connec-
tion is more stiff and strong than traditional connectors.

Figure 5.22: X-RAD connection (Rothoblaas, 2021a)
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5.3.5. Panel-beam connection

The stiffness of the structure can be increased significantly by ensuring composite behaviour between the
deck and girders. To obtain composite behaviour, slip between the elements must be limited. Multiple
studies are done on ensuring composite behaviour between concrete decks and timber girders, which can
also be applied to timber decks. Several connection types are indicated by Ceccotti (2002) to obtain com-
posite behaviour between a timber-concrete structure, as presented in Figure 5.23.

Figure 5.23: Examples of connections for composite behaviour (Ceccotti, 2002)

Most connections, as presented in Figure 5.23, can not be considered reusable. Dowels can be applied in
a circular structure but are less stiff. Inclined screws can, in theory, be demounted but not remounted
and therefore not reused (Mariller, 2020). Inclined screws obtain higher stiffness compared to dowels.
Furthermore, the stiffest option is to glue the members together. The considered options are:

e Dowels;
¢ Inclined screws;
e Glue.

Dowels

The connection with dowels (a.2) can be executed in a demountable manner. However, a relatively large
slip occurs when dowels are applied due to the limited stiffness of this connection. As more slip occurs,
the composite behaviour decreases. Furthermore, large deformations occur over time, which makes the
demounting of the dowels difficult in practice.

Inclined screws

Inclined screws can be applied to connect the deck to the girders (a.4). The main advantage of screws
compared to dowels is the increased embedment in the timber, which increases both strength and stiffness.
In addition, when the screws are placed in an inclined manner, flexural stiffness increases further, and
therefore less slip occurs (Symons et al., 2010). However, as stated before, screws are not reusable.

Glued connection

The last, again not demountable, option is to glue the deck panels together. By glueing the connection, high
strength and stiffness are obtained (Grunwald et al., 2014). No slip occurs in the adhesive, but delamination
canoccur in the adjacent timber elements. Furthermore, in case of failure, no warnings are given, and brittle
failure occurs.
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5.3.6. Overview of connection study
Appendix C provides a multi-criteria assessment on all connection categories, as summarized below. In
Chapter 7, assumptions are made for the use of connections in the global design. Consequently, in Section
7.6 the connections are worked out in detail for the final design.

Table 5.3: Overview moment-resisting beam-beam connection

Criterion

plate

Slotted-in steel

Amount of labour required

Possibility for reuse

Structural efficiency

Stiffness

Amount of steel required

Reliability

Score

Glued-in rods

Endplate

Table 5.4: Overview hinged beam-beam connection

Criterion

Joist hanger

Amount of labour required

Possibility for reuse

Structural efficiency

Stiffness

Interlocking joint

Amount of steel required

Reliability

Score

40

33

Table 5.5: Overview panel-panel connection

Criterion

Screws

Amount of labour required

Possibility for reuse

Structural efficiency

Stiffness

Amount of steel required

Reliability

Score

27

Slotted-in steel
plate

50

X-RAD

37

Table 5.6: Overview shear connection for composite behaviour

Criterion

Dowels

Amount of labour required

Possibility for reuse

Structural efficiency

Stiffness

Amount of steel required

Reliability

Score

27

Inclined screws

37

Glue

37
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Module design

In this chapter, the application of modules within the bridge system is elaborated. An optimisation is per-
formed on the dimensions of the modules. Furthermore, the build-up of modules for the typologies is made.
This chapter provides the answer to research question 2a.

6.1. Arrangement of modules

As was stated in the definition of the design space, perpendicular and non-perpendicular crossings are
included. For perpendicular crossings, rectangular modules work well. However, additional elements are
required for skewed crossings to attach to the existing infrastructure. As this is needed for both ends, a
rectangular module can be sawn on the right angle, or custom made elements can be produced. Modules
are made rectangular, as illustrated in Figure 6.1, and can be completed with triangular elements.

Figure 6.1: Arrangement of modules when crossing is not perpendicular

For the number of standard modules, a balance must be found between a grade of standardisation and
the fitting in the replacement task. When many different modules are produced, the advantage of having
standardised elements is reduced, and costs increase. However, when very few are produced, it is hard to
fit them within the existing infrastructure. Consequently a high amount of excess material is used. Two
primary goals define the effectiveness of the modules:

e Reduce the excessive length and width of the bridges;
e Reduce the number of connections.

An economic study can be performed into this balance, combining the economic and the functional aspect.
Economic aspects are out of the scope, thus it is decided to work with two standard dimensions in length

47
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and one standard dimension in the width direction. The modules can also be produced with half of the
dimension to create more flexibility. As a result, four lengths exist and two widths, thus eight standard
sizes.

6.1.1. Placing of modules

The arrangement of the modules in the spans is based on the shapes of the moment and shear diagrams.
The shape of the bending moment and shear lines are presented in Figure 6.2 for a beam with a constant
distributed load.

1SPAN 25PANS 3SPANS 4SPANS 5SPANS

SHEAR FORCES

< O YT - T

BENDING MOMENTS

Figure 6.2: Shear and bending moment diagrams for continuous beams with one to five spans, subjected to a constant distributed
load

The bending moment is often at its maximum value at the location of a support point. The same applies
to the shear force. In bridges that are not part of a modular system, a hinged connection is often used at
the supports, thus the beams act as simply suppo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>