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Abstract

The building and construction industry is one of the main polluting sectors contributing to
climate change, and is responsible for around 37% of global CO2 emissions. A circular
approach is needed to address the global demand for construction materials and resources in
a sustainable way. Steel is a commonly used material in construction and fully recyclable.
Recycled steel has to be melted in a furnace, which is a polluting process. For reuse of steel
only disassembly and transport is necessary. The general shift from recycling to reusing steel
can offer environmental benefits.

A number of steel bridges in the Netherlands are being renovated or replaced by
Rijkswaterstaat in the coming years. Rijkswaterstaat has been investigating the reuse of its
bridges on object level, i.e. reusing the complete structure. This has proven to be difficult.
Disassembling the bridge and reusing the structure on an element-level has not been
thoroughly investigated. As reuse of construction elements in general is relatively novel
practice, not much is known about how to determine the reuse potential of structural bridge
elements. This thesis aim to identify current knowledge gaps and provide research results that
encourages future reuse of steel bridges. As a case study the eastern Van Brienenoord bride
is investigated. This bridge is scheduled to be replaced in 2026-2028 and there currently are
no plans for reuse.

The goal of this thesis is to examine the reuse potential of steel bridges on element-level,
focusing on two critical factors: fatigue and corrosion. Fatigue and corrosion are two of the
most deteriorating processes for steel bridges. The reuse potential can be evaluated using the
remaining service life of the elements. The remaining service life based on both fatigue and
corrosion can be determined by implementing the corrosion assessment in the fatigue
calculation. Fatigue assessments are based on stress ranges in structural members. Corrosion
leads to a reduction in the cross sectional area, increasing the stress and thus stress ranges
occurring in the critical structural details. The process is schematically presented as a flowchart
in Figure 1.

The design, decomposition, loading history and technical condition of the eastern Van
Brienenoord are analysed. After critical review of the Van Brienenoord the structural elements
of the bridge deck are selected to investigate further. Inspection reports by Rijkswaterstaat and
Nebest are used to locate corrosion damage on the Van Brienenoord. The corrosion damage
is determined using functions for uniform surface corrosion for steel. The critical structural
details of the selected elements in the bridge deck are identified. Using the fatigue assessment
procedure described in the Eurocode in combination with the reduced cross section the
remaining service life of the structural elements is determined.

According to the results of the proposed assessment method in this research, all structural
elements of the eastern Van Brienenoord bridge deck have significant service life left and are
therefore suitable for reuse after disassembly. However, certain specific details that have a
higher calculated fatigue damage may need to be repaired or removed.
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Figure 1 - Flowchart of reuse potential assessment method based on fatigue and corrosion.
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1. Introduction

1.1 Project motivation

Since the 1970s, the global population has doubled in size. This increase has required the
extraction of large amounts of natural resources in order to accommodate economic
development. The global population is expected to reach approximately 9 billion in 2050, thus
the increase in need for natural resources will continue [1]. The extraction of natural resources
has an considerable contribution to climate change through energy use and greenhouse gas
emissions. Climate change impacts every region of the world. Catastrophes such as floodings,
forest fires and extreme draughts occur at much higher frequencies than in the past. Food and
water security is decreasing globally. According to the IPCC the effects will only increase in
severity as the global temperature rises and some permanent changes have unfortunately
already taken place. Furthermore, the window for action is rapidly closing [2].

One of the main polluting sectors contributing to climate change is the building and
construction industry. In the Netherlands, the building sector is responsible for an estimated
50% of raw material use and 40% of energy use [3]. These processes generate a large amount
of harmful greenhouse gases. The global share of the building and construction sector in CO
emissions was 37% in 2020, according to the 2021 Global Status Report [4]. Besides depleting
a large chunk of the Earth’s natural resources and producing greenhouse gases, the demolition
and construction industry also produces a lot of waste. The sector was responsible for
approximately half of all waste generated in the Netherlands in 2016 [5] and 33% of all waste
generated in the EU annually [6]. Waste management itself again produces greenhouse gases,
but can also have negative impacts on both the environment and public health [7].

A global paradigm shift in how materials are used in construction is necessary in order to keep
up with the global demand for materials and resources while simultaneously creating a
sustainable, future-proof society. Switching from a linear process to a circular economy is
critical for optimal resource efficiency. Transitioning to a circular economy minimalizes both
the exploitation of natural resources and the generation of waste. At the core of a circular
economy lies the principle that every resource, material and (half)product is reused with
maximum economic value and minimal environmental impact. The Dutch government is
committed to transitioning to a fully circular economy by 2050 and in 2030 a reduction of 50%
in primary resource use already needs to be achieved [3].

There are different strategies for circularity, denounced as R-strategies, which can be depicted
in a so-called R-ladder. This R-ladder shows the different strategies and classifies them, see
Figure 2 [8]. There is a gradation in these different strategies: the environmental benefit
decreases from R1 to R10. The reuse of materials and products is preferred over recycling as
less energy and materials are needed for reprocessing, offering a greater environmental
advantage. The construction industry in the Netherlands already recycles its waste to a large
extent: currently 97% of its generated waste is recycled for low-end infrastructural purposes
[9]. Although this is an improvement from landfill at end-of-life, it would be even better if
constructions or construction elements can be reused without having to downgrade or
downcycle.
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R4. Repair

R5. Refurbish
R3. Reuse

R6. Remanufacture

R7. Repurpose

R8. Recycling

Figure 2 Graphical representation of the classified circularity strategies, denoted as an R-ladder

This step from recycling to reusing is relevant for structural steel. Steel is a commonly used
material in construction. Out of all the raw materials the demand for metals will increase the
most from now to the year 2060 through growing population size and rapid urbanization [10].
Steel is 100% recyclable and the recovery rate of steel from existing structures is currently
already approximately 95% [11]. This is already a positive, almost fully circular practice. But
reusing instead of recycling offers great environmental benefits. Recycling steel only saves
approximately 50% of the energy and carbon over making new steel, while reuse only entails
disassembly and transport [12]. A large decrease in GHG emissions and energy demand is
possible, if the production of virgin or recycled steel can be avoided. The extraction and
processing of metals is one of the most polluting processes in construction: 15% of all
emissions related to construction source from the production of metals [13].

Steel constructions are also particularly suited for allowing reuse of their components from a
technological point of view [14]. Currently the ratio of circular use is approximately 6% reuse
and 93% recycling [15]. As of a recent report by EIB, in 2019 an outgoing structural steel
material flow of 5 kilotons was recorded in the Dutch civil engineering sector. Thus a great
environmental benefit can be achieved if a larger share of structural steel is reused instead of
recycled.
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Bridges have a relatively large negative environmental contribution. In the Netherlands bridges
are responsible for 13% of the total environmental shadow costs of the GWW (ground, road
and waterway construction), while only making up 6% of the total material flow. This high
environmental cost is attributed to replacement and renovation projects of steel bridges where
new steel needs to be produced [16]. A relatively large number of bridges in the Netherlands
are now 40 to 50 years old and not designed for the increased traffic loads and modern design
criteria [17]. This could result in the fact that bridges will be replaced for functional reasons,
not due to lacking technical performance [18].

The Van Brienenoord bridge in Rotterdam, shown in Figure 3, is one of the bridges that is
relatively old. In order to keep the Van Brienenoord bridge safe and future proof it is scheduled
to be renovated and replaced. This project is part of a wider Replacement & Renovation plan
in the province of Zuid-Holland by Rijkswaterstaat, where a total of 13 bridges built in the 1950s
and -60s will be addressed. These bridges were not built for the higher traffic loads and
intensities present today [19].

The western arch will first be removed from its place and be replaced by a new produced arch.
The old western arch will be fully renovated and then reused, by replacing the old eastern
bridge. No plans have been announced for the old eastern steel arch. However, this older arch
could still have reuse potential outside of this project, possibly through disassembly of the
structural steel elements. The structural elements present in the arch are of significant size and
could perhaps have a second life in another bridge or in a different function. Because reuse of
construction elements in general is relatively novel practice, not much is known about how to
determine the reuse potential of steel bridge elements. This thesis aim to identify current
knowledge gaps and provide research results that encourages future reuse of steel bridges.

Figure 3. Van Brienenoord bridge in Rotterdam [20].
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1.2 State-of-the-Art steel reuse
Research on the reuse of structural materials has increased in recent years as circularity has
become a more prominent concept in society and environmental targets need to be met. This
section briefly describes some of this research.

Recently there have been theses done by other TU Delft students on reuse of structural
materials and elements, which propose methods and tools to assess the reuse potential. The
thesis of Bente Kamp [21] focused on the reuse potential of harvested concrete structural
elements. She proposed a Decision Support Tool where a number of indicators for reuse
potential are included. The reuse potential is quantified in a percentage, with possible risks and
advice included in the final verdict. The Decision Support Tool is quite extensive, with all phases
of the reuse process incorporated, but the calculation of the reuse potential is mainly based on
yes/no answers for possible risks, also for the structural safety.

Another recent thesis by Janna Beukers [22] also proposes a tool which assesses the reuse
potential of concrete. She included structural and practical indicators like Bente Kamp, but
focused more extensively on the environmental and economic parameters. These factors were
included in determining the reuse potential of an element. The calculation for structural safety
is done using requirements from the Eurocode and CUR. Via a flowchart the tool determines
whether reuse is the best option or not. A more in depth calculation for the remaining service
life under new loading conditions is not performed. The remaining service life is determined
using the NEN 2767 [23], which uses condition scores based on defects in the element.

Nebest recently developed the reusability scan to assess the reuse potential structural
components and materials in civil structures. This scan is based several parameters: remaining
service life, structural capacity, detachability, and environmental and mechanical properties.
These parameters and the tool in itself is developed in cooperation with a number of market
parties and CB’23. CB’23 is a platform consisting of people of all shackles in the construction
chain aiming to set up regulations for circular construction by 2023 [24]. The tool does not go
into great technical depth, but is a useful indicator for initial reuse potential assessment. It uses
the R-ladder which was presented earlier in the introduction to classify the most suitable reuse
action.

The methods and decision tools presented above are designed for concrete elements, but they
do include number of parameters relevant for steel elements. However, the qualitative
approaches likely provide insufficient information for the reuse of structural steel from bridges,
where more detailed calculations is required to ensure safe reuse.

Guidelines are being developed in the Netherlands to describe the procedure for reusing
structural steel. The National Technical Agreement (NTA) is scheduled to be published in 2023
and will standardize the process for determining the quality of steel which has already been
used in a structure. The current system for determining the quality of steel is set up for new
elements, giving difficulties for parties trying to apply the procedure for used steel. The aim of
NEN for this NTA is to provide an overview of the procedure necessary to determine the quality
of the steel and whose responsibility this is [25]. These are critical steps in developing reuse of
steel as a common practice. However, this NTA will exclude steel elements which have been
cyclically loaded. This effectively excludes bridge structures, as these are almost exclusively
cyclically loaded though traffic.
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1.3 Problem statement

The goal of this thesis is to identify current knowledge gaps and provide research results that
encourages future reuse of steel bridges. Recent research on reuse has resulted in tools that
assess reuse potential based on a multitude of relevant parameters. This thesis aims to go into
depth on structural parameters more critical for steel, and then specifically steel bridges,
namely fatigue and corrosion. The remaining service life of the sourced structural steel is
determined based on these main factors. The goal here is to incorporate them into a
manageable assessment method for structural steel, while remaining complete and reliable.
The assessment method will then be applied to the eastern Van Brienenoord arch bridge as a
case study, to determine the workability of the assessment method and the reuse potential of
the steel bridge elements.

Rijkswaterstaat has performed preliminary investigations into reusing bridges before. These
looked into the possibility of reusing the bridge on an object-level. In most cases this has not
yet lead to suitable new locations for reuse. Examples are the Lek-bridge in Vianen and the
Keizersveer bridges in Hank. The western Van Brienenoord will be first to be reused as a whole,
but that is a unique case with essentially a one-on-one copy of the old bridge. As stated before
there is no known new destination for the older eastern Van Brienenoord. As a case study this
research will analyze the reuse potential of the eastern Van Brienenoord arch bridge elements.
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1.4 Research objectives
The overarching goal of this thesis relates to the general consensus that society needs to
transition into a circular economy. Reuse needs to be the norm and not the exception in the
future. From this the overarching goal follows from the introduction and problem statement :

To boost future reuse of steel bridges by creating an assessment method that quantifies the
reuse potential of structural steel elements present in a steel bridge.

A more specific goal for this thesis concerns the Van Brienenoord case study, which is:

To determine the reuse potential of the structural steel elements of the eastern Van
Brienenoord arch bridge based on fatigue and corrosion damage assessment.

1.5 Research questions
The main research question is:

How can the reuse potential of steel bridges be determined based on fatigue and
corrosion and what is the reuse potential of the eastern Van Brienenoord arch bridge
based on fatigue and corrosion damage assessment?

The following sub-questions have been developed in order to answer the main research
question:

1. How can the remaining service life be determined for steel bridge elements based on
fatigue and corrosion?
a. How can fatigue damage be assessed in steel structural elements in bridges?
b. How can corrosion damage be assessed in steel structural elements in bridges?

2. What are the most favourable structural steel element types in the Van Brienenoord for
further investigation based on available information?
a. What is the as-built design of the Van Brienenoord bridge?
b. What is the decomposition of the Van Brienenoord bridge?
c. What is the loading history of the Van Brienenoord bridge?
d. What is the technical condition of the Van Brienenoord bridge?

3. What are the most favourable elements in the Van Brienenoord bridge for further
investigation?

4. What is the remaining service life of the selected steel structural elements in the Van
Brienenoord based on fatigue and corrosion?
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1.6 Scope
In order to set boundaries for this research, a number of scope limitations are necessary. The
following scope limitations are in order:

e The research will make use of existing knowledge on reuse parameters found in
literature, performing experiments is not part of this study;

o The research will only analyze the structural steel elements present the bridge. Non-
structural elements such as railings are not considered;

o The research will make use of existing inspection reports on the condition of the Van
Brienenoord bridge, carrying out own inspections is not part of this study;

e The general focus is on the technical aspects. The reuse of structural elements in
bridges is naturally tied to financial and practical aspects as well. Certain elements
require more costs and effort to dismantle and reuse. However, these aspects are not
given a significant weight in the decision making process in this study. This is done for
a number of reasons, one being the added considerations and thought necessary to
incorporate the financial and practical aspects. Another reason is that some of the
element types might be discarded for reuse in an early stage of the assessment
process, because it could be determined to be cost-ineffective. Hence, in order to
consider all element types, the focus of this research will be on the technical factors.

¢ Reuse in the current application is considered, i.e. reuse in a bridge. This is done for a
number of reasons. Firstly, it simplifies the analysis of structural feasibility. Secondly,
the practical benefits can then be more easily presented, as loads and conditions will
be similar in the second life.

e The thesis investigates the possibility of reusing elements of the Van Brienenoord
bridge, rather than the bridge as a whole. In order to do this a selection of element
types is selected for detailed investigation, as the assessment methods for all present
element types are different. Based on a number of parameters the selection is made.

1.7 Research method

The research framework is shown in Figure 4. First, literature review on fatigue and corrosion
in steel bridges is carried out, including how to assess the damage from these processes. From
this a method for determining the remaining service life based on fatigue and corrosion damage
is developed, with which the reuse potential of steel structural elements in bridges can be
assessed. This methodology will be based on an analytical approach. Using guidelines and
recommendations from the Eurocodes, published reports and papers a general assessment
method will be formed.

Then the Van Brienenoord eastern arch bridge is analyzed. The design and decomposition of
the bridge is investigated. From this the critical cross sections and members are gathered.
Combined with the present technical condition of the bridge taken from inspections reports, a
selections of the most promising steel elements is taken. The method for determining the
remaining service life is then further specified applied to the selected steel element types and
the reuse potential is determined.
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Part | — Literature research

2. Fatigue assessment of steel bridges
This chapter describes a literature review into the fatigue phenomenon. In order to properly
assess the fatigue damage, first the mechanisms behind fatigue need to be understood. How
fatigue influences steel bridge design and service life will be investigated before an assessment
method into fatigue damage is laid out. Finally the possible remedial actions that can be taken
against fatigue damage are presented briefly.

2.1 Basis of fatigue in steel

Fatigue is the process of initiation and propagation of cracks through a structural part due to
action of fluctuating stress [26]. It is, together with corrosion and wear, one of the main causes
of damage in metallic members [27]. The nominal stress resulting from the cyclic loading has
a maximum value that is less than the tensile strength of the subjected material. The fatigue
process shows itself in the form of cracks developing at particular locations in the structure.
These cracks almost always appear in a constructional detail and not commonly in the base
material. Structures subjected to repeated cyclic loadings undergo progressive damage by the
propagation of these cracks. When sufficiently propagated this eventually leads to a loss of
resistance in time and possible failure of the member.

The process of fatigue resulting in failure is divided into three stages, which can be seen in
Figure 5. Stage | is the crack initiation phase. All materials have microscopic defects on the
surface. These micro-cracks will propagate under cyclic loading, but are not visible to the
naked eye yet. Eventually this micro-crack will grow into a macroscopic main crack after it
reaches another grain boundary in the material. This is Stage II: the crack propagation phase.
After the main crack has sufficiently propagated Stage lll: final rupture will occur as a brittle
failure [28]. It is important to separate the crack initiation and crack propagation phase, as
engineers can have a relatively large influence on the initiation phase, but a small influence on
the propagation phase. The exact definition for the transition between these two stages cannot
be given, but it is generally assumed that that the propagation phase is reached when the crack
growth is no longer dependent on material surface conditions [29].

Initiation

Fatigue crack
propagation

Catastrophic
rupture

Figure 5. Schematic overview of fatigue failure [30].
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The fatigue life of a structural detail or a member is defined as the number of stress cycles it
can withstand before failure. There are four main parameters influencing the fatigue life:

e Stress range

The stress range Ao is the main parameter influencing fatigue life. It is defined as the difference
between the maximum and minimum stress value. Greater fluctuations in the maximum and
minimum stress value result if faster damage accumulation.

e Structural detail geometry

The geometry of a structural detail influences where a fatigue crack will occur and how quickly
it will propagate. There are three main geometrical influences:

o Effect of the geometry of the structure;
o Effect of stress concentration;
o Effect of discontinuities in the welds.

The design is very important as the stress flow is directly affected by this. Stress concentrations
are created by attachments and by section changes. The abovementioned effects can be
influenced favorably by good design of the details.

e Material characteristics

The chemical composition, mechanical characteristics and the microstructure affect the fatigue
life. Metals with a higher tensile strength have an increase in crack initiation phase, but not in
the crack propagation phase. This effect is usually neglected in fatigue design, as the fatigue
life of welded members and structures is mainly influenced by the propagation phase.

e Environmental influence

A corrosive (air, water, acids, etc.) or humid environment can drastically reduce the fatigue life
of metallic members because it increases the crack propagation rate. But in the case of
weathering steels used in civil engineering, the superficial, uniform corrosion occurring in
welded structures stays practically without influence on the fatigue life expectancy.
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2.1.1 Nominal stress approach
The fatigue properties under constant amplitude loading are considered. In order to determine
the number of load cycles to failure S — N curves are used. These curves show how many load
cycles a material can withstand until failure under a certain constant stress range As. The stress
range is the difference between the maximum and minimum stress present in the material.

The S — N curves are obtained by experimental investigation of a large number of specimens
which are loaded until failure. Figure 6 shows examples of S — N curves taken from NEN-EN
1993-1-9. It can be noted that a double logarithmic scale is used. The mean value of the test
results for a certain constructional detail can be expressed by a straight line with:

N=C-Ac™™
Where
N is the number of cycles of stress range Ao
C is the constant representing the influence of the constructional detail
Ao is the constant amplitude stress range
m is the slope coefficient of the mean test results line

The curves also show that there is a limit for the constant stress range below which no fatigue

damage occurs and thus the fatigue life is infinite. This is the Constant Amplitude Fatigue Limit
(CAFL) [27].
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Figure 6. S - N curves for different constructional details, taken from NEN-EN 1993-1-9 [31].
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The S-N curve as shown above is determined using constant amplitude loadings. In real life
the loading on a member consists of several different stress ranges Ag;, see Figure 7. These
different stress ranges each have a different impact on the fatigue life of an element. Several
methods are available to account for this variable loading history and translate it into a stress
range spectrum [27].

stress o

,local peak

~local valley

time

- -

stress cycle

Figure 7. lllustration of a variable amplitude stress-time history [27].

Figure 8 shows an example of a stress range spectrum with its corresponding histogram.
Preferred counting methods to arrive at this result are the rainflow or the reservoir counting
method. This method results in a good definition for the stress ranges, which is the main
parameter determining fatigue life. It also filters out some of the negligible stress ranges which
are not relevant for the fatigue analysis.
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Figure 8. Example of a stress range spectrum and the corresponding histogram [27].

When assuming there is linear damage accumulation, the influence of the different stress
ranges on fatigue life can be determined in relation to the constant amplitude S — N curves
presented earlier. This assumption leads to the Palmgren-Miner rule (generally also referred
to simply as Miner’s rule). This rule states that each stress range Ag;, occurring n; times, results

23



in a partial damage which can be represented by the ratio n;/N;. Where N; represents the
number of cycles to failure under the stress range Ag;.

The failure is defined through the summation of the partial damages and occurs when the
theoretical value D;,; = 1.0 is reached. This is defined in the expression below [27]:

Ntot

Deop =+ -2 4 22 4 —zni<10
YCUNDN, Ny LN

l=
It should be noted that in this relatively simple damage accumulation calculation, the order in
which each stress range occurs is not taken into consideration. But in design this simplification

can be considered reliable enough when appropriate safety factors are used.

2.1.2 Modified nominal stress approach
As stated before fatigue cracks almost always appear at constructional details. These details
have geometrical notches, e.g. cracks and holes, that cannot be avoided. These notches result
in stress concentrations, see Figure 9. These geometric stress concentrations are not
characteristic of the detail categories used in the nominal stress approach, and are thus not
included in reference S — N curves [27].

The modified nominal stress approach takes the geometric stress concentration into account
in calculations using the stress concentration factor k¢, which is defined as the ratio between

the peak stress oy, at the foot of the notch and the nominal stress o,,mina:
Omod = kf " Onom

Accurate values for k; can be obtained from handbooks or using finite element modelling
(FEM).
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Figure 9. Strip with a notch (in this case a hole) in the center [29].
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2.2 Fatigue in steel bridges

2.2.1 General fatigue assessment procedure
The assessment of existing structures is mainly based on the results of assessing threats and
loading effects in future, while also assessing the geometry and material properties of the
present state of the structure. The JRC and ECCS have created a document for assessing
fatigue damage in existing steel bridges [26]. The overall procedure can be divided into four
phases and is shown in Figure 10.

Phase I: Preliminary evaluation

In the preliminary evaluation relatively simple methods are used in order to determine whether
the structure is safe. This entails an intensive literature study of the available documents along
with a visual inspection in order to identify the critical fatigue sensitive members. Cracks
caused by fatigue are often not visible to the naked eye, so identifying where possible fatigue
sensitive locations are is very beneficial [32]. Useful are also available maintenance and
inspection reports to assess the current state and possible deterioration of elements. Using the
Eurocode verification rules the critical members are assessed. If deemed necessary the fatigue
assessment can be taken further into phase Il.

Phase Il: Detailed investigation

Phase Il builds on the results gathered in phase | for the critical members. In this phase a
calculation into the remaining fatigue life is performed, usually in the form of a damage
accumulation calculation using Miner’s rule. If the accumulated damage Dy, is near or even
over a theoretical value of 1.0, then a risk analysis needs to be performed. From this it may be
necessary to move to phase lll.

Phase lll: Expert investigation

Up until now the fatigue assessment has been done using the S — N curves. Although having
several advantages, e.g. relative simplicity, large database of experiments, etc. this method
also has some disadvantages. The most important of which is the fact that it does not provide
information on crack size and growth during the different stages of the service life of the bridge.
For a more detailed investigation fracture mechanics can be used, which does take the crack
size and growth into account.

Phase IV: Remedial measures

If the previous assessment phases result in the conclusion that action is necessary in order to
insure safety, then remedial measures need to be implemented. The possible actions include:
intensification of monitoring, repair and strengthening among others. More detail on the
possibilities can be found in Appendix B.1 Possible remedial measures for fatigue.
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2.2.2 Fatigue assessment of bridge elements
The procedure described in the previous sector explains the general steps that need to be
taken in a fatigue assessment. This section aims to go into further detail on the specific steps
necessary to assess fatigue damage in steel bridge elements, from loading to stress ranges.

The Eurocode prescribes methods for fatigue verification of steel road traffic bridges. A number
of different Eurocodes are relevant for this, which are used in conjunction with each other [33],
[34], [31], [35]:

EN 1990 - Basis of Structural Design

This Eurocode provides the general principles and guidelines for the design of
structures. It presents the partial factors used in load combinations for bridge design.
EN 1991-2 Actions on Structures — Part 2: Traffic loads on bridges

This part of the Eurocode provides a variety of traffic loads to be used in bridge design
for road, railway and pedestrian traffic. It present different load models to aid in the
design process.

EN 1993-1-9 Design of Steel Structures — Part 1 - 9: Fatigue

General requirements and fatigue assessment methods for steel structures and their
components are presented in this part. This document only covers steel structures in
atmospherically corrosive environments.

EN 1993-2 Design of Steel Structures — Part 2: Steel Bridges

This part of the Eurocode provides guidelines and design requirements for steel bridges
(and steel parts of composite bridges). It covers the specific fatigue assessment for
steel bridges, including the damage equivalent method.
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Fatigue Load Models

Eurocode EN 1991-2 defines fatigue loads for road bridges [34]. Load effects generated by
traffic are quite complex to analyze in general. EN 1991-2 uses equivalent load models in order
to simplify calculations. Five fatigue load models (FLM’s) are proposed and the choice of
appropriate FLM depends on the fatigue verification method. The different fatigue load models
are presented in this section. Figure 12 gives an overview of the methods at the end.

Fatigue Load Model 1

FLM1 is used to verify whether the fatigue life of the bridge can be considered infinite. The load
model generates a “constant amplitude” stress range. FLM1 is composed of concentrated and
uniformly distributed loads, derived from the characteristic load model 1 (LM1) used in ULS
checks. The verification consists of comparing the stress range generated by FLM1 and the
Constant Amplitude Fatigue Limit (CAFL).

Fatigue Load Model 2

FLM2 is defined as a set of frequent lorries, composed of five standard lorries most commonly
found in Europe. Each standard lorry is presented with its specific arrangement of axle spacing,
axle loads and wheel types for the frequent loading. Similar to FLM1, the FLM2 fatigue
verification is done by comparing the stress range and the CAFL. The stress range for each
lorry should be compared. FLM2 is intended to be used when the influence of more than one
vehicle on the bridge can be neglected.

Fatigue Load Model 3

FLM3 is composed of a single vehicle with four axles of 120 kN each (total weight is thus 480
kN). The geometry and axle loads are specified further in EN 1991-2, and is shown in Figure
11. FLM3 crosses the bridge in the mid-line of the slow traffic lane defined in the project. A
second four axles vehicle, with a reduced load of 36 kN per axle, can follow the first one with
a minimum distance equal to 40 m.

FLM 3 is used to verify the fatigue life of the investigated details by calculating the maximum
and minimum stresses resulting from the longitudinal and transversal location of the load
model. The model is intended to be used with the damage equivalent factor method, i.e. to
verify that the computed stress range is equal to or less than the fatigue strength of the
investigated detail.
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Figure 11. Fatigue Load Model 3 geometry and axle loads according to EN 1991-2 [34].

Fatigue Load Model 4

FLM4 is a set of five different lorries with different geometry and axle load, which are intended
to simulate the effects of “real” heavy traffic loads on road bridges EN 1991-2 provides the
properties of each lorry type. The different traffic types are accounted for as a percentage of
the heavy traffic volume.. For application of FLM4 a definition of the total annual number of
lorries N, is also defined.

FLM4 is mainly intended to be used in the time-history analysis in association with a cycle
counting procedure to assemble stress cycle ranges1 when assessing the fatigue life of the
structure. In other words, FLM4 is recommended to be used with the cumulative damage
assessment concept. Compared to FLM3, FLM4 is leads to more accurate results for shorter
span bridges, while FLM3 is more accurate for longer spans [36].
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Fatigue Load Model 5

FLM5 is the most general model and uses registered traffic data. This load model is intended
to be used to accurately verify the fatigue strength of cable-stayed or suspended bridges, other
complex and important bridges or bridges with “unusual” traffic. Fatigue verification with FLM5
requires traffic measurement data, an extrapolation of this data in time and a rather
sophisticated statistical analysis.
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Figure 12 — Fatigue Load Models for road bridges according to EN 1991-2 [36].

Road bridges

Detail categories

The fatigue verification of a structural member is based on its weakest, most critical
component. EN 1993-1-9 Section 8 Tables 8.1-10 provide the fatigue strength of components
through detail classes. According to the definition given in EN 1993-1-9 detail categories are
numerical designations given to particular details for a given direction of stress fluctuation. This
is done in order to indicate which fatigue strength curve is applicable for fatigue assessment.
The detail category number indicates the reference fatigue strength Ao, [N/mm?. The
assessment using detail categories is based on a nominal stress approach. This approach
calculates the stress in accordance with elastic theory, excluding all stress concentration
effects.

The fatigue damage of the selected structural members is evaluated at connections, as these
locations are most susceptible for fatigue damage. Notches, welds and overall stiffness
changes are critical points in fatigue assessment and need to be identified.
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Calculation of stress ranges

Bridge decks are oftentimes constructed out of multiple girders, which are interconnected
through the deck plate and other transverse elements, e.g. main and secondary crossbeams.
When loads are applied on a bridge deck all the different girders contribute to the resistance
due to the spatial integrity. This makes the process of determining forces and stresses less
straightforward. The adequate evaluation of stress ranges is however very important in the
fatigue damage calculation. There are several methods for obtaining the stress ranges:

¢ Field measurements;
¢ Finite Element Model (FEM);
¢ Analytical calculations.

Field measurements

The most accurate results are logically obtained by performing field measurements. Field
measurements can be made for the structural element or component under research.
Monitoring systems such as WeighinMotion (WIM) register the stresses caused by different
heavy vehicle types (axle loads, axle distance, vehicle distance, etc.), see Figure 13. Effects of
corrosion are then also directly incorporated as the system measure the actual stresses. The
stresses are translated into a stress range spectrum for the specific component measured,
from which the fatigue damage can then be determined. The results of monitoring systems
such as WIM are also used to validate and calibrate digital models (i.e. FEM).

This method is expensive and relatively time-consuming, as a sufficiently long time period is
required to obtain complete and reliable results of the traffic composition. The results also
require regular maintenance to ensure functionality. This is difficult to carry out in practice, as
scheduling repair moments requires much preparation. The system can therefore often be
non-functional [37].

Finite element modelling (FEM)

Another method used to evaluate the distribution of forces in the bridge deck accurately is the
creation of a three-dimensional Finite Element Model (FEM). The bridge is modelled digitally
and stress ranges are obtained through numerical calculations.
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Strain signal

Figure 13 — Example of a bridge WIM system [38].

Analytical calculations

There are not many monitoring systems operational and the creation and verification of FEM
models is time-consuming and tedious. The stress ranges can also be relatively quickly
estimated using analytical calculations, albeit not as accurate as results from field
measurements or FEM. Influence lines play an important role in this approach. Longitudinal
influence lines are used to determine the location of axles resulting in either the maximum or
minimum bending moment, see Figure 14 for examples [39]. A useful property of influence
lines is that the stress range occurring at a certain location can be determined directly from
the influence line in the case of a vehicle load.
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Figure 14 — Influence line for maximum sagging moment in span (top) and hogging moment (bottom) in a
continuous beam [39].
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As stated before, due to the spatial integrity of the bridge deck the girders all contribute to the
load transfer. The concept of the load distribution factor (LDF) is proposed in bridge design to
evaluate the transverse influence of different girders when live loads are applied on different
locations on the bridge [40]. Essentially, the 3D structure is idealized as a 2D model where the
influence of each axle group in different traffic lanes is translated onto the girder under
investigation, see Figure 15. The combination of longitudinal and transverse influence lines
enable evaluation of stress ranges without the need for field measurements or extensive
numerical models.

Wheel loads
multiplied by
S/D

Intensity of longitudinal moment

Transverse position

Figure 15 — Concept of load distribution factor and transverse influence line.
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3. Corrosion assessment of steel bridges

3.1 Basis of corrosion in steel

Corrosion is defined as a natural chemical or electrochemical interaction between a material,
most commonly a metal, and its environment which results in changes in the properties of the
material. These changes often have negative consequences and lead to impairment of the
function of the material [41]. In the process of corrosion a refined metal is converted into a
more stable state through oxidization. In nature, metals are most often in this more stable state,
which is known as ore [42]. Exception to this are noble metals, but this thesis will not elaborate
on this.

There are several requirements for corrosion to occur. It requires a metal, an electrolyte and a
current flow. On the metal surface both anodic and cathodic reactions will take place, see
Figure 16. In an anodic reaction electrons are released, while in an cathodic reaction electrons
are used. The electrolyte functions as a medium though which the current flow can be
conducted. In the case of iron the anodic reaction is always the oxidation of iron into iron-oxide.

Fe — Fe?* 4+ 2e~

The cathodic reaction however depends on the conditions to which the iron is exposed. If both
water and oxygen are present the reaction rate is relatively fast, compared to conditions in
which no oxygen is present. The reaction is than as follows:

2X (Fe > Fe?* +2e")

0, + 2H,0 + 4e~ — 40H"

2Fe + 0, + 2H,0 — 2Fe(0OH),
4Fe(OH), + 0, — 2Fe;,05. H,0 + 2H,0

In the final reaction red-brown iron (ll) oxide is produced. This is for most people the familiar
form of corrosion damage, known as rust [43]. Rust is also the corrosion damage present on
steel, which is an iron alloy.

water FeZ+

\ /,/ Fe203 -xH 20 Cathodic

[V site
anodic
. site
iron
Fe(s) — Fe?*(aq) + 2e~ 0,(g) + 4H*(aq)
+4e” — 2H,0(l)

Figure 16 — Process of corrosion [44].
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The process of corrosion could be increased by the presence of other atmospheric pollutions
and contaminants. Sulphates originating from sulfur dioxide gas produced during the
combustion of fossil fuels are among them. The gas reacts with water or moisture to form
sulfurous and sulfuric acids. Sulphur dioxide is highly present in industrial areas. Also chlorides
present in marine environments, mainly coastal areas, increase the corrosion rate. Both
sulfates and chlorides react with the surface of the steel to produce salts, which can
concentrates in pits and are themselves corrosive [45].

As stated corrosion can negatively affect the properties of a metal, because it leads to material
loss. The effects can range from minor aesthetic flaws to significant structural weakening. If the
structural properties of a steel element are sufficiently deteriorated, the element may fail under
loads far below the design loads, resulting in possible catastrophic consequences.

Material loss Decrease of D(:crea:se (;f
i : structura
due to corrosion || cross sectional :
resistance
area
member

Figure 17 - General effect of corrosion on structural resistance.

3.2 Corrosion in steel bridges

There are many different forms of corrosion that can occur on a steel bridge. This section will
elaborate on the different types and the effects they may have on the steel surface and
member. The basic distinction between characteristic forms of corrosion is either general
deterioration or local deterioration. General deterioration affects (almost) the whole surface
area evenly. The corrosion rate of this type of corrosion can be fairly accurately determined,
through visual inspections and thickness measurements. Local deterioration however is much
less predictable and thus much more problematic. There are a number of possible local
corrosion forms.

Figure 18 below shows the difference between general and local corrosion (in this case cracks)
at the point of failure of an element. The necessary material loss for a certain cross-section
thickness is much larger for general corrosion than for local corrosion. The service life for
general corrosion is thus longer than for local corrosion [43].

Figure 18 — Schematic of general corrosion (left) and local corrosion (right) (own figure).

Table 1 shows some of the more common types of general and localized corrosion that can
occur on a steel bridge, along with visual examples from [46].
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Type

Description

Table 1. Common types of corrosion in steel bridges with examples from [46].

Example

Uniform
corrosion

Galvanic
corrosion

Crevice
corrosion

Underfilm
corrosion

Pitting

Corrosion
fatigue

General corrosion over the entire surface
of the member. Natural process that
affects all bare metals exposed to the
atmosphere.

Occurs when different metals are
connected to each other. Can have a
beneficial effect in the case of zinc, which
‘sacrifices’ itself, keeping the steel
unaffected.

Occurs in locations that are confined from
the environment. One of the most
common forms in bridges

Type of crevice corrosion that occurs
beneath paint layers that have defects. It
attacks the surface between the metal
and paint causing the paint to debond.

Localized corrosion which can cause
deep penetrations into steel surfaces.
Can act as a stress raiser and possibly
cause failure.

Cracking of steel caused by cyclic loads
in a corrosive environment. Reduces the
fatigue life of a member compared to non-
corrosive environment.
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3.3 Corrosion assessment procedure
Corrosion on steel bridges reduces the resistance of bridge components and members, which
can cause a reduction in the load bearing capacity of the overall structure. The location of the
corrosion damage is important to consider in this. In some cases the location of the corrosion
damage can have a significant impact on the overall capacity, and in other locations they might
have no effect on overall capacity at all. Therefore a distinction is made in evaluating corrosion
damage in bridges:

1. Localized effects of deterioration;
2. Effects of localized deterioration on the behavior of the member;
3. Effects of deterioration of a member on the behavior of the bridge structure.

The effect of the localized deterioration on the overall behavior will depend on the type of
member and location, nature and extent of deterioration. The American National Cooperative
Highway Research Report provides an old guideline for evaluating corrosion effects in existing
steel bridges [46]. The minimum needed information from the field investigation for a desk
evaluation on corrosion damage should include:

1. Location of the corrosion damage;

2. Nature of the corrosion damage (e.g. material loss, shifting of members, deformed
components, etc.);

3. Amount and geometry of the corrosion damage;

4. Environmental conditions.

In order to quantify the corrosion damage a number of parameters are considered. Material
loss is one of the main aspects, which is expressed in the percentage of the original section
that is left after corrosion damage. Removing the corrosion damage results in a reduction of
the cross section and thus a reduction in resistance of the member.

Member distortion is also an evaluation parameter. Build-up op corrosion in compact spaces
can lead to deformation of a steel member, e.g. bending of cover plates. This can eventually
result in a reduction in the member capacity.

Extreme corrosion damage can result in the destruction of a component of a steel member.
The loss of a component can cause redistribution of loads or the overall failure of the
connecting member.
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The corrosion of steel has been studies since the 1940’s and data has been gathered on the
rate of material loss. Research by Kayser & Novak [47] determined that corrosion loss follows
the function based on empirical studies:

C = At®

where:

C is the average corrosion penetration in um
t is the number of years

A,B are parameters determined from experimental data, which are presented for a
number of situations in Table 2.

Table 2. Average values for corrosion parameters A and B, for carbon and weathering steel [47].

Environment Carbon steel Weathering steel

A B A B
Rural 34.0 0.65 333 0.50
Urban 80.2 0.59 50.7 0.57
Marine 70.6 0.79 40.2 0.56

The eastern Van Brienenoord is constructed with Fe 52 carbon steel (modern day equivalent
is S355) and is located in an urban environment. The average corrosion penetration rate for
the Van Brienenoord is then:

C = 80.2t%5°

Subsequent similar research by J. Kobus on atmospheric corrosion in Poland [48] resulted in
the following function for formula corrosion rate in um/year for carbon steel in an
industrial/urban environment:

C = 73.5¢%21

The results from two functions differ significantly. The classifications ‘industrial’ and ‘urban’
used for both functions do not have set boundaries. The type of carbon steel examined also
influences results. Nonetheless both equations give an indication of the order of magnitude the
corrosion penetration depth has in urban environments.
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3.4 Corrosion influence on fatigue

Corrosion fatigue is the name for the phenomenon of accelerated accumulation of damage
(cracking leading up to fracture) in material under the combined interactions of external
chemical (usually corrosive) environment and cyclic stress [49]. Atmospheric air and moisture
fall under the categorization of chemical environment. Figure 19 shows S — N curves for fatigue
tests in air and in a corrosive environment. The number of stress cycles that can be resisted
before failure is less for corrosion fatigue than for fatigue. There is a limited amount of
knowledge and information on this phenomenon yet, and even less on the mechanisms by
which the environment accelerates crack growth.

- Inair

{n corrosive
environment

\ Fatigue

limit

Stress, S

10° 10? 10* 10° 10° 10"
Number of cycles, N

Figure 19. S — N curves for fatigue tests in air and in a corrosive environment [49].

Corrosion can influence the fatigue life of steel in three respects. As mentioned before,
corrosion leads to a reduction in cross-sectional area. This increases the stresses in the
material and can lead to earlier failure. Pitting corrosion especially is related to high stress
concentrations. Additionally, corrosion creates notches (cracks and other defects) in the
surface of the steel, which can accelerate the occurrence of fatigue damage. The reverse is
also true: fatigue cracks resulting in scratches in protective coating increase the chances of
corrosion.

Besides creating notches and thus shortening the crack initiation phase, corrosion also
enhances crack growth rates [29]. One of the key factors influencing crack propagation is the
stress intensity factor (SIF), which is a measure for the stress at the crack tip. The
aforementioned reduced cross-section increases the stresses in the material, which in turn can
increase the SIF. Corrosion in the crack tip itself also increases the SIF.
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3.5 Remaining service life based on fatigue and corrosion
This section describes the proposed method to determine the remaining service life of the
structural steel elements in the eastern Van Brienenoord based on fatigue and corrosion. First
some considerations and points of attention are mentioned, which influence the proposed
assessment method and further decisions.

The overarching goal for this thesis is to boost future reuse of steel bridges and/or structural
steel elements thereof, and so the proposed assessment method aims to follow existing
structural guidelines to an extent. In doings so it hopefully facilitates engineers in the future to
implement the assessment method in familiar structural safety checks and protocols. In this
thesis the Eurocodes are implemented to adhere to this objective. However, where needed
steps are altered or made more comprehensive to incorporate both fatigue and corrosion in
the assessment, whereas the Eurocodes often follow a simpler approach to maintain
workability.

Proposed assessment method:

The fatigue assessment without considering the effect of corrosion as presented in chapter 2
and described in the Eurocode results in a remaining service life based on the accumulated
fatigue damage D. Corrosion can be taken into account in this procedure through calculating
the reduction in the cross section caused by corrosion damage. The assessment of local
corrosion in the form of cracks is complex and requires exact calculations. The assessment of
surface corrosion and subsequent cross sectional area loss can be achieved more easily
through visual inspections (and thickness measurements if possible). This reduced cross
section leads to a difference in the stresses in the steel element. This will have a negative effect
on the number of cycles the steel element will be able to withstand in the future, thus reducing
the remaining service life. Lower remaining service life can be translated to lower reuse
potential.

This proposed method requires sufficient information on the corrosion locations and geometry
present on the steel bridge elements. The material loss can be estimated using the available
functions by Kayser & Nowak and Kobus. The predicted corrosion depths of both function will
be determined and compared to a fatigue assessment without corrosion.
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In general, the following steps describe the process of the remaining service life assessment
based on both fatigue and corrosion damage:

1.

Gather all available information on the design and technical condition of the bridge, like
drawings, inspection reports, etc. Gather information on the traffic history of the bridge
and determine the (heavy) traffic loads on the bridge. Gather material property data for
the steel used in the bridge, including expected corrosion penetration. Make a selection
of structural steel element types present in the bridge based on technical criteria.

Determine the corrosion damage for the selected elements . Reduce the cross-sections
of the selected elements based on the corrosion damage.

Calculate the stress ranges for these elements using the reduced cross-section and
select the appropriate detail categories.

Use the material property information and the stress ranges to calculate the fatigue life
of the selected elements using the S-N curve and the appropriate detail categories.

Calculate the accumulated fatigue damage and thus remaining service life.

Assess reuse potential.

Assessment method

Corrosion assessment

Loading history

|

Corrosion damage
assessment

|

Reduced cross section

Stress ranges +

I
I
|
I
|
|
I
|
|
|
| v
|
|
|
|
|
|
|

Stress histogram

.

Damage accumulation

Asses reuse potential

Figure 20 - Flowchart of assessment method.
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Part [l — Van Brienenoord bridge analysis

4. Analysis of the eastern Van Brienenoord bridge

4.1 Renovation project of the Van Brienenoord bridge
The Van Brienenoord bridge spans the Nieuwe Maas in Rotterdam as part of the A16 national
highway. The bridge is made up of two steel arch bridges located next to each other, both
connected to movable bascule bridges. The eastern arch was constructed in 1965 and the
western arch in 1990. The Van Brienenoord is one of the largest bridges in the Netherlands
and with 6 lanes in both directions also one of the largest and busiest highways in the
Netherlands.

In order to keep the Van Brienenoord bridge safe and future proof it is scheduled to be
renovated and replaced between 2026-2028. This project is part of a wider Replacement &
Renovation plan in the province of Zuid-Holland by Rijkswaterstaat, where a total of 13 bridges
built in the 1950s and -60s will be addressed. These bridges were not built for the higher traffic
loads and intensities present today [19].

The western arch will first be removed from its place and be replaced by a fully new arch. The
old western arch will be fully renovated and then reused, when it replaces the old eastern
bridge. As stated in the introduction no plans are currently available for what happens to the
old eastern bridge. See Figure 21 for a schematic overview of the renovation plans of the Van
Brienenoord.

4.2 As-built design of eastern Van Brienenoord bridge
The Van Brienenoord is a tied-arch bridge, meaning that the horizontal, outward forces are
taken by the deck (essentially the deck functions as a tie between the arch ends, hence ‘tied-
arch’). The main span is 287 meters and the width of the bridge deck is 34,8 meters. Almost
all steel elements are S355 (then still Fe 52), with exception of the wind bracing, portals and
hangers, which are S235.

Figure 24 shows the original final design of the eastern Van Brienenoord bridge as it was made
leading up to its construction in 1960. An accurate description of the bridge is given in public
report by Rijkswaterstaat from 1968 [50], drawings of which are presented in Appendix A —
Drawings of the eastern Van Brienenoord bridge.

Each of the main girders consists of a rigid box-sectioned bottom chord and arch rigidly
attached to each other at their extremities by means of gusset plates. Diagonal suspension
members stretch from arch to bottom chord; they are made up of single-rope suspension
bridge cables. The cables are attached to arch and bottom chord by means of cast steel
saddles.
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Figure 21. Schematic overview of the renovation of the Van Brienenoord bridge [51].
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Figure 22 — Connection of arch to main girder.
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The end portals of the bridge are in the plane of the arches. They merge into the lattice-girder
wind bracing linking the arches. The main members of this wind bracing are also of box-shaped
section.

The bridge deck is constructed as an orthotropic plate and is attached between the main
girders. It consists of the primary longitudinal and cross girder system with the secondary units
in between. The main stringer, designed as a continuous beam, runs down the center of the
bridge and extends throughout its length. It is supported by main cross girders extending the
entire width of the bridge between the main girders. The secondary cross girders only span
half the width of the bridge between the main girders. The secondary stringers consist of bulb
sections span between the secondary cross girders.
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Figure 23 - Orthotropic bridge deck of the Van Brienenoord (at end supports).

At the location of the supports of the bridge there are three main cross girders closely spaced,
the girders being attached to the main girders with the use of triangular bracket plates. These
three cross girders also form the bottom chord of the end portals of the top wind bracing. All
the lateral forces are ultimately transferred to the supports through this part of the portal. The
thickness of the deck is greater at the ends of the bridge where the arches are connected to
the main girders. The purpose of the thickening is to transfer the horizontal components of the
arch forces to the deck.

The cross-section of the arch increases considerably towards each end, because the latter
forms part of the end portal and as a result of that is subjected to a considerable bending
moment in addition to the normal force in the arch. The webs of the bottom chords are provided
with three bulb-sectioned longitudinal stiffeners. These stiffeners were required in order to
prevent buckling of the webs during erection of the bridge. There are also transverse stiffening
plates inside the bottom chords at the connection of each cross girder.

The arch members have been internally provided with transverse plates and a stiffening girder.
The K-shaped stiffening girder running the entire length of the arch is attached halfway up the
section in order to ensure that the webs of the arches shall have adequate resistance to
buckling. The interiors of both the arches and the main girders are completely accessible.
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The diagonal cables are suspension bridge cables. Cable shoes are attached to each end of
the cable with the use of white metal. The weight of the bridge deck is such that only tensional
forces will occur in the diagonals.

The erection joints between the various sections and all the joints between cross girders and
main girders are riveted.

Appendix A.2 shows schematics made more recently to aid during inspections. These drawings
do not go into extensive detail on the constructional details. The occurrence of changes in the
structure, made during the service life, will need to be checked with the available drawings,
inspections reports and a possible site visit.
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Figure 24 — Scheme of the original final design of the Van Brienenoord [50].
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4.3 Loading history of the eastern Van Brienenoord
There are six traffic lines present on the eastern Van Brienenoord bridge. Up until the
construction of the second, western arch in 1990 the eastern Van Brienenoord functioned for
traffic in both directions of the A16. The carriageway was divided into three lanes per direction.
Since 1990 all six lanes were dedicated for traffic in the direction of The Hague. The division
into three lanes remained; one section connected to the E19 and the other section connected
to the A15 and A38 among others. Figure 25 below shows the division of the two sections [52].

H West
[ |

Figure 25. Two separated sections on the eastern Van Brienenoord bridge, each with a slow lane [52].

The fatigue damage is based on the number of heavy traffic vehicles, i.e. lorries, have passed
over the bridge during its lifetime. Rijkswaterstaat monitors the traffic on its highways and
bridges using multiple systems. One is the Weigh-in-motion (WIM) monitoring system. WIM-
devices capture and record the axle and gross vehicle weights as vehicles drive over them.
TNO installed one of the monitoring systems on the Van Brienenoord bridge in 2014 for
demonstrating the use of the system with respect to fatigue related damage [37]. As of right
now this data is unfortunately not readily available to use in this thesis.
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Another system is INWEVA (INtensiteit WegVAkken, meaning ‘road section intensity’). The
intensities are measured on all national highways. Data from this monitoring system is
presented as a yearly mean per road section, which is further divided into weekdays, weekends
and rush hour. The traffic numbers are also divided into three load categories, namely
passenger vehicles (L1), medium lorry traffic (L2) and heavy lorry traffic (L3). INWEVA data is
readily available through online access. The data goes back to 2012 and is updated for 2022.

The eastern Van Brienenoord has two INWEVA measuring points, one for each of the two
sections. Figure 26 shows the INWEVA measuring system on the Van Brienenoord. The road
numbers for the two sections are also shown.
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Figure 26. INWEVA monitoring points in the eastern Van Brienenoord.

Figure 27 shows the total number of vehicles passing the eastern Van Brienenoord bridge per
day, expressed in the yearly mean on a work day. Total traffic has been relatively consistent
the past ten years. The mean number of heavy traffic vehicles' passing the bridge each day
each year is also presented in Figure 27 and expressed as a percentage in Figure 28. Based
on available data from the last ten years, on average 4,3% of daily total traffic are heavy traffic
vehicles on the eastern Van Brienenoord.

' Categorized as ‘L3’ in the INWEVA database.
47



Total traffic and heavy vehicles on the Van
Brienenoord bridge per day from 2012-2022 (yearly
mean)
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Figure 27 — Total traffic and heavy vehicles on the Van Brienenoord per day from 2012-2022 (yearly
mean)

Heavy traffic % of total traffic on the Van
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Figure 28 — Heavy vehicle traffic as percentage of total traffic.
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The total number of heavy vehicles is determined based on the mobility trend on Dutch
highways since the Van Brienenoord is in use (1965). There are datasets available on traffic
trends on Dutch highways in the database of the CBS (= Statistics Netherlands) between
1986-1997 and 2000-2011 [53]. According to NEN 8701 A.2.(8) the traffic may be linearly
interpolated and extrapolated between known traffic data.

Between 1986 and 1977 the national trend was an average yearly traffic intensity increase of
approximately 5% based on a linear assessment of the CBS data, see Figure 30. The traffic
intensity in the year 1986 is taken as the base index value and the increase is expressed relative
to that index value (100).

Trend in traffic intensity on Dutch national
highways between 1986-1997
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Figure 29 — Trend in traffic intensity on Dutch national highways between 1986-1997.

Between 2000 and 2011 the national trend for highways was an average yearly traffic intensity
increase of 1.325% based on a linear assessment of the CBS data, see Figure 30. The traffic
intensity in the year 2000 is taken as the base index value.
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Trend in traffic intensity on Dutch national
highways between 2000-2011
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Figure 30 — Trend in traffic intensity on Dutch national highways between 2000-2011.

The data from INWEVA specific for the Van Brienenoord and the data from CBS regarding
more general trends in the Netherlands all present different traffic intensity growth rates,
denoted here as r. An average linear growth rate from 1965 onwards will be used in this thesis
for the sake of simplicity. This average growth rate is calculated as follows:

Y7 X taarapase  (1.05-11) + (1.01325-11) + (1-10) _

1.02
Y taatabase 11+11+10

average growth rate =

Assumed daily traffic passing the Van Brienenoord (taken as
yearly mean)
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Figure 31 — Assumed daily traffic passing the Van Brienenoord (taken as yearly mean).
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Assuming there are 365 days in a year, this results in a total number of vehicles:
Niora = 1.687.653.476 = 1.69 x 10°

And assuming the percentage of heavy vehicles to be 4,3% on average each year, this then
results in:

Niotaheavy = 0.043 - 1.69 x 10° = 7.26 x 107

This is the total number of heavy vehicles passing on both sections on the bridge. The INWEVA
data gathered in the last ten years measures traffic on both bridge sections separately. This
gives insight into how the traffic intensity is divided on the eastern Van Brienenoord, as shown
in Figure 32. The ratio has fluctuated in the last ten years, but on average the ratio is 79% of
heavy traffic passes on the main road section. Traffic in the slow lane of each section is then
taken as:

Niotatneavymrs = 0.79 + 7.26 x 107 = 5.73 107

Niotaheavy,prs = 0-21+7.2